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(57) ABSTRACT

A method of monitoring a plant by using a Mahalanobis
distance calculated from data of a plurality of variables each
of which indicates a state of the plant includes: a dividing
step of dividing a range of a single variable which indicates
a state of the plant into a plurality of first range bands on the
basis of a frequency distribution of the single variable; and
a unit space creating step of creating a plurality of unit
spaces which serve as a basis of calculation of the
Mahalanobis distance on the basis of the respective data of
the plurality of variables respectively corresponding to a
plurality of second range bands of the single variable
determined on the basis of the plurality of first range bands.
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PLANT MONITORING METHOD, PLANT
MONITORING DEVICE, AND PLANT
MONITORING PROGRAM

TECHNICAL FIELD

[0001] The present disclosure relates to a plant monitoring
method, a plant monitoring device, and a plant monitoring
program.

[0002] The present application claims priority based on
Japanese Patent Application No. 2021-037106 filed on Mar.
9, 2021 with the Japanese Patent Office, the contents of
which are incorporated herein by reference.

BACKGROUND ART

[0003] A plant may be monitored by using the Mahalano-
bis distance which indicates the difference between a stan-
dard data set of a variable which indicates the state of the
plant (e.g., a state amount that is acquirable by a sensor) and
measurement data of the variable.

[0004] Patent Document 1 discloses a plant monitoring
method that uses the Mahalanobis distance and includes
calculating the Mahalanobis distance using a plurality of
unit spaces set in accordance with the operation period.
Herein, the above described unit space is an aggregate of
data used as a reference for determining whether the opera-
tion state of the plant is normal or not. More specifically,
Patent Document 1 calculates the Mahalanobis distance of
data acquired during the start operation period of the plant
using a unit space created on the basis of the state amount
of the start operation period of the plant, and calculates the
Mahalanobis distance of data acquired during the load
operation period of the plant using a unit space created on
the basis of the plant state amount during the load operation
period of the plant.

CITATION LIST

Patent Literature

[0005] Patent Document 1: JP5031088B
SUMMARY
Problems to be Solved
[0006] Meanwhile, it is considered possible to improve the

abnormal detection accuracy by dividing the data of the
variable indicating the state of the plant to be monitored into
some groups according to some standard and calculating the
Mahalanobis distance by using a plurality of unit spaces
created in accordance with the groups, compared to a case
where the Mahalanobis distance is calculated by using a
single unit space created by using the above described data
entirely.

[0007] However, when creating a plurality of unit spaces
by dividing the data of the variable indicating the state of the
plant as described above, the number of data constituting
any of the plurality of unit spaces may become fewer
depending on how the data is divided, which may lead to a
decrease in the detection accuracy of an abnormality of the
plant.

[0008] In view of the above, an object of at least one
embodiment of the present invention is to provide a plant
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monitoring method, a plant monitoring device, and a plant
monitoring program capable of accurately detecting an
abnormality of a plant.

Solution to the Problems

[0009] According to at least one embodiment of the pres-
ent invention, a method of monitoring a plant by using a
Mahalanobis distance calculated from data of a plurality of
variables each of which indicates a state of the plant
includes: a dividing step of dividing a range of a single
variable which indicates a state of the plant into a plurality
of first range bands on the basis of a frequency distribution
of the single variable; and a unit space creating step of
creating a plurality of unit spaces which serve as a basis of
calculation of the Mahalanobis distance on the basis of the
respective data of the plurality of variables respectively
corresponding to a plurality of second range bands of the
single variable determined on the basis of the plurality of
first range bands.

[0010] Furthermore, according to at least one embodiment
of the present invention, a plant monitoring device which
uses a Mahalanobis distance calculated from data of a
plurality of variables each of which indicates a state of the
plant includes: a division part configured to divide a range
of a single variable which indicates a state of the plant into
a plurality of first range bands on the basis of a frequency
distribution of the single variable; and a unit space creation
part configured to create a plurality of unit spaces which
serve as a basis of calculation of the Mahalanobis distance
on the basis of the respective data of the plurality of
variables respectively corresponding to a plurality of second
range bands of the single variable determined on the basis of
the plurality of first range bands.

[0011] Furthermore, according to at least one embodiment
of'the present invention, a program for monitoring a plant by
using a Mahalanobis distance calculated from data of a
plurality of variables each of which indicates a state of the
plant causes a computer to perform: divide a range of a
single variable which indicates a state of the plant into a
plurality of first range bands on the basis of a frequency
distribution of the single variable; and create each of a
plurality of unit spaces which serve as a basis of calculation
of the Mahalanobis distance on the basis of the respective
data of the plurality of variables respectively corresponding
to a plurality of second range bands of the single variable
determined on the basis of the plurality of first range bands.

Advantageous Effects

[0012] According to at least one embodiment of the pres-
ent invention, it is possible to provide a plant monitoring
method, a plant monitoring device, and a plant monitoring
program capable of accurately detecting an abnormality of a
plant.

BRIEF DESCRIPTION OF DRAWINGS

[0013] FIG. 1 is a schematic configuration diagram of a
gas turbine included in a plant to which a monitoring method
according to an embodiment is to be applied.

[0014] FIG. 2 is a schematic configuration diagram of a
steam turbine included in a plant to which a monitoring
method according to an embodiment is to be applied.
[0015] FIG. 3 is a schematic configuration diagram of a
plant monitoring device according to an embodiment.
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[0016] FIG. 4 is a flowchart showing a method of moni-
toring a plant according to an embodiment.

[0017] FIG. 5 is a graph showing an example of the
frequency distribution of the output (the single variable) of
the plant.

[0018] FIG. 6 is a graph showing an example of the
cumulative frequency distribution of the output (the single
variable) of the plant.

[0019] FIG. 7 is a graph showing an example of the
frequency distribution of the output (the single variable) of
the plant.

[0020] FIG. 8 is a graph showing an example of the
frequency distribution of the output (the single variable) of
the plant.

[0021] FIG. 9 is a graph showing an example of the
frequency distribution of the output (the single variable) of
the plant.

[0022] FIG. 10 is a graph schematically showing a part of
the frequency distribution of the output (the single variable)
of the plant.

[0023] FIG. 11 is a diagram schematically showing an
example of a unit space.

DETAILED DESCRIPTION

[0024] Embodiments of the present invention will now be
described in detail with reference to the accompanying
drawings. It is intended, however, that unless particularly
identified, dimensions, materials, shapes, relative positions
and the like of components described in the embodiments
shall be interpreted as illustrative only and not intended to
limit the scope of the present invention.

[0025] (Configuration of a Plant Monitoring Device)
[0026] FIGS. 1 and 2 are each a schematic configuration
diagram of an apparatus included in a plant to which a
monitoring method according to some embodiments is to be
applied. The apparatus illustrated in FIG. 1 is a gas turbine,
and the apparatus illustrated in FIG. 2 is a steam turbine.
FIG. 3 is a schematic configuration diagram of a plant
monitoring device according to an embodiment.

[0027] The gas turbine 10 depicted in FIG. 1 includes a
compressor 12 for compressing air, a combustor 14 for
combusting a fuel with compressed air from the compressor
12, and a turbine 16 driven by combustion gas generated by
the combustor 14. A generator 18 is coupled to a rotor of the
gas turbine 10, such that the gas turbine 10 drives the
generator 18 to rotate.

[0028] The steam turbine 20 depicted in FIG. 2 includes a
boiler 22 for producing steam and a turbine 24 driven by
steam from the boiler 22. The turbine 24 includes a high-
pressure turbine 25, a mid-pressure turbine 26 whose inlet
pressure is lower than that of the high-pressure turbine 25,
and a low-pressure turbine 27 whose inlet pressure is lower
than that of the mid-pressure turbine 26. A reheater 29 is
disposed between the high-pressure turbine 25 and the
mid-pressure turbine 26. A generator 28 is coupled to the
rotor 23 of the steam turbine 20, such that the steam turbine
20 drives the generator 28 to rotate.

[0029] In some embodiments, the plant to be monitored
includes the gas turbine 10 or the steam turbine 20 described
above. In some embodiments, the plant to be monitored may
include a turbine driven by renewable energy such as wind
power and hydraulic power (such as a wind turbine and a
waterwheel). In some embodiments, the plant to be moni-
tored may include a machine other than a turbine.
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[0030] The plant monitoring device 40 depicted in FIG. 3
is configured to monitor a plant on the basis of measurement
values of a plurality of variables which indicate the state of
the plant measured by a measurement part 30.

[0031] The measurement part 30 is configured to measure
a plurality of variables which indicate the state of the plant.
The measurement part 30 may include a plurality of sensors
each configured to measure corresponding one of a plurality
of variables each of which indicates the state of the plant.

[0032] In a case where the plant includes the gas turbine
10, the measurement part 30 may include a sensor config-
ured to measure any one of the rotor rotation speed of the gas
turbine 10, the blade path temperature of each stage, the
average blade path temperature, the turbine inlet pressure,
the turbine outlet pressure, or the generator output, as a
variable which indicates the state of the plant. In a case
where the plant includes the steam turbine 20, the measure-
ment part 30 may include a sensor configured to measure
any one of the rotor rotation speed of the steam turbine 20,
the blade path temperature of each stage, the average blade
path temperature, the turbine inlet pressure, the turbine
outlet pressure, or the generator output, as a variable which
indicates the state of the plant.

[0033] The plant monitoring device 40 is configured to
receive a signal indicating a measurement value of a variable
indicating the state of the plant from the measurement part
30. The plant monitoring device 40 may be configured to
receive a signal indicating a measurement value from the
measurement part 30 at an interval of a predetermined
sampling cycle. Furthermore, the plant monitoring device 40
is configured to process the signal received from the mea-
surement part 30 and determine presence or absence of an
abnormality of the plant. The determination result obtained
by the plant monitoring device 40 may be displayed by a
display part 60 (display screen or the like).

[0034] As depicted in FIG. 3, the plant monitoring device
40 according to an embodiment includes a data acquisition
part 2, a division part 44, a unit space creation part 46, a
Mabhalanobis distance calculation part 48, and an abnormal-
ity determination part 50.

[0035] The plant monitoring device 40 includes a calcu-
lator including a processor (CPU), a storage device (memory
device; RAM and the like), an auxiliary storage part and an
interface, for instance. The plant monitoring device 40 is
configured to receive a signal indicating a measurement
value of a variable indicating the state of the plant from the
measurement part 30 via an interface. The processor is
configured to process the accordingly received signals. Fur-
thermore, the processor is configured to process a program
expanded in the storage device. Accordingly, the respective
functions of the above described functional parts (the data
acquisition part 42 and the like) are realized.

[0036] The content of process at the plant monitoring
device 40 is implemented as a program to be executed by the
processor. The program may be stored in the auxiliary
storage part. When the program is executed, the program is
expanded in the storage part. The processor is configured to
read out the program from the storage device, and executes
the orders contained in the program.

[0037] The data acquisition part 42 is configured to
acquire data of a single variable indicating the state of the
plant and a plurality of variables (V1, V2, . . ., Vn)
indicating the state of the plant at each of a plurality of points
of time “t” (t1, t2, . . . ). In the embodiment described below,



US 2024/0142955 Al

the data acquisition part 42 is configured to acquire data of
the output (p) of the plant as the single variable indicating
the state of the plant. The output of the plant may be the
output of a generator such as the generator 18 connected to
the gas turbine 10 or the generator 28 connected to the steam
turbine 20. In another embodiment, the data acquisition part
42 may be configured to acquire the rotation speed of a
device constituting the plant, a numerical value related to
oscillation of the device (e.g., a value indicating frequency
or oscillation level), the temperature of the device, the
temperature of the atmosphere, or the flow rate of the fuel
supplied to the device (supply amount), as the single vari-
able indicating the state of the plant.

[0038] The data acquisition part 42 may be configured to
acquire the above described data on the basis of the mea-
surement value of the output (single variable) of the plant or
a plurality of variables measured by the measurement part
30. The measurement value of the output of the plant or the
plurality of variables or the data based on the measurement
value may be stored in the storage part 32. The data
acquisition part 42 may be configured to acquire the above
described measurement value or the data based on the
measurement value from the storage part 32.

[0039] The storage part 32 may include a main storage
part or an auxiliary storage part of a calculator that consti-
tutes the plant monitoring device 40. Alternatively, the
storage part 32 may include a remote storage device con-
nected to the calculator via a network.

[0040] The division part 44 is configured to divide the
output range of the plant into a plurality of first output bands
(range bands) (Al, A2, . .. ) on the basis of the frequency
distribution of the output (single variable) of the plant
acquired by the data acquisition part 42.

[0041] The unit space creation part 46 is configured to
determine a plurality of second output bands (range bands)
(B1, B2, . . . ) on the basis of the plurality of first output
bands obtained by the division part 44. Furthermore, the unit
space creation part 46 is configured to create a plurality of
unit spaces that serve as the basis of calculation of the
Mahalanobis distance, on the basis of the data (measurement
values) of the plurality of variables (V1, V2, . . ., Vn)
respectively corresponding to the plurality of second output
bands.

[0042] The above described unit space is a group (aggre-
gate of normal data) that is homogenous with regard to a
purpose, and the distance from the center of the unit space
of the data to be evaluated is calculated as the Mahalanobis
distance. The smaller the Mahalanobis distance, the higher
the possibility of the data to be evaluated being normal. The
greater the Mahalanobis distance, the higher the possibility
of the data to be evaluated being abnormal.

[0043] The Mahalanobis distance calculation part 48 is
configured to calculate the Mahalanobis distance for the data
to be evaluated using the unit space corresponding to the
output (single variable) of the plant at the time of acquisition
of'the data (measurement values) of the plurality of variables
to be evaluated, from among the plurality of unit spaces
created by the unit space creation part 46.

[0044] The abnormality determination part 50 is config-
ured to determine presence or absence of an abnormality of
the plant on the basis of the Mahalanobis distance calculated
by the Mahalanobis distance calculation part 48.
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[0045] (Flow of Plant Monitoring)

[0046] Hereinafter, the plant monitoring method accord-
ing to some embodiments will be described in more detail.
While the following description describes a case in which
the above described plant monitoring device 40 is used to
perform a plant monitoring method according to an embodi-
ment, another device may be used to perform the plant
monitoring method in some other embodiments.

[0047] FIG. 4 is a flowchart showing a method of moni-
toring a plant according to some embodiments. FIGS. 5t0 9
are each a diagram for describing a method of monitoring a
plant according to some embodiments. FIGS. 5 and 7 to 9
are each a graph showing an example of the frequency
distribution (histogram) of the output of the plant (single
variable), and FIG. 6 is a graph showing an example of the
cumulative frequency distribution of the output of the plant
(single variable). In FIGS. 5 and 7 to 9, the x-axis represents
the output of the plant (single variable), and the y-axis
represents the frequency of the output of the plant (single
variable). In FIG. 6, the x-axis represents the output of the
plant (single variable), and the y-axis represents the cumu-
lative relative frequency of the output of the plant (single
variable). In the graphs of FIGS. 7 to 9, the curve showing
the cumulative relative frequency is drawn in broken lines.
[0048] In some embodiments, the data acquisition part 42
acquires the output of the plant (single variable) and the data
of the plurality of variables indicating the state of the plant
(S2). More specifically, in step S2, the output p (p1, p2, . .
. ) of the plant corresponding to each of the plurality of
points of time (11, t2, . . . ) is acquired, and each of the data
of ‘n’ variables (V1, V2, . . ., Vn) indicating the state of the
plant corresponding to each of the plurality of points of time
(1,12, .. .) is acquired, respectively. The output of the plant
corresponding to time ‘t” or the above described data of the
plurality of variables may be the representative value (e.g.,
average value) of the output of the plant or the measurement
values of the plurality of variables in a predetermined period
with reference to time ‘t’.

[0049] The ‘n’ variables indicating the state of the plant
may include, for instance, at least one of the rotor rotation
speed of the gas turbine 10 or the steam turbine 20, the blade
path temperature of each stage, the blade path average
temperature, the turbine inlet pressure, the turbine outlet
pressure, or the generator output.

[0050] Next, the division part 44 divides the output range
of the plant into a plurality of first output bands (range
bands) (A1, A2, . . . ) on the basis of the frequency
distribution of the output of the plant (S4). The frequency
distribution of the output of the plant is acquirable on the
basis of the output of the plant acquired in step S2.

[0051] FIG. 5 is a graph showing an example of the
frequency distribution of the output p' of the plant acquired
in step S2. The graph in FIG. 5 shows the frequency
distribution of a range where the output range of the plant is
not smaller than 0 [MW] and not smaller than Pmax [MX].
[0052] In step S4, for instance, the range of each of the
plurality of first output bands (A1, A2, .. .) is determined
such that the frequency of the output included in each of the
plurality of first output bands (A1, A2, . . . ) does not vary
considerably.

[0053] Herein, FIG. 6 is a graph showing the frequency
distribution of the plant of the output shown in FIG. 5
converted into a cumulative frequency distribution. In some
embodiments, in step S4, each range of the first output bands
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may be determined such that the relative frequencies of the
output corresponding to the plurality of first output bands
(A1, A2, .. .) are distributed substantially equal (that is, the
frequencies of the output corresponding to the plurality of
first output bands are substantially equal) on the basis of the
cumulative frequency distribution of the output of the plant.
[0054] An example of the above step will be described
with reference to the graph of FIG. 6. On the premise that the
cumulative relative frequency at the output zero is zero %
and the cumulative relative frequency at the output Pmax is
100%, the cumulative relative frequency is divided into a
plurality of ranges: not smaller than 0% and not greater than
C1, greater than C1 and not greater than C2, greater than C3
and not greater than C4, greater than C4 and not greater than
C5, greater than C5 and not greater than C6, and greater than
C6 and not greater than C7 (=100%). The above plurality of
ranges have substantially the same width of the relative
frequency (that is, the frequency is substantially the same in
the plurality of ranges). It is possible to determine the output
bands corresponding to the plurality of ranges as the plu-
rality of first output bands (Al to A7). Herein, the range of
the output [MW] of the first output bands Al to A7 are,
respectively, not smaller than zero and not greater than P, ,,
greater than P,, and not greater than P,,, greater than P,,
and not greater than P, greater than P,; and not greater
than P,,, greater than P,, and not greater than P, greater
than P,5 and not greater than P ., greater than P, and not
greater than P . Furthermore, the ratio of the frequencies of
the output of the output bands Al to A7 are represented
respectively as follows: C1, (C2-C1), (C3-C2), (C4-C3),
(C5-C4), (C6-C5), and (C7-C6).

[0055] In some embodiments, in step S4, the output range
of the plant is divided such that the ratio of the frequencies
of the output of the plant in any two output bands, of the
plurality of first output bands (A1, A2, . ..), is not smaller
than 0.75 and not greater than 1.25. In the example shown
in FIG. 6, it is possible to express the ratio of the frequencies
of the output in the first output band A2 and the first output
band A3 as (C3-C2)/(C2-C1), for instance.

[0056] In some embodiments, in step S4, the output range
of the plant is divided such that the ratio of the frequencies
of the output of the plant in at least two output bands, of the
plurality of first output bands (A1, A2, ... )is 1.

[0057] In some embodiments, in step S4, the output range
of the plant is divided such that the ratio of the frequencies
of the output of the plant in any two output bands, of the
plurality of first output bands (A1, A2, ... )is 1.

[0058] The following description is described based on the
premise that the output range of the plant is divided into
seven first output bands (Al to A7) in step S4, as shown in
FIG. 6.

[0059] Next, the unit space creation part 46 determines a
plurality of second output bands (range bands) (B1, B2, . .
. ) of the plant on the basis of the plurality of first output
bands (A1 to A7). Herein, since the plurality of first output
bands (Al to A7) are set on the basis of the frequency
distribution of the output of the plant, it can be said that the
plurality of second output bands (B1, B2, . . . ) are also
determined on the basis of the frequency distribution of the
output of the plant. The step S6 will be described later in
detail.

[0060] Next, the unit space creation part 46 creates a
plurality of unit spaces (Q1, Q2, . . . ) that serve as the basis
of calculation of the Mahalanobis distance, on the basis of
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the data of ‘n’ variables (the plurality of variables) (V1, V2,
Vn) respectively corresponding to the plurality of second
output bands (B1, B2, . . . ) determined in step S6 (S8).
[0061] Furthermore, the Mahalanobis distance calculation
part 48 calculates the Mahalanobis distance for the data to be
evaluated (signal space data) using the unit space corre-
sponding to the output (single variable) of the plant at the
time of acquisition of the data of ‘n’ variables (the plurality
of variables) to be evaluated, from among the plurality of
unit spaces (Q1, Q2, . . . ) created by the unit space creation
part 46 (S§10). For instance, in a case where the output of the
plant at the acquisition time of the data of ‘n’ variables to be
evaluated is included in the range of the second output band
B2, the unit space Q2 corresponding to the second output
band B2 is used to calculate the Mahalanobis distance D
corresponding to the data to be evaluated.

[0062] The Mahalanobis distance corresponding to the
data to be evaluated can be calculated by the method
described in Patent Document 1. The method of calculating
the Mahalanobis distance can be briefly described as fol-
lows. The method obtains the average of each item (vari-
able) from the following expression (A) using the data
constituting the unit space (data (X1, X2, ..., Xn) of ‘n’
variables (V1, V2, ..., Vn)). In the following expression,
‘k’ is the number of data of each of ‘n’ variables (number of
data sets) constituting the unit space.

(Expression 1)

1 (A)
X=X

[0063] Next, the method obtains the covariance matrix
COV (nxn matrix) of the data constituting the unit space
from the following expression (B) by using the average of
each item (variable) calculated from the above expression
(A).

(Expression 2)

1 — — ®)
COVy = 1 2, [ - T)(¥u - )

[0064] Then, using the data Y, to Y,, to be evaluated and
the inverse matrix of the average obtained from the above
expression (A) and the covariance matrix obtained from the
above expression (B), the square D? of the Mahalanobis
distance D is calculated from the following expression (C).
In the following expression, 1 is the number of data (data set
number) of the data to be evaluated (signal space data) Y, to
Y,, corresponding to ‘n’ variables.

(Expression 3)

Yy, X1 ©
D' =(v,;-X .. Ynl_yn)covl[ ]

Yy -X,

[0065] Next, the abnormality determination part 50 deter-
mines presence or absence of an abnormality of the plant on
the basis of the Mahalanobis distance D calculated in step
S10 (S12). In step S12, presence or absence of an abnor-
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mality of the plant may be determined on the basis of
comparison between the above described Mahalanobis dis-
tance D and a threshold value. For instance, it is determined
that the plant is normal if the Mahalanobis distance D
calculated in step S10 is not greater than a threshold value,
and that the plant has an abnormality if the Mahalanobis
distance is greater than the threshold value.

[0066] In the method according to the above described
embodiment, the output range of the plant is divided into a
plurality of first output bands (A1, A2, . . . ) on the basis of
the frequency distribution of the output of the plant, and the
plurality of unit spaces (Q1, Q2, . . . ) corresponding to the
plurality of second output bands (B1, B2, . . . ) determined
on the basis of the plurality of first output bands are created.
That is, on the basis of the frequency distribution of the plant
output, a plurality of output bands (the first output bands and
the second output bands) corresponding respectively to the
plurality of unit spaces are determined. Thus, by determin-
ing the plurality of output bands (the first output bands or the
second output bands) such that the frequencies in the plu-
rality of output bands are equal, for instance, it is easier to
ensure a sufficient number of data of the plurality of vari-
ables (V1, V2, Vn) constituting each of the plurality of unit
spaces. Or, it is easier to avoid an event where the number
of data constituting any one of the plurality of unit spaces
becomes too small. Thus, it is possible to detect an abnor-
mality of the plant accurately on the basis of the Mahalano-
bis distance regardless of the output of the plant, and
suppress erroneous detection and erroneous warnings, for
instance.

[0067] Furthermore, in the above described embodiment,
in step S4, if the output range of the plant is divided such that
the ratio of the frequencies in any two output bands, of the
plurality of first output bands (A1, A2, . . . ) is not smaller
than 0.75 and not greater than 1.25, the frequencies of the
output in the respective first output bands are substantially
equal. Thus, it is easier to ensure a sufficient number of data
of the plurality of variables constituting each of the plurality
of unit spaces determined on the basis of the plurality of first
output bands. Thus, it is possible to detect an abnormality of
the plant accurately on the basis of the Mahalanobis distance
regardless of the output of the plant.

[0068] Furthermore, in some embodiments, in step S4, if
the output range of the plant is divided such that the ratio of
the frequencies in at least two output bands, of the plurality
of first output bands (Al, A2, . .. ) is 1, the frequencies of
the output in at least two output bands of the plurality of first
output bands are equal. Thus, it is easier to ensure a sufficient
number of data of the plurality of variables constituting each
of the plurality of unit spaces determined on the basis of the
two output bands. Thus, it is possible to detect an abnor-
mality of the plant accurately on the basis of the Mahalano-
bis distance regardless of the output of the plant.

[0069] In some embodiments, in step S6, the unit space
creation part 46 determines a plurality of output bands
corresponding to the plurality of first output bands (Al to
A7) as the second output bands (B1 to B7) of the plant. That
is, as shown in FIG. 7, the output ranges of the plurality of
second output bands (B1 to B7) are equal to the output
ranges of the plurality of first output bands (Al to A7),
respectively.

[0070] According to the above described embodiment, it is
possible to determine the plurality of second output bands
(B1 to B7) as output bands that respectively correspond to
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the plurality of first output bands (Al to A7) with a simple
procedure. Thus, it is possible to detect an abnormality of the
plant accurately on the basis of the Mahalanobis distance
regardless of the output of the plant, with a more simplified
procedure.

[0071] In some embodiments, in step S6, the unit space
creation part 46 selects an output which serves as a boundary
between the plurality of second output bands (B1, B2, . ..
) from among the plurality of first output bands (Al to A7),
and determines the plurality of output bands divided by the
boundary as the plurality of second output bands.

[0072] In some embodiments, as depicted in FIGS. 8 and
9, at least one of the mode values Pml to Pm7 of the
respective outputs of the plurality of first output bands (Al
to A7) may be selected as a boundary between the plurality
of the second output bands. In the example shown in FIG. 8,
each of the mode values Pm1 to Pm7 of the respective
outputs of the plurality of first output bands (Al to A7) is
selected as a boundary between the plurality of the second
output bands. The output range (not smaller than zero and
not greater than Pmax) of the plant is divided by the mode
values Pm1 to Pm7, and thereby the plurality of second
output bands (B1 to B8) are determined.

[0073] According to the above embodiment, at least one of
the mode values (Pm1 to Pm7) respectively corresponding
to the outputs of the plurality of first output bands (Alto A7)
are adopted as the boundary between the plurality of the
second output bands (B1, B2, . . . ). Thus, in the graph (FIG.
8, 9, and the like) of the output relative frequency, each of
the second output bands having the boundary as the upper
limit or the lower limit (the pair of adjacent second output
bands) includes at least a half of the peak area including the
boundary. Thus, it is even easier to ensure the number of data
constituting each of the unit spaces (Q1, Q2, . . . ) corre-
sponding to the above second output bands (B1, B2, . . .).
Thus, it is possible to improve the accuracy of plant abnor-
mality detection based on the Mahalanobis distance.
[0074] Herein, FIG. 10 is a graph schematically showing
a part of the frequency distribution of the output of the plant.
FIG. 11 is a diagram schematically showing an example of
the unit space created on the basis of the frequency distri-
bution of the output of the plant shown in FIG. 10. Herein,
the output bands B, and B,,; in FIG. 10 are output bands
divided by the mode values Pma, Pmb of the output of the
plant, and the output band B, is the output band divided by
the outputs Pc, Pd between the mode values of the output of
the plant. The ovals in FIG. 11 each represent a unit space
Qs Qiiys Q) and the like). Bach oval is an aggregate of
points having equal Mahalanobis distances calculated from
the respective unit spaces.

[0075] The output band B, is divided by the outputs Pc, Pd
between the mode values (Pma, Pmb, and the like) of the
output. Thus, the data in the output band B, does not include
so many data corresponding to the output in the vicinity of
the lower limit output (Pc) and the upper limit output (Pd)
of the output band B, but includes a great number of data in
the vicinity of the mode value Pma positioned between the
lower limit and the upper limit. This means that, in the oval
representing the unit space Q including data of the output
band B, the number of data positioned in the vicinity of
opposite end portions of the longitudinal axis of the oval is
small, and the number of data positioned in the vicinity of
the center of the longitudinal axis of the oval is great (see
FIG. 11). In this case, the shape of the oval (including the
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slope of the longitudinal axis) is not determined stably (see
Q, and Q/ in FIG. 11), and thus abnormality determination
based on the Mahalanobis distance is not stable.

[0076] For instance, in a case where the data to be evalu-
ated (signal space data) is represented as ‘d’ in the graph of
FIG. 11, the Mahalanobis distance calculated on the basis of
the unit space Q, and the Mahalanobis distance calculated on
the basis of the unit space Q' are considerably different. That
is, the Mahalanobis distance calculated on the basis of the
unit space Q; is relatively large, and the Mahalanobis dis-
tance calculated on the basis of the unit space Q' is relatively
small. Thus, the abnormality determination results based on
the Mahalanobis distance may vary. Accordingly, for
instance, the possibility of erroneous determination in the
abnormality determination increases.

[0077] Meanwhile, the output band B, is divided by the
mode values Pma, Pmb of the output. Thus, the data in the
output band B, includes a relatively large number of data
corresponding to the output in the vicinity of the lower limit
output (Pma) and the upper limit output (Pmb) of the output
band B,. This means that, in the oval representing the unit
space Q, including data of the output band B,, a large
number of data are positioned in the vicinity of opposite end
portions of the longitudinal axis of the oval (see FIG. 11). In
this case, the shape of the oval (including the slope of the
longitudinal axis) is determined stably. Thus, it is possible to
obtain the calculation result of the Mahalanobis distance
stably, and perform abnormality determination stably.
[0078] Furthermore, also for the oval representing the unit
space Q,,, consisting of the data in the output band B,
next to the output band B,, the shape of the oval (including
the slope of the longitudinal axis) is determined stably, and
the two ovals connect to one another smoothly (for instance,
the two ovals have similar slopes). Thus, during operation of
the plant, it is possible to stably perform abnormality deter-
mination even in a case where the output of the plant
changes across the boundary (Pmb in FIG. 10) of the output
band B, and the output band B, ;.

[0079] In this regard, according to the above described
embodiment, the mode values Pm1 to Pm7 of the output in
the first output band (A1l to A7) are used as the boundaries
between the plurality of second output bands (B1, B2, . ..
). Thus, the data of the second output band having the
boundary as the upper limit or the lower limit includes a
relatively large number of data corresponding to the output
in the vicinity of the boundary (the upper limit or the lower
limit). Thus, the unit spaces (Q1, Q2, . . . ) created on the
basis of the data in the second output bands (B1, B2, . . .)
are likely to connect to one another smoothly. Thus, even in
a case where the output of the plant changes across the above
described boundary, it is possible to detect an abnormality of
the plant stably.

[0080] In some embodiments, in step S6, if the difference
between a pair of adjacent mode values of the output is less
than a predetermined value, the mode value having a larger
frequency is selected as the boundary between the second
output bands, of the pair of mode values of the output, and
the mode value with a smaller frequency is not selected as
the boundary between the second output bands.

[0081] For instance, in the example shown in FIG. 9, of
the mode values Pm1 to Pm7 of the output in the respective
first output bands (A1 to A7), the difference between the pair
of adjacent mode values Pm4, Pm5 is small, and less than
the predetermined value. Thus, of the mode values Pm4,

May 2, 2024

Pm5, the mode value Pm4 of a greater frequency is selected
as the boundary between the second output bands and the
mode value Pm5 of a smaller frequency is not selected as the
boundary between the second output bands. As a result, by
dividing the output range (not smaller than zero and not
greater than Pmax) of the plant with the mode values other
than the mode value Pm5 (that is, Pm1 to Pm4, Pm6, and
Pm7) from among the mode values Pml to Pm7, the
plurality of second output bands (B1 to B7) are determined.
[0082] The output at which the frequency of the output of
the plant reaches its peak may vary slightly in response to
the change of the season, for instance, in which case the
outputs appear on the graph of frequency distribution as
separate peaks positioned proximate to one another. If data
corresponding to the outputs of the plurality of peaks are
included in separate unit spaces, it may be difficult to
perform abnormality detection based on the Mahalanobis
distance stably. In this regard, according to the above
described embodiment, of the mode values (Pm1 to Pm7) of
the output of the respective first output bands (Al to A7), if
the difference between a pair of adjacent mode values (Pm4,
Pm5) is less than a predetermined value (that is, the above
described peaks are close to one another), only the mode
value of a larger frequency (Pm4) is selected as the boundary
between the plurality of second output bands (B1, B2, . ..
) from the pair of mode values. Accordingly, it is possible to
include data corresponding to the two mode values (Pm4,
Pm5) in the same unit space, and thus it is possible to
perform abnormal detection of the plant stably.

[0083] The contents described in the above respective
embodiments can be understood as follows, for instance.
[0084] (1) According to at least one embodiment of the
present invention, a method of monitoring a plant by using
a Mahalanobis distance calculated from data of a plurality of
variables each of which indicates a state of the plant
includes: a dividing step (S4) of dividing a range of a single
variable (e.g., the output of the plant) which indicates a state
of the plant into a plurality of first range bands (e.g., the
above described plurality of first output bands Al, A2, . . .
) on the basis of a frequency distribution of the single
variable; and a unit space creating step (S4 to S6) of creating
a plurality of unit spaces which serve as a basis of calcula-
tion of the Mahalanobis distance on the basis of the respec-
tive data of the plurality of variables respectively corre-
sponding to a plurality of second range bands (e.g., the
above described plurality of output bands B1, B2, . . .) of
the single variable determined on the basis of the plurality of
first range bands.

[0085] According to the above method (1), the range of the
single variable of the plant is divided into a plurality of first
range bands on the basis of the frequency distribution of the
single variable of the plant, and the plurality of unit spaces
corresponding to the plurality of second range bands deter-
mined on the basis of the plurality of first range bands are
created. That is, on the basis of the frequency distribution of
the single variable, a plurality of range bands (the first range
bands and the second range bands) corresponding respec-
tively to the plurality of unit spaces are determined. Thus, by
determining the plurality of range bands (the first range
bands or the second range bands) such that the frequencies
in the plurality of range bands are equal, for instance, it is
easier to ensure a sufficient number of data of the plurality
of variables constituting each of the plurality of unit spaces.
Thus, it is possible to detect an abnormality of the plant
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accurately on the basis of the Mahalanobis distance regard-
less of the value of the single variable.

[0086] (2) In some embodiments, in the above method (1),
the dividing step includes dividing the range of the single
variable so that a ratio of frequencies of the single variable
in any two range bands of the plurality of first range bands
is not smaller than 0.75 and not greater than 1.25.

[0087] According to the above method (2), the range of the
single variable is divided so that a ratio of frequencies of the
single variable in any two range bands of the plurality of first
range bands is not smaller than 0.75 and not greater than
1.25. That is, the frequency of the single variable in each of
the plurality of first range bands is substantially equal. Thus,
it is easier to ensure a sufficient number of data of the
plurality of variables constituting each of the plurality of
unit spaces determined on the basis of the plurality of first
range bands. Thus, it is possible to detect an abnormality of
the plant accurately on the basis of the Mahalanobis distance
regardless of the value of the single variable.

[0088] (3) In some embodiments, in the above method (1)
or (2), the dividing step includes dividing the range of the
single variable so that a ratio of frequencies of the single
variable in at least two range bands of the plurality of first
range bands is 1.

[0089] According to the above method (3), the range of the
single variable is divided so that a ratio of frequencies in any
two range bands of the plurality of first range bands is 1.
That is, the frequencies of the single variable in at least two
of the plurality of first range bands are substantially equal.
Thus, it is easier to ensure a sufficient number of data of the
plurality of variables constituting each of the plurality of
unit spaces determined on the basis of the two range bands.
Thus, it is possible to detect an abnormality of the plant
accurately on the basis of the Mahalanobis distance regard-
less of the value of the single variable.

[0090] (4) In some embodiments, in any one of the above
methods (1) to (3), the plurality of second range bands
correspond to the plurality of first range bands respectively.
[0091] According to the above method (4), it is possible to
determine the plurality of second range bands as range bands
that respectively correspond to the plurality of first range
bands with a simple procedure. Thus, it is possible to detect
an abnormality of the plant accurately on the basis of the
Mahalanobis distance regardless of the value of the single
variable with a more simplified procedure.

[0092] (5) In some embodiments, in any one of the above
methods (1) to (3), the method includes a boundary selecting
step of selecting, from the plurality of first range bands, a
value of the single variable as a boundary between the
plurality of second range bands.

[0093] According to the above method (5), a boundary
between the plurality of second range bands is selected from
the plurality of first range bands. Thus, it is possible to set
a more appropriate boundary for creating a plurality of unit
spaces in accordance with the frequency distribution of the
single variable, compared to a case where the boundaries
between the plurality of first range bands are directly used as
the boundaries between the plurality of second range bands.
Thus, it is possible to improve the accuracy of plant abnor-
mality detection based on the Mahalanobis distance.
[0094] (6) In some embodiments, in the above method (5),
the boundary selecting step includes selecting at least one of
respective mode values (e.g., the above described mode
values Pm1, Pm2 . . . of the output) of the single variable in
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the plurality of first range bands as the boundary between the
plurality of second range bands.

[0095] According to the above method (6), at least one of
the mode values of the single variable of the plurality of first
range bands is used as the boundary between the plurality of
the second range bands. Thus, in the graph of relative
frequency of the single variable (e.g., output), each of the
second range bands having the boundary as the upper limit
or the lower limit (the pair of adjacent second range bands)
includes at least a half of the peak area that includes the
boundary. Thus, it is even easier to ensure the number of data
constituting each of the unit spaces corresponding to the
above second range bands. Thus, it is possible to improve
the accuracy of plant abnormality detection based on the
Mahalanobis distance.

[0096] Furthermore, according to the above method (6),
the mode values of the single variable in the first output band
are used as the boundaries between the plurality of second
range bands. Thus, the data of the second range band having
the boundary as the upper limit or the lower limit includes
a relatively large number of data corresponding to the value
of the single variable in the vicinity of the boundary (the
upper limit or the lower limit). Thus, the unit spaces created
on the basis of the data in the second range bands are likely
to connect to one another smoothly. Thus, even in a case
where the single variable of the plant changes across the
above described boundary, it is possible to detect an abnor-
mality of the plant stably.

[0097] (7) In some embodiments, in the above method (6),
the boundary selecting step includes selecting a mode value
of a greater frequency as the boundary and not selecting a
mode value of a smaller frequency as the boundary from
among a pair of adjacent mode values of the single variable,
if a difference between the pair of mode values of the single
variable is less than a predetermined value.

[0098] The value of the single variable at which the
frequency of the single variable reaches its peak may vary
slightly in response to the change of the season, for instance,
in which case the values appear on the graph of frequency
distribution as separate peaks positioned proximate to one
another. If data corresponding to the single variable of the
plurality of peaks are included in separate unit spaces, it may
be difficult to perform abnormality detection based on the
Mahalanobis distance stably. In this regard, according to the
above method (7), of the mode values of the single variable
of the respective first range bands, if the difference between
a pair of adjacent mode values is less than a predetermined
value (that is, the above described peaks are close to one
another), only the mode value of a larger frequency is
selected as the boundary between the plurality of second
range bands from the pair of mode values. Accordingly, it is
possible to include data corresponding to the two mode
values in the same unit space, and thus it is possible to
perform abnormal detection of the plant stably.

[0099] (8) In some embodiments, in any one of the above
methods (1) to (7), the plant includes a gas turbine (10) or
a steam turbine (20), the single variable indicating the state
of the plant is an output of the plant, and the output of the
plant includes an output of a generator (18, 28) connected to
the gas turbine or the steam turbine.

[0100] According to the above method (8), on the basis of
the frequency distribution of the output of the generator
connected to the gas turbine or the steam turbine, a plurality
of range bands (the first range bands and the second range
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bands) corresponding respectively to the plurality of unit
spaces are determined. Thus, it is easier to ensure a sufficient
number of data constituting each of the plurality of unit
spaces. Thus, it is possible to detect an abnormality accu-
rately for the plant including the gas turbine or the steam
turbine on the basis of the Mahalanobis distance regardless
of the output of the plant.

[0101] (9) According to at least one embodiment, a plant
monitoring device (40) is a plant monitoring device which
uses a Mahalanobis distance calculated from data of a
plurality of variables each of which indicates a state of the
plant, and includes: a division part (44) configured to divide
a range of a single variable which indicates a state of the
plant into a plurality of first range bands on the basis of a
frequency distribution of the single variable; and a unit
space creation part (46) configured to create a plurality of
unit spaces which serve as a basis of calculation of the
Mahalanobis distance on the basis of the respective data of
the plurality of variables respectively corresponding to a
plurality of second range bands of the single variable
determined on the basis of the plurality of first range bands.
[0102] According to the above configuration (9), the range
of the single variable of the plant is divided into a plurality
of first range bands on the basis of the frequency distribution
of the single variable of the plant, and the plurality of unit
spaces corresponding to the plurality of second range bands
determined on the basis of the plurality of first range bands
are created. That is, on the basis of the frequency distribution
of the single variable, a plurality of range bands (the first
range bands and the second range bands) corresponding
respectively to the plurality of unit spaces are determined.
Thus, by determining the plurality of range bands (the first
range bands or the second range bands) such that the
frequencies in the plurality of range bands are equal, for
instance, it is easier to ensure a sufficient number of data of
the plurality of variables constituting each of the plurality of
unit spaces. Thus, it is possible to detect an abnormality of
the plant accurately on the basis of the Mahalanobis distance
regardless of the value of the single variable.

[0103] (10) According to at least one embodiment, a
program for monitoring a plant by using a Mahalanobis
distance calculated from data of a plurality of variables each
of which indicates a state of the plant causes a computer to
perform: divide a range of a single variable which indicates
a state of the plant into a plurality of first range bands on the
basis of a frequency distribution of the single variable; and
create each of a plurality of unit spaces which serve as a
basis of calculation of the Mahalanobis distance on the basis
of the respective data of the plurality of variables respec-
tively corresponding to a plurality of second range bands of
the single variable determined on the basis of the plurality of
first range bands.

[0104] According to the above program (10), the range of
the single variable indicating the state of the plant is divided
into a plurality of first range bands on the basis of the
frequency distribution of the single variable, and the plural-
ity of unit spaces corresponding to the plurality of second
range bands determined on the basis of the plurality of first
range bands are created. That is, on the basis of the fre-
quency distribution of the single variable, a plurality of
range bands (the first range bands and the second range
bands) corresponding respectively to the plurality of unit
spaces are determined. Thus, by determining the plurality of
range bands (the first range bands or the second range bands)
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such that the frequencies in the plurality of range bands are
equal, for instance, it is easier to ensure a sufficient number
of data of the plurality of variables constituting each of the
plurality of unit spaces. Thus, it is possible to detect an
abnormality of the plant accurately on the basis of the
Mahalanobis distance regardless of the value of the single
variable.

[0105] Embodiments of the present invention were
described in detail above, but the present invention is not
limited thereto, and various amendments and modifications
may be implemented.

[0106] Further, in the present specification, an expression
of relative or absolute arrangement such as “in a direction”,
“along a direction”, “parallel”, “orthogonal”, “centered”,
“concentric” and “coaxial” shall not be construed as indi-
cating only the arrangement in a strict literal sense, but also
includes a state where the arrangement is relatively dis-
placed by a tolerance, or by an angle or a distance whereby
it is possible to achieve the same function.

[0107] For instance, an expression of an equal state such
as “same” “equal” and “uniform” shall not be construed as
indicating only the state in which the feature is strictly equal,
but also includes a state in which there is a tolerance or a
difference that can still achieve the same function.

[0108] Further, for instance, an expression of a shape such
as a rectangular shape or a cylindrical shape shall not be
construed as only the geometrically strict shape, but also
includes a shape with unevenness or chamfered corners
within the range in which the same effect can be achieved.
[0109] On the other hand, an expression such as “com-
prise”, “include”, “have”, “contain” and “constitute” are not
intended to be exclusive of other components.

REFERENCE SIGNS LIST

[0110] 10 Gas turbine

[0111] 12 Compressor

[0112] 14 Combustor

[0113] 15 Rotor

[0114] 16 Turbine

[0115] 18 Generator

[0116] 20 Steam turbine

[0117] 22 Boiler

[0118] 23 Rotor

[0119] 24 Turbine

[0120] 25 High-pressure turbine
[0121] 26 Mid-pressure turbine
[0122] 27 Low-pressure turbine
[0123] 28 Generator

[0124] 29 Reheater

[0125] 30 Measurement part

[0126] 32 Storage part

[0127] 40 Plant monitoring device
[0128] 42 Data acquisition part
[0129] 44 Division part

[0130] 46 Unit space creation part
[0131] 48 Mahalanobis distance calculation part
[0132] 50 Abnormality determination part
[0133] 60 Display part

[0134] A1 to A7 First output band
[0135] B1 to B8 Second output band

1. A method of monitoring a plant by using a Mahalanobis
distance calculated from data of a plurality of variables each
of which indicates a state of the plant, the method compris-
ing:
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a dividing step of dividing a range of a single variable
which indicates a state of the plant into a plurality of
first range bands on the basis of a frequency distribu-
tion of the single variable; and

a unit space creating step of creating a plurality of unit
spaces which serve as a basis of calculation of the
Mahalanobis distance on the basis of the respective
data of the plurality of variables respectively corre-
sponding to a plurality of second range bands of the
single variable determined on the basis of the plurality
of first range bands.

2. The method of monitoring a plant according to claim 1,

wherein the dividing step includes dividing the range of
the single variable so that a ratio of frequencies of the
single variable in any two range bands of the plurality
of first range bands is not smaller than 0.75 and not
greater than 1.25.

3. The method of monitoring a plant according to claim 1,

wherein the dividing step includes dividing the range of
the single variable so that a ratio of frequencies of the
single variable in at least two range bands of the
plurality of first range bands is 1.

4. The method of monitoring a plant according to claim 1,

wherein the plurality of second range bands correspond to
the plurality of first range bands respectively.

5. The method of monitoring a plant according to claim 1,

comprising:

a boundary selecting step of selecting, from the plurality
of first range bands, a value of the single variable as a
boundary between the plurality of second range bands.

6. The method of monitoring a plant according to claim 5,

wherein the boundary selecting step includes selecting at
least one of respective mode values of the single
variable in the plurality of first range bands as the
boundary between the plurality of second range bands.

7. The method of monitoring a plant according to claim 6,

wherein the boundary selecting step includes selecting a
mode value of a greater frequency as the boundary and
not selecting a mode value of a smaller frequency as the
boundary from among a pair of adjacent mode values

May 2, 2024

of the single variable, if a difference between the pair
of mode values of the single variable is less than a
predetermined value.

8. The method of monitoring a plant according to claim 1,

wherein the plant includes a gas turbine or a steam
turbine,

wherein the single variable indicating the state of the plant
is an output of the plant, and

wherein the output of the plant includes an output of a
generator connected to the gas turbine or the steam
turbine.

9. A plant monitoring device which uses a Mahalanobis
distance calculated from data of a plurality of variables each
of which indicates a state of the plant, the plant monitoring
device comprising:

a division part configured to divide a range of a single
variable which indicates a state of the plant into a
plurality of first range bands on the basis of a frequency
distribution of the single variable; and

a unit space creation part configured to create a plurality
of unit spaces which serve as a basis of calculation of
the Mahalanobis distance on the basis of the respective
data of the plurality of variables respectively corre-
sponding to a plurality of second range bands of the
single variable determined on the basis of the plurality
of first range bands.

10. A program for monitoring a plant by using a
Mahalanobis distance calculated from data of a plurality of
variables each of which indicates a state of the plant which
causes a computer to perform:

divide a range of a single variable which indicates a state
of the plant into a plurality of first range bands on the
basis of a frequency distribution of the single variable;
and

create each of a plurality of unit spaces which serve as a
basis of calculation of the Mahalanobis distance on the
basis of the respective data of the plurality of variables
respectively corresponding to a plurality of second
range bands of the single variable determined on the
basis of the plurality of first range bands.
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