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(57) Abstract: A method includes receiving field measurement data of a plurality of well-pumps disposed respectively in a plurality of
wells. The field measurement data are representative of speed data and run-time data, of the plurality of well-pumps. The method further
includes receiving commingled-flow measurement data. The commingled-flow measurement data are representative of a combined
fluid flow data of the plurality of wells. The method further includes determining, by an optimizer unit, well-flow data of the plurality
of wells based on the commingled-flow measurement data, the field measurement data, and a plurality of conservation constraints
generated by a constraint generator. The well-flow data are representative of fluid flow data, from each of the plurality of wells. The
method also includes controlling operation of at least one of the plurality of well-pumps based on the well-flow data to control fluid

production from the plurality of wells.
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SYSTEM AND METHOD FOR DETERMINING PRODUCTION FROM A PLURALITY
OF WELLS

BACKGROUND

(G001} Embodiments of the present invention relate generally to production in an o1l field,
and more particularly to a system and a method for determiming fluid flow cstimates of

mndividual wells based on a measurement of commungled flow at a pool-line.

[6602) Produced fluid from wells may include various quantities of crude oil, natural gas
and/or water, depending on the specific conditions of reservoir. The amount and rate at which
fluid is extracted from a well depends on condition of the reservoir such as a pressure difference
between the reservoir and a wellbore. The wellbore pressure may be adjusted by various

devices such as puraps, compressors, fluid mjection devices the like.

10003) Various devices may be used to separate ol and water from gas m the produced
fluid. The surface devices are designed to process selected volume or quantity of the produced
fluid. The sclected volume depends on volumes of production from various welibores and
aumber of wellbores coupled to surface dovices. An objective of the surface devices is to
optimize the economic performance of the reservoir. Specifically, throughput of the reservoir

is to be managed by the surface devices by varying production rates from the plurality of wells.

{3604} Expected quantity of produced fluid from cach wellbore is determined by modeling
the performance of cach well and simulating reservoir performance in real time to identify
actions that are required to control the operation of the surface devices. However, such
simulations may not provide feasible solutions for specified production constraints. Another
tssuc is that the feasible solutions provided by the simulations may not be practical for

mplementation,
BRIEF DESCRIPTION

6605} In accordance with one aspect of the present invention, a method 1s disclosed. The
method includes recetving ficld measurement data of a plurality of well-pumps disposed
respectively in a plorality of wells from a plurality of pump-off controller (POC) sensors. The
ficld measurcment data arc represcutative of speed data and run-time data of the plurality of

well-pumps. The method further meludes receiving commungled-flow measurement data using
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a plurality of commungled-flow measurement sensors. The commingled-flow measurement
data are representative of a combined thud flow data of the plurality of wells. The method
further inchades determining, by an optimizer unit, well-flow data of the plurality of wells based
on the commingled-flow measurement data, the ficld measurcent data, and a plurality of
conservation constraints generated by a constraint generator.  The well-tlow data are
representative of floid flow data from cach of the plurality of wells. The method also mchudes
controfling operation of at least one of the plurality of well-pumps based on the well-flow data

to control fluid production from the plurality of wells.

[06006] In accordance with another aspect of the present invention, a system 1s disclosed.
The systemr meludes a plurality of sensors disposed i an oil field. The plurality of sensors
includes a plurality of pump-off controller (POC) sensors disposed on a plarality of well-pumps
and a pharality of commingled-flow measarement sensors disposed on a pool-line. The system
further includes a data acquisition unit configured to receive field measurement data of a
plurality of well-pumps disposed respectively 1 a plurality of wells from the plurality of POC
sensors. The field measurement data are representative of speed data and run-time data of the
plurality of well-pumps. The data acquisition unit is further configured to receive commingled-
flow measurement data using the plurality of commingled-flow measurement sensors. The
commingled-flow measurernent data are representative ot a combined fluid flow data of the
plurality of wells. The systemn also inchides an optinuizer unit communicatively coupled to the
data acquisttion unit and configured to generate a plurality of conservation constraints using a
constraint genecrator, based on the commmgled-flow measurement data and the ficld
measurement data. The optimizer is further configured to determine well-flow data
corresponding o the plorality of wells based on the commingled-flow measurement data, the
field measurement data, and the plurality of conservation constraints. The well-flow data are
representative of fluid flow data from each of the plurality of wells. The system also includes
a controller commmmicatively coupled to the data acquisition unit and the optimizer unit and
configured to control operation of at least one of the plurality of well-pumps based on the well-
flow data to control fluid production from the plurality of wells.

{3807} In accordance with another aspect of the present invention, a non-transiiory
computer readable mediwm having mstructions to enable at least one processor module 1s

disclosed. The structions enable the at least one processor module to receive ficld
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measurement data of a plurality of well-pumps disposed respectively m a plurality of wells
from a phuabity of pump-off controller (POC) sensors. The ficld measarement data arc
representative of strokes per minute data and duty cvele data of the plurality of well-pumps.
The mstructions further enable the at least one processor module 1o receive commingled-flow
measurement data uvsing a plurality of comnmungled-flow measurement sensors.  The
commingled-flow measurement data are reprosentative of a combined fluid flow data of the
plurality of wells. The nstractions enable the at least one processor module to determine well-
flow data of the plurality of wells based on the comnungled-flow measurement data, the field
measurement data, and a phirabty of conservation constraints generated by a constraint
generator. The well-flow data are representative of fluid flow data from each of the plurality
of wells. The instructions also enable the at least one processor module to control operation of
at least one of the plurality of well-pumps based on the well-flow data to control flud

production from the phurality of wells.
DRAWINGS

{3608} These and other features and aspecis of embodimends of the present wnvention will
become better understood when the following detailed description is read with reference to the
accompanying drawings i which like characters represent like parts throughout the drawings,
wherem:

[GR09] F1G. 1 1s a schematic tlustration of a control system for production in an ol ficld
in accordance with an exemaplary embodiment;

6610} FIG. 2 15 a schematic diagram dllustrating signal flow corresponding to the control
system of FI(G. 1 1n accordance with an exemplary embodiment;

6011} FIG. 3 is a graph illustrating comnungled-tlow measurement representative of
combined flow measurement in accordance with an exemplary embodiment;

j6612] FIG. 4 13 a graph illustratmg hnear relationship between fundamental frequency
values and strokes per mmute values in accordance with an exemplary embodiment;

(6613} FIG. 5 shows graphical representation of a flaid velocity profile measurement and
temperature profile measurement of a well 1n an o ficld in accordance with an exemplary

cmbodiment;
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[6014] FIGS. 6A-6C are graphs representative of flmd flow data corresponding to a

plurality of wells in accordance with an excmplary embodiment;

{6615} FIG. 6D 15 a graph representative of fluid flow data corresponding to a pool-line in

accordance with an exemplary embodiment;

{6815} FIG. 7 15 a flow chart ilustrating a method for determining well-flow data
representative of thud flows in a pluality of wells 10 an ol field.in accordance with an

excmplary embodiment; and

16617] FIG. 8 1s a flow chart illustrating a method for production m an oil ficld n

accordance with an exemplary embodiment.
DETAILED DESCRIPTION

06618} Embodiments of the present mvention relate generaliy to fluid production from an
oil field, and more particularly to systems and methods for determining fluid flow estimates of

individnal wells from fluid flow measurements at a pool-line.

{6613} FIG. 1is a schematic illustration of a control system 108 for production 1 an oil
fickd 100 in accordance with an exemplary embodiment. In the illustrated embodiment, the ol
field 100 includes a plurality of wells 140 provided with a corresponding plurality of well-
pumps 148 The plurality of well-pumps 148 is controlied by a plurality of pump-off
controfiers (POCs) 102, The pump-off controllers (POC) 102 are microprocessor based
devices enabling autonomous operation of the well-pumps 148 such as sucker rod pumps, for
cxample. Each POC 102 montdors conditions of the corresponding well 140 and shuts down
the corresponding well-pump 148 when fluid level in the corresponding well 140 13 below a
certain level. The oil ficld 100 further includes a plurality of flow-lines 128 for coupling a
production piping (not shown) of the plurality of wells 140 to a pool-tine 104, The ail ticld 100
may further include a test device 106 for generating reference data for managing the fluid
production of the o1l field 100, The test device 106 may include a tratler test device and may
use existing or additional sensors to acquire the reference data. A plurality of sensors 130, 132
1z deploved in the o1l field 100 to acquire oil-ficld data 134, The oil-ficld data 134 meludes
field measurement data 146 of the plurality of well-pumps 148 In one embodiment, the field
measurement data 146 include speed data 110 and nuin-time data 136 gencrated by the well

punips 148 Specifically, the ticld measurement data 146 arc sensed by a plurality of POC
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sensors 130, The oil-ficld data 134 further includes commingled-tiow measurement data 112
measured by a plarality of commingled-flow measurement sensors 132 disposed in the pool-
ling 104, In onc cmbodiment, the speed data 110 are indicative of the number of strokes of the
well-pumps 148 in onc munute duration. The run-time data 136 arc indicative of the duty cvcele
of the well-punmps 148, The commingled-flow measurement data 112 are representative of
fluid flow data i the pool-line 104 which 13 a sum of individual fluid How rates from the
plurality of flow-lines 128. In other words, the commingled-flow measurement data 112 are

representative of a combined fhwnd fow data of the plurality of wells 140,

[6020] The control systern 108 is communicatively coupled to the plurality of sensors 130,
132 and contigured to receive the oi-field data 134 including the field measurement data 146
and the commingled-flow measurement data 112, The control system 108 1s further configured
to process the oil-field data 134 and gencrate well-flow data 138, representative of fhad flow
data from cach of the plurality of wells 140, The control system 108 is further configured to
control operation of at least one of the plurality of well-pumps by a control signal 114 gencrated
based on the well-flow data 138 to control fluid production from the plurality of wells 140,
The control system 108 icludes a data acquisition unit 116, a controller 120, an optimizer unit
118, a processor modufe 122, and a memory module 124 interconnected with cach other by a

communications bus 126,

{6621} The data acquisition unit 116 is communicatively coupled to the plurality of sensors
130, 132 and contigured to receive the oil-ficld data 134 having the field measurement data
146 from the POC sensors 130 and the commingled-flow measurement data 112 from the
commingled-flow measurement sensors 132, In one embodiment, the data acquisition unit 116
is configured to acquire the cil-ticld data 134 in the form of at least onc of multiphase meter
data, custody transfer data, virtual flow meter data, pressure data, temperature data, pump-off
controfler data, and trailer test data. The multiphase meter data are representative of flow data
of one or more phases of a fluid in a well or in a pool-line. The custody transfer data are
representative of data related to transactions involving transporting and transfer of fluid from
one operator to another. The virtnal flow meter data are representative of oil-ficld data
estimated either by computation or throvgh use of a software. The pump-off controlier data are
represcutative of the data generated by a pump-off controller used to control a corresponding

well-pump 148, Specifically, the pump-off controller data include speed values, pressure
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values, torque values, and thud flow values. The trailer test data are representative of data
gathered from a data acquisition activity referred to as a “well test” used to broaden knowledge
and understanding of hydrocarbon properties and charactenstics of a well.  In some

embodiments, the well test 1s performed by equipment mounted on a traller or a mobile vehicle.

{6622} The optumizer umt 118 18 commumcatively coupled to the data acquisition unit 116
and configured to generate a phlurality of conservation constraints 144 by a constraint generator
142, based on the commungled-flow measurement data 112 and the ficld measurement data
146. Specifically, the ficld measurement data 146 mchudes speed data 110 and run-time data
136, In onc cmbodiment, the speed data 110 and the run-time data 136 arc obtained from
surrogate measurements obtained from one or more temperature transducers and load cell
transducers. In one embodiment, the phlurality of conservation constraints 144 is determined
based on frequency domain analysis of the commmgled-flow measurement data 112, the speed
data 110, and the run-time data 136. In ancther embodiment, the plurality of conservation
constraints 144 is deteomined based on a mass conservation principle.  In vet another
crmbodiment, the plurality of conservation constramnts 144 is determuined based on an energy
conservation principie. In vet another embodiment, the plurality of conservation constraints
144 15 determined based on a heat conservation principle. In yet another embodiment, the
plurality of conservation constraints 144 is determined based on a momentum conservation
principle.

G023 The optimizer unit 118 is further configured to determine well-flow data 138 of the
plurality of wells 140 based on the plurality of conservation constraints 144, Specifically, the
optimizer vnit 118 is configured to determine a cost function based on the plurality of
conscrvation constraints 144, The optimizer unit 118 is further configured to optimize the cost
function to determine the well-flow data 138, In one embodiment, the optimization refers to
migimization of the cost function.  In another embodiment, the optimization refers to

maximization of the cost function.

06624} In one embodiment, the optimizer unit 118 18 configured to determune the cost
function based on a probability distribution function of the well-flow data 138, The probability
distnbution function of the well-flow data 133 may be determined based on statistics of the
field measurement data 146 and the commingled-flow measurement data 112, In one

embodiment, the probability distribution function may be determined based on at least one of
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an apriort distribution function and an aposterion distribution function of the weli-flow data
138. In a further embodiment, the cost function may include one or more conservation
equations and statistics corresponding to the oid-field. The statistics of the well-flow data 138
includes, but not hmited to, a plurality of variance values. In one embodiment, the plurality of
variance values may be determined by a vanance model. In some embodiments, a trailer test
data or pump card data may be used to deternune the statistics of the well-flow data 138,
Specificallv, in one embodiment, the optimizer unit is configured to estimate a plurality of

variance values of the well-flow data 138 based on the field measurement data 146,

[06625] The controlier 120 is communicatively coupled to the data acquisition unit 116 and
the optimizer unit 118 and contigured to control operation of at least one of the plurality of
well-pumps based on the weli-flow data 138 to control fluid production from the plurality of
wells 140, In one embodiment, the controlling fluid flow from one of the plurality of wells
140 15 performed by controlling one or more of ficld operating parameters such as, but not

limited to, injection of fluids and input current/voltage values of corresponding well purap.

13626} The processor module 122 includes at least one of a general-purpose computer, a
GPU, a digital signal processor, and a controller. In other embodiments, the processor module
122 mncludes a customized processor element such as, but not imited to, an application-specific
mtegrated circwt (ASIC) and a ficld-programmable gate array (FPGA). The processor module
122 may be further configured to receive conunands and parameters from an operator via a
console that has a keyboard or a mouse or any other input device for generating the control
signal 114, In some embodiments, the processor module 122 may perform one or mose
functions of at least one of the data acquisition untt 116, the optimizer unit 118, and the
controller 120. The processor module 122 may inciude more than one processor co-operatively
working with cach other for performing mitended functionalities. The processor module 122 15
further configured to store and retrieve contents into and from the memory modole 124, In one
embodiment, the processor module 122 is configured to initiate and control the functionality

of at lcast one of the data acquisition umit 116, the optimizer unit 118, and the controller 120.

{6627} In one embodiment, the memory moduale 124 may be a random-access memory
{(RAM}, read only memory (ROM), flash memory or any other type of computer readable
memory accessible by at least one of the data acquisition unit 116, optimizer unit 118, and the

controller 120, b one embodiment, the memory module 124 may be a non-fransitory computer
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readable medim encoded with a program baving a plurality of mstructions to instruct at feast
one of the data acquisition enit 116, optomizer unit 118, and the controlier 120 to perform a
scquence of steps to gencerate the well-flow data 138 of the plurality of wells 140, The program
may be used to further instruct the control system 108 to control the well-pumps 148 1n the

plurality of wells 140

[6028] In onc embodiment, a non-transitory computer readable medium  having
nstructions that enable at least one processor module 122 to determine well-flow data 138 of
the pluarality of wells 140 15 disclosed. The instructions enable the at least one processor module
122 to recetve the field measurement data 146 of the plurality of well-pumps 148 The
instructions further enable the at least one processor module 122 to receive the commungled-
flow measurement data 112, using the convmngled-flow measurement sensors 132, The
mstroctions enable the at least one processor module 122 to deternune the well-flow data 138
of the plurality of wells 140 based on the commingled-flow measurement data 112, the field
measurement data 146, and the plurality of conservation constraints. The mstructions also
enable the at least one processor modude 122 to control operation of at least one of the plurality
of well-pumps based on the well-flow data 138 to control fluid production from the plurality

of wells 140,

(6029} FIG. 2 is a schematic diagram 200 lhustrating signal flow of the control system 108
in aceordance with an exemplary embodiment of FIG. 1. As discussed previously, the field
measurement data 146 includes the speed data 110 and the run-time data 136. In the tllustrated
embodiment, the fleld measurement data 146 mchedes at least one of a temperature value 226,
a pressure value 228, and a density value 230 of a fluid at one or more of the plurality of flow-
lines 1228 and the pool-tine 104. In one embodiment, the ticld measurement data 146 may also

include fluid flow data 224 of one or more of the plurality of flow-lines 128,

(GOG34} In cone embodiment, the constraint generator 142 of the optimizer unit 118 is
configured to gencrate at least one of a mass conservation constraint 234, an cnergy
conservation constramnt 236, a heat conservation constraint 238 and a momentum conservation
constraint 240, The mass conservation constraint 234 is determined based on mass

conservation equation represented by

My iy tiig =iy {H
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where, my, ni,, 1M, are accumulated rate of change of mass in the plurality of tflow-lines 128
and i, 1s accumulated rate of change of mass in the pool-line 104 during a specified time

period. The cnergy conservation constraint 236 1s represented by

E HEE+ =E,

; (2)
where, E,, E,. F are accumnilated rate of change of energy in a plurality of flow-lines and Ep
is accumulated rate of change of energy in the pool-line 104 during a specified time period.

The momentom conservation constraint 238 is represented by:

Zimz (href + Cp,i(Trf - T‘ref)):mp (href + Cp (Ti - Tref)) (3)

where, 11, is accumulated rate of change of mass in i flowline of the plurality of flow-lines
128, h,..; 1s reference enthalpy, &y ; is specific temperature corresponding to i* flow-line, T} is
temperature of fluid in i flow-line, Trey 18 reference temperature, niy, 1s accumulated rate of
change of mass in the pool-lme 104 and €, is specific temperature corresponding to the pool-
fine 104,

(6031} Conservation principle for a plurality of observed quantitics is represented by:

S 0= @y {4)

where, §1, 02, O, are the measured quantities from # wells for a fixed imterval of time A¢, and
0y is the observed quantity sensed by a master meter across the same interval At at the pool-
line 104. In the illustrated embodiment, the optimizer unit 118 includes a maximum likelthood
gencrator 212 for generating the maximum hikelihood cstimates of well-flow data 138,
Specifically, the maximom hkelihood gencrator 212 s configared to model the observed
quantities §; (where 7 = 1, 2. 3, .., N, p) as zero mean nomtal random variables having known

variance paramcter values. The maximurn likelithood generator 212 is further configured to

generate a joint log-likelihood function of the observed quantities §;represented by:
L(Qu Q2 . Gn, Qpl 01, G200, 00) 0 Ty (@ - QY 02+ (0o )2/ (0p)e (5)

where, g1, G2, ..., ou, gy are variance values corresponding to the plurality of measured
quantitics. The optimizer unit 118 is further configured to maximize the joint log-likelihood

function to generate a maximum likelihood estimate 218 of the well-flow data 138,
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[0032] Further, the optimizer wut 118 includes a posterionn function generator 214
configured to gencrate a posterior probability function based on the log-likelihood function
represented by equation {53 The posteriort probability function is a joint probability of the
log-likelihood function and the posterior probability distribution function of one or more of
the observed quantitics (;. In one embodiment, the posteriori probability function is

represented by

FUQ /L) =1(Qx, G2 .. Qn, Gol o1, 0200, 00) £({Q )
Where, /1) is a aposteriori probability function, g() 1s a prior distribution function corresponding
to one or more of the observed quantities ¢;. The optimizer unit 118 is configured to generate

a maximum aposteriori (MAP) estimate 220 of the well-flow data 133.

{3633} Additionally, the optimizer unit 118 mceludes a power spectrum gencrator 210
configured to determing a power spectral density based on the commingled-flow measurement
data 112 The power spectral density includes a frequency signature having a plurality of peak
values corresponding to a plurahity of fundamental frequevcies. The frequency signature is
representative of speed of the plurality of well-pumps 148, The optinnizer unit 118 is further
configured to determine the plurality of peak values of the power spectral density. The
optimizer unit 118 is also configured to wdentify a set of wells from the plurality of wells 140,
corresponding to the plurality of peak values, based on subset stroke data from the strokes per
minuie data, corresponding to the identified set of wells. In one embodiment, a plarality of
filters configured to extract the phuelity of fundamental frequencies is used to process the
power spectral density data. The power spectral density data is processed by the plurality of
filters sequentially by applving one filter among the pharality of filters at a tinte and generating
a corresponding output signal and a residual signal. The residual signal is processed further by
remaining filicrs among the plarality of filters to detect weaker fundamental frequencics. The
output signal from each of the plurality of filters is bias adjusted to compensate for a
corresponding DC component. The output signals from the phurality of filters are correlated
with the speed data corresponding to the well pumps 148 to identify the set of wells,  Further,
the optinuzer unit 118 15 configured to determine a plurality of mean flow rate values 222 of
the 1dentified set of wells based on subset duty cycle data from the run-time data 136, In one
embodiment, the duty cycle data 1s used i conpunction with the duration {(and timings) of

operation of the plurality of well pumps 148 1o refine the plurality of mean flow rate values

10
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222. In some embodiments, the duty cvcle data 1s also used to identify a subset of the plurality

of frequencics to enhance the accuracy of the plurality of mean flow rate values 222.

06634} in one embodiment, data decomposition techiugques such as, but not limited to,
cosine transformation, Karthunen-Loeve transform, and wavelet transform mayv be used to
process the commungled-flow measuwrement data 112, The phuality of peak values may be
wdentified in the transformed domain based on the decomposed conumingled-flow measurement
data 112. The optimizer wnit 118 1s configured to identify the set of wells based on the subset
stroke data from the strokes por minute data. In other embodiments, a genceral signature of the
weli-flow data 138 corresponding to individual wells 140 may be dertved from the decomposed
conmuingled-flow measurement data 112, The set of wells 15 identified based on the general
signature, speed data 110, and the run-time data 136, In one embodiment, a model for tracking
correlation between the fundamental and harmonic frequency amplitudes mayv be emploved to

tdentify the set of wells.

{(3635] The optimizer unt 118 is configured to determine a cost function based on at least
one of a plurality of conservation equations representative of the plurality of conservation
constramts 234, 236, 238, 240 determined based on the ficld measurement data 146 and the
commingled-flow measurement data 112, In another embodiment, the cost function may
melude a distribution fimetion charactenzed by one or more of a plurality of variance values
of the well-flow data 138 based on the ficld measurement data 146, In onc embodiment, the
plurality of variance values nmay be determined based on a corrclation matrix based on at least
one parameter of the field measorement data 146, In an alternate embodiment, a vanance
model corresponding to a variance value among the plurality of variance values is determined.
The variance model is representative of a polynomial equation. The optimizer unit 118 is
further configured to determine an estimate of a mean and a standard deviation corresponding
to the variance value based on trailer test data and the variance model. In ancther embodiment,
the plurality of variance values is determined based on pump card data representative of
relationship between stroke values and load values of the pup-off controller 102,

G635} FIG. 3 13 a graph 300 illnstrating commingled-flow measurement in accordance
with an exemplary embodiment. The graph 300 includes an x-axis 302 representative of
normalized frequency in radians per sample units and v-axis 304 representative of normalized

power content of flow measurements in decibel per radians per sample onit. The graph 300

ti
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further includes a curve 306 representative of pool-line flow data corresponding to a pool-line
which receives combined fluid flow from production pipelines of five wells. The curve 306
includes a plurality of peak values 308, 310, 312, representative of a plurality of harmonic
frequency valucs corresponding to the plurality of wells. In one embodiment, the peak value
308 may correspond to a first well baving a well-pump operating at 9.84 strokes per mumute
{5PM} and producing a fhad flow rate of 323 barrels per day (BPD}. In another embodiment,
the peak value 310 may correspond to a second well-pump having a pump operating at 10.2
SPM and producing a fluid flow rate of 986 BPD. In vet another embodiment, the peak value
312 may correspond to a third well having a well-pump operating at 11.7 5PM and producing
a fiwid flow rate of 636 BPD. In one embodiment, a plurality of well-pumps may operate at
SPM values ranging from 6 to 14 and produce tluid-flow rates in a range from 150 BPD to

1600 BPD.

[6B37] FIG. 4 13 a graph 460 illustrating a linear relationship between a fundamental
frequency in a frequency spectrum and strokes per minute frequency. The graph 400 meludes
an x-axis 402 representative of a frequency in Hertz from a pump-off controller dernived based
on stroke per minute data corresponding to a phuality of well-pumps. The graph 400 also
includes a v-axis 404 representative of a fundamental frequency in Hertz corresponding fo a
plurality of peak values observed in the power spectrum of the commingled-flow measurement
data. The graph 400 inclades a plarality of points 406 that relate fundamental frequencies
corresponding o the peak values of the power spectrum to frequency values corresponding to
the stroke frequency values of the plurality of well-pumps. It may be noted that the plurality
of points 406 exhibit a linear trend represented by a line 408, The plurality of points 406 are
distinctly identifiable although some of the points appear in a cluster, enabling identification
of a well among the plurality of wells comresponding to a fumdamental frequency. In one
embodiment, a first well having a fluid flow rate of 403 barrels per day (BPD) may have a well-
pump operating at 18.6 strokes per munute (SPM}. A second well having a fluid flow rate of
479 BPD may be operated by a well-pump at 10.2 SPM. In some embodiments, the SPM
values of the well-pumps mav vary in a range from 6 to 14 and fluid flow rates 1 a range of
150 BPD to 1600 BPD. Further, a plurality of well signature signals representative of well-
Hlow measwrements, corresponding to the plurality of wells may be derived from the power
spectrum.  The fluid flow rate of cach of the plurality of wells may be derived based on

corresponding well signature signal and duty cvcle data of the corresponding well~pump.
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[B038] FIG. 5 iliustrates a fivst graph 500 representing a velocity profile measurement and
a second graph 5350 representing a temperature profile measurement of a well m an ol field in
accordance with an excmplary embodiment. The first graph 500 includes an x-axis 502
representative of time index and v-axis 504, representative of flow velocity values of
production flnd from the well. The first graph 300 includes a curve 506 representative of flud
velocity profile of the well. The sccond graph 350 includes an x-axis 552 representative of
time index and y-axis 354 representative of temperature values of production fluid from the
well. The second graph 550 mcludes a curve 536, representative of temperature profile of the
production fluid from the well. It may be observed that the curves 506, 556 extubits periodic

variations representative of duty cycle data of the well.

[6639] FIGS. 6A-6D are graphs 600, 602, 604, 606, representative of flwd flow data
corresponding to a first well, a second well, a third well, and a pool-line respectively in
accordance with an exemplary embodiment. The graph 600 includes an x-axis 608,
representative of time in and a y-axis 610 representative of flow amplitude. The graph 600
wncludes a curve 612 representative of fluid flow m the first well. The graph 602 meludes an
x-axis 614 representative of time and a v-axis 616 representative of flow amplitude. The graph
602 includes a curve 618, representative of fluid flow in the second well. The graph 604
includes an x-axis 620 representative of time in and a y-axis 622 representative of flow
amplitude. The graph 604 mnclades a curve 624, representative of fluid flow n the third well.
The graph 606 includes an x-axis 626 representative of time and a v-axis 628 representative of
flow araplitude. The graph 606 includes a curve 630 representative of commingled flow
measurement data in the pool-line recetving fluid from a plurality of wells including the furst
well, the second well, and the third well. The curve 630 is representative of commingied flow
signature signal with a normalized amplitude and includes the curves 612, 618 and 624
representative of well-flow signature signals obtained by processing the commingled flow
signature signal by the plarality of filters. It may be observed that the well-pumps are operating

at different duty cycles producing varving fluid-flows from individual wells.

[6040] An example of determining well-flow data of the plurality of wells 15 provided in
Table-i. The Table~1 tabulates data corresponding to six wells. The commingled flow
signature signal is acquired at the pool-line. An average comingled flow value of 5712.7 BPD

{barrels per day) 1s determined by averaging the commangled flow signature signal. A plurality

ot
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of frequency values corresponding to a plurality of wells are determined from a spectrum of

the commingled flow signature signal as

TABLE-1
Input is measured commingled flow signature signal
Average commingled flow value 5712.7 BPD
Error %
Fregquency Frequency
Duty between
from obtained Estimated | Measured
Cycle estimated
commingled from SPM Well Name well-flow | well-flow
values of and
flow values of {BPD} {BPD}
pUMBS measured
spectrum PLMpPS
well-flows
0.14844 0.14838 2-9R 0.599 9585.8 736.5 -29.8
0.11963 0.11834 3-6 1 1523.3 1448.5 -5.4
0.15234 .15214 3-8 1 1083.6 1191.8 8.6
0.14063 (.14055 C-4R 1 £15.9 625.1 15
0.14551 0.1456 C-7R 0.91 £65.6 502.4 -32.5
0.16504 0.16517 -85 1 1223.7 12114 -1

provided in the first column of the Table -1. A pluraliy of well-flow signature signals
corresponding to the plurality of wells is determined as discussed carlier. Further, a plurality
of operating frequency values of the well pumps 1s determined based on the strokes per minute
data of the well pumps operating in the plurality of wells. A one-to-one correspondence is
cstablished between the plurality of frequency values obtained from the spectrum of the
commingled flow signature signal and the plorality of the operating frequency values. The
plurality of wells 15 identified corresponding to the phurality of well-flow signature signals as
provided i the third column of the Table-1. A plurality of average well flows s determined

based on the plurality of well-flow signature signals as provided in fifth column of the Table-
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1. The duty cvcle values corresponding to the well pumps are provided in fourth column of
the Table-1 are used to deternnne the plurality of average well flow values. In the sixth column
of the Table-1, a phurality of measured average well flow values is provided for comparison
purpose. Estimation errors cxpressed in percentage values are provided m seventh column of
the Table-1. It may be observed that four out of five well-tlows are estimated with less than

fen percent gstimation error.

6841} FIG. 7 13 a flow chart illustrating a method 700 for determining well-flow data
representative of thud flows corresponding to a plurality of wells in an ol field.in accordance
with an cxemplary embodiment.  The method 700 includes receiving commingled-flow
measurement data and stroke per minute {(SPM) data at stop 702, The method 700 further
mcludes deternuning a power spectral density of the pool-line data at step 704, The method
700 further includes determunimg a pherality of peak values corresponding to a plurality of
fundamental frequencies of the power spectral density at step 706.  Further, the method 700
mncludes designing a plurality of filters based on the plurality of fundamental and their
corresponding harmonic frequencies at step 708, The method 700 further includes generating
a plurality of well signature signals by filtering the commingled-flow measurement data by the
plurality of filters. The plurality of well signatures is representative of fluid flow measurements
from the plurality of wells. At step 712, a set of wells is identified from the plurality of wells
corresponding to the determined phurality of peak valoes. The identification of the set of wells
is based on matching the plurality of fundamental frequency values with a corresponding
frequency value derived from the SPM data. At step 714, a plurality of mean flow rate values
is deternuned based on subset duty cvcle data from the run-time data corresponding to the set

of wells.

(6042} FIG. 8 is a flow chart illustrating a method 300 for fluid production n an o1l field
i accordance with an exemplary embodiment.  The method 800 inchides receiving field
measurement data of a plurality of well-puraps disposed respectively in a plurality of wells at
step 802, The ficld measurement data are representative of strokes per minute data and duty
cvele data of the plurality of well-pumps. In one embodiment, the field measurement data
inclade at ieast one of multiphase meter data, custody transfer data, virtual flow meter data,

prossure data, temperature data, pump-off controller data, and trailer test data.
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[6043] The method further includes recerving commingled-flow measurement data using a
plurality of commingled-flow mcasurcment sensors at step 804 The commingled-flow
measurement data are representative of a combined fluid flow data of the plurality of wells.
The method 800 also includes determining well-flow data of the plurality of wells based on the
commingled-flow measuremwent data, the field measurement data, and a plurality of
conservation constraints generated by a constraint generator at step 806, In one embodiment,
the plurality of conservation constraints includes at least one of a mass conservation constraint,
an cnergy conservation constraint, a heat conservation constraint and a momentum

conservation constraint.

6044} in one embodiment, the step 806 includes determining a power spectral density
based on the commingled-flow measwrement data. Further, a plurality of peak values
corresponding to a plurality of fundamental frequencies of the power spectral density is
determined. The step 806 alse includes identitving a set of wells from the plurality of wells,
corresponding to the plurality of peak valucs, based on subset stroke data corresponding to the
set of wells. The step 806 further mcludes determining a plurality of mean flow rate values

based on subset duty eycle data from the duty cycle data, of the identified set of wells.

6045} In another embodiment, the step 806 mncludes determining a probability distribution
function corresponding to the well-How data, based on the field measurement data and the
commingled-flow measurement data.  Further, a cost function based on the probability
distribution function is determined. An optimization is performed using the cost function to
determine the well-flow data. In a further embodiment, the step 806 includes estimating a
plurality of variance valucs based on the field measurement data. In one embodiment, the
probability distribution function is determined by determining at least one of an apriort
distribution function and an aposteriori distribution function corresponding to the well-flow
data. The cost fanction is determined by determining a plurality of conservation equations
based on the field measurement data and the commingled-flow measurement data. In one

embodiment, the cost function may also include one of the probability distribution functions.

03846} It may be noted that in some embodiments, one or more of the probability
distribution functions may be modelled as a normal distribution characterized by a plurality of
variance values.  In one embodiment, the plurality of varance values is estimated by

determining a correlation matrix based on at least one parameter of the field measorement data.
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In another embodiment, the plurality of vanance values 1s estunated by determuung a vanance
model corresponding to a vanance value among the plurality of variance values. The vanance
rode] is represented as a polynomial equation. Further, an cstimate of a mean and a standard
deviation corresponding to the variance value are determined based on trailer test data and the
variance model. In another embodiment, the plurality of variance values is determined by using
pump card data representative of relationship between stroke values and load values of a pamp-

off controller.

{68647} Further, the method 700 also includes controlling operation of at least one of the
plurality of well-pumps bascd on the well-flow data to control fluid production from the

plurality of wells at step 808.

(6048} Embodiments of the disclosed technique disclose requirement of reduced number
of multiphasc meters for determining a real-time fluid flow data from the plurality of wells.
One multiphase meter may be used in the pool-line and a few additional multiphase meters
mav be deploved at convenient locations 1 the ol ficld to measure field measurement data.
The fluid flow data deternuned using the disclosed technigue may be used for diagnostics,
identfy failures m the field, cnable handling nussing data, and provides mforred fluid
production with higher confidence. The disclosed techmigque may be employed for
characterization of oil wells without the need for special measurements on a per-well basis and

therchy enable efficient operation of the otf-field.

[3049] 1t 1s to be understood that not necessarily all such objects or advantages descnibed
above may be achieved in accordance with any particular embodiment. Thus, for example,
those skilled m the art will recognize that the svstems and techniques described horein may be
embodied or carried out in a manner that achieves or improves one advantage or group of
advantages as taught herein without necessarily achieving other objects or advantages as may

be taught or suggested heremn,

B850} While the technology has been described in detail in connection with only a limite

number of embodiments, it should be readily understood that the specification is not limited (o
such disclosed embodiments. Rather, the technology can be modified to incorporate any
number of variations, alterations, substitutions or equivalent arrangements not heretofore
described, but which are commmensurate with the spirit and scope of the claims. Additionally,

while varicus embodiments of the technology have been described, it is to be understood that
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aspects of the specification may mclude only some of the described embodiments.
Accordingly, the specification 1s not to be seen as hmuted by the foregoing description, but is

only himited by the scope of the appended claims.
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CLAIMS:
I A method comprising:

receiving fleld measurement data of a plurality of well-pumps disposed respectively in
a plurality of wells from a plurality of pomp-off controller (POC) sensors, wherein the ficld
measurement data are representative of speed data and ron-time data of the plurality of well-

pumps;

receiving commingled-flow measurement data using a plorality of commingled-flow
measurement sensors, wherein the commingled-flow measurement data are representative of a

combined flmd flow data of the plurality of wells;

determining, by an optimizer unit, well-flow data of the plurality of wells based on the
commungled-flow measurement data, the ficld measurement data, and a plurality of
conscrvation constraints generated by a constraint generator, wherein the well-flow data are
representattve of fhad flow data from each of the plurahity of wells; and

controlling operation of at least one of the plurality of well-pumps based on the well-
flow data to control fluid production from the ploarality of wells.

2. The method of claim 1, whercin the plurality of conservation constrainis

comprises at least one of 2 mass conservation constraint, an energy conservation constraing, a

heat conservation constraint and a momentum conservation constraint.

3. The method of claim |, wherein the field measurement data comprises at least
one of a temperature vahie, a pressure value, and a torgue value corresponding to the plurality
of well-pumps.

4. The method of claim 1, wherein determining the well-flow data comprises:

determining a power spectral density based on the commingled-flow measurement data;

determinmng a plurality of peak values corresponding to a plurality of fundamental
frequency values of the power spectral density;

identifying a set of wells from the plurality of wells, comresponding to the plurality of
pealk vahues, based on subset stroke data from the speed data, corresponding to the plurality of

wells; and
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determining a plurality of mean flow rate values based on subset duty cycle data from

the run-time data, of the identified sat of wells.
5. The method of claim 1, wherein determuning the well-flow data comprises:

determining a probability distribution function corresponding to the well-flow data,
based on the field measurement data and the commingled-flow measurement data;

determining a cost function based on the probability distribution function; and

performing an optimization using the cost function to determine the well-flow data.

6. The method of claim 3, wherein determining the probability distribution
function comprises determining at lcast one of an apriori distribution function and an
aposteriori distribution function of the well-flow data.

7. The method of clatim 5, wherein the cost function comprises a plurality of

conservation cquations determined based on the field measurement data and the commingled-

flow measurement data.

g. The method of clainy |, whercin deternuning the well-flow data comprises
estimating a pharality of variance values based on the field measurement data.

9. The method of claim 8, wherein estimating the plurality of vanance values
comprises determining a correlation matrix based on at least one parameter of the field
measurement data.

10. The method of claim 8, wherein estimating the plurality of variance values
corprises:

deternning a variance model corresponding to a variance value among the plurality of
variance valucs, wherein the variance model 1s a polynonual equation; and

determining an estimate of a mean and a standard deviation corresponding to the
variance value among the plurality of varniance values determingd based on the variance model.

3R A gsystem comprising;

a plurality of scnsors disposed 1 an o1l field, wherein the plurality of sensors compriscs
a plurality of pump-off controller (POC) sensors disposed on a plurality of well-pumps and a

plurality of commingled-flow measarement sensors disposed on a pool-line;

20
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a data acquisition unit configured to:

receive field measurement data of a plorality of well-pumps disposed
respectively 1o a plurality of wells from the plurality of POC sensors, wherein the ficld
measurement data are representative of speed data and run-time data of the plurality of

well-pumps; and

receive commingled-flow measurement data using the plurality of commingled-
flow measurcment sensors, wherein the commngled-flow measwrement data arc

representative of a combined fhud How data of the plarality of wells;
an optimnizer unit commumicatively coupled to the data acquisition unit and configured
1o
generate a plurality of conservation constraints using a constraint generator,

based on the commingied-flow measurement data and the field measurement data; and

determine well-flow data corresponding to the plurality of wells based on the
commingled-flow measurement data, the ficld measurement data, and the plurahity of
conservation constraints, wherein the well-flow data are representative of floid flow
data from each of the phurality of wells; and

a controller communicatively coupled to the data acquisition unit and the optimizer unit
and configured to control operation of at least one of the plurality of well-pumps based on the
well-flow data to control fluid production from the plurality of wells.

12. The system of claim 11, wherein the optinuzer unit is configured (o generate at
least one of a mass conservation consiraint, an onergy cons¢rvation constraint, a heat
conservation constraint and a momentum conscrvation constraint.

13. The system of claim 11, wherein the data acquisition unit ts configured to
acquire at least one of a flow value. a temperature value, a pressure value, a torque value
corresponding to the plurality of well-purmps.

14, The system of claim 11, wherein the optimizer unit is configured to:

determine a power spectral density based on the commingled-flow measurement data;

determine a plurality of peak values corresponding to a plurality of fundamental

frequencies of the power spectral density;
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identify a set of wells from the plurality of wells, corresponding to the plurality of peak
values, based on subset stroke data from the speed data, corresponding to the plurality of wells;
and

determine a plurality of mean flow mate values based on subset duty cvele data from the

run-time data, of the identified sot of wells.
15, The system of claim 11, wherein the optimuzer wnit 1s configured to:

determine a probability dictribution function corresponding to the well-flow data, based
on the ficld measurement data and the commingled-flow measurement data;

determine a cost function based on the probability distribution function; and

perform an optinuzation using the cost function to determine the well-flow data.

16.  'the system of claim 13, wherein the optimizer unit is configured to determine
the probability distribution function compriscs determining at least onc of an apriort
distribution function and an aposterion distribution function of the well-flow data.

17.  Tthe system of ¢laim 16, wherein the optimizer unit is configured to determine
a cost function based on a plurality of conservation cquations determined based on the field
measurement data and the commingled-flow measurement data.

18, the system of claim 11, wherein the optimizer unit is configured to estimate a
plurality of vartance values corresponding to the well-flow data based on the field measurement
data.

19, The system of claim 18, wherein the optimizer unit is configured to determing
a correlation matrix corresponding to the oil field based on at least one parameter of the field
measurement data.

20. The system of claim 18, wherein the optirnizer unit 1s configured to:

determine variance model corresponding to a vanange value among the plurality of
varianee values, wherein the variance model s a polynomial equation;

deternmine an estimate of a mean and a standard deviation corresponding to the vanance

value among the plurality of vartance values determined based on the variance model.
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21, A non-transitory computer rcadable medium having mstructions o enable at

least onc processor module to:

receive ficld measurement data of a plurality of well-pumps disposed respectively in a
plurality of wells from a plurality of puwnp-off controller (POC) sensors, wherein the ficld
measwrement data are representative of strokes per minute data and duty oyele data of the

plurality of weH-purnps;

receive commingled-flow measarement data osing a plurality of commingled-flow
measurement sensors, wherein the commuingled-tflow measurement data are representative of a

combined fluid flow data of the plurality of wells;

determine well-flow data of the plarality of wells based on the commingled-flow
measurement data, the ficld measurement data, and a plurality of conservation constraints
generated by a constraint generator, whercin the well-flow data are representative of fluid flow

data from cach of the plurality of wells; and

control operation of at least one of the plurality of well-pumps based on the well-flow

data to control fluid production from the plurality of wells.
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180

Receive commingled-flow measurement | 440
dala, speed data and run-time dala

| Determine a power spectral density  |—7%

Determine a plurality of peak values
corresponding to the plurality of fundamental
frequency values of the power spectral density

.- T08

Design a plurality of filters basedonthe | 708
plurality of fundamental frequency values

Generate a plurality of well signatures by
filtering the commingled-flow measurement
dala by the plurality of fillers

710

identify a set of wells from the plurality of
wells, corresponding to the plurality of peak 712
values, based on subset stroke data from the
speed data, corresponding to the set of wells

y
Determine a plurality of mean flow rate
values based on subset duty cycle data from
the run-time data, of the set of wells

FIG. 7

714
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800

Receive fleld measurement data of a plurality of | g4
well-pumps disposed respectively in a plurality of wells

5

Receive commingled-flow measurement data using

poolline measurement sensors, wherein the 804

commingled-flow measurement data are representative
of a combined fluid flow data of the plurality of wells

5

Determine weli-flow data of the plurality of wells based

on the commingled-flow measurement data, the fleld | g5

measurament data, and a plurality of conservation
constraints generated by a constraint generalor

g
Control operation of at least one of the plurality of

well-pumps based on the well-flow data to manage 808
production from the plurality of wells

FIG. 8
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