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SYSTEM AND METHOD FOR IDENTIFYING AND
RECOVERING FROM A TEMPORARY SENSOR
FAILURE

BACKGROUND

[6601] The field of the disclosure relates generally to oil and gas production systems, and
more particularly to a system and method for resiliency against transient sensor failures in oil

and gas production systems.

G002} Ol and gas production svstems typically contain sensors for measuring physical
properties of o1l and gas flow. One known method for measuring flow 1s using a flow soft
sensor, which receives distributed measurement data on pressure and temperature from a
production system and from that data, estimates the well and pipeline flow rates using a

physics-based model.

G003} Many known sensors in petroleum production systems become inaccurate after
some time in operation, which roquires service. Such decreases in service life are mainly due
to the harsh conditions under which such equipment is operated, such as high pressure, high
temperature, and/or corrosive environments present proximate or within the production system.
A transient sensor fatlure occurs when sensor measurements contain favlty data for a limited,

but sporadic, amount of time.

10604} One known approach to resolve the issue of sporadic sensor fathures has been to
define a set of parameters for a particular sensor. Such a set of parameters may be constant over
time, ¢.g., the operator may specifv a static mimimal value and a static maximal value. The set
of parameters may also depend on historical measurement data, e.g., the operator may specify
a maximal rate of change. It is often difficalt to specify an allowable set of parameters for all
ranges of a particular measurcment over the full range of operation. For example, the set of
values must have parameters set sufficiently wide to facilitate capturing measurements during
transient conditions. Also, for example, the set of values must have parameters set sufficiently
narrow to facilitate distinguishing between expected measurements and unexpected erroneous
measuwrements indicating transient sensor fatlures. As such, the allowable sct of values must

have a range sufficiently large to accommodate a wide variety of possible operating conditions
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of the system, which can be considerable 1n number and extent, without masking sporadic

sensor failores.
BRIEF DESCRIPTION

[G005] In one aspect, a sensor system for identifving a transicnt sensor failure in an
industrial system and recovering from an erroncous estimation of an expected mass flow rate
resulting from the {ransient sensor failure is provided. The sensor svstem includes one or more
sensors for measuring at feast one fluid property of the industrial svstem. The sensor system
includes an enhanced flow soft sensing (EFSS) computing device configured to determine an
catimated mass flow rate. The EFSS computing device includes a processor and a memory
coupled to the processor. The EFSS computing device is in communication with the one or
more sensors. The EFSS computing device is configured to generate, based on at least a
historical estimated mass flow rate and a correction term, an expected mass flow rate. The
EFSS computing device 1s also configured to generate, based on at least the expected mass
flow rate, expected measurements to be recetved from the one or more sensors. The EFSS
computing device is further configured to receive measurements from the one or more sensors.
The EFSS computing device is also configured to compare the expected measurements with
the measurements received from the one or more sensors to determine an error value, The
EFSS computing device is further configured to compare the error valug 1o predetermined
parameters. If the error value 15 not within the predetermined parameters, the transicnt sensor
failure is detected, thereby generating an erroneous estimation of the expected mass flow rate.
The EFSS computing device is also configured to identify a resurgence of the sensor from the
transient sensor faitlure. The erroncous expected mass flow rate converges toward a corret

(i.c., true) expected mass flow rate,

EEEY In a further aspect, 2 method for identifying transient sensor fatlure in an tndustrial
system and recovering from an erroncous estimation of an expected mass flow rate resuliing
from the transient sensor faiture is provided. The method 15 implemented using an enhanced
Hlow soft sensing (EFS5} computing device configored to determine an estimated mass flow
rate. The method includes generating, based on at least a historical estimated mass flow rate
and a correction term, an expected mass flow rate. The method also includes generating, based
on at least the expected mass flow rate, expected measurements to be received from one or

more sensors. The method further includes recetving measurements from the ong or more



WO 2017/116875 PCT/US2016/067889

sensors.  The method also mcludes comparing the expected measurements with the
measurements recetved from the one or more sensors to determine an error value. The method
further includes comparing the error value to predetermined parameters. I the error value is
not within the predetermined parameters, the transient sensor failure is detected, thereby
generating the crroneous estimation of the expected mass flow rate. The method also includes
identify a resurgence of the sensor from the transient sensor falure. The erroncous expected

mass flow rate converges toward the correct expected mass flow rate.

13607} In ancther aspect, an enhanced flow soft sensing {EFS5) computing device
configured to detect a transient sensor failure in an mdustrial system and recover from an
crroneous estimation of an cxpected mass flow rate resulting from the transient sensor fathure
13 provided. The EFSS computing device s further configured to determine an estimated mass
flow rate. The EFSS computing device includes a processor in communication with a memory
and one or more sensors. The processor is configured to generate, based on at least a historical
estimated mass flow rate and a correction term, an expected mass flow rate. The processor is
further configured to gencrate, based on at least the expected mass flow rate, expected
measurements to be received from the one or more sensors. The processor is afso configured
1o receive measurements from the one or more sensors. The processor is further configured to
compare the expected measurements with the measurements received from the one or more
sensors to determine an error vahie. The processor is also configured to compare the error
value to predetermined parameters.  If the error value is not within the predetornmined
parameters, the transient sensor fatlure is detected, thereby generating the ervoncous estimation
of the expected mass flow rate. The processor is also configured to identify a resurgence of
the sensor from the transient sensor failure. The erroneous expected mass flow rate converges

toward the correct expected mass flow rate.
DRAWINGS

{3008} These and other features, aspects, and advantages of the present disclosure will
become better understood when the following detailed deseription is read with reference to the
accompanying drawings in which like characters represeunt like parts throughout the drawings,

wherein:

0609} FIG. 1 1s a diagram of an exemplary sub-sea oil and gas production system;
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6016} FIG. 2 1s a block diagram of an exemplary computing device that 1s used for
identifying transient sensor failure in the sub-sea oil and gas production system shown m FIG.

I

6611} FIG. 3 15 a flow chart of an method for identifying transient sensor fathire using the

computing device shown in FIG. 2; and

0612} FIG. 4 1s a schematic view of a high-temperature asset, 1.¢., a turbomachine, and
more specifically, in the exemplary embodiment, a gas tarbine engine that may be used with

the computing device shown in FIG. 2.

[0613] Unless otherwise indicated, the drawings provided herein are meant to tllustrate
features of embodiments of this disclosure. These features are believed to be applicable in a
wide variety of systems comprising one or more embodiments of this disclosure. As such, the
drawings are not meant fo include all conventional features known by those of ordinary skill in

the art to be required for the practice of the embodiments disclosed herein.

DETAILED DESCRIPTION

10614} In the following specification and the claims, reference will be made to a number
of terms, which shall be defined to have the following meanings.

€607 48

[3615] The singular forms “a”, “an”, and “the” mclude plural references unless the context

clearly dictates otherwise.

6616} “Optional” or “optionally” means that the subsequentlv described event or
circumstance may or may not occur, and that the description inchides instances where the event

occurs and instances where 1t dogs not.

16617} Approximating language, as used herein throughout the specification and claims,
may be applied to modify any quantitative representation that could permissibly vary without
resulting 1n a change i the basic function to which it 1s refated. Accordingly, a value modified

3

by aterm or terms, such as “about”, “approximately”, and “substantially”, are not to be himuted
to the precise value specified. In at least some instances, the approximating language may
correspond to the precision of an instrument for measuring the value. Here and throughout the
specification and claums, range limutations may be combined and/or interchanged, such ranges

are identified and include all the sub-ranges contained therein unless context or language
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mdicates otherwise.

3618} As used herein, the terms “processor” and “computer”, and related terms, ¢.3.,
“processmg device”, “computing device”, and controller” are not limited to just those
integrated circuits referred to in the art as a computer, but broadly refers to a microcontroller,
a microcompuier, a programmable logic controller {PLC), an application specific integrated
circuit, and other programmmable circutts, and these terms are used interchangeably herein. In
the embodiments described herein, memory may include, but is not limited to, a computer-
readable medium, such as a random access memory {(RAM), and a computer-readable non-
volatife medium, such as flash memory. Alternatively, a foppy disk, a compact disc — read
ondy memory {CD-ROM), a magneto-optical disk (MGOD), and/or a digital versatile disc (DVD)
may also be used. Also, in the embodiments described herein, additional input channels may
be, but are not Himited to, computer peripherals associated with an operator interface such as a
mouse and a kevboard. Alternativelv, other computer peripherals may also be used that may
include, for example, but not be bmited to, a scanner. Furthermore, in the exemplary
embodiment, additional output channels may include, but not be limited to, an operator

interface monitor.

6619} Further, as used herein, the terms “software™ and “firmware” are interchangeable,
and include any computer program stored in memory for execution by personal computers,

workstations, clients and scrvers.

13620} Ag used herein, the term “non-transitory computer-readable media” i1s intended to
be representative of any tangible computer-based device mmplemented in any method or
technology for short-term and long-term storage of information, such as, computer-readable
mstructions, data structures, program modules and sub-modules, or other data i any device.
Therefore, the methods described herein may be encoded as executable wnstructions embodied
in a tangible. non-fransitory, computer readable medium, including, without limitation, a
storage device and/or a memory device. Such mstructions, when executed by a processor,
cause the processor to perform at least a portion of the methods described herein, Moreover,
as used herein, the torm “non-transitory computer-readable media” mclodes all tangible,
computer-readable media, mcluding, without bmitation, non-transitory computer storage
devices, including, without mutation, volatile and nonvolatile media, and removable and non-

removable media such as a firmware, physical and virtual storage, CD-ROMs, DV Ds, and any
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other digital source such as a network or the Internet, as well as vet to be developed digital

means, with the sole exception being a transitory, propagating signal.

6621} Furthermore, as used herein, the term “real-time” refers to at least one of the fime
of occurrence of the associated events, the time of measurement and collection of
predetermined data, the time to process the data, and the time of a system response to the events
and the environment. In the embodiments described herein, these activities and cvents occur

substantially mstantaneously.

[6622] The enhanced flow soft sensing (EFSS) system descnbed herein provides a method
for wdentifying a transient sensor failure based on a smooth vanable structured filier and for
converging to a correct estimated state once the transient sensor failure has concluded.
Specifically, the embodiments described herein nclude an EFSS device coupled to at least one
measuwrement sensor. The EFSS device is configured to receive a plurality of signals containing
measurement vectors from the sensor to deternune an estumated mass flow rate (e, the
estimated state}. A measurement vector tnclades a list of measurements made by a sensor on
aspecific fluid {e.g., crude oil}. The EFSS device monitors and detects a transient sensor fatlure
m the system by checking a consistency of an actual measurement vector recetved from the
sensor against an expected measurement vector generated by the EFSS device. The transient
sensor fatlure results in an erroncous measurement vector from the sensor and therefore, an
crroncous estimation of the expected mass flow rate. The EFSS svystem adapts by neglecting
an effect of the faulty sensor measurements on the estimated mass flow rate by converging
back to a correct estimated mass flow rate. The EFSS system typically converges faster to the

correct estimated mass flow rate than other types of known filters.

[6623] FIG. 1 15 a diagram of an exemplary sub-sca 01l and gas production svstem 100
Production system 100 includes elements at a water surface 102, at a sea floor 104, and on land
106. Production svstem 100 includes, without limitation. a platform 108 at water surface 102
Production system 100 also includes, without limitation, a topside facility 110 at land 106. The
sub-gsea portion of production system 100 includes, at sea floor 104, and without himitation,
well heads 112, a manifold 114, a separator 116, a booster 118, and a power station 120, The
various clements of production system 100 are interconnected by pipelines 122 and power

transmission lnes 124.

106624} Wel heads 112 extract fluid (not shown) from a sub-sea reservoir {not shown). The

6
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fluid generally mcludes oil, gas, water, and other by-products. Alternative embodiments
inclade additional well heads 112, Other embodiments include fewer well heads 112, Well
heads 112, in certain embodiments, also carry out various processes that can include, without
limitation, injecting a compressed fhud into the reservoir to increase well pressure. Fhnds

extracted by well heads 112 are routed to manifold 114 via pipelines 122,

[G025] Manifold 114 gathers and routes extracted fluids from well heads 112, Manifold
114 may also receive processed fluids (not shown) from other sub-sea equipment, including
and without himitation, separator 116 and booster 118. Manifold 114 may direct flaids to other
clements of production system 100, including and without limitation platform 108, separator

116, booster 118, and topside facility 110,

16826} Separator 116 receives and processes extracted fluid to separate the o1l and gas from
other fluids or clements, including and without lumitation, water and sand. Scparator 116
carries out ligud-liguid separation to separate ol from water. In addition, separator 116 carries
out gas-liquid separation 1o separate gas from o1l and water. Separator 116 includes one or
more scparation stages to carry out the various aspects of separation. Each stage of separator
116 includes one or more types of separators, including and without lunitation, gravity based
separators, centrifugal based separators, and electrostatic separators. The products of separator
116 are routed to various other equipment for reuse, storage, or further processing.  For
example, and without limitation, water separated from the ol and gas, which 15 sometimes
referred to as produced water, may be transported away or remntroduced to the sea. Separate

o1l and gas 15 routed to other equipment for processing, to platform 108 at water surface 102,

o1 to topside facility 110

G627} Booster 118 facilitates transport of fluids from sea floor 104 to water surface 102
orland 106, When production system 100 inchides well heads 112 and various other equipment
at depth, 1t is sometimes necessary to include one or more boosters 118 to force the fluids up

to ther destination, which may include, without limitation, platform 108 or topside facility 110,

[6628] Well heads 112, manifold 114, separator 116, and booster 118 generally require
some amount of power to operate. Power station 120 includes one or more transformers, switch
gear, and other power distribution components (all not shown) to deliver the appropriate power
to the various elements of production system 100, Power station 120 utilizes topside facility

110 as its power source, which includes, without Bmitation, a generator, a variable frequency
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drive, transtormers, swiich gear, and other power distribution components {all not shown) for
generating the requared power. Topside facility 110 delivers the source power to power station
120 via power transmission ling 124, Power transmission line 124, in certain embodiments, is
included n a sub-sea umbilical that couples topside facility 110 1o the sub-sea portion of

production system 100,

[6029] A number of sensors are located m production system 100, For reservorr evaluation
and environmental reasons, monitoring of the subsea well 113 1s performed remotely. This
remote monitoring requires transmission of data from subterranean sensors i the well. The
sensors or sensor locations are adapted to measure a parameter of interest, such as temperature,
distributed temperature, pressure, acoustic cnergy, electric cuwrrent, maguetic ficld, electric
field, flow, chemical properties, or a combination thereof. The sensors may be fiber optic

sensors, ¢lectrical sensors, or other types of sensors.

3030} Such sensors mclude pressure gauges, terperature gauges, multi-phase flow
meters, densitometers, and water cut meters. In one embodiment, these sensors are connacted
to a process control system 128 {also known as a subsea control system} that is connected to a
topside control system or computer, described below.  The sensors measure any of the
followmg propertics of a thud inside a pipe or any other pressure comtaming equipment:
absolute pressure, differential pressure, temperature, density (e.g., nucleonic densitometers),
phasc fractions {e.g.. fluid diclectricity, capaciiance and impedance mefers), molecular
compositions, salinity (c.g., with conductivity meters and or mucleonic densitometers),
veloeity, and momentum. In some known systems, a flow rate in an o1l well or gas well is
found bv measuring pressure variations and/or teraperature variations in ceriain parts of the
well and by identifving the flow rate that is most consistent with the measured pressurc and/or

temperature drop according to a model of the flow.

16831} Sensors 126 {only one sensor shown in FIG. 1} transmit measurements {0 a process
control system 128 operating under control of an operator station 130 and exchanging sensor
readings and results. A well monitoring data processing system 132 in communication with
operator station 130 also exchanges instructions and receives sensor readings from process
control svstem 128. A computing device 205 monttors sensors 126 for transient sensor failures.
In some embodiments, computing device 203 1is at least part of well monitoring data processing

system 132 In alternative embodiments, computing device 205 is remote from well monitoring



WO 2017/116875 PCT/US2016/067889

data processing svstem 132

16032} FIG. 2 is a block diagram of exerplary computing device 203, such as an EFSS
{enhanced flow soft sensing) device, that 1s used to detect a transient sensor failure in oil and
gas production system 100 (shown in FIG. 1} and converge to a correct estimated state once
the transient sensor failure has concluded. Computing device 205 includes a memory device
210 and a processor 215 operatively coupled to memory device 210 for executing instructions.
In some embodiments, execuiable mstructions are stored in memory device 210, Computing
device 205 1s configurable to perform one or more operations described herein by processor
215, For example. processor 215 may be programmed by encoding an operation as one or
more exceutable nstructions and providing the executable instructions i memory device 210,
Processor 215 may be configured to operate in real time, e, during the operation of the system,
without mtroducing a delay into the operation of the system. In the exemplary embodiment,
memory device 210 is onc or more devices that enable storage and retrieval of information
such as executable nstructions and/or other data. Memory device 210 may mclude one or

more computer readable media.

16033} in some embodunents, computing device 205 also includes sufficient computer-
readable/executable instructions, data structures, program modules, and program sub-modules,
to receive measurement data transmitied from a sensor.  Further, alternatively, computing

device 203 is anv computer-based system that monitors a sensor and detects a sensor failure.

3634} In the exemplary embodiment, memory device 210 is one or more devices that
enable storage and retrieval of information such as executable nstructions and/or other data.
Memory deviee 210 may include one or more tangible, non-transitory computer-readable
media, such as, without himutation, random access memory (RAM), dynamic random access
memory {BRAM), static random access memory (SRAM), a solid state disk, a hard disk, read-
only memory (ROM), crasable programmable ROM (EPROM), clectrically crasable
programmable ROM (EEPROM), and/or non-volatile RAM (NVRAM) memory. The above
memory types are exemplary only, and are thus not limiting as to the types of memory usable
for storage of a computer program,

[6635] Memory device 210 1s configured to store measurements includmmg, without
limutation, pressure measurements, femperature measurements, rror measurements, and vector

measurements.  Memory device 210 further includes, without limitation, sufficient data,
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algorithms, and commands o provide a computer-based process model tfor generating an
expected measurement vector for a sensor measurement and comparing the expected
measurement vector with an actual measurement vector from a sensor. Also, memory devige
210 includes, without Iimitation, sufficient data, algornthms, and commands to receive a
measurement vector signal from a sensor, fransmit a vector signal to a remote device, determine
an expected measurement vector, determine an estimated state vector, determing an expected
state vector, determine a correction term, determine an error estimate, and detect a transiont

sensor failure.

[(6636] In some embodiments, computing device 205 includes a presentation mnterface 220
coupled to processor 215. Presentation interface 220 presents information, such as a user
mnterface, to a user 225, In some embodiments, presentation interface 220 mcludes one or more
display devices. Also, in some embodiments, computing device 205 includes a user mput
interface 230. In the exemplary crobodiment, user input mterface 230 is coupled to processor
215 and receives mput from user 225, In one or more embodiments, when a sensor fatlure 1s

detected, a notification s transmitted to presentation interface 220 and/or user 225,

{6637} A communication interface 233 is coupled to processor 215 and 1s configured to be
coupled in communication with one or more other devices, such as one or more sensors 126
(shown in FIG. 1}, well moniforing data processing system 132 (shown in FEG. 1}, or another
computing device 203, and to perform mput and output operations with respect to such devices
while performing as an input channel. Communication mterface 235 receives data from and/or
trangmits data to one or more remote devices. For example, a commumnication interface 235 of
one computing device 205 receives veotor measurements from the sensor.  In some

embodiments, communication interface 235 1s a wircless interface.

{0638} FIG. 3 1s a flow chart of an exemplary method 300 using a sensor system 301,
including EFSS computing device 205 {shown in FHG 2}, for mouitoring and identifying a
transient sensor failure, and for neglecting the effect of the transient sensor failure on estimating
a mass flow rate and quickly converging back to the correct estimated mass flow rate. Sensor
system 30115 based upon a smooth variable structure filter (8VSF}. The SVSF is a predicior-
corrector filter for state estimation based on a sliding mode control concept. It uses a projection
of a system state trajectory (1.¢., the correct states) and forces the estimated state time evolution

to stay close to the system state trajectory, thos reducing the effects of noise and modeling
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errors. A correction term, described below, is applied to estimated states such that these are
directed towards the system state trajectory and pushed across it. As the estimated states cross
the system state trajectory, the correction term reverses in direction forcing the estimated states
back towards the svstem state trajectory. While this switching action takes place, the correction

term 1s structured to reduce a magnitude of an estimation error.

G839} The estimated states are propagated via a selected dynamic model based on specific
knowledge of the field or on best practice in estimation for oil and gas application that
correlates the sensor measurements {¢.g., pressure and temperature measurements) with a mass
How rate. The dynamic model may be a surrogate {(simplified) model following a physics-based
approach, a data-driven approach, or a hvbrid approach combining the physics-based approach

and the data-driven approach.

[G040] At the beginning of the process, initial values of the measurements and cstimated
states are determined based on probability distributions or designer knowledge, including an
estimated state vector (known as & after a first cycle) and an expected measurement vector

(known as Vig-1after the first cycle).

[6641] EFSS computing device 205 is configured to recetve a plurality of signals from one

or more sensors that include measurements made on a specific fluid (e.g.

=

crude ¢il}. In the
exemplary embodiment, the signal includes a vector v of measured pressure and temperature
values of a fluid, where subscript *k” 1s atime index. The measurement vector vk can be of any
needed size. In some alternative embodiments, the signal includes additional values received

from one or more Sensors.

6042} During operation, EFSS computing device 205 receives 302 a measurement vector
vk from one or more sensors. The measurement vector vk 18 subtracted 304 by the expected
measurement vector Vi1, defined below, to determine an estimated pressure error €xk-1. The
estimated pressure error €gk-1 1s used as an indicator of an error in the estimated state vector.
As described further below, this 18 performed to verify the consistency of measured flow
properties. If the expected measurement vector Vi1 18 within a predefined specified limit of
the actual measuroment vector v, the validity of the measurement vector received from the
sensor is confirmed. If such is not the case, a failure of the sensor is mdicated. The transient
sensor failure results in a generation of one or more errongous sensor measurements, thereby

generating errongous estimations of the expecied mass flow rate. The EFSS computing device

ti
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205 1s configured to identify a resurgence of the sensor trom the transient sensor fatlure,
wherein the erroneous expected mass flow rate converges toward a correct expected mass flow

rate.

{0043} Using an expacted measwrement vector relationship R, an expected state vector
L+ is determined 306 from the last estimatod state vector Sk, In the exemplary embodiment,
the estimated state vector Rk 15 an estimated mass flow rate based on the temperature and
pressure measurements received from the sensor. The cxpected state vector R 1s the
expecied (1.e., esumated) mass flow rate. In the state veciors, the subscript k™ refers 1o the
vector at a point in time k, such that w18 an estimation of the state valoe at time k, based on
measurcments available up to time k. The subscript notation k1 15 used to refer to an expected
state, either 1 the measurement vector or the state vector. Thus, as an example, X1k is the
expected state of the state vector xi+1 based on measurement data up to time k.

16044} EFSS computing device 205 determines 308 the correction tero K from an intemal
model and estimated measurement errors. More specifically, the correction term 15 a function
of the measurement errors Sx-1 and Y1, a sign function sign{8ux-1). a rate of convergence
and the mternal model. The wnternal model correlates measured varnables such as temperature
and pressure with the expected state vector. The internal mode! applics equations for balance
of mass, momentum, and heat to the flow, where the equations arc dependent on spatial-
derivative, on tume-denivative, or both denvatives (PDE's).

[0845] The cormrection term uses a projection of the correct state trajectory and forces the
cstimated state trajectories {1.¢., estimated state vectors R«) to stay close to the correct states.
The correction term 1s apphied to the estimated state vector Rxi such that the estimated state
vector Ruk 18 directed towards the surface and pushed across it. The objective is to keep the
estimated state vectors Rue along this surface m order to minimize frajectory errors (ie.,
difference between a desired trajectory and estimated or actual values), which resulis in an
errongous expected mass flow rate converging toward a correct expected mass flow rate. As
the estimated state vectors fux cross the correct state trajectory, the correction torm reverses in
direction forcing the estimated state vectors Rix back towards the correct state trajectory. While
this switching action takes place, the correction term is structured to reduce a magnitude of the

cstimation error. EFSS computing device 205 updates 310 the estimated state vector Rk using

12
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the correction ferm K and the expected state vector k. The updated estimated state vector
Rip is transmitted as output from EFSS device 205 to a remote device, which can be monitored
by auser.

00446} EFSS computing device 205 further updates the estimated pressure error &g by
subtracting an intermnal model involving the estimated statc vector Zmr mapped to the
measurement vector vk, from the measurement vector vy, The updated estimated pressure error

ik 15 stored unti a next estimation cyele where it is used 1n the correction term computation.

{6647} EFSS computing device 205 meludes a mapping fanction that maps 312 the
expecied state vector Rk to the measured vector values stored in the memory to detcrming
the expected measurement vecior Ve, The expected measured vector Yink 18 the expecte

vector to be recetved from a sensor in the system at the beginning of the next cvele.

16048} The above process begius again with EFSS computing device 205 subtracting the
expected measurement voctor Yk provided by the micmal model from an actual vector of
pressure and temperature measurements vk received from the sensor fo determine an estimated
pressure error Sk, I the estimated pressure error Sk 1s within some acceptable parameters,
the validity of the measurement vector v is confirmed. If such is not the case, a fatlure of the
sensor 18 indicated. Once the failure of the sensor is no longer indicated, EFSS computing
device 205 quickly converges the erroncous estimated state vectors fux back to the correct
cstimated state vectors fur. A vanation of the sign function mvolved in the correction term
computation enables an aggressive time response to the estimation error. In addition, the
ganuna paramcter involved m the correction term computation enables an extra degree of
freedom to set the rate of convergence (1.¢., the smaller the gamma parameter, the faster the

convergence}. This enables the system to quuckly recover its estimation capability.

[(049] The acceptable parameters arc a function of the uncertain dynamics associated with

the maccuracy of the mtemal model as well as the measurement model, and vary with time.

6650] The above cycle is contmually repeated to montior and detect transient sensor
failures.
{6651} Historical values of the sensor reading are considered in order to alleviate the impact

of sensor noise to the current estimation. If a sensor becomes faulty, its negative impact on the

overall estimation is only femporary. Ag soon as a sensor returms to normal operating mode,
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the effecis of the temporary failure become negligible, even though the whole lustory of its
data is considered in the estimation process. The proposed method therefore 1s able to mitigate
noise superimposed to sensor measurement, while at the same time it offers robusiness

propertics against temporary sensor failure.

[6852] For practical applications, it is only necessary to know flow properties in a hmited
number of selected locations in order to obtain an impression of the behavior of the flow
everywhere m the system. For example, in one embodiment, the tlow properties are estimated

at the inlet and at the outlet of every subsystem of the production system.

16053} Simudating the flow in the production system is in effect knowing the value of all
the relevant properties of the flow through the system. Without loss of generality, it suffices
to koow a set of characterizing properties of the flow, that is, a set of basic properties of the
flow from which all other properties may be derived by mcans of models. In the exemplary

embodiment, pressure and temperature measurements are recorded.

[6054] FIG. 4 19 a schematic view of a high-teraperature asset, i.¢., a turbomachine, and
more specifically, in the exemplary embodiment, a gas turbine engine 400 that may be used
with the EFSS svstem and more specifically, EFSS computing device 205 (shown n FIG. 2).
Altemnatively, transient sensor failures in any high-temperature apparatus, system, and facility
may be monitored and detected using a system substantially similar to the EFSS system as
described herein, includmg, without himitation, combustion sysiems such as fossil-fired
furnaces, gasification svstems, boilers, steam turbines, and the associated high-temperature

exhaust systems.

6035} In the exemplary embodiment, gas tarbine engine 400 includes an air intake section
402, and a compressor section 404 that is coupled downstream from, and in flow
compmunication with, intake section 40Z. Compressor section 404 1s enclosed within a
compressor casing 406, A combustor section 408 is coupled downstream from, and in flow
commumication with, compressor section 404, and a turbine section 410 is coupled downstream
from, and in flow communication with, combustor section 408, (as turbine engine 400 is
cnclosed within a turbine casing 412 and includes an exbaust section 414 that is downstream
from turbine section 410, Morcover, in the exemplary embodiment, turbine section 410 1s
coupled to compressor section 404 via a rotor assembly 416 that includes, without limitation,

a compressor rotor, or drive shaft 418 and a turbine rotor, or drive shaft 420

14
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3056} In the exemplary embodiment, combustor section 408 mcludes a plurality of
combustor assemblies, t.e., combustors 422 that are each coupled in flow communication with
compressor section 404, Combustor section 408 also includes at keast one fuel nozzle assembly
424, Each combustor 422 1s in flow communication with at least one fuel nozzle assembly
424, Moreover, in the exemplary embodiment, turbine section 410 and compressor section 404
are rotatably coupled to a load 426 via drive shaft 418, For example, load 426 may include,
without limitation, an clectrical generator or a mechanical drive application, e.g., a punp.
Altematively, gas turbine engine 400 may be an aireraft engine. In the exemplary embodiment,
compressor section 404 includes at least one compressor blade assembly 428, 1¢., blade 428

and at least one adiacent stationary vane asscmbly 430,

16057} Also, in the exemplary embodiment, turbine section 410 includes at least one
turbing blade assembly, 1.e., bucket 432 and at least one adjacent stationary nozzle assembly
434 Hach compressor blade assembly 428 and each turbine bucket 432 are coupled to rotor

assembly 416, or, more specifically, compressor drive shaft 418 and turbine drive shaft 420,

[6058] In operation, air intake section 402 channels air 436 towards compressor section
404. Compressor section 404 compresses inlet air 436 1o higher pressurcs and temperatures
prior to discharging compressed air 440 towards combustor section 408. Compressed air 440
is channeled to fuel nozzle agsembly 424, mixed with fuel {not shown), and burned within cach
combustor 422 1o generatc combustion gases 442 that arc channeled downstream towards
turbine section 410. Combustion gases 442 generated within combustors 422 are channcled
downstream towards turbine section 410. After impinging tarbine bucket 432, thermal energy
ig converted to mechanical rotational energy that is used to drive rotor assembly 416, Turbine
section 410 drives compressor section 404 and load 426 via drive shafts 418 and 420, and

exhaust gases 444 are discharged through exhaust section 414 to ambient atmosphere.

6059} In the exemplary embodiment, gas turbine engine 400 also includes a plurality of
sensors, which are disposed 1 predeternuned locations throughout the system. The plurality of
sensors includes, but 1s not limited to, temperature sensors, accelerometers, vibration sensors
and pregsure sensors. These sensors coupled to the EFSS computing device 203 allow gas
turbine engine 400 to be used with the EFSS system to monttor and detect transient failures of
sensors, (ther dynamic systems that may be used with the EFSS svstem include, but are not

binnted to, windmills and downhole systems. Accordingly, ones skilled in the art will be able

15
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to determine other dynamic systems with sensors that would benefit from the EFSS sysiem.

6064} The above-described method and system provide for an enhanced flow soft sensing
(EFS5) system described herem provides a method for identifving transient sensor failure n
an o1l and gas production system while tracking slow variations of key fluid properties that are
critical to a customer. Specifically, the embodiments described herein include an enhanced
flow soft sensing {EFSS) device coupled to af least one measurcment sensor. The EFSS device
s configured to receive a plurality of vecior signals contaning pressure and temperature
measurements from the measurement sensor and determine an estimated mass flow rate from
the measurements. The EFSS device monitors and detects a transient sensor fatlure in the oil
and gas production system by checking a consistency of actual measurements received from
the sensor against expected measurements generated by the EFSS device. The transient sensor
fatlure results in an erroneous measurement vector from the sensor and therefore, an erroncous
cstimation of the expected mass flow rate. The EFSS system adapts by neglecting an effect of
the faulty sensor measurements on the estimated mass flow rate by converging back to a correct
estimated mass flow rate. The EFSS system typically converges faster to the correct estimated

mass flow rate than other types of known filters.

6661} An exemplary technical effect of the methods, systems, and apparatus described
herein includes at least one of: {a) using a smooth variable structured filter strategy to detect
transient sensor failures; (b} estimating a measurement vector to be received from a sensor; ()
estimating a mass flow rate from measurements received from the sensor; and {d) converging
faster from the erroncous estimated mass flow rate to the correct estimated mass flow rate when

compared with other types of known filters.

[6662] Exemplary embodiments of methods, systems, and apparatus for detecting transient
sensor failures are not limited to the specific embodiments described herein, but rather,
components of gystems and/or steps of the methods may be utilized independently and
separately from other components and/or steps descnbed herein.  For example, the methods
may also be used in combination with other systems requiring in-situ recogaition of unusual
conditions and the associated methods of detecting transient sensor failures, and are not limited
1o practice with only the systems and methods as described herein.  Rather, the exemplary
embodiment can be implemented and utilized n conmection with many other applications,

cquipment, and systems that may bencfit from physics-based modebing and control in an
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operating environment with unusual conditions.

16063} Although specific features of various embodiments of the disclosure may be shown
i some drawings and not in others, this 1s for convenience only. In accordance with the
principles of the disclosure, any feature of a drawing may be referenced and/or claimed n

combination with any feature of any other drawing.

[3064] Some embodiments involve the use of one or more electronic or computing devices.
Such devices typically inclade a processor, processing device, or controller, such as a general
purpose central processing unit (CPU), a graphics processing unit {GPU), a microcontrolier, a
reduced instruction set computer (RISC) processor, an apphication specific integrated civcuit
{ASIC}, a programmable logic circuit (PLC), a field programmable gate array (FPGA), a digital
signal processing (D8P} device, and/or any other circuit or processing device capable of
executing the functions descnbed herein.  The methods described berein may be encoded as
executable mstructions embodied m a computer readable medium, including, without
limitation, a storage device and/or a memory device.  Such mstructions, when executed by a
processing device, cause the processing device to perform at least a portion of the methods
described herein.  The above examples are exemplary only, and thus are not intended to Limit

in any way the detimition and/or meaning of the term processor and processing device.

[0865] Although specific features of various embodiments of the disclosure may be shown
n some drawings and not i others, this 1s for convenience only. In accordance with the
principles of the disclosure, any feature of a drawing may be referenced and/or claimed m

combination with any feature of any other drawing.

6666} This written description uses examples to disclose the embodiments, including the
best mode, and also to enable any person skilled in the art to practice the embodiments,
including making and using anv devices or systems and performing anvy incorporated methods.
The patentable scope of the disclosure is defined by the claims, and may include other examples
that cecur to those skilled in the art. Such other examples are intended to be within the scope
of the claims i they have structural elements that do not differ from the hiteral language of the
claims, or if they include equivalent structural clements with insubstantial differences from the

literal language of the claims.
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WHAT IS CLAIMED IS

I. A sensor system for identifving a transient sensor failure 1n an industrial
system and recovering from an erroneous estimation of an expected mass flow rate resulting
from the transient sensor failure, the sensor system including one or more sensors for
measuring at least one fluid property of the industrial svstem, said sensor systom

comprising:

an enhanced flow soft sensing (EFSS} computing device configured to determine an
cstimated mass flow rate, said EFSS computing device comprising a processor and a
memory coupled to said processor, said EFSS compoting device tn communtcation with the

ong or more sensors, said EFSS computing device configured to

generate, based on at least a histonical estimated mass flow rate and

a correction term, an expected mass flow rate;

gencrate, based on at least the expected mass flow rate, expected

measurements to be received from the one or more sensors;
receive measurements from the one or more sensors;

compare the expected measurements with the measurements

received from the one or more sensors to determine an error value;

compare the error value to predetermined parameters, wherein 1f the
error value is not within the predetermined parameters, the transient sensor failure
of a sensor is detected, thereby gencrating the erroneous estimation of the expected

mass flow rate; and

identify a resurgence of the sensor from the transient sensor failure,
wherein the erroncous expected mass flow rate converges toward a correct expected
mass flow rate.
2. The sensor systern in accordance with Claim 1, wherein the
measurements received from the one or more sensors include at least a vector of pressure

and temperature measurements.
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3. The sensor systern in accordance with Claim 1, wherein the
convergence of the erroneous expected mass Hlow rate toward the correct expected mass

flow rate is based on at least the correction term.

4. The sensor system in accordance with Claim 1, wherein the

correction term is based upon at least measurement errors and an intemal model.

5. The sensor system i accordance with Claim 1, wheremn the expected

measurements are based upon the expected mass flow rate and an internal model.

6. The sensor system in accordance with Claim 1, wherein the predeternined
parameters are obtained through a probability distribution of a difference between the
expected measurements and the measurements received from the one or more sensors.

7. The sensor system in accordance with Claim 1, wherein said EFSS
computing device 18 coupled to a user mnterface, said EFSS computing device further
configured to transmit a notification to the user mterface that the transient sensor fatlure

was detected.

8. A method for identifving transient sensor failure in an industrial system and
recovering from an erroncous estimation of an expected mass flow rate resulting from the
transient sensor fatlure, said method implemented using an enhanced flow soft sensing
(EFSS) computing device configured to determine an cstimated mass flow rate, said

method comprising:
generating, based on at least a ustorical estimated mass flow rate and a comrection
term, an expected mass flow rate;
generating, based on at least the expected mass flow rate, expected measurements
to be received from one or more sensors;
receiving measurements from the one or more sensors;
comparing the expected measurements with the measurements received
from the one or more sensors to determine an crror value;
comparing the error value to predetermined parameters, wherein if the error
value is not within the predetermined parameters, the transient sensor failure of a sensor is

detected, thereby gencrating an errongous estimation of the expected mass flow rate; and
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identifying a resurgence of the sensor from the transient sensor failure,
wheretn the erroncous expected mass flow rate converges toward a correct expected mass

flow rate.

9. The method in accordance with Claim 8, wherein the measuyrements
recetved from the one or more sensors include at least a vector of pressure and temperature

measurements.

10 The method 1 accordance with Claim 8, wherein the convergence
of the erroncous expected mass flow rate toward the correct expected mass flow rate is

based on at Jeast the correction term.

It The method in accordance with Claim 8, wherein the correction term

is based upon at least measurement errors and an internal model.

12. The method i accordance with Claim 8, wherein the expected

measurements are based upon the expected mass flow rate and an internal model.

i3 The method in accordance with Claim 8, wherein the predeternune
parameters are obtained by means of a probability distribution of a difference between the

expected measurements and the measurements received from the one or more sensors.

14, The method in accordance with Claim 8, wherein said EFSS computing
device is coupled to a user interface, said method further comprising transmitting a
notification to the user mterface that the transicnt sensor failure was detected.

15, An ¢nbanced flow soft sensing (EFSS) computing device configured to
detect a transient sensor failure in an mndustrial systerm and recover from an erroncous
estimation of an expected mass tlow rate resulting from the transient sensor failure, said
EFSS computing device further configared to determine an estimated mass flow rate, said
EFSS computing device comprising;

4 processor m communication with a memory and one or more sensors, said processor
configured to:

generate, based on at least a histonical estimated mass flow rate and

a correction term, an expected mass flow rate;

gencrate, based on at least the expected mass flow rate, expected
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measurements to be received from the one or more sensors;
receive measurcmoents trom the one or more Sensors;

compare the expected measurements with the measurements

recerved from the one or more sensors to determine an error vahiue;

compare the error value to predetermined parameters, wherein if the
error value is not within the predetermined parameters, the transient sensor failure
of a sensor is detected, thereby generating an erroncous estimation of the expected

mass flow rate; and

identify a resurgence of the sensor from the transient sensor failure,
wherein the erroneous expected mass flow rate converges toward a correct expected

mass flow rate.

16.  'The EFSS computing device in accordance with Claim 15, wherein
the measurements received from the one or more sensors include at least a vector of

pressure and temperature measurements.

17, The EFSS computing device in accordance with Claim 13, wherein
the convergence of the erroneous expected mass flow rate toward the correct expected mass

flow rate is based on at least the correction term.

I8, The EFSS computing device in accordance with Claim 15, wherein

the correction term is based upon at least measurement errors and an nternal model.

19, The EFSS computing device in accordance with Claun 15, whercin the

expected measurements are based upon the expected mass flow rate and an internal model.

20, The EFSS computing device in accordance with Claim 15, wherein the
predetermined paramcters are obtained bv means of a probability distribution of a
difference between the expected measurements and the measurements received from the

OoNne OF MmoOre SCnsors.

21, The EFSS computing device in accordance with Clamm 135, wheren said
EFSS computing device is coupled to a user intertace, said EFSS computing device turther
configured to transmit a notification to the user mterface that the transient sensor fatlure

was detected.
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