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METHOD AND SYSTEM FOR AUTONOMOUS FLOW RATE
CONTROL IN HYDRAULIC STIMULATION OPERATIONS

BACKGROUND
{0061} Natural fractures present in subsurface formations are discontinuities

representing a surface or zone of mechanical failure in the formation. In
particular, fractures way be formed over geological time as a result of
movernents and deformations within the subsurface rock, and continue to form
as a result of microseismic events. By using various types of fluids, natural
fractures may be opened and modified to increase their permeability with

respect to hydrocarbon deposits in the subsurface formation.

SUMMARY

{3062} This summary 1s provided to introduce a selection of concepts that are
further described below 1o the detaded description. This summary 1s not
intended to identify key or essential features of the claimed subject matter, nor
is it intended to be used as an aid in limiting the scope of the claimed subject

matter.

{8003 In general, 10 one aspect, embodiments relate to a method that jocludes
determining, by the computer processor, time-derivative pressure data based on
pressure data regarding a pump system that is performing a hydraulic
stimdlation operation o a geological region.  The method further includes
determining, by the computer processor, a moving average value based on the
tume-derivative pressure data and a predetermined time window. The method
further includes determining, by the cornputer processor, a flow rate adjustiment
for the pump system based on the moving average value, an update interval for
adjusting flow rates, and a predetermined flow rate rule. A size of the
predetermined time window 1s different from the update interval. The method
further includes transmitting, by the computer processor and based on the flow
rate adjustrnent, a command to the pump systern that changes a flow rate within

the hydraulic stimudation operation.



WO 2022/169873 PCT/US2022/014940

{0004} In general, in one aspect, embodiments relate to a method that includes
determining, by a computer processor, smoothed pressure data based on
pressure data regarding a pump system that s performing a hydraulic
stimulation operation in a geological region. The method further includes
determining, by the computer processor, time-derivative pressure data based on
the smoothed pressure data. The method further includes determuning, by the
computer processor, a flow rate adjustment for the pump systern based on the
smoothed pressure data, an update interval for adjusting flow rates, and a
predetermuned flow rate rule. The method further includes transmitting, by the
computer processor and based on the flow rate adjustment, a command (o the
purap systeny that changes a flow rate within the hydraslic stimulation

operaton.

(0005 To general, in one aspect, embodiments relate to a method that includes
obtaining, by a computer processor, {irst observation data regarding a hydraulic
stimulation environment. The first observation data include pressure data and
flow rate data regarding a hydraulic stimulation operation. The method further
includes determining, by the computer processor and based on an agent policy
and the first observation data, an action for a pump agent. The purnp agent
corresponds to a pump systern coupled to a wellbore, a fluid control system,
and a proppant system. The action corresponds to a flow rate adjustment for the
pump system. The method further includes obtaiming, by the computer
processor, sccond observation data regarding the hydrashic stimulation
environment in response to the pump agent performing the action. The method
farther includes determining, by the computer processor, a reward value for the
pump agent based on the second observation data and a reward function. The
method further includes updating, by the computer processor, the agent policy
hased on the reward vahie to produce an updated policy. The updated policy

determines an action for the pump agent.
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{0066} In general, in one aspect, embodiments relate to a system that includes a
pump system that includes a displacement pump. The system further includes
vartous sensors coupled o the purnp systern. The sensors determine pressure
data regarding a hydraulic stimulation operation. The system further includes
a hydraulic stimulation manager including a computer processor. The hydraulic
stimdlation manager 1s coupled to the pump system. The hydraulic stimulation
manager determines tme-derivative pressure data based on pressure data
regarding a punp system that is performing a hydraulic stimulation operation
ina geological region. The hydraulic stimulation manager determines a moving
average value based on the time-derivative pressure data and a predetermined
time window. The bydraulic stimulation manager determines a flow rate
adjustment for the pump system based on the moving average value, an update
interval for adjusting flow rates, and a predetermined flow rate rule. A size of
the predetermined time window is different from the update interval. The
hydraulic stimulation manager fransmitting, based on the flow rate adjustment,
a command to the pump system that changes a flow rate within the hydraulic

stimulation operation.

{6007 In geveral, in one aspect, embodiments relate to a systern that includes a
purnp systern that includes a displacement pump. The system further includes
vartous sensors coupled o the pump system. The sensors determine pressure
data regarding a hydraslic stimuation operation. The system farther includes
a hydraulic stimulation manager including a computer processor. The hydraulic
stimulation manager is coupled to the pump system. The hydraulic stimulation
manager determines, by the computer processor, smoothed pressure data based
on the pressure data regarding the pump system. The hydraulic stimulation
manager further determines time-derivative pressure data based on the
smoothed pressure data. The hydraudic stumulation manager determnes a flow
rate adjustment for the pump system based on the smoothed pressure data, an
update interval for adjusting flow rates, and a predetermined flow rate rule. The

hydraslic stiroulation wanager further transioits, based on the flow rate
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adjustment, a command to the pump system that changes a flow rate within the

hydraulic stimulation operation.

{3008} In general, in one aspect, embodiments relate to a system that includes
vatious pump agents that are coupled to various displacement pumps. The
system further includes various sensors coupled to the pump agents. The pump
agents correspond to a pump system, a fhad control system, and/or a proppant
systemm. The sensors determine pressure data regarding a hydraulic stirmudation
operation. The system further includes a hydraulic stimulation manager
including a computer processor. The hydraunlic stimulation manager is coupled
to the pump agenis. The hydraulic stimulation manager obtains first
observation data regarding a hydranlic stimulation environment. The first
observation data include pressure data and flow rate data regarding the
hydrauhic stimulation operation. The hydraulic stimudation manager furthe
determines, based on one or more agent policies of the pump agents and the
first observation data, an action for at least one of the pump agents. In some
cmbodiments, the action corresponds to 4 flow rate adjustment for the pump
system. The hydraulic stimulation manager further obtains second observation
data regarding the hydrauhc stimilation enviromroent in respoose (o a
performance of the action or actions. The hydraulic stimulation manager
determines a reward value for a respective pump agent based on the second
observation data and a reward function. The hydraulic stmulation manager
updates one or more agent policies of the pump agenis based on the reward
value to produce one or more updated policies. The updated policies determine

one or more actions for one or more of the pump agents.

{009 In some embodiments, pressure data is obtained from various downhole
scnsors that include a first downhole sensor coupled to a casing with a wellbore
and a second downhole sensor coupled to a frac plug/ball within the wellbore,
and the downhole sensors stream the pressure data 1o real-time over a well

network to a hydraulic stimulation manager disposed at a surface of a well site.
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TE U] In some cmbodiments, one or more predetermined flow rate rules are
determined by a reinforcement learning system including an action selector
engine and a training system. The one or more predetermined flow rate rules
may correspond o one or more agent policies that are determined by a
reinforcement learning algorithm, and the one or more predetermined flow rate
reles may defioe a size of the dynamic tiroe window, a size of the flow rate
adjustment increment, and various conditions for increasing, decreasing, and

mainfaining a flow rate of the pump system.

8014 In some embodiments, wherein the one or more predetermined flow rate
riedes 1nclude a first rule, a second rule, and a third rule. The first rule may
correspond 0 no flow rate adjustment when the moving average value is
positive. The second rule may correspond (0 a positive {low rate increment
when the moving average value is negative or equal to zero. The third rule may
correspond to a negative flow rate increment when a pressure value at a current
time step 15 equal to or greater than the predetermined maximum pressure

value.

{0012} In some cmbodiments, flow rate data are obtained regarding the pump
system from a flow rate sensor. One or more flow rate rules may be based on

the tlow rate data from a previous time step.

{6013 In some embodiments, various recommended flow rate adjustments for
the pump system are determined based on the moving average value and one
or more predetermined flow rate rules; presenting, within a graphical user
interface in a user device, the recommmended flow rate adjustments. In response
to a selection of a recommended flow rate adjustment among the recommended

tlow rate adjustments, a command mway be transmitied to the pump system (o

implement the recoramended flow rate adjustment.
(00141 Tn some embodiments, a pressure curve 1s deterrmned from pressure data.
A smoothing operation may be performed on the pressure curve using a

Discrete Fourier Transformy with a low pass filter, or alternatively using a
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median filter or any other smoothing methods, to produce a smoothed pressure
curve. Time-derivative pressure data may be determined using the smoothed

PrOSSUYC Curve.

[(015] 1o some embodiments, a pump system sends a hydrashe fracturing flaid
into a wellbore at a predetermined flow rate during the hydraulic stimulation
operation. The hydraulic fracturing fluid may include at least one propping

agent and produce a fractore network laterally from the wellbore.

[0016] In some embodiments, a training system obtains training data regarding a
pump agent. The training system may determine, based on a loss function, a
mismatch between the training data and observation data regarding one or more
hydraulic stamulation operations. Various policy paramcters of an updated

policy may be adjusted based on the mismatch.

{6017} in some embodiments, a replay buffer obtains various pump agent
frajectories regarding various purnp agents. A reward function may be updated
based on the pump agent frajectories, where the reward function is associated
with at least one pump agent. Various agent policies associated with the pump

agents may be updated asing the updated reward function.

[(018] In some embodiments, the agent policy is updated using training data that
corresponds to fraining pressure data and training flow rate data. In some
embodiments, observation data include acoustic sensor data that is obtained
from a distributed acoustic sensing (DAS) system that s disposed n the

wellbore,

{0019 In some embodiments, a system determines various recommended flow
rate adjustments for a pump system based on time-derivative data based on
smoothed pressure data or moving average values and the one or more
predetermined flow rate rules. The system may present, within a graphical user
interface 10 a user device, the recommended flow rate adjustments. The system

may transmit, in response to a selection of one of the recommended flow rate
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adjustment, a command to the pump system to nmplement the selection of the

recommended flow rate adjustment.
{3026} Other aspects and advantages of the claimed subject matter will be
apparent from the following description and the appended clamms.
BRIEF DESCRIPTION OF DRAWINGS

{6021} Specific embodiments of the disciosed technology will now be described

in detail with reference to the accormpanying figures. Like elements o the

various {igures are denoted by hike reference nurerals for consistency.

{60221 FiGs. 1, 2, and 3 show systems in accordance with one or more
cmbodiments.

(0023 FIG. 4 shows a flowchart in accordance with one or more embodiments.

{8024 FIGs. 5, 8A, 6B, 6C, 61, 6k, 6F, 6G, 6H, 61, 61, 6K, 6L, 6M, 6N, 60, 6P,
6Q, 6R, 68, and 6T show examples in accordance with one or more
embodiments.

{D025] FIG. 7 shows a flowchart in accordance with one or more embodiments.

{0026] FIGs. BA, 8B, 8C, 8D, and 8E show examples in accordance with one or

more embodiments.

{60271 FIG. 9 shows a systern in accordance with one or more embodiments.

{6028] FIG. 10 shows a flowchart in accordance with one or more embodiments.

[(029] FIG. 11 shows a compater system in accordance with one or more
embodiments.

DETAILED DESCRIPTION
{8036 In the following detailed description of embodiments of the disclosure,
numerous specific details are set forth in order to provide a more thorough
understanding of the disclosure. However, 1t will be apparent to one of ordinary

skill 1n the art that the disclosure may be practiced without these specific

-3
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(66311

(66321

[6033]

details. In other instances, well-known features have not been described in

detail to avoid unnecessarily complicating the description.

Throughout the application, ordinal numbers {e.g., first, second, third,
etc.) may be wsed as an adjective for an element (i.e., any noun m the
application). The use of ordinal numbers is not to imply or create any particular
ordering of the elements nor to himit any element to being ouly a single element
unless expressly disclosed, such as using the terms "before”, "after”, "single”,
and other such terminology. Rather, the use of ordinal numbers 15 {o distinguish
between the elements. By way of an example, a {irst element s distinct from a
second element, and the first clement may encompass more than one element

and succeed {(or precede} the second element in an ordering of elements.

In general, embodiments of the disclosure include systems and methods
for autonomous flow rate control to manage stage-to-stage execution of a
hydraulic stimulation operation. In some embodiments, for example, one or
more flow rate adjustments may be determined for a pump system based on
predetermined flow rate rules and moving average values based on time-
dertvative pressure data. More specifically, a flow rate rule may determine
situations during a hydraulic stimulation operation where a flow rate is increased,
decreased, or paintained using various stimulation parameter inputs, such as rate
increment values, update intervals, target flow rates, moving average values, ctc.
As such, a moving average value may be determined by a time window that may
be specified by a user or automatically deterroined by a hydraulic stirmilation
manager, e¢.g., based on a machine-learning algorithm. The size of the time
window may control how responsive flow rate adjustments are to changes in

time-derivative pressure data and fransient noise within pressure data.

Furthermore, flow rate rules may be deterrined by various reinforcement
fearning technigues. For example, a pump agent may operate on an agent policy
that corresponds to one or more flow rate rules. By interacting with a hydraulic

stirnulation environment, different actions by the pump agent may be rewarded
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(00341

(8035}

using a reward function. Accordingly, an agent policy or flow rate rule may be
optimiized based on observations of the pump agent’'s interaction with the
hydraulic stimulation environment. In some embodiments, an agent’s policy or
reward function may be optimized through a maching-learning training process.
For example, a hydraulic stimulation manager may include a reinforcement
fearning system for iraplementing a reinforcement learning algorithro as well as

a training process for components {¢.g., pump systerns) within a well network.

Accordingly, some embodiments may use flow rate rules o increase
distmbution uniformity of fhuad and proppant among different perforation
clusters within a particular hydraulic fracturing stage. As such, autonomous
pump rate controls may provide one or more of the following: (1} a more even
distribution of proppant and fhuad among various perforation clusters; (i)
consistent  performances between stimulation  stages within a hydraulic
samulation operation and between hydraulic stimulation operations, €.g., at
propagating hydraulic fractures; and (1v) a reduction or ehimination of screenouts
and inter-well communication from hydraulic stimulation operations. In contrast
to roanual rate control by human operators, autonorous rate control mnay prevent
farge inconsisiencies in stage-to-stage execution that cause sigpificant non-
uniform distributions of fluid and proppant among different perforation clusters

and ultimately poor hydraulic fracturing performance.

Tarning to FIG. 1, FIG. 1 shows a schematic diagrarn in accordance with
one or more embodiments.  As shown in FIG. 1, a2 well network {e.g., well
network 2 (100)) may include a well completion assembly {e.g., well completion
assembly (190)), one or more proppant systeras {e.g., proppant system (192)),
one or more fluid mixing systems {(e.g., fluid mixing system (194)), and one or
more pump systems {¢.g., pump system A (121), pump system B (122}, pump
systern N {123)). For example, a well completion assernbly may inchide one or

more inflatable packers as well as a work string or casing siring that extends
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(8036}

within a wellbore. A casing string may include steel casing or pipe that may be
divided into surface casing, infermediate casing, and/or production casing.
Packers may include inflatable packers that seal an annulus defined between well
completion equipment and an inner wall of the wellbore 1n order to divide a
formation into multiple wellbore intervals. These wellbore intervals may be
separately  or simultaneously  stirmudated during a hydraulic stimulation
operation. Likewise, the well completion assembly may include perforation
equipment {e.g., perforating guns) for producing holes at different wellbore
wntervals. After a flow manifold {e.g., flow manifold Y (198)) receives hydraulic
stimulation fluid, for example, the hydraulic stimulation fluid may be sent down
a wellbore (e.g., to wellbore Z (199)), e.g., to a particular interval for a hydraulic
stirnulation operation.  During a hydraulic stimulation operation, stumulation
fluid may be sent to different wellbore intervals to initiate and propagate
fractures, e.g., 1 an open-hole completion operation or a cased-hole completion

operations (which arc described in more detail below in regard o FIG. 3.

With respect to proppant systems, a proppant system may include fransfer
devices, such as chutes and conveyor belts, for transferring a propping agent
{(also called simply “proppant”) to a floid rouxing system. Likewise, a proppant
system may include one or more proppant storage devices (e.g., proppant storage
device A {193}, such as a silo, and a housing. In particular, a silo may use fill
ports for acquiring propping agents, which may be subsequently transferred to a
fluid mixing system using drain valves and/or outlet ports. The proppant system
may then dispense the propping agent to the fluid mixing system for producing
a stirmudation fluid. With respect to thad mixing systems, a fhad mixing system
may include hardware and/or software for combining proppant with one or more
liguid additives and other fluids {e.g., water). More specifically, a fluid mixing
system may 1oclude a blender and/or varions liquid storage devices that are
added to one or more propping agents to produce a particwlar stimulation fluid.

As such, a fluid mixiog system may produce and/or dispense a hydraulic

10
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(8038}

stimulation fluid with various predetermined fluid properties {e.g., with a

particalar viscosity, density, or one or more rheological properties).

In some embodiments, for example, a hydrauhic stimulation fluid may be
a fracturing fhud that s injected 1oto an open fracture counected to a wellbore.
This injection may produce and/or modify a fracture network in the subsurface.
After a hydraulic fracturing operation completes a desired fracture network, the
hguid portion of the fracturing fhud may be removed from the wellbore. For
more information on hydraulic stimulation fluids and proppants, see FIG. 2 and

the accompanying description below.

With respect o pump systems, a purop system may jnclude hardware and
software with functionality for supplying hydraulic stimulation fluid © a
wellbore at one or more predetermined pressures and/or at one or more
predetermined {low rates. For example, a pump system may include one or more
displacement pumps that inject the hydranlic stimulation fluid into a wellbore.
Likewise, a pump system may include a pump controller that includes hardware
and/or software for adjusting local How rate and pump pressures, e.g., in
response {0 a command from a hydraulic stimulation manager. For example, a
pump system may include one or more communication interfaces {e.g.,
compmunication  interface A (141y, commumcation interface B {(142),
communication interface N (143)) and/or memory {(e.g., memory A (151),
memory B (152}, memory N (153)) for transmitting and/or obtaining data overa
well network. A pump system may also obtain and/or store sensor data from one
oF more sensors (e.g., sensors A (161), sensors B (162), sensors N (163)) coupled
to a wellbore regarding one or more pump operations. For example, pressure
data regarding a hydraulic stimulation operation may be acquired by a pump
system from wellhead sensors or downhole sensors disposed i a wellbore.
While a pump system may correspond to a single pump, in some embodiments,

a purp system raay correspond to multiple purops.

i
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Turning to FIG. 2, FIG. 2 shows a schematic diagram in accordance with
one or more embodiments. As shown in FIG. 2, FIG. 2 illustrates a hydraulic
stirnulation operation that forms additional microfractures (212) wiuthin a
formation (202}, More specifically, a wellbore (204} may be located within
formation (202}, where a casing string (200) s positioned within the
wellbore (204). Following a hydranhic fracturing process, for example, large
fractures (210) may exist within the formation (202) and extend outward from
the wellbore (204). In particular, hydrocarbon reserves may be trapped within
certatn low permeability formoations, such as sand, carbonate, and/or shale
formations. Thus, stimulation treatments may enhance well productivity at one
or more wells, where one type of stimulation treatment is hydraulic fracturing.
In sorse ernbodiments, for example, hydranlic fractuning mcludes injecting high
viscosity fluids into a wellbore at a sufficiently high injection rate so that enough
pressure 1S produced within the wellbore to split the formation. As such, a
stimulation operation may be determined that achieves a desired height and/or

length of one or more induced fractures.

Keeping with FIG. 2, various stimulation procedures may be employed
that use one or more technigues to ensure that an induced fracture becomes
conductive after injection ceases. For example, during acid fracturing of
carbonate formations, acid based fluids may be injected into the formation to
create an etched fracture and conductive channels. These conductive channels
may be left open upon closure of the induced fracture. With sand or shale
formations, a proppant may be included with the hydraulic fracturing fluid such
that the mduced fracture remains open during or following a stimuelation
treatment,  Likewise, in carbonate formations, a stimulation treatment may
inchude both acid fracturing fluids and proppants. Accordingly, heat produced
withio a formation, acid, or aqueocus water transmitted 1oto the formation may all
play a role in producing reactions causing one Or more microfractures in a

formation.
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Keeping with hydraulic fracturing, a hydraulic fracturing fluid may be
pumped through a casing string (206) and into a targeted formation using various
pertorations (i.c., open holes) in the casing string (206). By injecting the
hydraulic fracturing fluid at pressures high enough to cause the rock within the
targeted formation to fracture, the hydraulic fracturing operation may “break
down” the formation. As high-pressure fuid injection continues, a fracture may
continue to propagate into a fracture network. This high pressure for injecting
the hydraulic fracturing Huid may be referred to as the “propagation pressure” or
“extension pressure.” As an induced fractare continues to grow, a proppant, such
as sand, may be added to the fracturing fluid. Once a desired fracture network
is formed, the fluid flow may be reversed and the higuid portion of the fracturing
fhuid s removed. The proppant is intentionally left hbehind to prevent the fractures
from closing onto themselves due to the weight and stresses within the formation.
Accordingly, the proppant may “prop” or support the induced fractures to remain
open, by remaining sufficiently permeable for hvdrocarbon fluids to flow
through the induced fracture. Thus, a proppant may form a packed bed of
particles  with interstitial void space connectivity within a  formation.
Accordingly, a higher permeability fracture may result from the hydraulic

fracturing operation.

in some embodiments, for example, a hydraulic fracturing fluid with an
activator 1s injected into the formation (202), where the fhuid migrates within the
farge fractures (210). Upon a reaction caused by the activator, the injection fluid
may produce one or more gases and heat, thereby causing the
microfractures (212) to be created within the formation (202). Thus, a
stimulation treatment may provide pathways for the hydrocarbon deposits
trapped within the formation (202) to migrate and be recovered by a production

well.

Furthermore, {racture monitoring may be important to understanding and

optimizing hydraulic fracturing treatments. For example, a hydraulic stimulation

&
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manager may perform diagnostics that determine various stimulation effects
such as fracture geometry, proppant placement in one or more fractures, and/or
fracture conductivity.  This fracture monitoring may be performed wssing a
distributed acoustic sensing (BAS) system implemented within a wellbore. In
some embodiments, a DAS system includes various fiber-optic sensors {(e.g.,
disiributed over a single mode optical fiber several kilometers in length). As
such, backscattered light may be measured and further analyzed using signal
processing techuiques to enable a DAS system to segregate an optical fiber into
an array of imdividual acoustic receivers. More specifically, various pulses of
light may be transmiited along the optical fiber, where characteristics of the
backscattered light may change due to acoustic vibrations disturbing the casing
of the optical fiber. Through DAS processing, the location of these disturbances

may be identified.

Keeping with DAS systems, pumping operations may produce various
acoustic signals along a wellbore and the adjacent fractures, where the acoustic
sensing data depends upon geomeirical and physical attributes of the propagating
fractures. Accordingly. a quantitative DAS inversion may deterntine various
fracture properties in hydranhic fracture monitoring. For example, a wellbore
may be profiled in real time by removing DAS pump noise data and matching
acquired data to a forward model regarding pulse propagation in the wellbore
and adjacent fractures. Thus, DAS inversion may identify various hydranlic
stimulation features such as tubing expansion, fhud-to-fluid interfaces, an
adjacent hydraulic fracture, presence of a porous reservoir, and/or an annular
compartinent. During inttial phases of a hydraulic stiroulation operation, DAS
inversion may determine location information of wireline logging equipment
within a wellbore. For example, DAS techniques may verify whether perforating
guns and packer-setting devices are disposed at desired depths in the wellbore.
In some embodiments, DAS inversion is performed using additional data from
distributed temperatare sensors (DTS) and/or micro-seismic  monitoring

techniques.
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In certain unconventional formations, for example, an important element
that determines whether it is economically viable to develop a reservoir is the
presence of one or mwore sweet spots in the veservoir. A sweet spot may be
generally defined herein as the area within a reservoir that represents the best
production or potential for production. In a particular geological region, the
sweet spot may be determined based on a lack of ductility, a destruction of
internal cohesion, an ability for a rock to deform and fail with a low degree of
inelastic behavior, and a rock’s capability tor self-sustaining fracturing. In other
words, hydraulic stimulation operations may be applied to formations that easily
fracture to produce more microfractures with little plastic deformation under

¢ ompression .

Turning to FIG. 3, FIG. 3 illustrates a system in accordance with one or
more embodiments. As shown m FIG. 3, a drilling system (300) may include a
top drive drill rig {310) arranged around the setup of a drill bit logging twol (320).
A top drive drill rig (310) may include a top drive (311) that may be suspended
in a derrick (312) by a travelling block (313}, In the center of the top drive (311},
a drive shatt (314} may be coupled to a top pipe of a dnll string (315}, for
example, by threads. The top drive (311D may rotate the drive shatt (314), so that
the drill string (315) and a drill bit logging tool (320) cut the rock at the bottom
of a wellbore (316). A power cable (317) supplying electric power to the top
drive (311) may be protected 1nside one or more service loops (318) coupled to
a control systermm (344}, As such, drilling mud may be pumped into the wellbore

{316} through a mud line, the drive shaft (314), and/or the drill string (313).

The control system (344) may include one or more programmable logic
controliers (PLCs) that inclade hardware and/or software with functionality to
control one or more processes performed by the drilling system (300), a
hydraulic stimulation operation, andfor a well completion assembly.
Specifically, a programwnable logic controller may control valve states, fuid

levels, pipe pressures, warning alarms, and/or pressure releases throughout a
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well network, such as one connected to a driling nig.  In particular, a
programmable logic controller may be a ruggedized computer system with
functionality to withstand vibrations, extreme ternperatures, wet conditions,
and/or dusty conditions, for example, around a wellbore. Without loss of
generality, the term “control systenmy” may refer to an operation contro} system
that is used to operate and control the equipment, a data acquisition and
monitoring system that is used to acquire equipment data and to monttor the
operation of a drilling process, a hydranlic stimulation process, or a well
completion process. A control systemn may also inchude joterpretation software
system that is used to analyze and understand drilling events, well completion

events, and hydraulic stimulation events and their respective progress.

When completing a well, casing {e.g., casing string (236)) may be inserted
into the wellbore (316). The sides of the wellbore (316) may require support,
and thus the casing may be used for supporting the sides of the wellbore (316).
Assuch, a space between the casing and the untreated sides of the wellbore (316)
miay be cemented to hold the casing in place. The cement may be forced through
a lower end of the casing and into an annulus between the casing and a wall of
the wellbore (316). More specifically, a cementing plug roay be used for pushing
the cement from the casing. For example, the cementing plug may be a rubber
plug used to separate cement slurry from other fluids, reducing contamination
and maintaining predictable slurry performance.  This well operation mway
include pumping cement shury into the wellbore (316) to displace existing
drilling fluid and fill in this space between the casing and the untreated sides of
the wellbore (316). Cement shury may include a mixture of various additives
and cement. After the cement slurry s left to harden, cement may seal the
wellbore (316} from non-hydrocarbons that attempt to cnter the wellstream. In
some ermbodiments, the cement slurry 1s forced through a lower end of the casing
and 1nto an annulus between the casing and a wall of the wellbore (316). More
specifically, a cementing plug may be used {or pushing the cement shury from

the casing. For example, the cementing plug may be a rubber plug used to

i6



WO 2022/169873 PCT/US2022/014940

[8049]

(00501

scparate cement slurry from other fluids, reducing contamination and
maintaining predictable shurry performance. A displacement fluid, such as
water, or an appropriately weighted drilling {luid, roay be puroped into the casing
above the cementing plug. This dispiacement fluid may be pressurized fluid that
serves to urge the cementing plug downward through the casing to extrude the

cement from the casiog outlet and back up into the annulos.

Well completion operations may include casing operations, cementing
operations, perforating the well, gravel packing, directional drilling, hydraulic
stimulation of a reservoir region, and/or installing a production tree or wellhead
assembly at the wellbore (316). Likewise, well operations may include open-
hole completions or cased-hole completions. In open-hole completions, an
uncemented casing may use one or more inflatable packers (or other packer
types) to separate different frac stages or compartments. Withio a given frac
stage or compartment, the uncemented casing may have multiple frac sleeves or
ports, where injected fluid may exit the casing and communicate with the
formation. In cased-hole completions (i.e., plug ‘n perf completions}, a cemented
casing and a plug may be set to isolate a previously fractured stage, followed by
creating mudtiple perforation clusters for the current frac stage (see, e.g., FIG. 3).
Likewise, an open-hole completion may refer to a well that is driled to the top
of the hydrocarbon reservoir. Thus, the well is cased at the top of the reservoir,
and left open at the bottom of a wellbore. In countrast, cased-hole completions

may include running casing info a reservoir region.

Some embodiments may include perforation operations.  More
specifically, a perforation operation may include perforating casing and cement
at different locations in the wellbore (316) to enable hydrocarbouns to enter a
wellstream from the resulting holes. For example, some perforation operations
include using a perforation gun at different production zones o produce holed
sections through the casing, cement, and sides of the wellbore (316).

Hydrocarbons may then enter the wellstream through these holed sections. In
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sormne embodiments, perforation operations are performed using discharging jets
or shaped explosive charges to penetrate the casing around the wellbore (316).
As further shown in FIG. 3, sensors (321) may be included 1o a sensor
assembly (323), which is posifioned in the welltbore (316), e.g., adjacent to a dnill
bit {324) and coupled to the dril string (315). Sensors (321} may also be coupled
to a processor assembly (323) that includes a processor, memory, and an analog-
to-digital converter (322) for processing sensor measurernents. For example, the
sensors {321} may include acoustic sensors, such as accelerometers,
measurement microphones, contact microphones, and hydrophones. Likewise,
the sensors (321} may include other types of sensors, such as transmitiers and
recetvers to measure resistivity, gamma ray detectors, etc. The sensors (321)
may inclode hardware and/or software for generating different types of well logs
(such as acoustic logs or density logs) that may provide well log data about a
wellbore, including porosity of wellbore sections, gas saturation, bed boundaries
in a geologic formation, fractures in the wellbore or completion cement, and
miany other picces of information about a formation. If such well log data are
acquired during drilling operations {e.g., logging-while-drilling or measurement-
while-drithing), then the information may be used to make adpustments to drilling
parameters in real-time. Such adjustments may include rate of penetration
{(ROP), a bottom-hole circulating pressure, one or more drilling directions,
altering mud weight, the amount of weight-on-bit, and many others drilling

parameters.

Returning to FIG. 1, in some embodiments, a well network includes a
hydrawthic stimulation manager (e.g., hydraudic stimulation manager X (180)) that
includes hardware and/or software for managing one or rore hydraulic
stimulation operations. For example, a hydraulic stimulation manager may be a
controller that transmuts commands {e.g., command X (171)) to one or more
components within a well network (e.g., proppant system (192), fluid mixing

system (194), pump system A (121), pump system B (122), pump system N
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(123%. In particular, a command may be a control signal that includes
functionality to initiatc and/or terminate onc or more operations by a well
network.,  Likewise, a command may also adjust one or more parameters
regarding a proppant system, a fluid mixing system, and/or a pump system, e.g.,

with respect to hydraulic stimutlation flaid.

Fuarthermore, a hydraulic stimulation manager may manage production
and/or distribution of hydraulic stimulation fhads {e.g., hydraulic stiraulation
fluid A (195), hydraulic stimulation fluid B {196), hydraulic stimulation fluid N
{(197)) based on various stimulation parameters {e.g., stimulation parameters A
(178)). For example, stimulation parameters may mclude different types and/or
properties of hydraulic stimulation fluids as well as various flow parameters,
such as target flow rate, rate imcrements for flow rate adjustments, maximum

allowable pressures, starting fime for a particular stirnulation stage, etc.

In some embodiments, a hydraulic stimulation manager includes
functionality for using collected data to adjust one or more flow rates and/or one
or more pressures within a hydraulic stimulation operation. For example, a
hydraulic stimulation manager may acquire pressure data {¢.g., acquired pressure
data Y (172) from wellhead pressure sensors, downhole pressure sensors
throaghout a weltbore, and local sensors coupled to one or more pumps in a
pump system. Likewise, a hydraulic stimulation manager may acquire How rate
data {e.g., acquired flow rate data Z (173)) from a high pressure flowmeter based
on Coriolis mass flow technology, positive displacement sensors, tarbines,
wltrasonic sensors, and/or volumetric measurements. In hydraulic stimulation
operations, for example, a pumping rate of an injection fhuid may be ramped up
from zero to a predetermined target How rate. Other types of data roay also be
collected, such as well completion data {e.g., well completion (191}), well log
data, setsmic data, and/or geological data that may be used in determining

stumudation parameters for a hydraulic stunulation operation.
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In some embodiments, for example, the hydraulic stiimulation manager
uses one or more flow rate rules {e.g., flow rate rules (179)) to implement
automated flow rate controls.  For example, specific flow rate tules may
determine flow rate adjustments during a hydraulic stimulation operation. For
illustration, a flow rate rule may specify a particular increment that a flow rate is
mcreased or decreased based oun various parameter values, such as pressure
values, time-derivative pressure values, moving average values, target flow
rates, current flow rate values, ete. In particular, a tlow rate rule may be a user-
defined rule, e.g., as specified by a user-selection within a graphical user
interface provided by a hydraulic stimulation manager. In some embodiments,
a hydranlic stimulation manager, a proppant systers, and/or a fluid control
system 1ncludes one or more componends of a cornputer systern similar to
computer system (1102) described below in FIG. 11 and the accompanying

description.

In some embodiments, a flow rate rule 1s determined using one or more
machine-lcarning models {¢.g., machine-learning models N (176}) and one or
more machine-fearning algorithms (e.g., machine-learning algorithms O (177}).
For example, a hydraulic stimulation manager may store and/or analyze pressure
data {e.g., acquired pressure data Y (172), historical pressure data M (175)), tlow
rate data {e.g., acquired flow rate data £ (173)), geological data {e.g., geological
models A (185)), well log data, seismic data, and other seusing data (e.g., BAS
data} to generate and/or update one or more machine-learning models. Thus,
different types of machine-learning models may be trained, such as
convolutional neural networks, deep neural networks, recorrent nearal networks,
support vector machines, decision trees, inductive learning models, deductive
learning models, supervised learning models, unsupervised learning models,
reinforcement learning models, ete. Insome emboditnents, two or more different
tvpes of machine-lcarning models are mtegrated into a single machine-learning
architecture, e.g., a machine-learning mwodel may include a reimforcement

fearning model and neural networks. In some embodiments, the hydraulic
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stimulation manager may generate augmented or synthetic data to produce a

large amount of interpreted data for training a particular model.

With respect to neural networks, for example, a veural network may
include one or more hidden layers, where a lndden layer mcludes one or more
neurons. A neuron may be a modelling node or object that 1s loosely patterned
on a neuron of the hwman brain. In particular, a neuron may combine data inputs
the data inputs. These network weights and biases may amplify or reduce the
value of a particular data input, thereby assigning an amount of significance to
various data inputs for a task being modeled. Through machine learning, a neural
network may determine which data inputs should receive greater priority in
determining one or more specified outputs of the neural vetwork. Likewise,
these weighted data inputs may be summed such that this sum 1s communicated
through a neuron’s activation function to other hidden layers within the neural
network. As such, the activation function may determine whether and to what
exient an output of a newron progresses to other neurons where the output may

be weighted again for use as an input to the next hidden layer.

Turning to reinforcement learning, the hydraulic stimulation manager
may  perform one or more reinforcement learning algorithins using a
reinforcement lecarning systemn {e.g,, reinforcement learning system Y (110)). In
particular, a reinforcement learning algorithm may be a type of method that
autonommously learns agent policies through maltiple iterations of tals and
evaluations based on observation data. The objective of a reinforcement learning
algorithm may be to learn an agent policy z that maps the state of an environment
(0 an action 30 as to maximize an expected reward (). A value reward may
describe one or more qualitics of particular state, agent action, and/or trajectory
at particular time within an operation, such as a hydraulic stimulation operation.
As such, a rernforcement learning systemn may include hardware and/for software

with functionality for implementing one or more reinforcement learning
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algorithms. For example, a reinforcement fearning systern may include an action
selector engime (e.g., action select engine B (112)) to determine commands
and/or pump actions based on policy data {e.g., policy data A (111)) and one or
miore reward functions {e.g., reward functions C (113)). More specifically, a
reinforcement learning algorithm may train a policy to make a sequence of
decisions based on the observed states of the environment to maximize the
cumulative reward determined by a reward function. For example, a
reinforcement learning algorithm may employ a trial-and-error procedure o
determine one or more agent policies based on various agents interaction with a
complex environment. As such, a reinforcement learning algorithm may include
a reward function that teaches a particular action selection engine to follow
certain rules (e.g., flow rate rules {179)), while still allowing the reinforcement
learning model to retain information learned from pressure data, flow rate data,

acoustic sensing data, and/or geological data.

In some embodiments, one or ore compounents in a reinforcement
fearning system are trained using a training system {(e.g., training system D
{114)). For example, an agent policy and/or a reward function may be updated
through a traindng process that 1s performed by a machine-learning algorithm. In
some embodiments, historical data {(e.g., historical stimulation data M (1743},
augmented data, and/or synthetic data may provide a supervised signal for
training an action selector engine, such as through an nwilation learning
algorithm. In apother embodiment, an interactive expert may provide data for
adjusting agent policies and/or reward functions. For more information on
reinforcement learoing models and algorithms, see FlGs. 9 and 10 and the
accompanying description below.

While FIGs. 1, 2, and 3 show various configurations of components, other
configurations may be used without departing from the scope of the disclosure.

For example, various componends in FlGs. 1, 2, and 3 may be combined o create
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a single component. As another example, the functionality performed by a single

component may be performed by two or more components.

Turning to FIG. 4, FIG. 4 shows a flowchart 1o accordance with one or
more emnbodiments. Specifically, FIG. 4 describes a general method that uses
flow rate rules based on pressure data to adjust purnp flow rates. One or more
blocks in FIG. 4 may be performed by one or more components {e.g., hydraulic
stimudation manager X {180)) as described in FlIGs. 1, 2, and 3. While the
various blocks in FIG. 4 are presented and described sequentially, one of
ordinary skill 1o the art will appreciate that some or all of the blocks may be
executed in different orders, may be combined or omitted, and some or all of the
blocks may be executed in paraliel. Furthermore, the blocks may be performed

actively or passively.

In Block 400, pressure data regarding a hydraulic stimulation operation
in a geological region of inferest in accordance with one or more embodiments.
A geological region of inferest may be a portion of a geclogical area or volume
that includes one or more formations of interest desired or selected for further
samulation. For example, n hydraulic fracturing, the geological region may
correspond to one or more wellbore intervals following a perforation operation.
Moreover, pressure data way be based on surface treating pressure
measurements that are sireamied in real-time over a well network. Alternatively,
pressure data may be based on downhole treating pressure measurements that are
strearned 1o real-tirne over a well network from downhole sensors (e.g., attached
to downhole casing siring and/or frac plug) disposed in the wellbore, for
example, as described 1n FIG. 5 below. Furthermore, pressure data may be based
on one type of pressure sensor and/or a combination of surface and downhole
treating pressure measurements. In some embodiments, historical pressure data

are used from a previous hydraulic stimulation operation.

Tuarning to FIG. 5, FIG. 5 shows various downhole sensors 1o accordance

with one or more embodiments. In FIG. 5, a well systern (500) inchudes a casing
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(506) with a frac plug (504) disposed at the end of one section of a wellbore, As
shown, the well system (500} includes vartous perforation clusters {e.g.,
pertoration cluster A (501), perforation cluster B (502), perforation cluster N
(503)), where thuid (e.g., fluid flow Q (510}) flows past the perforation clusters.
In particular, various plug-and-perf operations may be performed at the well
system (500). For example, a plug-and-perf operation may include setting a frac
pluag at a predetermined depth, and subsequently perforating a zone within a
wellbore. In open-hole completions, a ball may be pumped mto the wellbore o
shift a ball-activated sleeve or port that isolates a previously {ractured stage and
opens multiple frac sleeves or ports where fracture stimulation fluid may exit the
casing and communicate with the formation. Afterwards, frac plugs/balls may
dissolve or are drilled out to allow fluid Hlow from the wellbore. After a stage 1
completed, another frac plug is set and a new set of perforations are created in a
plog-and-perf completion. Similarly, after a stage 1s completed in an open-hole
completion, another ball i1s pumped into the wellbore. The fracturing flwid
process is repeated, i.e., moving up a wellbore from the end {c.g., toe section in
a horizontal well) to the beginning (e.g., heal section). A frac plug/ball may
operate as a check valve to provide wellbore zonal 1solation, e.g., between zones
in multistage stimulation treatment. Frac plugs/balls may isolate a lower zone
during stimulation but allows {luid flow from below once the stimulation
operation ends. Examples of {rac plags/balls mclude dissolvable trac plugs/balls

and composite frac plugs/balls.

Duaring a stimulation operation, fluid flow may be monitored using
various downhole sensors {e.g., downhole sensor A (547), downhole sensor B
(503)). In particular, a downhole sensor (e.g., downhole sensor A (507)) may be
coupled to the casing (506), while another downhole sensor (e.g., downhole
sensot B (505)) may be coupled to the frac plug (504). However, other
configurations of downhole sensors are contemplated within a wellbore or well

systen.
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Returning to FIG. 4, in Block 410, one or more preprocessing operations
are performed on pressure data in accordance with one or more embodiments.
In particular, a preprocessing operation may include a smoothing operation
performed to a pressure curve of acquired pressure data. For example, a
smoothing operation may use a Discrete Fourier Transform with a low-pass
filter, or alternatively use a median filter or any other smoothing ruethods, to
remove pressure transients. After preprocessing, the preprocessed pressure data
may be processed according to the workflow in FIG. 4, e.g., a hydraulic
stirnulation manager may determine tre-derivative pressure data wsing a
smoothed pressure curve. In some embodiments, flow rate adjustiments are based
on time-derivative pressure data using the smoothed pressure curve without
wiilizing moving average values of the time-derivative pressure data (e.g. Block
430 is climinated from the workflow in FIG. 4). In other embodiments, a
smoothing operation may be applied to the time-derivative pressure data
determined from the raw pressure data. In such cmbodiments, flow rate
adjustments are based on smocthed time-derivative pressure data using the raw

Pressuye curve.

In some embodimments, one or more preprocessing operations are applied
to other types of data inputs for determining flow rates for a pump system. For
example, a flow rate rule may use surface acoustic sensing data to determine a
flow rate adjustment. Surface acoustic sensing data way be acquired using an
active acoustic device attached to a wellhead. The active acoustic device may
continuously emit and record reflected acoustic signals to give an indication
about fracture propagation intensity {e.g., higher signals roay be associated with
faster fracture inttiation or propagation while lower signals with slower fracture
initiation or propagation). In some embodiments, downhole sensor data, such as
Distributed Acounstic Sensing (BDAS) data, may be preprocessed for use by a

hydraulic stimulation manager to monitor a hydraulic stimulation operation.



WO 2022/169873 PCT/US2022/014940

(8067}

0068

[8069]

In Block 420, time-derivative pressure data are determined using pressure
data from a hydraulic stimulation operation in accordance with one or more
embodiments. For example, a hydraslic stimulation manager may use available
pressure data or preprocessed pressure data to determine time-dertvative
pressure data (i.e., dp/de).  Likewise, time-derivative pressure data may
correspond o a pressure curve that s further analyzed by a hydraulic stimulation

manager.

in Block 430, a moving average value of time-derivative pressure data are
determined using a tme window decoupled from an update interval in
accordance with one or more embodiments. A moving average value may
correspond o an average of time-derivative pressure data over a sampled period,
e.g.. defined by a oime window’s size. While moving average values may be
obtained for a hydraulic stirmulation operation, the moving average value may
only be analyzed at different times designated by an update interval.  For
example, the update interval may specify a minimum time for determining flow
ratc adjustments with respect to one or more pump systems. By using moving
average values, flow rate processing may reduce or climinate noise levels that
ate inherent in acquired pressure data and correspouding time-detivative
pressure data. In other words, moving average values may continuously reflect
the rate of change in a pressure curve with less mnterference from localized noise

n PrESSUre Sensor measurements.

Moreover, the time window may be decoupled from the update nterval
to provide a flexible architecture for flow rate processing. Rather than cvaluating
pressure data in one analysis stage and adjusting flow rates in a subsequent
analysis stage, a hydraslic stiroulation manager may determine an optirour fime
window and update interval for adjusting flow rates. Such flow processing
technigues may account for different levels of noise that may be present in
different hydraulic stimnulation envirornnents. Thus, one set of time window

parameters may be used in a noisy operation, while another set of time window
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parameters may work better in a different less noisy environment. Likewise,
different types of desired fracture networks may also result in the use of different
update intervals and time windows. In some ernsbodiments, iime window sizes
and update intervals may change during a particular hydraulic stimulation
operation, e.g., as noise increases or decreases. For dlustration purposes, FIGs.
6M-6T and the accompanyiog description below provide examples of time

window decoupling.

in some embodiments, a hydraulic stimulation manager may obtain a user
selection of one or more parameters relating to a time window, e.g., defining a
particular window size, a particular starting tirne step for updating a flow rate
based moving average values, etc. In some embodiments, an optimum window
size 15 antomatically determined, e.g., by a reinforcement learning algorithny or

another machine-learning algorithm.

In Block 440, one or more flow rate adjustments are determined based on
one or more moving average values and one or more predetermined flow rate
rules in accordance with one or more embodiments. For example, a {low rate
rule may include one or more of the following input parameters: starting rate

{Ry), rate increment (R;,), target rate (Rf), maximum allowable surface treating

7

pressure (P, ), window size (W)

S/

and update interval (7). Some input
paranmeiers may remain constant during a hydraulic stimulation operations (or
between hydraulic stumulation operations), while other input parameters, such as
window size and rate increment {1.e., W, and R, ) may change. For example, the
objective of a hydraulic stimulation operation may be o increase the flow rate
from a starting flow rate {e.g., Ry = 5 bb{/min) (Rr = ~795 Vmin) to a target
flow rate {e.g., Ry = 30bbl/min) (R¢ = ~4770 Vmin) while keeping the

maximum allowable surface treating pressure below a particalar value {(e.g.,

In some embodiments, flow rate adjustments are based on smoothed

pressure data without moving average values. For example, the time-derivative

27



WO 2022/169873 PCT/US2022/014940

(8073}

(8074}

[6G75]

pressure data may be based on processed pressure data using a smoothing
operation. As such, no time window may be applied to underlying pressure data,

and Block 440 may be modified accordingly.

Tn soree embodirnents, one or more flow rate roles include one or more

thresholds with respect to one or more hydraulic simulation parameters. For

example, multiple thresholds of woving average values (ie., dp/dt )} may
> avgt - s
be used fo adjust the flow rate accordingly.  As such, where dp/dt <

Re i +x+KR; where x 18 a specified number (e.g. x = 2) assuming

Threshold 2 < Threshold 1.

In Block 450, one or more commands are transmitted to one or more
puinp systems based on one or more flow rate adjustments 1o accordance with
one of more embodiments. Based on a particular flow rate adjustment, a
command may be fashioned correspond to a particular stimulation parameter
value, e.g., flow rate, pressure value, update interval value, etc. Thus, the
cominand may be a control signal, e.g., generated by a control system, or a
network message transmitted over a well petwork that adjusts one or more
stimulation parameters. For example, a command may be transmitted from a
hydraulic stimulation manager or conirol system on a surface of a well site to
one or more punp controllers in one or more pump systems.  The pump systems
may be simmalar to the punp systeros (121, 122, 123) desceribed above n FIG. |
and the accompanying description. In some embodiments, one or more
commands may adjust stimulation parameters, e.g., for one or more pump
systems, of one or more hydranlic stimuelation operations. For more information
on hydraulic stimulation operations, see FlGs. 1 and 2 and the accompanying

description above.

In Block 460, one or more hydraulic stimulation operations are performed
based on cue or more cormmands in accordance with one or more embodiments.

As described in FIG. 4, the process for increasing the pumping flow rate may be

b3
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adjusted for a hydraulic stimulation operation, e.g. a fast flow rate ramp may be
desired rather than a slow flow rate ramp. With respect to manual flow raie
adjustments, large inconsistency 1o stage-to-stage executions may result that
potentially lead to significant non-uniform distributions of fluid and proppant
among different perforation clusters within a given stimulation stage. In regard
to hydraulic fracturing, this non-uniform distribution may result in poor
performance. Thus, a hydraslic stimulation manager may implement
autonomous flow rate control for one or wmore hydraulic stimulation operations

using flow rate rules and moving average values.

In some embodiments, while the process in FIG. 4 illustrates a sequential
series of operations, the process may further include one or more iferative
operations, such as an update loop similar to the one described below wn FIG. 7
and the accompanying description. For exarnple, time-derivative pressure data
may be iteratively obtained and analyzed within an update loop by a hydraulic
stimulation manager in order o determine whether to make one or more flow

ratc adjustiments.

Turning to F1Gs. 6A-6T, FIGs. 6A-6T provide examples of flow rate
adjustmments i accordance with one or more cmbodiments. The following
exarples are for explanatory purposes only and not intended to hmit the scope
of the disclosed technology. In FIGs. 8A, 6B, 6C, and 6D, a flow rate is
determined using a timse window with a window size of five time steps (i.e., W, =
5) and a rate increment (B;,) of 5 Bbl/min. In particular, FIG. 6A illustrates the
acquired pressure data, FIG. 6B illustrates the time-derivative pressure data, FIG.
6C illustrates moving average values based on the selected time window, and
FIG. 6D illustrates the corresponding flow rate adjustments of the respective
hydraulic stimulation operation. As such, the flow rate rules in FIGs. 6A-6D use
the following inputs: Ry = 5 bbl/min (~795 Vwmin), R, = 5 bbl/min (795
{/min), Ry = 30 bbl/min (4770 Vimin), B, = 4000 psi (275.8 bar), and W, =

29
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In FiGs. 6E, 6F, 6G, and 6H, a flow rate is determined using a time
window with a window size of 2 time steps (i.e., W, = 2) and a rate increment
of 5 bbl/min. (795 Vmin) Similar to FIGs. 6A, 6B, 6C, and 6D, FIGs. 6E, 6F,
6, and 6H correspond to pressure date, time-derivative pressure data, moving
average values, and flow rate adjustments, respectively, for a hydraulic
stumudation operation.  As such, the flow rate rules in FiGs. 6E-6H use the
following inputs: Ry = 5 bbl/min, Ry, =5 bbl/min (795 Vmin), Ry =
30 bb{/min (4770 Vmin), P, = 4000 psi (2758 bary, W, = T, = 2. Asmay
be seen from FIGs. 6D and 6H, fow rate adjustments may be more sensitive to

fluctuations in treating pressure as the window size is decreased.

In FiGs. 61, 6, 6K, and 6L, a flow rate is determined using a time window
with a window size of 2 time steps (e, W, = 2) and a rate increment of
2.5 bbi/min. Similar to FiGs. 64, 68, 6C, and 61, FIGs. 61, 6], 6K, and 6L
correspond to pressure date, time-derivative pressure data, moving average
values, and flow rate adjustments, respectively, for a hydravlic stimulation

operation. As such, the tlow rate rules in FIGs, 61-6L use the following inputs;

min (795 Vman), Py = 4000 psi (2758 bary, W, = T, = 2. As may be seen
from Fi(s. 6H and 6L, reducing the rate increment resulted in a more gradual

rate icrease using the same window size.

in FIGs. 6M, 6N, 60, 6P, 60, 6R, 68, and 6T, FIGs. 6M-6T illustrate an
exaraple of decoupling a window size and an update interval. Tn FIGs. 6M, 6N,
60, and 6P, a flow rate is determined using a time window with a window size
of four fime steps (.e., W, = 4) that is the same size as an apdate interval of 4
time steps {Le., T, = 4). In contrast, FIGs. 6@, 6R, 65, and 6T illustrate a
different scenaric where the flow rate is determined using a time window with a
window size of four time steps (1.e., W, = 4) that is not the same size as an update

interval of 2 time steps (i.e., Ty, = 2). Accordingly, the flow rate adjustments
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illustrated i FIGs, 6P and 67 arc different despite the same treating pressure

data.

Turning to FIG. 7, FIG. 7 shows a flowchart 1o accordance with one or
more embodiments. Specifically, FIG. 7 describes a specific method that uses
flow rate rules to determine recommended flow rates adjustments for selection
by a user. Une or more blocks in FIG. 7 may be performed by one or more
componends (e.g., hydraulic stimulation manager X (180} as described 10 FIGs.
1, 2, and 3. While the varicus blocks in FIG. 7 are presented and described
sequentially, one of ordinary skill in the art will appreciate that some or all of the
blocks may be executed in different orders, may be combined or omitted, and
some or all of the blocks may be executed in parallel. Furthermore, the blocks

may be performed actively or passively.

In Block 700, a hydranlic stimulation operation is fnitiated 10 accordance
with one or more embodiments. In particular, a hydraulic stimulation operation
may be auntomatically initiated by a hydraulic stimulation manager. In some
ernbodimments, a human operator provides one or more user nputs o begim a
hydraulic stirnulation operation, e.g., at a tluid control system, a pump system,

and/or a proppant system.

in Block 705, an initial time step is selected for determining one or more
flow rate adjustments in accordance with one or more embodiments. For
example, the intial time step may be a cuwrrent time step for analyzing for
possible flow rate adjustments or a start of a pump system operation. Likewise,
the initial ime step may be a time step zero at a starting rate (Ry) with a pumping

flow rate (K;).

In Block 710, flow rate data regarding one or more purmping systems are
obtained {or a selected time step in accordance with one or more embodiments.
For example, flow rate data may be acquired from one or more flow meters for

use in determining flow rate adjustments based on one or more How rate rules.
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In some embodiments, flow rate data are not collected for determining flow rate

adjustments.

In Block 720, pressure data regarding one or more pumping systerus are
obtained at a selected tirne step in accordance with one or more embodiments.
For example, Block 720 may be similar to Block 400 described above 1o Fi(G. 4

and the accompanying description.

In Block 730, time-derivative pressure data are determined based on
pressure data in accordance with one or more emboduments. For example, Block
730 may be similar to Block 420 described above in FIG. 4 and the

accompanying description.

In Block 740, a tirse window 1s determined for analyzing time-denivative
pressure data in accordance with one or more embodiments. In some
embodiments, for example, the time window may be a dynamic time window
that has a window size adjusted during a hydraulic stimuolation operation.
Window size adjustments may be performed i response o detecting ncreases

and/or decreases 1n noise within a hydraulic stumulation operation.

In some embodiments, moving average values and/or smoothed values
(e.g. wsing Discrete Fourier Transform with a low-pass filter or any othe
smoothing methods) are determined for non-pressure data, such as density data
or acoustic sensing data. In sitwations where sensor data has significant
interterence or notse during a hydraulic stimulation operation, respective moving
average values and/or smoothed values of non-pressure data may be determined

for use in tlow rate adjustments.

In Block 750, a moving average value is determined using a time window
and time-derivative pressure data in accordance with one or more embodiments.
For example, Block 750 may be similar to Block 430 described above in FI1G. 4
and the accompanying description. In some embodiments, smoothed pressure

data 1s used to determine time-derivative pressure data for recommended flow



WO 2022/169873 PCT/US2022/014940

[6390]

(8091}

ratc adjustments (i.e. moving average values of time-derivative pressure data are

not utilized for recommended flow rate adjustments).

In Block 760, one or more recommended flow rate adjustments are
determined based oun one or more predetermined flow rate rules, flow rate data,
an update mterval, and a moving average value 1n accordance with one or more
embodiments. At each time step, a hydraulic stimulation manager may
determine a recomnraended flow rate adjustoent based on moving average values
of time-derivative pressure data. A recommended flow rate adjustment may be
determined according to an wpdate interval.  Likewise, two or more
recommended flow rate adjustments may be determined and provided o a user
device. For example, moving average values may be used to determine a flow
rate adjustment schedule that may be shown to a user within a graphical user
interface.  As additional fime steps proceed during a hydraulic stirmlation
operation, the one or more flow rate adjustment schedules may be modified
accordingly.

1o some ernbodiments, a hydraulic stimulation mwanager performs a flow
rate algorithm. Initially, the hydraulic stimulation manager may verify whether
four criteria are satishied: 1) 15 the current fime step (f) divisible by the update
interval (T.,}; 2) is the flow rate at the previous time step {#,_) less than the
target flow rate (Rp)7; 3) 1s the treating pressure of the hydravlic stimulation
operation at the current time step (#,) less than the maximum allowable treating
pressure (F,,, ), and 4) is the moving average of the pressure derivative at the
current time step (dp/ dtwg, z} iess than or equal to zero. I all four criteria above
are satisfied, then a recommended flow rate adjustment 1s determined to be an
adjusted flow rate that includes the previous flow rate at the previous time step
{R¢.1) and an additional flow rate increment (Ky,). Afterwards, the algorithm
may move to the next tune step (T + 1) and subsequent time steps to determine

whether another flow rate adjustment s desired.

w3
G
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Kecping with the tlow rate algorithim, if one or more of the four criteria
above are not satisfied, the flow rate algorithm may verify if two additional
criteria are satisfied: 1) 1s the current tiroe step () divisible by the update interval
(T.)h and 2) s the treating pressure af the current time step (P,) greater than or
equal to the maximum allowable treating pressure (F,,,). I both additional
criteria are satisfied, a recommended flow rate adjustment may be the flow rate
at the previous time step (R, ) reduced by a single flow rate increment {(R;,).
The flow rate algorithm may proceed to the next time step (¢ + 1) for
determining additional tlow rate adjustments. However, if one or both of the
two additional criteria above are violated, the current flow rate may be

recornmended, 1.e., the flow rate at the previous time step (R,

In some embodiments, a flow rate algorithm is based on flow rate data
based on measured pumping rates. For example, a recommended flow rate
adjustinent may be grounded with a measured flow rate. In particular, measured
pressure and measured flow rate data may be acquired continuously.
Accordingly, a hydraulic stimulation manager may use an additional rule to
determine whether the difference between the recornmended flow rate at a
current time step and the measured flow rate in the previous time step is greater
than a certain threshold (e.g. greater than one rate increment). It this condition is
satisfied, the recominended flow rate may becorne the same as the recommended

rate in the previous time step.

In Block 765, one or more recommended flow rate adjustments are
presented within a graphical user interface 1n accordance with one or more
embodiments.

Turning to FiGs. 84, 8B, 8C, and 8D, F1Gs. 8A-8D provides an example
of determining a recommended flow rate adjustment in accordance with one or
more embodiments. o FIG. 8A| the treating pressure 1s the same as the pressure
data shown in FIGs. 6A, 6E, 61, 6M, and 60 described above. As sach, the time-

derivative pressure data in FIG. 8B 1s the same as the tme-derivative data in
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FIGs. 6B, 6F, 61, 6N, and 6R described above. Accordingly, the moving average
values 1 FIG. 8C are based on a time window with a window stze Ws = ¢
seconds. In FIG. 8D, a recommended flow rate 1s determived that 1s based on an
update interval of Tu = 2 seconds and a measured flow rate. Where FIGs. 6A-
6T above describe flow rate rules that are independent of measured flow rate
data except for when a target fow rate 1s reached, the flow rate recommendation
algorithm here checks if the difference between the recommended rate at a
current tirae step and the measured rate in the previous time step is greater than
a certain threshold (e.g. greater than one rate 1ncrement). If this condition is
satisfied, the recommended flow rate becomes the same as the recommended rate

in the previous time step.

Furthermore, by having the flow rate rules in FlGs. 8A-8D depend on
measured fow rate data from a previous time step, the How rate processing may
handle lag times in flow rate adjustments in real-time. This may allow a pump
system to keep up with recommended flow rate adjustments. Thus, various flow
raie rules may implement an advisory system for flow rate control where the
hydraulic stimulation manager obtains acquired pressure data and flow rate data
continuously, while also recommending flow rate adjustments based on a pre-
defined update interval. The recommended flow rate may be displayed for a
human operator to adjust the flow rate manually (rather than using a completely
autonomous system}). An advisory system may be used in a large-scale
application where an edge device displays recommended rate adjustments while

continuously reading pressure data and flow rate data.

Retwrning to FIG. 7, in Block 770, a selection of one or more
recornmended flow rate adjustments is obtained using a graphical user interface
in accordance with one or more embodiments. For example, a hydraulic
stimulation manager may conununicate with one or more user devices, such as
human machine interfaces located at a well sue. A user may then select which

recommended flow rate to use for a hydraulic stimulation operation.
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In Block 775, one or more commands are transmitted o adjust one or
more flow rates regarding one or more pumping systems based on a selection of
one or more recormrmended flow rate adjustments in accordance with one or more

embodiments.

In Block 780, a determination is made whether a hydraunlic stimulation
operation is complete in accordance with one or more embodiments. For
exarple, a hydranlic stirmulation operation may be designated a particular ime
frame for completion, e.g., when the pump systems coupled to a flow manifold
are designated for terminating operations.  Likewise, the process described in
FIG. 7 may be terminated once the target flow rate 1s achieved. Where the
hydraulic stimulation operation is complete, this process may end. Where the
hydraulic stimulation operation is unfinished, the process may proceed to Block

790.

In Block 790, another time step is selected for analyzing the hydranlic
stimulation operation based on an update interval in accordance with one or more
ernbodimnents.  For example, time steps may be incrernent according to a
particular time step interval, such as T second. Likewise, the next time step may
be selected based on an update interval. In some embodiments, the imncrement
between fime steps changes, e.g., due to a detection of 1ncreased noise during the

hydraulic stimulation operation.

While F1Gs. 4 and 7 above describe various embodiments for autonomous
rate confrol in hydraulic stimulation operations, such as hydraulic fracturing
treatraents, other embodiments are conternplated that include various rate control
processes (or other control processes) that need to be adjusted in response fo
variables in a surrounding environment. For example, flow rate adjustments may
be determined wsing similar {echoigues i any situations where a master

controlier manages one or more pump systems.

Turning to FIG. 8BE, FIG. 8E provides an example of determining flow

rate adjustments in accordance with one or more embodiments. The following



WO 2022/169873 PCT/US2022/014940

example 1s for explanatory purposes only and not intended to limit the scope of
the disclosed technology. In FIG. 8E., FIG. 8E shows well X (810} with
corresponding sensor data, 1.e., pressure data X (811) and flow rate data Y (812).
With respect to the pressure data X (811), a time-derivative function (841} 18
initially applied to produce time-derivative pressure data {(not shown).
Afterwards, a moving average function (842) s applied to the time-derivative
pressure data to produce moving average values for time-derivative pressure data
(830). Using the moving average values (830) and the flow rate data Y (812}, a
flow rate rules function (R50) deterroines a flow rate adjustment 2 (860) for a

pump sysieni.

[00163] In some embodiments, pressure data referred to in FIGs. 4, 5, 6A-6T, 7,
and 8A-8D may be based on: 1) surface treating pressure measurements that are
streamed n real-time over a well network from wellhead and/or pump surface
sensors; 2} downhole treating pressure measurements that are streamed in real-
time over a well network fromy downhole sensors {e.g., sensors attached fo
dowrthole casing string and/or frac plug and/or any other downhole completion
equipment) disposed in the wellbore; or 3) both and/or any given combination of
sarface and downhole treating pressure roeasurements. The advantage of using
downhole pressure measurements may be that the formation response 0 a
hydraulic stimulation operation 1s captured much faster compared to surface
treating pressure measurements, where pressure may be sensed a very long
distance from the target formation. In  addition, downhole pressure
measurcments replace the usual estimation of friction pressure due to fluid
pumping down the casing string with actual downhole measurements, and hence
more accurate representation of formation response may be captured dwring a
fracturing operation.

(601041 Turning to FIG. 9, FIG. 9 illustrates a reinforcement leamning system in
accordance with one or more embodiments. As shown in FIG. 9, a reinforcement

learning system {e.g., reinforcement learning system (915} may include one or

&
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niore pump agents {e.g., pump agent X (951}, pump agent Y (952), pump agent
£ (933)) that include hardware and/or software to perform one or more actions
{e.g., action X (971), action Y (972), action Z (973)). In some embodiments, for
example, a pump agent may correspond {0 a pump system, such as pump systems
(121, 122, 123) 1o FIG. 1 and the accompanying description.  In another
embodiment, the pump agent may be a purap controller i a particular pump
system. Likewise, in some embodiments, pump agents merely correspond 0 a
hydraslic stimulation manager’s control of a hydraslic stimudation operation as
distributed among multiple purop systerns. As such, the actions (971, 972, 973)
may correspond to commands by a hydraulic stimulation manager or specific

pump operations implemented by pump controllers.

[6G105] Keeping with FIG. 9, reinforcement learning algorithms may determine
actions based on an agent’s interaction with a particular eovivonment. In other
words, an environment may define one or more states resulting from these
actions, and which may be described as a Markov Decision Process (MDP).
Thus, a particular environment may have an § set of states, an A set of actions,
where a P(s’ls,a) transition model may describe a probability that an action ¢ in
the state 5 leads to state s” and an R(5,q) reward function. An agent may perform
different actions with this environment based on the agent’s policy #. With
respect to the context of hydraulic stimulation operations, various actions
performed by pump agents may result in changes to one or more states of a
hydraslic stimulation environment. For cxample, a hydraslic stimulation
environment {¢.g., hydraulic stimulation environment X {965)) may be a real-
world well envitonment, where multiple mechanical agents interacting with this

real-world environment.

[6G166] Based on a particular agent’s action, for example, a hydraulic stimulation
environment may undergo various physical effects that are externalized in
changes to pressure values (e.g., pressure values (963)), acoustic sensing values

{e.g., acoustic sensing values (962) that may be acquired from a DAS system),

s
o
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and/or flow rate values (e.g., flow rate values (961)). Likewise, the hydraulic
samulation environment may be an output of a particular geology (e.g.,
represented by geological values (964)). For example, a shale reservoir and a
carbonate formation may have different hydraunlic stimulation environments
based on their geological differences. In some embodiments, a hydraulic
stirnulation environment 1s a simulated environment, where a purnp agent roay
be implemented as ope or more computers interacting with the simulated
environment. For example, a hydraulic stimulation operation may be simulated
as a video game, where pump agents may be simnulated users playing the video

game.

[00167] in some embodiments, a reinforcement learning system includes an action
selector engine {e.g., action selector engine A (920)). In particular, an action
selector engine include hardware andfor software with functionality for
determining ong or more actions based on one or more agent policies {e.g., agent
policies  (921)) and observation data (e.g., observation data A
(980 characterizing one or more current states of a hydraulic stimulation
environment. Some examples of an action selector engine may include machine-
fearning models, such as an artificial newral vetwork or a random forest, which
determines actions based on various input features within the observation data.
Depending on changes to the observation data, a pump agent may be instructed
to implement a particular action, e.g., by a command or control signal. Io another
embodiment, the action selector engine determines actual commands for
components in a well network (e.g., an action may correspond o command X
(171} that 1s adjpusting a pump operation of pump system A (121w FIG. ). In
another embodiment, an action selector engine determines action scores that are
used by pump agents for adjusting pump operations, where different actions

scores correspond to different flow rate adjustments.

[00108] Turning to observation data, observation data may inclade pressure data,

flow rate data, geological data {such as acquired from well log data or seismic
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data}, and acoustic sensing data {e.g., from a DAS systen}, OUbservation data at
a particular time step may include data from a previcus time step that may be
beneticial 1o characterizing the hydraulic stmulaton environment.  In some
embodiments, a reinforcement learning system may inchlude a replay butfer (e.g.,
replay buffer (990)} that stores observation data in association with different
puinp agent trajectories (e.g., pump agent X trajectory (991), pump agent Y
trajectory (992), pump agent Z trajectory (993)). For cxample, a frajectory may
specify a sequence of observations characterizing respective states of the
environment. In some ernbodiments, a trajectory may correspond o a vector of
different states of a hydraulic stimulation environment, different actions
performed by varnious pump agents, and/or various reward values obtained in

response to the different actions.

[00109] To some embodiments, a reinforcement learning sysiem uses One or more
pure reinforcement learning algorithms {e.g.. without an experts’ demonstration}
to determine an agent policy for one or more agents. A pure reinforcement
iearning algorithm may start with a random policy that is continuously improved
through trial-and-error based on various rewards received using a reward
function. For exaraple, a policy may be trained using a software sirnulator for the
hydraulic fracturing environment. The resulting simulation-trained policy may
provide a starting point in a real stimulation operation to further improve the

policy.

(00116} In some ewmbodiments, a reinforcement learning system ioncludes a
fraining system (e.g., training system (935}). The traiming system may be
coupled to an action selector engine and inchude hardware and/or software with
functionality for updating one or more policy parameters in a respective agent
policy {e.g., policy parameters (922)) and/or one or more reward parameters
(e.g., reward parameters (924)) in a respective reward function. In particular, a
training system may ose training data {(e.g., training data (943)) to steratively

update agent policies and/or reward functions using one or more machine-

&
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fearning algorithms {(e.g., machine-learning algorithm C (833)). Here, training
data may include an expert’s demonstrations or trajectorics that may be obtained
by enabling a huoman to control a pump agent’s actions, and logging the resulting
expert observations of a hydraulic stimulation environment. Expert
demonstrations may also correspond to historical data {e.g., historical
observation data A (946)), augroented data (e.g., augmented observation data A
(947, and/or synthetic data {c.g., synthetic observation data C (948)) that
provides an optinyized action with respect to a particular state of a hydraulic
stimnulation environment. Thus, a fraining system may use a loss function {e.g.,
loss function D (934)) to determine a difference between an expert’s
demonstration and selected actions based on one or more agent policies. The
training  system may use this difference to update parameters within a

reinforcement learning system through one or more imitation learning processes.

(80111} With respect to imitation learning processes, a reinforcement learning
system may use imitation learning processes to learn an optimal agent policy or
optimmal reward function from an expert’s demonstration or a supervising signal.
Such technigues may be distinguished from pure reinforcement learning
algorithuns that learn from sparse rewards or through maneally specifving a
reward function. In other words, a reinforcement leaming system may have an
easier avenue to learn an optimal agent policy or actual reward function by
having a teacher demonstrate a desired behavior rather than manually
engineering such behavior. Accordingly, an expert’s demonstrations may form
a trajectory t = {Sg, do, Si, a1, ...} , Where the expert’s actions are determined by
an expert’s pohcy, that may correspond o an optimal policy.  In some
embodiments, an expert may be gueried during a training process, to obtain

training data for a particular hydraulic stimulation environment.

(66112} In one embodiment, an imitation learning process is a behavioral cloning
process.  For example, a remnforcement learning system may use behavior

cloning to directly map from one or more states to one or more actions, thereby
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forming a state-action pair. Based on an expert’s demonsirations, these state-
action pairs may be determined using supervised learning and a loss function. A
hydraudic stimulation envirorgnent with an 1dentifiable set of states may be well

suited for a behavioral cloning process.

(64113} In another embodiment, an imitation learning process is a direct policy
learning {DDPL) process or direct policy searching process that uses training data
to determuine an agent policy that maximizes an expected reward and/or reduces
an expected loss. In particular, a DPL process may iteratively access an
interactive expert during a tratning process. With sufficient training data, a pump
agent may remember past mistakes and train the agent policy in order to
converge at an optimum policy. For example, a DPL process may implement
adata aggregation algorithm  or policy aggregation algorithm. In a data
aggregation algorithun, the data aggregation algorithin may train the agent policy
using an entire training dataset. In a policy aggregation algorithm, the pohicy
aggregation algorithm trains an agent policy on the training data obtained in the
previous iteration and subsequently combines the current policy with previous

policies using geometric blending.

{00114] In another embodiment, an imitation learning process is an inverse
reinforcement learning (IRL) process.  For example, an IRL process may
determine a reward function of the hydraulic stimulation environment based on
an expert’'s demonstrations. After determining the actual reward function, the
IRL process may determine the optimnal policy that maximizes the identified
reward function using reinforcement learping, In particular, the reward function
may be parameterized (e.g., reward parameters (924)) and the reward parameters
may be iteratively spdated. After wdentifying both the reward function and an
optimal policy, the optimal policy may be compared to an wdentified expert’s

policy.

[80115] Keeping with IRL processes, an IRL process method may be a model-

based algorithm or a model-free algotithm. In a mwodel-based algonithim, the
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reinforcement learning system may determine a hnear reward function or a
forward model of a hydraulic stimulation environment that 18 used to learn an
agent’s policy. In a model-free algorithm, the reward {unction may be complex
and thus a machine-learning model {(e.g., a neural network) may be used to

approximate the complex reward function.

While FIG. 9 shows various configurations of components, other
configurations may be used without departing from the scope of the disclosure.
For example, various components in F1G. 9 may be combined to create a single
component.  As another example, the functionality performed by a single

component may be performed by two or more components.

Turning to FIG. 10, FIG. 10 shows a flowchart in accordance with one or
more embodiments.  Specifically, FiG. 10 describes a specific method that
determines flow rate rules using a reinforcement learning algorithm. One or
more blocks in FIG. 10 may be performed by one or more components {¢.g.,
hydraulic stimulation manager X (180) or a reinforcement learning system (110))
as described in FIGs. 1, 2, 3, and 9. While the various blocks in FIG. 10 are
presented and described sequentially, one of ordinary skill in the art will
appreciate that some or all of the blocks may be executed in different orders, may
be combined or omitted, and some or all of the blocks may be executed in

paraliel. Furthermore, the blocks may be performed actively or passively.

In Block 1000, a hydraulic stimulation operation with a hydraulic
stimulation environment s initiated In accordance with one or more

embodiments.

In Block 1010, observation data are obtained regavding the hydraulic

stimulation enviromment in accordance with one or more embodiments.
In Block 1020, an action for a pump agent i1s determined based on
observation data, an agent policy, and a reinforcement learning algorithm in

accordance with one or more embodiments. For example, reinforcement
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fearning may be used to control a flow rate during hydraulic stimulation

operations.

(641211 In some embodiments, an agent policy may be trained using historical
fracturing data where rule-based algorithins were previously used to countrol flow
rates. One technique for training the agent policy may include using previous
fracturing data to assign positive rewards upon attaining relatively lower
pressure values, fo assign positive rewards upon attaining smoother overall
pressure behavior (e.g., avoiding sudden pressure spikes), to assign negafive
rewards upon attaining sudden increases in pressure, etc. Thus, the agent policy
miay be trained o recommend various flow rate adjustments to achieve gradual
pressure ramp and desired pressure behavior. The agents may learn and improve

through increasing numbers of hydraulic stimmulation operations.

(80122 In Block 1038, observation data are obtained regarding the hydraulic
stimnulation environment in response fo performance of an action by a pump

agent in accordance with one or more embodiments.

i0123] In Block 1040, a reward value 15 determined using observation data and a
reward function associated with a pump agent 1n accordance with one or more
embodiments. In a reinforcement learning algorithm, a pump agent may perform
an action in the hydraulic stimulation environment, and then receive either a
positive or a negative reward. For example, the goal for a purmp agent may be to

maximize its cumulative (positive) reward in the long-term.

(64124} In Block 1050, an agent policy is updated based on a reward value in
accordance with one or more embodiments. For example, a reinforcement
fearning system may adjust an agent’s pohcy based on various rewards obtained
by previous actions. In some embodiments, an agent policy 1s updated using a
training systeny. In particular, one or more imitation learning technigues may be
used to learn and/or adjust an ageot pohicy or a reward function based on training

data. For example, a mismatch between observation data and training data may
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be obtained using a loss function. Accordingly, policy parameters or reward

parameters may be adjusted based on error data associated with the mismatch.

[4G125] In Block 1060, a determination is made whether a hydraulic stimulation
operation is complete 1 accordance with one or more embodiments. Where the
hydraulic stimulation operation is complete, this process may end. Where the
hydraulic stimulation operation is unfinished, the process may proceed to Block
1020 to determine another action by a pump agent according to an updated agent

policy.

(63126} Embodiments may be implemented on a computer system. FIG. 1lisa
block diagrarn of a corputer system (1102) used to provide computational
functionalities associated with described algorithms, methods, functions,
processes, flows, and procedures as described in the instant disclosure, according
to an implementation. The Hustrated computer (1102) 15 intended to encompass
any computing device such as a high performance computing (HPC) device, a
server, desktop computer, laptop/notebook computer, wireless data port, smart
phooe, personal data assistant (PDA), tablet computing device, one or more
processors within these devices, or any other suitable processing device,
including both physical or virtual instances {or both} of the computing device.
Additionally, the computer (1102) may include a computer that includes an
input device, such as a keypad, keyboard, touch screen, or other device that can
accept user information, and an oufput device that conveys information
associated with the operation of the computer (1102), mcluding digual data,

visual, or audio information {or a combination of information), or a GUL

{0G127] The computer (1102} can serve in a role as a client, network component,
a server, a database or other persistency, or any other component (or a
combination of roles) of a computer systern for performing the subject matter
described in the instant disclosure. The illustrated computer (1102} 1s
communicably coupled with a network (1130} or cloud. In some

mmplementations, one or more componenis of the corputer (1102) may be
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configured to operate within environments, including cloud-computing-based,

iocal, global, or other environment (or a combination of environmenis).

[6G128] At a high level, the computer (1102) 1s an electronic computing device
operable to receive, transmit, process, store, or manage data and information
associated  with the described subject matier. According to  some
implementations, the computer {1102) may also include or be communicably
coupled with an apphication server, e-mail server, web server, caching server,
streaming data server, business intelligence (Bl) server, or other server {or a

combination of servers).

(001291 The compater (1102) can receive requests over network (1130) or
cloud from a client application (for example, executing on another computer
(1102)) and responding to the received requests by processing the said requests
in an appropriate software application. In addition, requests may also be sent to
the computer {1102} from internal users (for example, from a command console
or by other appropriate access method), external or third-parties, other automated
applications, as well as any other appropriate entities, mndividuals, systerns, or

computers.

(80130} Hach of the components of the computer (1102) can communicate using
a system: bus (1103}, In some implementations, any or all of the components of
the computer (1102), both hardware or software (or a combination of hardware
and software), may interface with each other or the mterface (1104){(or a
combination of both) over thesystem bus (1103)using an application
prograroming 1nterface (AP (1112) or a service layer (1113) {or a combination
of the APY (1112 and service layer (1113). The API (1112} may include
specifications for routines, data structures, and object classes. The API
(1112} may be etther computer-language independent or dependent and refex to
a complete interface, a single function, or even a set of APIs. The service layer
(1113) provides software services to the computer (1102} or other componeunts

{whether or not iHustrated) that are comymunicably coupled to the cormputer
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(1102). The functionality of the computer (1102) may be accessible for all
service consumers using this service layer. Software services, such as those
provided by the service layer (1113), provide reusable, defined busiess
functionalities through a defined interface. For example, the interface may be
software written 1 JAVA, U4+, or other suitable language providing data in
extensible warkup language (XML) format or other suuable format. While
illustrated as an integrated component of the computer (1102), alternative
implementations may illustrate the AP {(1112) or the service layer (1113} as
stand-alone components jo relation to other components of the cormputer
(1102) or other components {whether or not illustrated) that are communicably
coupled to the computer (1102). Moreover, any or all parts of the APT (1 Hi2) or
the service layer (1113) may be implemented as child or sub-modules of another
software module, enterprise application, or hardware module without departing

from the scope of this disclosure.

(601311 The computer (1102) includes an interface (1104). Although illustrated as
a single interface (1104) in FIG. 11, two or more mterfaces (1104) may be used
according to particular needs, desires, or particular implementations of
the computer (1102). The ioterface (1104} 15 used by the computer (1102) for
comununicating with other systems in a distributed environment that are
connected to the network (1130). Generally, the interface (1104 includes logic
encoded in software or hardware {or a combination of software and hardware)
and operable t© communicate with the network (1130} or cloud. More
specifically, the interface (1104) may include software supporting one or more
communication protocols associated with communications such that the network
(1130} or interface's hardware 1s operable to communicate physical signals

within and outside of the iliustrated computer (1102},

(60132} The computer (1102) includes at least one computer processor (1105},
Although llustrated as a single computer processor (11053) in FI1G. 11, two or

more processors may be used according to particular needs, desires, or particular
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implementations of the computer {1102). Generally, the computer processor
{1105} executes instructions and manipulates data to perform the operations of
the computer (1102) and any algonithms, methods, functions, processes, flows,

and procedures as described in the instant disclosure.

(00133 The computer (1102) also includes a memory (1106) that holds data for
the computer (1102) or other components {or a combination of both) that can be
connected to the network (1120). For example, memory (1106) can be a database
storing data consistent with this disclosure. Although illustrated as a single
memory (1106} in FIG. 1, two or more memories may be used according to
particular npeeds, desires, or particular implementations of the computer
{1102} and the described functionality. While memory (1106) is illustrated as an
integral component of the computer (1102), in alternative implementations,

memory (1106) can be external to the computer (1102).

(64134} The application (1107)1s an algorithmic software engine providing
functionality according o particular needs, desires, or particular
moplementations  of the computer (1102}, partcularly  with  respect o
functionality described in this disclosure. For example, application (1107} can
serve as one or more components, modules, applications, etc. Further, although
illustrated as a single application (1107}, the application (1107) may be
implemented as multiple applications (1107) on the computer (1102). In
addition, although illustrated as integral to the computer {1102}, in alternative

ioplementations, the application (1107) can be external to the coraputer (1102).

[60135] There may be any number of computers (1102) associated with, or
external to, acomputer system containing computer (1102), each computer
(1102) communicating over network (1130). Further, the term “client,” “user,”
and other appropriate terminology may be used 1oterchangeably as appropriate
without departing from the scope of this disclosure. Moreover, this disclosure
contemplates that many users may use one computer {1102), or that one user

may use multiple computers (1102).
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(80136} In some embodiments, the computer (1102) is implemented as part of a
cloud computing system. For example, a cloud computing system may include
one or more remote servers along with various other cloud components, such as
cloud storage units and edge servers. In particular, a cloud computing system
may perform one or more compuiing operations without direct active
management by a user device or local computer system. As such, a cloud
computing systermn may have different functions distributed over multiple
locations from a central server, which may be performed using one or more
Interoet connections. More specifically, cloud coraputing systern may operate
according to one or more service models, such as infrastructure as a service
(faah), platform as a service {PaaS), software as a service (SaaS), mobile
"hackend” as a service (MBaaS), serverless computing, and/or function as a

service (FaaS).

(80137} Although only a few example embodiments have been described in detail
above, those skilled 10 the art will readily appreciate that many modifications are
possible in the example embodiments without materially departing from this
invention.  Accordingly, all such modifications are intended to be included
within the scope of this disclosure as defined n the following claims. Io the
claims, any means-plus-function clauses are mtended to cover the structures
described herein as performing the recited function(s} and equivalents of those
structures. Similarly, any step-plus-function clauses 1o the claims are intended
to cover the acts described here as performing the recited function{s) and

equivalents of those acts.
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CLAIMS

What is claimed:

1. A method, comprising:

determining, by a computer processor (1103), time-derivative pressure data
based on pressure data regarding a pump system- (121 122; 123) that is
performing a hydraulic stimulation operation in a geological region;

determining, by the computer processor (1105}, a moving average value based
on the time-derivative pressure data and a predetermined time window;

determining, by the computer processor {11035}, a flow rate adjustment for the
pump systern (1215 122; 123) based on the moving average value, an
update interval for adjusting How rates, and one or more predetermined
flow rate rules, wherein a size of the predetermined time window is
different from the update mnterval; and

transnutting, by the computer processor (1105) and based on the flow rate
adjustment, a command to the pump system (121; 122; 123) that changes

a flow rate within the hydraulic stimulation operation.

2. The method of claim 1,
wheretn the pressure data 1s obtained from a phurality of downhole sensors (161
162; 163; 321) comprising a first downhole sensor (507) coupled to a
casing (506) with a wellbore and a second downhole sensor (505) coupled
to a frac plug (504) within the wellbore, and
wherein the plurality of downhole sensors (321) stream the pressure data in real-
time over a well network (100) to a hydraslic stimulation manager (180)

disposed at a surface of a well sufe.

3. The method of any of clains 1-2,
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wherein the one or more predetermined flow rate rules are determined by a
reinforcement learning system (110) comprising an action selector engine
{920) and a traindng system (935),

wherein the one or more predetermined flow rate rules correspond to one or more
agent policies that are determined by a reinforcement learning algorithm,
and

wherein the one or more predetermined flow rate rules define a size of the
dyvnamic time window, a size of the flow rate adjustmuent increment, and
a plurality of conditions for increasing, decreasing, and maintaining a

flow rate of the pump system {121; 122; 123).

4. The method of any of claims 1-3,

wherein the one or more predetermined flow rate rules comprises a first rule, a
second rule, and a third rale,

wherein the first rule corresponds to no flow rate adjustment when the moving
average value of time-derivative pressure data is positive,

wherein the second rule correspond to a positive flow rate increment when the
moving average of time-derivative pressure data value is negative or
equal to zerp, and

wheren the third rule corresponds to 4 negative flow rate increment when a
pressure value at a current fime step 18 equal to or greater than the

predetermined maximum pressure value.

5. The method of any of claims 1-4, further comprising:
obtaining tlow rate data regarding the pump system (121; 122; 123) from a flow
rate sensor,
wherein the one or more flow rate rules are based on the flow rate data from a

previous fime step.

6. The method of any of claims 1-5, further comprising:
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determining a plurality of recommended flow rate adjustinents for the pump
systen {121; 122; 123) based on the moving average value and the one or
moore predetermined flow rate rules;

presenting, within a graphical user interface (1104) in a user device {1102), the
plurality of recommended flow rate adjustments; and

transmitiing, in response to a selection of a recormmended flow rate adjustinent
among the plurality of recommended flow rate adjustments, a command
to the purnp system (121; 122; 123) to implement the recommended flow

rate adjustment.

7. The rocthod of any of claims 1-6, further comprising:
determining a pressure curve from the pressure data; and
performing a smoothing operation on the pressure curve using a Discrete Fourier
Transform with a low-pass f{ilter, or using a median filter to produce a
smoothed pressure curve, and
wherein the time-derivative pressure data are determined using the smoothed

pressure curve.

8. The method of any of claims 1-7,
wheren the purap systern (121; 122; 123) sends a hydrauvlic fracturing fluid into
a wellbore at a predetermined flow rate during the hydrauhic stimulation
operation,
wheren the hydraulic fracturing fhad comprises at least one propping agent, and
wherein the hydraunlic fracturing fluid produces a fracture network laterally from

the wellbore.

8. A method, comprising:
obtaining, by a computer processor (1103}, first observation data regarding a
hydraulic stimnidation environment (9653), wherein the first observation
data comprises pressure data and flow rate data regarding a hydraulic

stimulation operation;

W
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determining, by the computer processor {1103) and based on an agent policy and
the first observation data, a first action for a pump agent (851; 952; 953),
wherein the pump agent (951 952; 953) corresponds to a pump system
(121; 122; 123) coupled to a wellbore, a thud control system, and a
proppant system (192), and wherein the first action corresponds to a flow
rate adjustment for the pump system (121; 122; 123);

obtaining, by the computer processor (1105}, second observation data regarding
the hydraulic stimulation environment {965) in response to the pump
agent (951; 952; 953) performing the frst actiony

determining, by the computer processor (1105). a reward value for the pump
agent (951; 952; 953) based on the second observation data and a reward
function; and

updating, by the computer processor (1103}, the agent policy based on the reward
value to produce an updated policy,

wheremn the updated policy determines one or more actions for the pump agent

(951; 952; 953).

10. The method of claim 9, further comprising:
obtaining, by a training system (935), training data regarding the pump agent
{951; 952; 933); and
determining, by the fraining system (935) and based on a loss function, a
nmiismatch between the training data and third observation data regarding
one or more hydraulic stimulation operations; and
wherein a plurality of policy parameters of the updated policy are adjusted based

on the mismaich.

11.The method of any of claims 9-10, further comprising:
obtaining, by a replay buffer (990), a plurality of pump agent trajectories

regarding a plurality of pomp agents (9511 952; 9533); and
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updating, based on the plurality of pump agent tfrajectories, a reward function
associated with at least one of the plurality of pump agents (951; 852;
953) to produce an updated reward function: and

updating a plurality of agent policies associated with the plurality of pump agents

(951; 952; 953) using the updated reward function.

12.The method of any of claims 9-11,
wherein the agent policy 1s updated using training data that corresponds to

training pressure data and training flow rate data.

13.The roethod of any of claims 9-12,
wherein the first ohservation data comprise acoustic sensor data (962) that 15
obtained from a distritbuted acoustic sensing {DAS) system that is
disposed in the wellbore; and/or
wheremn the first observation data comprise acoustic sensor data that is obtained
from a surface acoustic device mounted on the wellhead or other surface

equipment connected to the wellhead.

14. A system (300), comprising:

a purop system (1215 122; 123) cornprising a displacervent pump;

a plurality of sensors (161; 162; 163) coupled to the pump system, wherein the
phurality of sensors (161; 162; 163) determine pressure data regarding a
hydraulic stimulation operation; and

a hydraulic stimulation manager (180) comprising a compuier processor,
wherein the hydraulic stimulation manager (180} 1s coupled to the pump
systern (121, 1227 123), the hydraulic stimulation manager (180)
comprising functionality for:
determining time-derivative pressure data based on pressure data

regarding the pump system (121; 122; 123);
determining a moving average value based on the time-derivative

pressure data and a predetermined time window;
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determining a flow rate adjustment for the pump system (121 122; 123)
based on the moving average value, an update interval for
adjusting {low rates, and one or more predetermined flow rate
rules, wherein a size of the predetermined time window is different
from the update interval; and

transraitiing, based on the flow rate adjustment, a command to the pump
systern (121; 122; 123} that changes a flow rate within the

hydraulic stimulation operation.

15.The system (300) of claim 14,

wherein the one or more predetermined flow rate rules are determined by a
reinforcement learning systern (110) comprising an action selector engine
(920) and a training system {9335),

wherein the one or more predetermined flow rate rules correspond o one or more
agent policies that are determined by a reinforcement leamning algorithm,
and

wherein the one or more predetermined flow rate rules define a size of the
dynamic time window, a size of the flow rate adjustment increment, and
a plurality of conditions for increasing, decreasing, and maintaining a

flow rate of the pump system (121; 122; 123).

16. The system {300) of any of claims 14-15,
wherein the one or more predetermoined flow rate rules coraprises a fst rule, a
second rule, and a third rule,
wherein the first rule corresponds to no flow rate adjustment when the moving
average value of time-derivative pressure data is positive,
wherein the second rule correspond to a positive flow rate increment when the
moving average value of time-derivative pressure data is negative or

eqgual to zero, and
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wherein the third rule corresponds o a negative flow rate increment when a
pressure value af a current time step i1s equal to or greater than the

predetermined maximum pressure value.

17. The system (300) of any of claims 14-16, wherein the hydraulic stimulation manager
(180) further comprises functionality for
determining a plurality of recommended flow rate adjustments for the pump
system (121; 122; 123) based on the moving average value and the one or
moore predetermined flow rate rules;
presenting, within a graphical user interface (1104) in a user device {1102), the
plorality of recomunended How rate adjustments; and
transinitiing, in response to a selection of a recommended flow rate adjustment
among the plurality of recommended flow rate adjustients, a command
to the purnp system (121; 122; 123) to implement the recommended flow

rate adjustment.

18. The systern of any of clairns 14-17, wherein the hydraslic stimnulation manager (180)
further comprises functionality for:
obtaining first observation data regarding a hydraulic stimulation environment
(965);
determining, based on an agent pohicy and the first observation data, a first action
for a pump agent (951 952; 953), wherein the purap agent (851, 952; 853)
corresponds to the pump systemn (121; 122; 123}, and wherein the first
action corresponds to the flow rate adjustment for the pump system (121;
22,123}
obtaining second observation data regarding the hydraulic stiroulation
environment in response o the pump agent (931, 952; 953) performing
the first action:
determining a reward valoe for the purap ageot {(951; 952; 953) based on the

second observation data and a reward function: and
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updating the agent policy based on the reward value to produce an updated
policy,
wheretn the updated policy determines one or ynore actions for the pump agent

(951; 952; 953).

19. The system of any of clairus 14-18, further comprising:
a training system {935} that obtains training data regarding a pharality of pump
agents (951; 932; 853),
wherein the purap agent (951; 9532; 953) 1s trained based on a loss fonction and
a mismatch between the training data and observation data regarding one
ot more hydraulic stumulation operations, and
wherein a plurality of policy parameters of the updated policy are adjusted based

on the mismatch.

20.The system of claim 19, further comprising:
a replay butfer (950) that obtains a plurality of pump agent trajectories regarding
a plurality of pump agents (951; 952; 953),
wherein the training system {935) updates a reward function based on the

plurality of pump agent trajectories.
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