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“SYSTEM AND METHOD FOR DETECTING PRECURSORS TO CONTROL
BLOWOUT IN COMBUSTION SYSTEMS”

FIELD OF INVENTION

[001] The embodiments herein generally relate- to combustion systems and more

particularly but not exclusively to blowout in combustion systems.

BACKGROUND OF INVENTION

[002] Emission of exhaust gases a're a concern for ‘any’type of combustion systems
such as aircraft engines, gas turbines etc. Significant level of hazardous pollutants such as
Nitrogen Oxides (NOx) may be present in the emissions from a combustor. To maintain NOx
levels significantly low, a combustor operator attempts to operateAthe combustor in a lean
combustion mode that involves employing more air molecules per fuel molecule for
combustion. During the lean combustion the combustor is operated closer to a lean blowout
(complete loss of flame in the coinbustor) region that reduces NOx emissions but poses a risk
of complete loss of flame in the combustor. The occurrence of the lean blowouf results in
shutdown of the combustion system. This undesired and unexpected shutdown of the
combustion system is unfavorable ‘and may pose a dangerous situa't‘i'on. For example, if the
aircraft engine shuts down while in the air, the aircraft loses thrust and may result in fatal
accident. Similarly, if a gas turbiné based power genefation plant unexpeqtedly shuts down, it
may result in shortcomings in power generation. Thus, above situatiéns demand methods to
predict the Biowout conditions so as to effectively control parameters of the combustor before
the blowout.

[003] Existing methods for determining blowout precursors utilize spectral analysis,
statistical analysis, and wavelef analysis. Howevef a method and system providing a robust

prediction of blowout precursorwill be appreciated.



WO 2015/068176 PCT/IN2014/000714

OBJECT OF INVENTION
[004] The principle object of embodiments herein is to provide a system and a method

for detecting one or more blowout precursors to control blowout in.a combustion system.

[005] Another object of the embodiments herein is to provide a system and a method
‘for detecting one or more blowout precursors using one or more parametersl One o? more
para_fneters include but are not limited to a Hurst exponent estimation, a Burst count
estimation, and a recurrence quantification based estimation.

SUMMARY

[006] Accordingl\y the invention provides a method for detecting at least one
precursor to control blowout in a combustor. The method, comprising obtaining a time series
signal corresponding to a dynamic state variable. of the combustor. Further, the method
comprises detecting at least one precursor based on an analysis of the time series signal using:
at least one parameter to control bloWout in the combustor, wherein at least one parameter -
comprises at least one of a Hursf exponenf estimation, a Burst count estimation, and a
recurrence quantification based estimation.

[007] Accordingly, the invention pfovides a system for detecting at least one
precursdr to control blowoui in a combustor. The system co}nprises a precursor detection unit
configured to obtain a time series signal vcorr'esp’onding to a dynamic state variable of the
combustor. Further, the precursor detection unit conﬁgured to detect at least one precursor
based on an analysis of the time series signal using at least one parameter to control blowout
in fhe combustor, wherein at least one parameter comprises one of a Hurst exponent
estimation, a Burst count estimation, and a rec.urrence quantification based estimation.

[008] These and other aspects of the embodiments herein will be better appreciated
and understood when considered in conjunction with the following description and the

accompanying drawings. It should be understood, however, that the following descriptions,
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while indicating preferred embodiments and numerous specific details thereof, are given by
way of illustration and not of limitation. Many changes and modifications may be }nade
within the scope of the embodiments herein without departing from the spirit thereof, and the
embodiments herein include all such modifications.

BRIEF DESCRIPTION OF FIGURES

[009] This invention is illustrated in the accompanying drawings, throughout which
like vreference‘ letters indicate corresponding‘ parts in the varioué figures. The embodiments
herein will be better understood from the following description with reference to the
drawings, in which:

[0010] FIG. 1 illustrates various modules of a system for detecting one or more
blowout precursors to control blowout in a combustor, according to embodiments as
disclosed herein;

[0011] FIG. 2 is a flow diagram illustrating a method  for detecting one or more
blowout precursors to control blowout in the cbmbustor, according to embodiments as’
disclosed herein;

[0012] FIG. 3 is a flow diagram illustrating detection of one or more blowout
precursors using a Hurst exponent estimation, acbording to embodiments as disclosed herein;

_ -

[0013] FIG. 4 is a flow diagram illustrating the detection of one or more blowout
preéursors using a Burst count estimation, according to embodiments as disclosed herein;

‘[‘0014] FIG. 5 is a flow diagram illustrating the .detection of one or more blowout
precursors using a recurrence qﬁantiﬁcation based estimation, aqcording to embodiments as
disclosed herein;

[0015] FIG. 6is an example graph illustrating the detection of a bllov‘vout precursor

based on the Hurst exponent estimation of air flow rate in the combustor, according to

embodiments as disclosed herein;
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[0016] FIG. 7 is an example graph illustrating the detection of the blowout precursor
based on the Burét count éstimation of air flow rate in the combustor, according to
embodiments as disclosed herein.

[0017] FIG. 8a is an example graph illuétrating the detection of the blowout precursor
based on the recurrence quantiﬁcétion based estimation by monitoring variation of a
recurrence rate of an acousti;: pressuré signals with variation of the air ﬂow rate in the
combustor, according to embodiments. as disclosed' herein; and

[0018] FIG. 8b is an example graph illustrating the detection of the blowout precursor
based on the recurrence quantification based estimation by monitoring the variation of a

maximum diagonal length of the acoustic pressure signals with variation of the air flow rate

in the combustor, according to embodiments as disclosed herein.
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DETAILED DESCRIPTION OF INVENTION

[0020] The embodiments herein and the varioﬁs features and advantageous details
thereof are explained more fully with reference to the non-limiting embodiments that are
illustrated in the accompanying drawings and detailed in the following description.
Descriptions of well-known components and processing techniques are omitted so as to not
unnecessarily obscure the embodiments herein. Alsb, the various err;bodiments described
herein are not necessarily mutually exclusive, as somé embodiments can be COmbined with
one or more other embodiments to form new embodiments. The term “or” as used herein,
refers to .a non-exclusive or, unless otherwise indicated. The examples used herein are
intended merely to facilitate an understanding of ways in which the embodiments herein can
be practiced and to further enable those of skill in the art to préctice the embodiments herein.
Accordingly, the examples should not be construed as limiting the scope of the embodiments
herein.

[0021] The embodiments herein achieve a method and system for detecting one or
more blowout precursors to control lean blow out in a combustion system. The system and-
the method detects one or more blowout precursors using one or more parameters including
but not limited to a Hurst exponént estimation, a Burst count estimation, and a recurrence
quantification based estimation. |

[0022] Usage of combination of the Hurst exponent estimation, the B.urst count
estimation and the recurrence quantification based estimation provides a robust prediction of
occurrence of lean blowout, thereby enabling better control to prevent occurrence of léan
blowout in the corhbustors.

[OO23] Throughout the description the term lean blowout is alternatively referred as

blowout.
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[0024] Throughout the description the term blowout precursor is alternatively referred
as precursor.

[0025] Referring now to the drawings, and more particularly to FIGS. 1 through 8§,
where similar reference characters denote corresponding features consistently throughout the
figures, there are shown preferre_d.embodiments:.

[0026] FIG. 1 illustrates various modules of a system 100 for detecting one or more
blowqut precursors to control blowout in a combustor, according. to embodiments as
disclosed herein. ‘In an embodiment, the system includes a combustor 102 with a sensor 104,
a precursor detection unit 106 and a control unit 108. The system 100 is a feedback
c.ombustion system to control and prevent occurrence of blowout in the combustor 102. The
feedback element of the system 100 can include one or more sensors placed in the c;)mbustor
102and configured to measure one or more dynamic state variables of the combustér 102.
The measured dynamic state variable can be monitored by the .precursor detection unit
106placed in the feedback loop. The pre-cursor det¢cti0n unit 106can be configured to detect
one or more precursors to blowout by analyzing the measured dynamic state variables
received from one or more sensors. In an embodiment, ;the dj?namic state variables measured
can include but are not limited to pressure, \}elocity,. chemiluminescence intensity, any
dynamic state variable capable of providing precursors to the blowout or a combination of
one or more dynamic state variables.

[0027] In an embodiment, the system 100 includes the sensor 104 in the combustor -
102 that can be configured to sense a dynamic state variable of the combustor 102. The
sensor 104 caﬁ be configured to sense variations in the dynamic state variable and produce a
time series signal or data corresponding to the sensed VariatioAns. For example, the sensor 104
may be conﬁgu’red to conduct optic or‘acoustic measurement or both based on the dynamic

state variables being measured.
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- [0028] The precursor detection unit 106 can be conﬁglired to analyze the time series
signal measured by the sensor 104 and detect one or more precursoré to the blowout in the
combustor 102.

[0029] As can bé understood -by person skilled in the art, the measured time series
signal received by the precursor detection unit 106 from the sensor 104 can be preprocessed
for noise removal aﬁd amplification by é sig.nal conditioner (not shown).

[0030] In an embodiment, in case the sensor 104 provides the time series signal in
analog domain, an analog to digital converter (not shown) can be ﬁséd for converting the time
series signal from analog domain to digital domain before being analyzed by the ’precuréor
~ detection unit 106.

[0031] The analysis performed by the precursor detection unit 106 is based on the
principle fhat prior to the blowout, there is a variation in the multifractal nature of the time
series signal. Further, prior to blowout dynamic states of the dynamic state variables of the
combustor 102 are also characterized by the intermittent behavior (intermittency) of the timé
series signal.v The intermittency is a dynamical state o.f any system under consideration, where
the system éxhibits two or more dynamic behaviors alternatively. The combustor 102 exhibitsv
intermittency close to blowout. During intermittency, the time series signal corresponding to
the dynamic state variable of the combustor 102 is characterized by regions éf high amplitude
fluctuations alternéting with regions of low amplitude fluctuations. The proposed sys.,tem and
method detects blowout by detecting the variations in the multifractal behavior and/or
detecting the presence of intermittency in the dynamic state variable being monitored using
vrecurrence. quantification.

0032] Intermittency and multifractality of the time series signal can be detected using
several estimafes from theory of ﬁme series analysis. In an embodiment, the analysis of the

time series signal can be performed using one or more parameters including but not limited to
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the Hurst exponent estimation, the Burst count estimation, and the recurrence quantification
based estimation. The precursor detection unit 106 can be ‘conﬁgured to estimate a Hurst
exponent, a Burét count and/or calculate one or more derivéd estimates based on the
recurrence quantification to detect variation in multifractality and/or intermittency of the time
series signal and then predict blowout. |

[0033] However, it is also within the scope of the invention that any other type of
estimates based on recurrence and multifractal spéctrum analysis may also be used without
otherwise deterring intended function of the estimates as can be deduced from the
description.

[0034] In an _embodiment, the precursor detection unit 106 described herein can
include for example, But not limited to, micropro.cessor, microcontroller, controller, smart
phone, portable electronic device, programmable légic controller, communicator, tablet,
laptop, computer, consumer electronic dévicé, a combination thereof, or aﬁy other device
capable of I;rocessing signals received from the sensor 104.

['0035] Upon detection of one or more precursors by the precursor detection unit 106,
the control unit 108 can be configured to generate one or rhore control signals’vin accordance
to the detected one or more precursors. The control unit 108 can be conﬁguréd to {/ary one or
more parameters of the combustor 102 such as the operational parameters based on the one or
more control signals generated by the control unit 108.

[0036] In an embodiment, the control unit 108 can be configured to send one or more
control signals to an actuator asserhbly (not showh) that allows to dynamically vary the
operational parameters ( for example éir flow rate) of the combuétor 102. |

[0037] Thus, the system 100 is configured to seamlessly monitor and analyze the tirﬁe

series signal, detect one or more precursor and apply correction to the combustor parameters
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(operational parameters) by generating control signals in accordance with the detected one or
more precursbrs.

[0038] FIG. 2 is a flow diagram illustrating a method 200 for detecting one or more
blowout™ precursors ‘to control blowouf in the combustor, according to embodiments as
disclosed herein. At step 202, the method 200 includes obtaining the time series signal
corresponding to the dynamic state variable of the combustor. In an embodiment, the method
200alloWs the precursor detection unit 106 to obtain the time series. sighal corresponding to
thé dynamic state variable of the combustor measu.rved by the sensor 104 of the combustor
102. |

| -[0039] At step 204, the method 200 includes detecting one or more precursorsl based
on an analysis of the time series signal using one or more p‘arametver. As described ‘in the FIG.-
1, the analysis of the time series éignal to detect the pfecursor corresponds to detection of :
variation in the multifractal behavipr of the time series signal. In an embodimént the
parameters to anélyze the time series signal for detecting the precursors include but are not
limited to the Hurst exponent estimation, the Burst count estimation, and the recufrence
quantiﬁcatioh based estimation and the like, also éan be commonly referred as estimation
parameters. Detection of one or more precursors based on each of the estimation péram_eters
- above is described in detail in conjunction with the FIG. 3, FIG.‘ 4, and FIG. 5 respectively. In
an embodiment, theA method 200 configures the precursor deteétion unit 106 to detect one or
.more precursors'based on the analysis of the time series signal using one or more estimation
parameters.

[0040] In an embodiment the method 200 includes using any one of the estimation |

parameters described.
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[0041] In an embodiment, the method 200 includes detecting the precursors using
| each of the Hurst 'exponer.lt, the Burst count and the recurrence quantification based
estimation. |

[0042] The Hurst exponent based estimation includes estimating one or more Hurst
exponents which are described later in FIG. 3. The recurrenée quantification based estimation -
includes one or more derived estimates through the recurrence quantification. The derived
estimates include but are not limited to a recurrence rate, a maximum diagonal. length, a
maximum vertical length, a trapping time and a Shanon entropy. Multiple derived estimates
are described later in FIG. 5.

-[0043] Usage of plurality of estimation parameters to analyze the time series signal
from the sensor 104 provides robust prediction of the about-to-occur blowout referred as an -
impending blowout in the cqmbustor 102.

[0044] At step 206, the method 200 includes determining whether one or more
precursors are detected after anélysis of the time series signal. In an emquiment, the method
200 allows the precursor detection unit 106 to detéct one or more precursors. If at step 206, it
is determined tﬁat one or more precursors are detected then, at step 208‘, the method 200
‘includes Varying one or more pérameter of the combustor 102,based on the detected one or
mofe precursors, to control.the blowout in the combustor 102. In an embodiment, the method
200 allows the control unit 108 to varying one or more parameter of the combustor 102 based
on the detected' one or more precursors to control the blowout in the combustor 102.

[0045] The method 200 continues to seamlessly analyze the time series signal for
every window of the time seriejs signal. The window of the time series signal to be analfzed
can be predefined, and the time series signal analysis can be repeated for successive window
in time domain for the time series signal obtained from the sensor 104. The various actions,

acts, blocks, steps, and the like in the method 200 may be performed in the order presented,

10
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in a different order or simultaneously. Further, in,bsome embodiments, some actions, acts,
blocks, steps, and the like may be ofnitted, added, modified, skipped, and the like withou‘t
departing from the scope of the invention.

[0046] FIG. 3 is a flow diagram illustrating a method 300 for detection of one or more
precursors using a Hurst exponent estimation, according to embodiments as disclosed herein.
. At step 302, the method 300 inéludes estimating a Hurst exponent of the time series signal
obtained from the sensor 104 using the Hurst exponent estimation .to study the multifractal |
characteristics of the time series signal. In an embodiment, ‘the. method 300 allows the
precursor detection unit 106 to estimate the Hurst exponent of the time series signal obtained
from the sensor 104 using the Hurst exponent estimation.

[0047] The Hurst exponent is the measure of fractal nature of a signal. It is a meésure
of long term memory of the time series signal. It can be estimated as follows,

Consider a time series X,given by{Xy, X5, ..., X}

The mean of the time series is as in equation 1 below:
mean(X) =m =%Z?=1Xi : | | 1)
[0048] Construcﬁng a mean adjusted vector ¥; in order to get the fluctuations aione,
Vi=X;—m fori=1ton

[0049] Now using mean adjusted vector, a cumulative series is formed as in equation

Z, =Y Y fort=1ton (2)
[0050] The range for the cumulative series Z, 1s,
R(n) = max(Zy, Zy, o, Zn) — min(Zy, Zg, ., Zn)
[0051] and the standard deviation is given by equation 3 below:
S = f YK 2 i )

11
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[0052] Defining a rescaled range for the cumulative series as,

_ Rm
[0053].Rescaled range = St

[0054] Now, the rescaled range is the function of the number of data points. Finding -
out the expectation (E) of rescaled range as a function of the length of the time series gives

the following relationship from which the Hurst-exponeht H can be determined as in equation

4 below:

F[52] = cn o | @)
Whére, n is the time span of the observation (number of data points in a time series) and C is
- aconstant. |

[0055] The Hurst- exponerit described in equation 4 is an example of pluralify of Hurst
exponents that can be estimated. The method 300 includes .derivingv one or more Hurst
exponents (Hq), where q could be any real number. For example, plurality of Hurst exponents |
include H(the procédure of estimation of which is given above), H;, Hjsand the like. For

~estimating H,, in the above procedure equafion 3 is modified as provided by equation 5

below:

. . . 1/q .

[0056] S(n) = (> Ty (X —m)7) (5)
While rest of the procedure for estimating Hurst exponent remains the same.

[0057] Upon estimating the Hurst exporient, at step 304, the method 300 includes |
monitoring variation of the Hurs‘t exponent with fespect to variation of the dynamic state
variable corresponding to the time series signal béing measured. In an embodiment, the
method. 300 allows the precursor detection unit 106 0 monitor variation of the Hurst
exponent with respect to variation of the dynamic state variable correéponding to the time

series signal being measured.

12
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[0058] At step 306, the method 300 includes determining whether the estimated Hurst
exponent increases above a threshold of the Hurst exponent in proximity of bloWout>in the
combustor 102.
[0059] In an embodiment, the blowout value can be derived based on the pre-
conducted experiments.
[0060] If at step 306, it is determined that the Hurst exponent increases above the
. threshold of ‘the Hurst eiponent then, at step 308, the method 300 includes detecting a
precursor based on the Hurst exponent. If the derived estimate does not increase above the
threshold of the Hurst exponent, the method 300 includes repeating the steps from step 304
and includes continuing monitoring variation of the Hurst exponent with respect to variation
of the dynamic state variable. The various actions, acts, blocks, steps, and the like in the
method 300 may be performed in the order presented, in a different‘ order or simultaneously.
Further, iﬁ some embodiments, some actions, acts, blocks, steps, and the like may be omitted,
édded, modified, skippgad’, and the like without departing from the scope of the invention.
[0061] FIG. 4 isa flow diagram illustrating a method 400 for detection of one or more
precursors using the Burst count estimation, according to embodiménts as disclosed herein.
[0062] In an embodiment, the Burst count for the time series signal can be defined as
the number of the peaks in the ti>me series signal that rise above a critical value of dynamic
state‘ variable corresponding to the time series sighal. For example, the Burst count for a
pressure time trace is defined as the number of the peaks in pressure above a critical value of
acoustic pressure. At jstep 402, the method400 includes counﬁng number of peaks, in the time
series signal, exceeding an upper threshold value of the dynarriic state variable. In an
- embodiment, the method 400 éllows the precursor detection unit 106 to count humber of
4 peaks, in the time series signal, exceeding an upper threshold valﬁé of the dynamic state

variable. At step 404, the method 400 includes monitoring the variation of the Burst count of

13
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| ‘the time series signal with respect to variation of the dynamic state variable measured by the
sensor 104. In an embodiment, the method 400 allows the precursor detection unit 106 to
mbnitor the variation of the Burst count of the time s¢ries’signal with respect to variation of
the dynamic staté variable measured by the sensor 104. At step 406’, the method 400 includes
determining whether the Burst count decreases below a threshold of the Burst count in
proximity of the blowout in the combustor 102. In an embodiment, the method 400 allows the
~precursor detection unit 106 to determine whether the Burst count decreases below a
threshold of the Burst count in proximity of the blowout in the combustor 102. If at step 406
it is determined that fhe Burst count decreases below the threshold of the Burst count in
proximity of the blowout in the combustor 102 then, ét step 408, the method 400 includes ‘
detecting a precursor based on the Burs.t count to qontrol blowout in the combustor 102. If at
step 406, the derived estimate does nét decrease bélow the threshold of the Burst count, thé
- method 400 includes repeating the steps from 'stép 404 and includes continuing moniforing
variation of the Burst counf with respect to variation of the dynamic state variable. The
_various actions, écts, blocks, steps, and the like in the method 400 may be performed in the
_'ordevr presented, in a different order or simultaneously. Further, in some émbodiments, some
é.ctions, acts, blocks, steps, and the like may be omvitted, added, modified, skipped, and the
like without departing from the scope of the invention.

[0063] FIG. 5 is a flow diagram illustrating a method 500 for detection of one or fnore
'precursors using the recurrence ‘quantiﬁcation based estimation, according‘ to embodiments as
disclosed herein. At step 502, the method 500 includes plotting the recurrence .p.lot (or
deriving the corresponding mafrix) of the time series signal. In an embodiment, the method
500 allows the precursor detectiqn unit 106 to plot vthe recurrence plot of the time series
signal. The recurrence vplot is a plot that indicates for a particular point in time, the times at

which the state of the dynamic state variable revisits roughly the same area of the phase

14
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sp'aceT Hence, the recurrence plot can be used to identify the recurrent behavior of a
dynamical system from the time series data of any one of the state variable. The
characteristics of the recurrence plot vary as the dynamics of the combustor 102 of the.system
100 vary.

| [0064] At step 504, the method 500 includes, calculating one or more derived
~ estimates of the time series sighal from the recurrence pl‘ot. In an vembodiment, the method
500 allows the precursor detection unit 106 to calculate one or more derived esﬁmates bf t};e— B
time series signal from the recurrence plot.

[0065] In an embodiment, thé derived estimates such as recurrence rate and maximum
diagonal length derived frém recurrence plot are used to detect the precursors to blowout in
the combustor 102. In an embodiment, the derived estimates sucﬁ as the trapping time, the
maximum vertical line lengths or any other estimate derived from a recurfenpe plot can be
used to identify the precursbrs to blowout without otherwise deterring‘ the intendegl function
- of the estimate as can be deduced from the description. Hence fhese estimates frgm the
recurrence plot can be used to predict an impending bloWout. Some example:;agrived
estimates are described below. Some derived e;,timates such as recurrence réte and maximum
diagonal length are described in détail later in FIG. 8a and 8b along with simulation results
for precursor detection using these derived estimates.

[0066] As .can be understood by a person skilled ‘in the art, the method 500 is ﬁot
limited to the examples provided but can include any other derived éstimates.

[0067] Thé calculation of the recurrence rate is described below._ Suppose S(t) be the
state point representing the corﬁbustor 102. If S(t + 1), is within the e-ball centered at S(t),
the point (¢, 7) is depicted as a point in the recurrence plot, that is,R(¢t,7) = 1. The simplest
measure (derived estimate) is the recurrence rate (RR), which is the density of recurrence

points in the recurrence plot as given below in equation 6,
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RR= 3N 1 R(LJ) (©)
[0068] Récurrence rate indicates the probability that a speciﬁc‘ state of the dynamic
state variable will recur.
[0069] The calculation for another example derived estimate is provided below which
indicates percentage of recurrence points which cohstitutes diagonal lines in the recurréhce
plot of minimal lengthl,,;;. This measure (derived estimate) is called determinism (DET) and |

~ is indicative of the prédictabili_ty of the dynamical system (here combustor 102) and is given

in equation 7 below:

N
. Zl:l

. p(l
DET = min ®

NI

(7

[0070] Here P(1)is the frequency distribution of the lengths { of the diagonal lines.

[0071] In_an example, amount of reéurrence points. which form vertical lines can be
quantified in the same way. This measure (derived estimate) is called laminarity (L4M) and if
indicates the amount of laminar phases in the system (which is a measure of intermittency)

and in given in equation 8 below:

N
_ Z":Vmin vP(v)

LAM = T oP ) (8)

[0072] Where,P(v)is the frequericy distribution of the lengths v of fhe vertical lines,
Which have at least.a length of v,;p,.

[0073] In an example of derived estimate, the lengths of the diagonal and vertical
lines can be measured as well. The averaged diagonal line length (L) is given in equation 9

below:

Bl PO

L= ) P(l) O

N
l=lmin

L is indicative of the predictability time of the dynamical syétem‘(here combustor 102).
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[0074] In an example, the trapping time 77, measures the average length of the
vertical lines and is related with the laminarity time of the‘ ‘dynamical System (he re, the
combustor 102) indicating how long the system (here, the combustor 102) remains in a
V specific state corresponding to thé dynamic state variableb. The trapping time is calculated as
given by equation 10 below:

— z:l"v="min VP(U)
= o) (1
[0075] Suppose, the maximal diagonal line length be L,,,,, then the divergenée (DIVYy

is as given in equation 11. below,
- DIV =1/Lux v (11)

[0076] The probability p(l) that a diagonal line ‘has exactly lengthlcan be estimated

from the frequency distribution P(l) as given in equation 12 below:

P() = g s | (12)

=lmin PO

| [0077]In an example of deri-ved estimate, the Shannon entropy of the above
probabilityp(l) is ENTR as given in equation 13 below. This indicates the complexity of the
deterministic structure in the system (here, the combustor 102). -

ENTR = - %L, p(DInp()) . (13)

. [0078] At step 506, the method 500 includes monitoring the variation of the derived
estimate with respect to variation of the dyﬁamic étate variable. In a‘n. emBodiment, the.
method 500 allows the precursor detection unit 106 to monitor variation of the derived
estimate with respect to variation of the dynamic state variable.

[0079] At step 508, the method 500 includes determining whether the ‘derived .

estimate crosses a threshold of a recurrence parameter in proximity of the blowout in the

combustor 102. In an embodiment, the méthod 500 allows the precursor detection unit 106 to
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determine whether the derived estimate crosses a threshold of the recurrence parameter in
proximity of the blowout in the combustor 102.

[0080] If at step 508, it is determined that the derived estimate crosses the threshold
of the recurrence parameter, then at step 510, the method 500 includes detecting one or more
precursors to control the blowout in the combustor 102. In an embodirnent, the method 500
allows the precursor detection unit 106 to detect one or more precursors to control. the
blowout in the combustor 102. |

[0081] If at step 508, the derived estimate does not cross the threshold of the
recurrence parameter, the method 500 includes repeating the steps from step 506 and inclucies
continuing monitoring the variation of the derived estimate with respect to variation of the
dynamic state variable. |

[0082] The various actions, acts, blocks, steps, and the like in the method 500 may be
performed in the order presented, in a different ofder or simultaneoﬁsl_y. Further, in some
embodimenfs, some actions, acts, blocks, steps,' and the. like may be omitted, added,
modified, skipped, and the like without departing from the scope of the invention.

[0083] FIG. 6 is an example graph illustrating detection of a blowout precursor based
on the Hurst exponent estimation as a function of the air flow rate in the combustor,
according to embodiments as disclosed herein. The figure shows a graph indicating test
results obtained from a combustor (not shown) of the combustor 102 fof detecting pfecursors
to blowout using the Hurst exponent. The graph depicts the variation in tne Hurst exponent
with variation in .the value of a flow parameter (here, the air flow rate). In an embodiment, the
graph can be a plot of the Hurst exponent against a combustion parameter or an ambient
parameter or any other parameter that influences the dynamic behavior of the combustor 102
without otherwise deterring the intended function of the parameter as can be deduced from

the description. The graph in the FIG. 6 indicates the variation in the Hurst exponent as the
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combustor 102 approaches blowout along the air flow rate. As the air flow parameter
épproaches the blowout in the combustor 102, the Hurst exponeﬁt reduces and is close to zero
due to the growth of acoustic oscillations inside the combustor 102 as can be seen in the
. figure when the air flow rate is between 500 to 550 SLPM. However, close to blowout, the
Hurst exponent starts increasing because of presence of intermittency at those parameter
locations. This increase in Hurst exponent H close to blowout is the precursor to the
impending blowout. Based on the system 100 requirements, an operator can predefine the
threshold of the Hurst exponent whicﬁ defines a reference point to indicate .detection on
precursor along the increasing‘Hurst exponent value from 0 to 0.14 for the air flow rate abbve
550 SLPM. As described in FIG. 3, the estimate of the Hurst exponent is calcﬁlated based on‘
the multifractal spectrum of the time series signal.

v

[0084] FIG. 7isan example graph illustrating detection of the.'blowout precursor based
on the Burst count estimation of air flow rate in the combustor, according to embodiments as
discloéed herein. 'The figure shows a graph plotted between ;ch_e Burst count and the eﬁr flow
rate, depicting the variation in the Burst count with variation in the value of a flow parameter.
Howéver, it is ai_so within the scope of the invention that the parameter plotted against the
burst count, ¢an be a combustion parameter or an ambient parameter or any other pérameter
 that influences the dynamic behavior 61’ the combustor 102 without otherwise deterring the
intended func;[ion of the parameter as caﬁ be deduced from the description. As described in
FIG. 4, the burst count the time series signal can be defined as the number of the peaks in the
time series signal that rise éboVe the critical value of dynamic state variable corresponding to
the time series signal. A predefined duration (window) of the time series signal ié considered
within which the Burst céuht is counted. |

[0085] In an embodiment, the threshold pressure amplitude deciding the critical value

for calculating the burst count can be chosen as X% of the peak amplitude of time series
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signal in that respective window at the parameter location acquired for a finite length of time.
The value of X can be chosen judiciously depending up on the data of the time series data.

[0086] In an embo'diment, the threshold pressure amplitude deciding the critical value
for célculating the burst count can be based on absolute value of pressure amplitude.

[0087] The sele ction of th reshold pressure amplitude is not limited to the above
embodiments but can be performed using similar other criteria. |

[0088] For example, here the value of X chosen is 10 and duration of the time series
data for calcuiating the Burst count is3 seconds. Since the absolute value of threshold is
different for each time series signal, the effect of increasing amplitude of the combustion
noise is not significant in the measure of the Burst count. However, the presence of
intermittency is characterized by a decrease in the burst count (precursor) near to blowout in
the combustor. Baséd on the requirement of the system 100, the operator can predefine the
threshold (for example 2500) of the Burst count which defines a reference point to indicate
detection of the precursor along the decreetsing Burst count from 4000.

[0089] FIG.8a is an example graph illustrating detection of the blowout precursor
based on the recurrence quantification based estimation by monitoring the variation of a
recurrence rate of an.acoustic pressure signals with variatiorl of the air flow rate in the
combustor, acccrding to embodiments as disclosed. herein. The figure shows is a graphv
plotted between the recurrence rate of the acoustic pressure signals and the air flow rate,
depicting the variation in recurrence rate of the acoustic pressure signals with variation in the -
value of a flow parameter. However, it is also within the scope of the invention that the
parameter plotted against the recurrence rate of the acoustic pressure signals, can be a
combustion parameter or an ambient parameter or any other paraimeter that influences the
dynamic behavior of the combustor 102 without otherwise deterring the intended function of

the parameter as can be deduced from the description. The graph of the figure indicates that
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the recurrence rate reduces near the blowout because of the presence of intermittent behavior
of pressure oscillations.

[0090] FIG. 8b is an example graph illustra‘;ing detection of the blowout precursor
based on the recurrence quantification based estimation by monitoring vafiation’ of a
maximum diagonal length -of an acoustic pressure signals with variation of the air flow rate in
the combustor, accofding to. embodiments as disclosed herein. The figure shows a gfaph
‘plotted between the maximum diagonal lengths derived through the recurrence quantification
based estimation of the recurrence plot of the acoustic pressure signals and.the air flow rate.
However, it is also within the scope of the invention that the parafneter plotted against the
recurrence rate of the acoustic pressure signals, can be a combustion parameter or an ambient
parameter or any other parameter Ithat influences the dynamic behavior of the combustof 102
without otherwise deterring the intended function of the parameter as can be deduced from
the description. The figure indicates that the maximlilm. diagonal length reduces near the
blowout because of the presence of intermittent behavior of pressure oscillations.

[0091] The embodiments disclosed herein can be implemented through at least one
software program running. on at least one hardware device and performing network
management functions to control the elements. The elements shown in the FIG. lincludes
blocks which can be at least one of a hardware device, or a combination of hardware device
and software module.

[0092] The foregoing description of the specific embodiments will so fully reveal the
general nature of the embodiments herein fhat others can, by applying current knowledge,
readily modify arid/br adapt for various applications such épeciﬁc embodiments without
departingvfrom the generic concept, and, thefefore, such édaptations anci modifications should
and are iﬁtended to be compréhended within the meaning and range of equivalents of the

disclosed embodiments. It is to be understood that the phraseology or terminology employed
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herein is for the purpose of description and not of limitation. Therefore, while the
embodiments herein have been described in terms of preferred embodiments, those skilled in
the art will recognizé that the embodiments herein‘cah be practiced with modification within

the spirit and scope of the embodiments as described herein.
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-STATEMENT OF CLAIMS

We élaim:,

_1'. A method for detecting at least one precursor to control blowout in a combustor, the

method comprising: |

obtaining a time series signal corresponding to a dynarhic state variable of said
combustor; and |

detecting at least one precuréor based on an analysis of said tifne series signal
using at least one‘parameter to cohtrol blowout in said combustor, wherein said at
least one parameter comprises at least one of a Hurst exponent esti‘mati.on, a Burst
count estimation, and a recurreﬁce quantification based estimation.

2. The method of claim. 1, wherein‘said Hurst exponent based estimation comprises
estimation of at least one Hurst exponent.

3. The methoa of claim 1, wherein said recurrence quantiﬁcationibased estimation
comprises estimation based on at least one derived estimate through said recurrence
quantification. - |

4. The method of claim 1, wherein said method.comprises varying at least one parameter
of said combustof based on said detected at least one precursor: to control said
blowout in said combustor.

5. The method of claim 4, wherein varying at least one parameter of said combustor in
accordance to said detected at least one precursor to control said blowout in said
combustor comprises:

generaﬁng at least one control signal in accordance v‘t.o said de_tected at least
one precursor; and
varying said at least one parameter of said combustor baséd on at least one

said control signal, wherein variation in at least one said parameter is dynamically
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performed on detecting at least one said precursor to control said blowout in said
combustor. | |
6. The method of claim 1, wherein detecting at least one said precursdr based on said

analysis of said time series sibgnal uging_said Hurst exponent estimation comprises:

estimating said at leaét one Hurst exponent of said time series signal usiﬁg said
Hurst exponent estimation to study multifractal characteristics of said time series
signal;

monitoring variation‘ of said at least one Hurst exponent with respect to
variation of said dynamic state variable;

determining whether said at least one Hurst exponent increases above a
threshold of said Hurst exponent in proximity of said blowout; and

detecting at least one said precursor in respohse to determining that said at
least one Hurst exponeﬁt increases above said threshold of said Hurst exponent in
proximity of said blowout.

7. The method of claim 1, wherein detecting at least one said precursor based on said

analysis of said time series signal using said Burst count estimation comprises:

counting number of peaks, in said time series signal, exceeding an upper
threshold value of said dynamic state variable;

monitoring variation of said Burst count with resbect to variation of said
dynamic state variable;

determining whether said Burst count decreases below é threshold value of
said Burst count in proximity of said blowout; and

detecting at least one said precursor in response to determining that said B.urst
count decreases below said threshold value of said Burst count in proximity of said

blowout.
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8. The method of claim 1, wherein detecting at least one said precursor based on said
analysis of said time series signal using said recurrence quaﬁtiﬂcation based
estimation comprises:

plotting said recurrence plot of said time series signal;

calculating at least one said derived estimate of said time series signal from
said recurrence plot;

monitoring variation of said derived estimate with respect to variation of said
dynamic state variable;

determining whether said derived estimate crosses a threshold value of a
recurrence parameter; and

detecting at least one said precursor in response to determining that said

derived estimate crosses said threshold value of said recurrence parameter.

9. A system for detecting at least one precursor to control blowout in a combustor, the
system comprising: |
a precursor-detection unit configured to:
obtain a time series signal corresponding to a dynamic state variable of
said combustor; and
detect at lbefast one said precur'sor based on an anaiysis of saidvtime
serieé signal using at least one parameter to control blowout in'said combustor,
| wherein‘ at least one said parameter comprises one of a Hurst exponent
estimation, a Burst count estimation, and a recurrence quantification based
estimation.
10. The system of claim 9, wherein said Hurst exponent based estimation: comprises

estimation of at least one Hurst exponent.
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11.

12.

13.

14.

The system of claim 9, wherein said recurrence quantification based estimation
comprisés estimation based on at lcast one derived estimate through said recurrence
quantiﬁcation. |
The system of claim 9, wherein a control unit is configured to vary at least one
parameter of said combustor based on said detected least one precursor to control said
blowout in said combustor:
The system bof claim 12, wherein vary at least one said parameter of said combustor in
accordance with said detected at least one precursor comprises:

generate at least one control signal in accordance to said detection of at least
one precursor; and

- vary at least one said pérameter of said combustor based on at least one said

control signal, whereiﬁ variation in at least one said parameter is dynamicélly
performed on detecting at least one sgid pfecursor to control said blowout in said
combustor.
The system of claim 9, whérein detect at least one said precursor based on an analysis
of éaid time series signal using said Hurst expo‘nent estimation comprises:

estimate of said at 1east one Hurst exponent of said time series signal using
said Hurst exponent eétimation to study multifractal characteristics of séid time series
signal;

monitor variation of said at ieast one Hurst exponent with respect to variation
of said dynamic state variable; |

determine whether said at least one Hurst exponent increases above a

threshold of Hurst exporierit’ in proximity of blowout; and
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15.

16.

detect at least one said precursor in response to determining that said at least
one Hurst exponent inc;eases above said threshold of Hurst exﬁonent in proximity of
said b10\.)x‘/out.‘
The system of claim 9, wherein detect at least one said precursor based on said
analysis of said tim¢ series signal using said Burst count estimation comprisés,:

count number of peaks, in said time series signal, exceeding an- upper

threshold value of said dynamic state variable; ‘

monitor variation of said Burst count with respect to variation of said dynamic
state variable;'

determine whether said Burst count decreases below a threshold value of bufst
count in proximity of blowout; and

détéct at least one said precursor in response to determining that saidv Burst
count decreases below said threshold value of burst count in proximity of said
blowout.
The system of claim 9, wherein detect at least one said precursor based on said -
analysis of said time series signal using said recurrence quantification based
estimation comprises: |

plot said recuri*énce plot of said time series signal;

calculate at least one said derived estimate of »s‘ai'dtime series signal from said
recurrence plot;

ﬁonitor Variation of said derived estiﬁate with respect to variation of said
dynamic state variable;

determine whether said derived estimate crosses a recurrence threshola; and

detect at least one said precursor in response to detérmining that said derived

estimate crosses said recurrence threshold.
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