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[Object] To observe the sign or occurrence of an unstable operation of a turbo-machine.

[Solving Means] An observation apparatus 1 includes: a detection unit 10 including one or two or more sensors 11, 12 that are
disposed in a turbo machine 2, are highly time responsive, and observe unsteady fluctuations of the turbo-machine 2; a
computation unit 20 that output signals from the one or two or more sensors 11, 12 every moment, stores time series data for a
predetermined period, and calculates in real time a parameter for detecting an unstable operation of the turbo-machine; and a
determination unit 30 that compares the parameter for detecting the unstable operation with a predetermined threshold and
outputs in real time a determination result of a sign or occurrence of the unstable operation.
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Abstract
[Abstract]
[Object] To observe the sign or occurrence of an
unstable operation of a turbo-machine.
(Solving Means] An observation apparatus 1
includes: a detection unit 10 including one or two or
more sensors 11, 12 that are disposed in a turbo-
machine 2, are highly time responsive, and observe
unsteady fluctuations of the turbo-machine 2; a
computation unit 20 that output signals from the one or
two or more sensors 11, 12 every moment, stores time
series data for a predetermined period, and calculates
in real time a parameter for detecting an unstable
operation of the turbo-machine; and a determination
unit 30 that compares the parameter for detecting the
unstable operation with a predetermined threshold and
outputs in real time a determination result of a sign

or occurrence of the unstable operation.
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Description
Title of Invention: OBSERVATION APPARATUS, OBSERVATION

METHOD, AND PROGRAM

5 Technical Field
[0001] The present invention relates to an
observation apparatus, an observation method, and a
program that can be applied to various technical fields
of gas turbine engines for aircraft, watercraft, or
10 automobiles, gas turbines for power generation, steam
turbines, and the like.
Background Art
[0002] Turbo-machines (fans, compressors, turbines)
that constitute engines for aircraft and gas turbines
15 function to compress or expand a working fluid (working
air). Typically, a configuration in which a number of
blades are disposed on a circumference with rotating
blades and stationary blades alternately combined is
employed, and compression or expansion can be achieved
20 by allowing the working fluid to pass through an
annular flow channel between those blades.

It is long known that aerodynamic unstable
operations (surge, stall) and unstable operations
(flutter) due to fluid structure coupling occur in a

25 turbo-machine. When such an unstable operation occurs,

it may lead to a serious accident such as large
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vibrations of the engine centered on the turbo-machine
and damage of parts including the rotating blades and
even engine fire due to backflow from a combustor (also
during flight of aircraft).

5 [0003] Such an unstable operation often occurs
suddenly during the operation of the turbo-machine, and
the operator must recognize it only after it occurs and
take measures such as an emergency stop of the engine
(also during flight of aircraft).

10 In general, during the operation of the turbo-
machine, the above-mentioned risk is avoided by a
method of performing the operation only under stable
operation conditions on a design operation line set
such that unstable operations are unlikely to occur and

15 performing control to avoid the occurrence of the
unstable operations.

[0004] In the design stage, a method of enhancing
the safety is employed by setting the blade thickness,
the blade width, and the like to be larger than those

20 of the optimum shape or by making a safe design in
which the compression performance and the expansion
performance are slightly lower in order to avoid damage
caused by unstable operations.

In order to satisfy requirements for higher output

25 and higher efficiency of aircraft engines and gas

turbines, it is becoming necessary to employ a longer
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(larger diameter) and thinner (lower resistance) blade

shape for blades of turbo-machines (fans, compressors,

turbines), and the restrictions are becoming severe

only by the above-mentioned safety design and operation
5 control.

In recent years, basic research has been conducted
to enable prediction in the design stage by application
of basic experiments and numerical analysis on when and
under what conditions unstable operations of turbo-

10 machines will occur. However, exact occurrence
conditions have not been elucidated.
[0005] For example, basic research is underway on a
method for observing and controlling the occurrence of
unstable operations (blow-off and the like) of a

15 combustor in real time by drawing an attractor in a
phase space on the basis of time series data obtained
during the operation and calculating its translation
error.

Basic research to attempt observation and control

20 with similar parameters has also been conducted on
unstable operations of a centrifugal compressor (see
Patent Literature 1 to 8).
[0006] Moreover, Patent Document 1 has disclosed a
technology for controlling a combustion state by

25 detecting pressure fluctuations in a combustion chamber

of a gas turbine model combustor through a pressure
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transducer and outputting it as a pressure fluctuation
signal, converting the waveform of the output pressure
fluctuation signal into a trace in a phase space,
calculating a translation error on the basis of the

5 trace, estimating the occurrence of blow-off by
comparing the translation error with a threshold,
setting a target value of a secondary fuel flow rate,
and controlling the secondary fuel flow rate to become
closer to the set target value.

10 Patent Literature 2 has disclosed an observation
apparatus including a detection unit that detects a
physical quantity of a physical phenomenon that changes
over time, a generation unit that sets the detected
physical guantity at each time as a node and generates

15 a complex network in which a plurality of nodes are
connected with edges according to a certain condition
over time, a calculation unit that determines a
predetermined feature amount (average order) in the
complex network, and an estimation unit that estimates

20 a state of the physical phenomenon on the basis of the
feature amount.

[0007] However, it is difficult to determine the
occurrence of the unstable operations of the turbo-
machine in accordance with the method using the

25 translation error or the average order as a detection

parameter.
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Application Laid-open No. 2013-238365

5 Patent Literature 2: Japanese Patent
Application Laid-open No. 2016-173211
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[0009] Non-Patent Literature 1: Proceedings of the
49th JSASS Annual Meeting, The Japan Society for
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15 Non-Patent Literature 2: Proceedings of the 47th
Symposium (Japanese) on Combustion, The Combustion
Institute, 2009.12.2, Nonlinear time series analysis on
pressure fluctuations in a lean premixed gas turbine
combustor, Hiroyuki NIKIMOTO, Hiroshi GOTODA, Takava

20 MIYANO, Shigeru TACHIBANA.

Non-Patent Literature 3: Proceedings of Conference
of Kansai Branch, No.1120, The Japan Society of
Mechanical Engineers, 2013.3, Early detection of
thermoacoustic combustion oscillations in a laboratory-

25 scale premixed gas-turbine model combustor using

Date Regue/Date Received 2020-10-15



CA 03097323 2020-10-15

dynamical system theory, Masaki KOBAYASHI, Ryo UKITA,
Yuta SHINODA, Yuta OKUNO, Hiroshi GOTODA, Shigeru
TACHIBANA.
Non-Patent Literature 4: Journal of the Combustion
5 Society of Japan, Vol. 57 No. 181, The Combustion
Institute, 2015.8, Nonlinear Properties of Combustion
Instability Based on Dynamical Systems Theory, Hiroshi
GOTODA.
Non—-Patent Literature 5: Journal of the Combustion
10 Society of Japan, Vol. 57 No. 181, The Combustion
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Non-Patent Literature 6: Proceedings of the
International Gas Turbine Congress 2003 Tokyo, TS-038,
15 Gas Turbine Society of Japan, 2003.11.2, Prediction and
Active Control of Surge Inception of a Centrifugal
Compressor, Naoto HAGINO, Kazufumi UDA and Yasushige
KASHIWABARA.
Non-Patent Literature 7: Journal of Fluid
20 Engineering, Transaction of the ASME, Vol.9, The
American Society of Mechanical Engineers, 2007.6,
Observation of Centrifugal Compressor Stall and Surge
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and Diffuser Wall, Chunwei GU, Kazuo YAMAGUCHI, Toshio
25 NAGASHIMA, Hirotaka HIGASHIMORI.

Non-Patent Literature 8: RTO AVT Symposium on
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"Active Control Technology for Enhanced Performance
Operational Capabilities of Military Aircraft, Land
Vehicles and Sea Vehicles (RTO MP-051), 2000.5.8,
PERSPECTIVES of PHASE-PORTRAITS in the DETECTION of

5 COMPRESSOR INSTABILITIES-INCEPTION of STALL, M.
D'ISCHIA, F.A.E. BREUGELMANS.
Disclosure of Invention
Technical Problem
[0010] In view of the above-mentioned circumstances,

10 it is an object of the present invention to provide an
observation apparatus, an observation method, and a
program, by which the sign or occurrence of an unstable
operation of a turbo-machine can be observed.

[0011] It is another object of the present invention

15 to provide an observation apparatus, an observation
method, and a program, by which an unstable operation
of a turbo-machine can be observed on the basis of
physical quantities measured by a lowest number of
S5ensors.

20 [0012] It is still another object of the present
invention to provide an observation apparatus, an
observation method, and a program, which can be applied
to the existing aircraft engines and the existing gas
turbines for power generation.

25 Solution to Problem

[0013] In order to accomplish the above-mentioned
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object, an observation apparatus according to an
embodiment of the present invention includes: a
detection unit including one or two or more sSensors
that are disposed in a turbo-machine, are highly time
5 responsive, and observe unsteady fluctuations of the
turbo-machine; a computation unit that output signals
from the one or two or more sensors every moment,
stores time series data for a predetermined period, and
calculates in real time a parameter for detecting an
10 unstable operation of the turbo-machine; and a
determination unit that compares the parameter for
detecting the unstable operation with a predetermined
threshold and outputs in real time a determination
result of a sign or occurrence of the unstable
15 operation.
[0014] In the present invention, it is possible to
compute in real time the parameter for detecting the
unstable operation, typically, a detection parameter
applying an observation method based on the complex
20 systems science with respect to the time series data
obtained from the output signals from the one or two or
more sensors that are disposed in the turbo-machine,
are highly time responsive, and observe unsteady
fluctuations of the turbo-machine and to determine a
25 sign indicating that the unstable operation (flutter,

surge, stall) will occur or a change immediately after
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9
the unstable operation (flutter, surge, stall) occurs. That
is, the present invention focuses on the fact that
fluctuations and vibrations occurring when unstable
operations (flutter, surge, stall) occur in the turbo-

5 machine are phenomena having unigue periodicity, and early
determines the process of occurrence by gquantitatively
evaluating randomness and a recurrence change on the basis
of the time series data. The observation apparatus
according to the present invention favorably further

10 includes a control unit that outputs, when the
determination unit outputs the determination result of the
sign or occurrence of the unstable operation, a signal for
changing an operation condition for an operation control
apparatus of the turbo-machine and/or a signal for warning

15 of an operation of the turbo-machine.

[0015] Here, as a method of calculating the above-mentioned
detection parameter, it is effective to use a method of
calculating the detection parameter by using an index of a
sample entropy, a sample entropy considering a multi-scale

20 property, recurrence plots, or a permutation entropy
[0016] The one or two or more sensors may be
disposed on at least one of a rotating unit, a
stationary unit, an inside of a flow channel, or a wall
surface in contact with the flow channel in the turbo-

25 machine.
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[0017] In the observation apparatus according to the
present invention, the detection unit, the computation
unit, and the determination unit may include two or
more detection units, two or more computation units,

5 and two or more determination units or the detection
unit, the computation unit, and the determination unit
may include two or more types of detection units, two
or more types of computation units, and two or more
types of determination units.

10 [0018] An observation method according to an
embodiment of the present invention includes: disposing
one or two or more sensors that are highly time
responsive to a turbo-machine and observe unsteady
fluctuations of the turbo-machine; inputting output

15 signals from the one or two or more sensors every
moment, storing time series data for a predetermined
period, and calculating in real time a parameter for
detecting an unstable operation of the turbo-machine;
and comparing the parameter for detecting the unstable

20 operation with a predetermined threshold and outputting
in real time a determination result of a sign or
occurrence of the unstable operation.

[0019] A program according to an embodiment of the
present invention causes a computer to execute:

25 a step of inputting output signals from one or two

Or more sensors every moment one or two Or more sensors
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that are disposed in a turbo-machine, are highly time
responsive, and observe unsteady fluctuations of the
turbo-machine, storing time series data for a
predetermined period, and calculating in real time a

5 parameter for detecting an unstable operation of the
turbo-machine; and

a step of comparing the parameter for detecting

the unstable operation with a predetermined threshold
and outputting in real time a determination result of a

10 sign or occurrence of the unstable operation.
[0020] Here, flutter, which is one of the unstable
operations, is a phenomenon in which while the blade
vibrations remain at a minute amplitude or immediately
damp in normal operation, the amplitude rapidly

15 increases by coupling of the natural frequency of the
blade itself and the external force received from the
fluid, resulting in damage when the strength limit of
the blade is exceeded. In case of the occurrence of
flutter, it is characterized in that blades (rotating

20 blades, stationary blades) arranged in an annular shape
in the turbo-machine wvibrate at their natural
frequencies and have a substantially constant phase
difference (including 0 degrees) from the adjacent
blades and are amplified while the phase of the blade

25 vibrations is transmitted in the circumferential

direction. The occurrence of flutter can be prevented
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if structural damping or the like due to blade mounting
parts or the like can be sufficiently increased. Although a
limit cycle in which the amplification stops at a constant
amplitude is reached in some cases, the safety problem is
5 not solved because there is a danger of fatigue fracture of

the blades due to vibrations for a long time. Flutter is
likely to occur near the stable operation limit on a lower
flow rate side (higher load side) in the compressor and is
likely to occur near the stable operation limit on a higher

10 flow rate side (lower load side) in the turbine.
[0021] Stall is a state in which the working fluid
passing between the rotating blades and the statiocnary
blades cannot be normally compressed or expanded. Typically,
the flow of the boundary layer along the blade surface is

15 separated, resulting in a large energy loss, which prevents
compression and expansion as designed. It is a phenomenon
of an aerodynamic unstable operation not necessarily
accompanied by blade vibrations. Stall is more likely to
occur during the compression process of the compressor and

20 is more likely to occur near the stable operation limit on
the lower flow rate side (higher load side). The state
of the flow around the blade is not the same (or not in
the above-mentioned phase) for all the blades in the

circumferential direction and its characteristics
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fluctuate periodically with a phase difference between
it and the adjacent blade. It is characterized in that
the phase of the fluctuations of the flow is
transmitted in the circumferential direction and is

5 transmitted in the direction of rotation of the
rotating blades at a speed lower than the rotation
speed. The fluctuations amplitude of the flow increases
in the initial stage of the occurrence of stall, but it
usually reaches a limit cycle when it reaches a certain

10 amplitude.
[0022] Surge is characterized in that the entire
flow field passing through the turbo-machine begins to
fluctuate greatly in the axial direction, leading to
large fluctuations in the flow rate itself of the

15 turbo-machine. Moreover, it is also characterized in
that its fluctuation frequency is lower (slower) in
comparison with the frequency of flutter or stall. It
has been reported that in case of the occurrence of
surge, flutter of the blades or stall of the flow also

20 occurs at the same time or before it, but the flutter
or stall does not always occur with surge and it is not
clarified under what conditions the flutter or stall
will occur with surge.
[0023] When the unstable operation phenomenon occurs

25 in the turbo-machine, it is accompanied by large blade

vibrations or flow fluctuations, but the fluctuations
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have certain periodicity in either case and there is a
characteristic that in flutter and stall, the phase returns to
the original state after a certain time while the phase
propagates in the circumferential direction. Blade vibrations
and flow fluctuations in normal operation have very small
amplitude, those are random fluctuations, and certain
pericodicity or recurrence is not observed. Therefore, it is
possible to immediately determine the sign or occurrence of
the unstable operation by computing an index clearly
indicating whether the time series data obtained from the

high-response fluctuation sensor is random or regular.

According to an aspect of the present invention there is
provided an cobservation apparatus, comprising:

a detection unit including one or two Or more sSensors
that are disposed in a turbo-machine and observe unsteady
fluctuations of the turbo-machine;

a computation unit that outputs signals from the one or
two or more sensors every moment, stores time series data for
a predetermined period, and calculates in real time a
parameter for detecting an unstable operation of the turbo-
machine; and

a determination unit that determines a sign or occurrence
of the unstable operation on a basis of the parameter for
detecting the unstable operation,

wherein the computation unit calculates the parameter for
detecting the unstable operation by quantitatively evaluating
randomness and a recurrence change on a basis of the time

series data; and
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wherein the ocbservation apparatus comprises two or more types
of the detection units, two or more types of the computation
units, and two or more types of the determination units to
quantitatively evaluate randomness and a recurrence change on
a basis of the time series data to thereby calculate two or
more types of parameters for detecting the unstable operation,
and to determine a sign or occurrence of two or more types of

the unstable operation, at a same time.

According to another aspect of the present invention
there 1is provided an observation apparatus, comprising:

a detection unit including one or two or more sSensors
that are disposed in a turbo-machine and observe unsteady
fluctuations of the turbo-machine;

a computation unit that outputs signals from the one or
two or more sensors every moment, stores time series data for
a predetermined period, and calculates in real time a
parameter for detecting an unstable operation of the turbo-
machine; and

a determination unit that determines a sign or occurrence
of the unstable operation on a basis of the parameter for
detecting the unstable operation, wherein

the detection unit, the computation unit, and the
determination unit include two or more detection units, two or
more computation units, and two or more determination units,
and wherein the two or more detection units, the two or more
computation units, and the two or more determination units are
used to quantitatively evaluate randomness and a recurrence
change on a basis of the time series data to thereby calculate

two or more types of parameters for detecting the unstable
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operation, and to determine a sign or occurrence of two or

more types of the unstable operations, at a same time.

According to another aspect of the present invention
there is provided an observation apparatus, comprising:

a detection unit including one or two or more sSensors
that are disposed in a turbo-machine and observe unsteady
fluctuations of the turbo-machine;

a computation unit that outputs signals from the one or
two or more sensors every moment, stores time series data for
a predetermined period, and calculates in real time a
parameter for detecting an unstable operation of the turbo-
machine; and

a determination unit that determines a sign or occurrence
of the unstable operation on a basis of the parameter for
detecting the unstable operation, wherein

the detection unit, the computation unit, and the
determination unit include two or more types of detection
units, two or more types of computation units, and two or more
types of determination units, and wherein the two or more
types of detection units, the two or more types of computation
units, and the two or more types of determination units are
used to quantitatively evaluate randomness and a recurrence
change on a basis of the time series data to thereby calculate
two or more types of parameters for detecting the unstable
operation, and to determine a sign or occurrence of two or

more types of the unstable operations, at a same time.

According to a further aspect of the present invention

there is provided an observation method, comprising:
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disposing one or two or more sensors that observe
unsteady fluctuations of the turbo-machine;

inputting output signals from the one or two or more
sensors every moment, storing time series data for a
predetermined period, and calculating in real time a parameter
for detecting an unstable operation of the turbo-machine;

determining a sign or occurrence of the unstable
operation on a basis of the parameter for detecting the
unstable operation;

calculating the parameter for detecting the unstable
operation by quantitatively evaluating randomness and a
recurrence change on a basis of the time series data; and

quantitatively evaluating randomness and a recurrence
change on a basis of the time series data to thereby calculate
two or more types of parameters for detecting the unstable
operation, and to determine a sign or occurrence of two or

more types of the unstable operation, at a same time.

According to another aspect of the present invention
there is provided a computer-readable medium having stored
thereon instructions for operation by a computer to carry out
the follow:

a step of inputting output signals from one or two or
more sensors every moment one or two or more sensors that are
disposed in a turbo-machine and observe unsteady fluctuations
of the turbo-machine, storing time series data for a
predetermined period, and calculating in real time a parameter

for detecting an unstable operation of the turbo-machine;
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a step of determining a sign or occurrence of the
unstable operation on a basis of the parameter for detecting
the unstable operation;

a step of calculating the parameter for detecting the
unstable operation by quantitatively evaluating randomness and
a recurrence change on a basis of the time series data; and

a step of guantitatively evaluating randomness and a
recurrence change on a basis of the time series data to
thereby calculate two or more types of parameters for
detecting the unstable operation, and to determine a sign or
occurrence of two or more types of the unstable operation, at

a same time.

Advantageous Effects of Invention

[0024] According to the present invention, since a sign
indicating that an unstable operation will occur or a change
after the unstable operation occurs can be determined in real
time by observing sensor signals, it is possible to avoid the
unstable operation immediately after detecting the sign or to
safely stop the operation before reaching a serious situation
after detecting the occurrence.

[0025] Even in a case where an unexpected unstable
operation the occurrence condition of which is not known
beforehand occurs, it can be detected. The safety and

reliability of aircraft engines and gas turbines
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are thus improved.
[0026] Since it is unnecessary to make a safety
design in which the thickness and width of the blade
shape is increased more than necessary, 1t is possible
5 to further enhance the outputs and efficiency of

aircraft engines and gas turbines, and it has a great
effect on fuel cost reduction.

Since the number of necessary sensor signals is
minimized, it is easy to add them to the existing

10 aircraft engines and the existing gas turbines for
power generation. Therefore, the present invention can
be widely usable not only in new products but also in
the existing products.

[0027] Since the number of necessary sensor signals

15 is minimized, a redundant system can be structured only
by increasing them. It is thus easy to enhance the
reliability of the observation apparatus.

Brief Description of Drawings
[0028]

20 [Fig. 1] A block diagram showing an observation
apparatus according to an embodiment of the present
invention.

[Fig. 2] A schematic diagram showing an example in
which sensors according to the embodiment of the

25 present invention are disposed in a turbo-machine.

[Fig. 3] A graph showing an arrangement example of
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time series data for describing a sample entropy.

[Fig. 4] A graph showing an example of the arrangement
of the time series data in a case where D = 1 in the
sample entropy.

5 [Fig. 5] A graph showing an example of the arrangement
of the time series data in a case where D = 2 in the
sample entropy.

[Fig. 6] An explanatory diagram of a method of

obtaining time series data obtained by coarse graining
10 considering a multi-scale property.

[Fig. 7] A graph showing a result of computation using

strain fluctuations of blades of the turbo-machine in a

sample entropy considering the multi-scale property.

[Fig. 8] A graph showing an example of time series
15 data of pressure fluctuations for describing recurrence
plots.

[Fig. 9] A graph showing an example in which the time
series data shown in Fig. 8 is embedded in a phase
space.

20 [Fig. 10] A graph showing respective points in the
phase space.
[Fig. 111 A graph representing a correlation between
the respective points in the phase space shown in Fig.
10 as recurrence plots.

25 [Fig. 12] A graph showing a relationship between each

flow rate and DET of the recurrence plots in this
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embodiment.

[Fig. 13] A relationship diagram of recurrence plots at
a flow rate g = 6 kg/s.

[Fig. 141 A relationship diagram of recurrence plots at
a flow rate g = 8.5 kg/s.

[Fig. 15] A relationship diagram of recurrence plots at
a flow rate g = 9.5 kg/s.

[Fig. 16] An explanatory diagram for capturing flutter
on the basis of a relationship between each flow rate
and the DET of the recurrence plots in this embodiment.
[Fig. 17] A graph showing an example of the Time series
data for describing a permutation entropy.

[Fig. 18] A diagram classifying the time series data
shown in Fig. 17 into permutation patterns.

[Fig. 19] A graph showing existence probability of the
permutation patterns shown in Fig. 18.

[Fig. 20] An explanatory diagram for capturing flutter
on the basis of the permutation entropy.

[Fig. 21] A graph showing an example of a change over
time of the permutation entropy.

[Fig. 22] A block diagram showing an observation
apparatus according to another embodiment of the
present invention.

[Fig. 23] A block diagram showing an observation
apparatus according to still another embodiment of the

present invention.
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Mode (s) for Carrying Out the Invention
[0029] Hereinafter, an embodiment of the present
invention will be described with reference to the
drawings.
5 [0030] <Configuration of Observation Apparatus>
Fig. 1 is a block diagram showing an observation
apparatus according to the embodiment of the present
invention.
[0031] As shown in Fig. 1, an observation apparatus
10 1 includes a detection unit 10, a computation unit 20,
a determination unit 30, and a control unit 40.
[0032] The detection unit 10 includes one or two or
more sensors that are disposed in a turbo-machine 2,
are highly time responsive, and observe unsteady
15 fluctuations of the turbo-machine 2.
[0033] As shown in Fig. 2, the detection unit 10
includes a sensor 11 attached to a blade 2a which is
the rotating unit of the turbo-machine 2, a sensor 12
attached to a wall surface 2b which is the stationary
20 unit facing a leading end of the blade 2a, and the like.
Such a sensor that is the detection unit 10 may be
disposed in a flow channel or on a wall surface in
contact with the flow channel.
The sensor 11 is constituted of, for example, a
25 strain gauge that detects strain of the blade in real

time and the sensor 12 is constituted of, for example,
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an unsteady pressure sensor that detects the pressure

of the fluid in real time. In this embodiment, these
sensors 11 and 12 are for observing flutter, which is
one of the unstable operations. The sensor 12 may be

5 disposed in a flow channel or on a wall surface in

contact with the flow channel, for example. In order to
observe stall and surge, which are unstable operations,
it is sufficient to dispose sensors in a similar manner.
[0034] The calculation unit 20 inputs output signals

10 from the sensor 11 and the sensor 12 every moment,
stores time series data for a predetermined period, and
quantitatively evaluates randomness and a recurrence
change on the basis of the time series data, to thereby
calculate a parameter for detecting an unstable

15 operation of the turbo-machine 2 in real time. For
example, the computation unit 20 inputs an output
signal from the sensor 11 every moment, stores time
series data for a predetermined period, and calculates
a parameter for detecting flutter in real time.

20 [0035] The determination unit 30 compares the
parameter for detecting the unstable operation with a
predetermined threshold and outputs a determination
result of the sign or occurrence of the unstable
operation in real time.

25 [0036] When the determination unit 30 outputs the

determination result of the sign or occurrence of the
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unstable operation, the control unit 40 outputs a
signal for changing the operation condition to an
operation control apparatus 3 of the turbo-machine 2.
Moreover, when the determination unit 30 outputs the
5 determination result of the sign or occurrence of the
unstable operation, the control unit 40 outputs a
signal for warning a reporting unit 4 of an operation
of the turbo-machine 2.
When the operation control apparatus 3 receives
10 the signal for changing the operation condition, the
operation control apparatus 3 controls the turbo-
machine 2 to stop the operation of the turbo-machine 2,
for example.
When the reporting unit 4 receives the signal
15 associated with the warning, the reporting unit 4
supplies an alarm signal for a pilot or operator to
perform manual control for an aircraft, for example.
[0037] Here, as a method of calculating the
detection parameter in the computation unit 20, it is
20 effective to use a method of calculating the detection
parameter by using an index of a sample entropy, a
sample entropy considering a multi-scale property,
recurrence plots, or a permutation entropy. Hereinafter,
the method of calculating the detection parameter by
25 using these indices will be described.

[0038] (Sample Entropy)
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The sample entropy refers to an index for
quantitatively evaluating the randomness of the time
series data. Specifically, time series data {x(ti)}, i
=1, 2, ..., N is embedded in phase spaces of D and D+1
5 dimensions, and the conditional probability that a
point that was nearby in the D dimension is also nearby
in the D+1 dimension is defined as a negative natural
logarithm.
A sample entropy SE is as follows.
10 [0039]

%G(r - d[xj)u (i)v X pr (J)])

SF,’ — —log [

N o6 - d[x 0, X, ()

V=i )

Here, the following eguations are established.

[0040]

d[X, ()X, t,)]= max v, )~ x(,.,)

ke, D1

Xb(ti ) = (x (1, %114 ), XL, 5 )9"'vx(£i+ﬂ—1 ))

15 Then, for example, as shown in Fig. 3, 0() = 1 in
a case where Xp(ty) exists in the D-dimensional cube
centered on Xp(ti) and O6() = 0 in a case where Xp(tj)
does not exist in the D-dimensional cube centered on
Xp(ti) .

20 [0041] Here, for example, as shown in Fig. 4,
provided that D = 1 and the point ¢ is used as a
reference, two points A and two points V are counted.

[0042] As shown in Fig. 5, provided that D = 2 and
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the point ¢ is used as a reference, only two points A
are counted. The points V are not counted in a case
where D = 2 because the points V are moved outside the
D-dimensional cube by extending the dimensionality.

5 [0043] A similar procedure is performed at all
discrete points of the time series data and the sample
entropy Sk is calculated.

[0044] In this embodiment, settings are performed
such that a threshold r is 0.15 times as large as the
10 standard deviation and D = 2. By setting the threshold
as appropriate, it is possible to capture the sign and
occurrence of the unstable operation phenomenon of the
turbo-machine 2.
[0045] (Sample Entropy Considering Multi-Scale
15 Property)

The sample entropy considering the multi-scale
property refers to an index for performing coarse
graining on the time series data and using the sample
entropy. Specifically, the time average of the time

20 series data x(ti) is determined by non-overlapping
average as follows and new time series data y(tj) as

shown in Fig. 6 is obtained.

[0046]
1
y(tj) = 23&'(’,)
Sp i=(j-1)s 41
25 [0047]
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x(t,) : Time series
s;: Scaling factor
y(t) : Coarse-grained time scries
Then, the sample entropy Sg is calculated by
substituting this new time series data into the defined
equation above.

5 With the sample entropy considering the multi-
scale property, it i1s possible to know influences of
different time scales by coarse graining.

[0048] In this embodiment, computation was performed

by using circumferential strain fluctuations & of the
10 blade 2a detected from the sensor 11 as x. The example

is shown in Fig. 7.

[0049] As shown in A of Fig. 7, St decreases in the

low frequency region after S: = 15 at the flow rate g =

9.0 kg/s. 8f (= 15) x (second-order natural frequency)
15 substantially coincides with the sampling frequency and

captures the frequency characteristics of the second-

order natural frequency. Therefore, it is possible to

capture the sign of flutter by detecting it.

[0050] Moreover, Sg is low in the entire region at g
20 = 9.5 kg/s. Therefore, it is possible to capture the

sign of flutter by detecting it.

[0051] (Recurrence Plots)

The recurrence plots refer to an index for

visualizing the correlation between the respective
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points in the phase space. For example, first of all,
the time series of pressure fluctuations shown in Fig.
8 is embedded in the phase space as shown in Fig. 9.
Next, the correlation between the respective points in
5 the phase space shown in Fig. 10 is plotted as shown in

Fig. 11 by performing computation according to the

following equation.

Here,
[0052]
o XE)=60) G+ + (D-1)2)
[0053]

R, = @(g —|x)- X(tjll) i,j=123:- N

F4

In the recurrence plots, an index DET representing
determinism is calculated in accordance with the
15 following equation.
[0054]

D = Dt D)

I/ 0))

[0055] In the equation above,

0: Heaviside function

20 €: threshold of distance between position vectors

Np: total number of data points in phase space

D: dimension of phase space (D = 5 in this embodiment)
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1: delay time (determined based on mutual information
amount in this embodiment)
1l: length of diagonal line
lwin: minimum length defined as diagonal line
5 P(l): frequency distribution function of diagonal line
having length 1.
[0056] The recurrence plots relationship at each
flow rate is shown in Figs. 12 to 15.
[0057] Comparing Fig. 13 with Fig. 14, it can be
10 seen that the recurrence points are increased in the
case where g = 8.5 kg/s shown in Fig. 14 as compared
with the case where g = 6 kg/s shown in Fig. 13.
Moreover, in the case where g = 9.5 kg/s shown in Fig.
15, strong periodicity is observed with the occurrence
15 of flutter. Thus, it can be understood that it is
possible to capture the sign and occurrence of flutter
by using the recurrence plots.
[0058] In Fig. 16, results of StcO, Stcl, and Stc2
in which flutter is developed are analyzed. StcO, Stcl,
20 and Stc2 are channel names of a strain gauge that
detects the strain of the blade 2a in real time.

As shown in C of Fig. 16, the above-mentioned
index DET increases at g = 8.5 kg/s before the
occurrence of flutter. It is possible to detect the

25 sign of flutter by detecting such a slight increase in

DET. Moreover, as q increases thereafter, the
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periodicity of the waveform increases, such that the
DET also increases (D of Fig. 16). By detecting it, it
is possible to capture the occurrence of flutter.
[0059] (Permutation Entropy)

5 The permutation entropy refers to an index for
quantitatively evaluating the randomness of the time
series data. The time series data shown in Fig. 17 is
classified into predetermined permutation patterns as
shown in Fig. 18 and existence probability p of each of

10 permutation patterns is obtained as shown in Fig. 19.
The permutation entropy is calculated by applyving p to
the Shannon's information entropy. In general, the
Shannon's information entropy is expressed by the
following equation using a discrete probability

15 distribution p of the random variable of the event. At
this time, N = DI!.

[0060]

N
s==) plog, p
=l

Where the permutation entropy is normalized by
20 maximal entropy (= log:D!). In other words, a
permutation entropy hp is determined by calculation as
follows.

[0061]
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Dl
-2 p(log, p(i)
0<h, =—= <1
z log, D!
[0062] Here, a permutation entropy hp means more

random as it is closer to 1 and means more periodic as
it is closer to 0.

5 [0063] Processed results at StcO0 to Stc8 are shown
in Fig. 20. Stc0 to Stc8 are respectively the channel
names of the strain gauges that detect the strains of
the blade 2a in real time. From E and F in Fig. 20, the
permutation entropy decreases because the periodicity

10 of the waveform increases as g increases. It can be
seen that the occurrence of flutter can be captured by
detecting it.

[0064] Fig. 21 shows a change over time in the
permutation entropy.

15 [0065] In Fig. 21,

Q: change in air flow rate over time

€: change in strain fluctuations over time

€ms: change in root mean square of strain
fluctuations over time.

20 [0066] It can be seen from G of Fig. 21 that the
permutation entropy hp decreases to = 0.85 to 0.7 at t =
8.2 s before the €ms increases rapidly. It can be seen

from H of Fig. 21 that the permutation entropy hp

decreases to = 0.85 to 0.45 at t = 10 s when €ms
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increases rapidly.
[0067] Therefore, it is understood that although it
is difficult to capture the sign and occurrence of
flutter in €ms, 1t 1s possible to capture the sign and
5 occurrence of flutter by detecting a change in
permutation entropy.
[0068] <Others>
The present invention is not limited to the above-
mentioned embodiments and can be implemented as various
10 modifications and applications without departing from
the technical concept of the invention. The scope of
such implementation is also encompassed in the
technical scope of the present invention.
[0069] For example, as shown in Fig. 22, an
15 observation apparatus 100 may include two or more
detection units 10, two or more computation units 20,
and two or more determination units 30. By changing the
system for observation of the unstable operation into a
redundant system in this manner, the reliability can be
20 enhanced.
[0070] Moreover, as shown in Fig. 23, the
observation apparatus 100 may include two or more types
of detection units 10a to 10d, two or more types of
computation units 20a to 20d, and two or more types of
25 determination units 30a to 30d. Accordingly, it is

possible to detect more kinds of unstable operations at
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the same time and enhance the reliability.
[0071] In addition, the kind of unstable operations
that will occur can be determined by using two or more
types of sensors, two or more types of computation

5 units, and two or more types of determination units and
mounting them at suitable circumferential or axial
positions in the turbo-machine.
[0072] The computation unit(s), the determination
unit(s), and the control unit(s) according to the

10 present invention is executable by a computer. Those
computation unit (s), determination unit(s), and control
unit (s) may be considered as programs executable by a
computer.
[0073] The present invention can be applied to gas

15 turbine engines for aircraft or watercraft for
enhancing the safety during the operation. Moreover,
the present invention can be applied to gas turbines
for power generation, steam turbines, or wind turbines
for power generation for monitoring the operation

20 stability during the operation and enhancing the
reliability of the electric power supply.

Reference Signs List

[0074]

1 observation apparatus
25 2 turbo-machine

2a blade
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2b wall surface
3 operation control apparatus
4 reporting unit

10 detection unit

5 11, 12 sensor
20 computation unit
30 determination unit
40 control unit

100 observation apparatus

10
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The embodiments of the invention in which an exclusive

property or privilege is claimed are defined as follows:

[1] An observation apparatus, comprising:

a detection unit including one or two or more sensors
that are disposed in a turbo-machine and observe unsteady
fluctuations of the turbo-machine;

a computation unit that outputs signals from the one or
two or more sensors every moment, stores time series data for
a predetermined period, and calculates in real time a
parameter for detecting an unstable operation of the turbo-
machine; and

a determination unit that determines a sign or occurrence
of the unstable operation on a basis of the parameter for
detecting the unstable operation,

wherein the computation unit calculates the parameter for
detecting the unstable operation by quantitatively evaluating
randomness and a recurrence change on a basis of the time
series data; and

wherein the observation apparatus comprises two or more
types of the detection units, two or more types of the
computation units, and two or more types of the determination
units to quantitatively evaluate randomness and a recurrence

change on a basis of the time series data to thereby calculate
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two or more types of parameters for detecting the unstable
operation, and to determine a sign or occurrence of two or

more types of the unstable operation, at a same time.

[2] The observation apparatus according to claim 1, further
comprising

a control unit that outputs, when the determination unit
outputs the determination result of the sign or occurrence of
the unstable operation, a signal for changing an operation
condition for an operation control apparatus of the turbo-
machine and/or a signal for warning of an operation of the

turbo-machine.

[3] The observation apparatus according to claim 1 or 2,
wherein

the one or two or more sensors are disposed on at least
one of a rotating unit, a stationary unit, an inside of a flow
channel, or a wall surface in contact with the flow channel in

the turbo-machine.

[4] An observation apparatus, comprising:
a detection unit including one or two or more sensors
that are disposed in a turbo-machine and observe unsteady

fluctuations of the turbo—-machine;
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a computation unit that outputs signals from the one or
two or more sensors every moment, stores time series data for
a predetermined period, and calculates in real time a
parameter for detecting an unstable operation of the turbo-
machine; and

a determination unit that determines a sign or occurrence
of the unstable operation on a basis of the parameter for
detecting the unstable operation, wherein

the detection unit, the computation unit, and the
determination unit include two or more detection units, two or
more computation units, and two or more determination units,
and wherein the two or more detection units, the two or more
computation units, and the two or more determination units are
used to guantitatively evaluate randomness and a recurrence
change on a basis of the time series data to thereby calculate
two or more types of parameters for detecting the unstable
operation, and to determine a sign or occurrence of two or

more types of the unstable operations, at a same time.

[5] An observation apparatus, comprising:

a detection unit including one or two or more sSensors
that are disposed in a turbo-machine and observe unsteady
fluctuations of the turbo-machine;

a computation unit that outputs signals from the one or
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two or more sensors every moment, stores time series data for
a predetermined period, and calculates in real time a
parameter for detecting an unstable operation of the turbo-
machine; and

a determination unit that determines a sign or occurrence
of the unstable operation on a basis of the parameter for
detecting the unstable operation, wherein

the detection unit, the computation unit, and the
determination unit include two or more types of detection
units, two or more types of computation units, and two or more
types of determination units, and wherein the two or more
types of detection units, the two or more types of computation
units, and the two or more types of determination units are
used to guantitatively evaluate randomness and a recurrence
change on a basis of the time series data to thereby calculate
two or more types of parameters for detecting the unstable
operation, and to determine a sign or occurrence of two or

more types of the unstable operations, at a same time.

[6] An observation method, comprising:

disposing one or two or more sensors that observe
unsteady fluctuations of the turbo-machine;

inputting output signals from the one or two or more

sensors every moment, storing time series data for a
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predetermined period, and calculating in real time a parameter
for detecting an unstable operation of the turbo-machine;

determining a sign or occurrence of the unstable
operation on a basis of the parameter for detecting the
unstable operation;

calculating the parameter for detecting the unstable
operation by quantitatively evaluating randomness and a
recurrence change on a basis of the time series data; and

gquantitatively evaluating randomness and a recurrence
change on a basis of the time series data to thereby calculate
two or more types of parameters for detecting the unstable
operation, and to determine a sign or occurrence of two or

more types of the unstable operation, at a same time.

[7] A computer-readable medium having stored thereon
instructions for operation by a computer to carry out the
follow:

a step of inputting output signals from one or two or
more sensors every moment one or two or more sensors that are
disposed in a turbo-machine and observe unsteady fluctuations
of the turbo-machine, storing time series data for a
predetermined period, and calculating in real time a parameter
for detecting an unstable operation of the turbo-machine;

a step of determining a sign or occurrence of the

Date Recue/Date Received 2022-12-12



36

unstable operation on a basis of the parameter for detecting
the unstable operation;

a step of calculating the parameter for detecting the
unstable operation by quantitatively evaluating randomness and
a recurrence change on a basis of the time series data; and

a step of gquantitatively evaluating randomness and a
recurrence change on a basis of the time series data to
thereby calculate two or more types of parameters for
detecting the unstable operation, and to determine a sign or
occurrence of two or more types of the unstable operation, at

a same time.

[8] The observation apparatus according to claim 1, wherein
the arithmetic unit calculates the parameter as a sample
entropy that is an index for quantitatively evaluating the

randomness of the time series data.

[9] The observation apparatus according to claim 8, wherein
provided that the time series data is expressed as
{x(t)}, 1 =1, 2, ..., N, the time series data {x(ti)} is
embedded in phase spaces of D and D+1 dimensions, and
conditional probability that a point that was nearby in the D
dimension is alsoc nearby in the D+1 dimension is defined as a

negative natural logarithm, and
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provided that the sample entropy is denoted by Sk, the

sample entropy S is calculated by the following equation

Z @(r [ Dil (’ Dl (J)])

. F=10
‘SE“ IOg N-D+l

> 8 -d[X, () X, (7))

i=Li%j

where r denotes a predetermined threshold

[ (r) X, (1, )]= max |x(t,.,)~x(,,.)

ke0,D-1

= (6012l )

[10] The observation apparatus according to claim 1, wherein
the arithmetic unit calculates the parameter as a sample
entropy considering a multi-scale property that is an index
for performing coarse graining on the time series data and
quantitatively evaluating the randomness of the time series

data after the coarse graining.

[11] The observation apparatus according to claim 10, wherein
provided that the time series data is denoted by x(ti), a

time average of the time series data x(ti) is determined by

non-overlapping average using the following equation and time

series data y(ty) is obtained

Js f

y(f,-)"— > x(t)

f i=(j-1)s,+1
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where

x(2,) : Time series
sy: Scaling factor

W) : Coarse-grained time series
, and

the sample entropy is calculated by using the time series

data y(ty).

[12] The observation apparatus according to claim 1, wherein
the arithmetic unit calculates the parameter as
recurrence plots that are an index for embedding the time
series data in a phase space and visualizing a correlation
between respective points of the time series data in the phase

space.

[13] The observation apparatus according to claim 12, wherein
provided that the time series data is denoted by x({ti),
computation according to the following equation is performed
with respect to the correlation between the respective points
of the time series data in the phase space and a result of
computation is plotted for obtaining the recurrence plots
X(.) = (ot ), x(t, +2)--x(t, + (D—1)2))
R, = @(g ~x€)- X(tj]|) i.j=123:-N,

where

0: Heaviside function
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€: threshold of distance between position vectors
Np: total number of data points in phase space

D: dimension of phase space

1: delay time.

[14] The observation apparatus according to claim 13, wherein
provided that an index for determining the sign or

occurrence of the unstable operation is denoted by DET, the

determination unit calculates the index DET in the obtained

recurrence plots in accordance with the following equation

Np

5 IP{
DET =2 min =22 @

2. 41P()

where

1: length of diagonal line in recurrence plots
lwin: minimum length defined as diagonal line in recurrence
plots

P(l): frequency distribution function of diagonal line having

length 1 in recurrence plots.

[15] The observation apparatus according to claim 1, wherein
the arithmetic unit calculates the parameter as a
permutation entropy that is an index for quantitatively

evaluating the randomness of the time series data.
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[16] The observation apparatus according to claim 15, wherein
the time series data is classified into predetermined
permutation patterns and the permutation entropy is calculated

by applying existence probability of each of the permutation

patterns to Shannon's information entropy.

[17] The observation apparatus according to claim 16, wherein
the Shannon's information entropy is expressed by the
following equation using a discrete probability distribution p

of a random variable of an event

N
s==) plog, p
.

where N = D!

D: dimension of phase space, and

provided that the permutation entropy is denoted by hg,
the permutation entropy hpy is calculated in accordance with

the following equation

D
- p()log, p()
IR/
? log, D!

[18] The observation apparatus according to claim 1, wherein
the determination unit compares the parameter for

detecting the unstable operation with a predetermined
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threshold and outputs in real time a determination result of a

sign or occurrence of the unstable operation.
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