I*I Innovation, Sciences et Innovation, Science and CA 2971712 C 2020/07/14

Développement économique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (1 1)(21) 2 97 1 7 1 2
12y BREVET CANADIEN
CANADIAN PATENT
13 C
(86) Date de dépét PCT/PCT Filing Date: 2015/03/06 (51) CLInt./Int.Cl. E271B 47/12(2012.01),
(87) Date publication PCT/PCT Publication Date: 2016/09/15 £218 44/00(2006.01), £218 47/00(2012.01)
" . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2020/07/14 XUE, YUZHEN_ US:
(85) Entrée phase nationale/National Entry: 2017/06/20 DYKSTRA, JASON D., US:
®6) N° demande PCT/PCT Application No.: US 2015/019198 GE, XIAOQING, US

(87) N° publication PCT/PCT Publication No.: 2016/144292 (73) Propriétaire/Owner:
HALLIBURTON ENERGY SERVICES, INC., US

(74) Agent: PARLEE MCLAWS LLP

(54) Titre : OPTIMISATION DE SELECTION ET D'UTILISATION DE CAPTEURS POUR SURVEILLANCE ET
COMMANDE DE PUITS
(54) Title: OPTIMIZING SENSOR SELECTION AND OPERATION FOR WELL MONITORING AND CONTROL

Depth Depth = ggtr:r:;I
J Location

- Sens i =
Sensing Data | ———=> Op&r:w%i%%%t:\onq — =

(57) Abrégé/Abstract:

In some aspects, the present disclosure includes systems and methods for optimizing one or more of a number of sensors on a
drillstring or the locations of the sensors on the drillstring, or the types of the sensors. The method includes determining a number
of sensors to place on a drillstring, a location for each of the sensors based, and types of sensors based, at least in part, on one or
more of a state reduction technique and an optimization framework. The method includes disposing the selected number of
sensors along the drilling and performing a drilling operation.

50 rue Victoria ¢ Place du Portage 1 ® Gatineau, (Québec) KI1AOC9 e www.opic.ic.gc.ca i+l

50 Victoria Street e Place du Portage 1 e Gatineau, Quebec KIAO0C9 e www.cipo.ic.gc.ca ( Eal lada



wo 2016/144292 A1 |[IN MNP0 00O O 0

(43) International Publication Date
15 September 2016 (15.09.2016)

CA 02971712 2017-06-20

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

WIPOIPCT

(10) International Publication Number

WO 2016/144292 A1l

(51

eay)

(22)

(25)
(26)
1

(72

74

31

International Patent Classification:
E21B 47/00 (2006.01) E21B 47/12 (2006.01)
E21B 44/00 (2006.01)

International Application Number:
PCT/US2015/019198

International Filing Date:
6 March 2015 (06.03.2015)

Filing Language: English
Publication Language: English
Applicant: HALLIBURTON ENERGY SERVICES,

INC. [US/US]; 3000 N. Sam Houston Parkway E., Hous-
ton, TX 77032-3219 (US).

Inventors: XUE, Yuzhen; 19130 Sprinters Drive, Humble,
TX 77346 (US). DYKSTRA, Jason, D.; 2610 Randal
Lake Lane, Spring, TX 77388 (US). GE, Xiaoqing; 54 S
Peaceful Canyon Circle, The Woodlands, TX 77381 (US).

Agents: BOWLING, Bradley et al.; Baker Botts LLP, 910
Louisiana Street, Houston, TX 77002 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (uniess otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

of inventorship (Rule 4.17(iv))

Published:

with international search report (Art. 21(3))

(54) Title: OPTIMIZING SENSOR SELECTION AND OPERATION FOR WELL MONITORING AND CONTROL

Depth

FIG.5

: Sensor Location Z
Sensing Data | ——> Optimization —> :

Optimal

Depth Sensor
l Location

0

toog

(57) Abstract: In some aspects, the present disclosure includes systems and methods for optimizing one or more of a number of
sensors on a drillstring or the locations of the sensors on the drillstring, or the types of the sensors. The method includes determining
a number of sensors to place on a drillstring, a location for each of the sensors based, and types of sensors based, at least in part, on
one or more of a state reduction technique and an optimization framework. The method includes disposing the selected number of
sensors along the drilling and performing a drilling operation.



10

15

20

25

30

CA 02971712 2017-06-20

WO 2016/144292 PCT/US2015/019198

OPTIMIZING SENSOR SELECTION AND OPERATION FOR WELL MONITORING
AND CONTROL

TECHNICAL FIELD

The present disclosure relates generally to well drilling and hydrocarbon recovery
operations and, more particularly, to a system and method of optimizing the selection and
operation of sensors for a wellbore drilling operation.

BACKGROUND

Hydrocarbons, such as oil and gas, are commonly obtained from subterranean formations
that may be located onshore or offshore. The development of subterranean operations and the
processes involved in removing hydrocarbons from a subterranean formation typically involve a
number of different steps such as, for example, drilling a wellbore at a desired well site, treating
the wellbore to optimize production of hydrocarbons, and performing the necessary steps to
produce and process the hydrocarbons from the subterranean formation.

When performing subterranean operations, such as drilling a subterranean formation, it is
often desirable to perform sensor measurements using sensors along the drillstring or at the
surface. The results of the sensor measurements may be indicative of the drillstring, the drilling
process, or the subsurface formation.

4 BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present disclosure and its features and
advantages, reference is now made to the following description, taken in conjunction with the
accompanying drawings, in which:

FIGURE 1 illustrates an elevation view of an example embodiment of a drilling system
used in an illustrative wellbore drilling environment, in accordance with some embodiments of
the present disclosure;

FIGURE 2 illustrates an elevation view of an example embodiment of a downhole system
used in an illustrative logging environment with the drillstring removed, in accordance with
some embodiments of the present disclosure;

FIGURE 3 illustrates a block diagram of an exemplary sensors control system, in
accordance with some embodiments of the present disclosure;

FIGURE 4 illustrates a flow chart of example methods for sensor placement in
accordance with some embodiments of the present disclosure;

FIGURE 5 is an example diagram of a drillstring locations for sensors placement;

1
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FIGURE 6 is a diagram of an example spring-mass system for optimization by example

systems of the present disclosure;

FIGURE 7 is a set of graphs of measurements of force versus time for an a full spring
mass system of FIGURE 6 and a state reduced sensing of the spring mass system of FIGURE 6;
FIGURE 8 is a diagram illustrating example placement of redundant sensors along a

drillstring of the present disclosure; and

FIGURE 9 illustrates a flow chart of example methods for sensor operation in accordance

with some embodiments of the present disclosure.
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DETAILED DESCRIPTION

The present disclosure describes a system and method to optimize the number,
placement, and operation of sensors on a drillstring. The sensors are located on or along a
drillstring, as shown in FIGURE 1, or on a wireline, as shown in FIGURE 2, The sensors may
include sensors to measure flow rate, pressure, or density of mud entering the wellbore. In other
implementations, the sensors may include one or more measurement-while-drilling (MWD) tool
sensors, such as strain gauges, accelerometers, and acoustic sensors. Embodiments of the present
disclosure and its advantages are best understood by referring to FIGURES 1 through 8, where
like numbers are used to indicate like and corresponding parts. |

FIGURE.I illustrates an elevation view of an example embodiment of drilling system
100 used in an illustrative logging-while-drilling (LWD) environment, in accordance with some
embodiments of the present disclosure. Modern petroleum drilling and production operations use
information relating to parameters and conditions downhole. Several methods exist for collecting
downhole information during subterranean operations, including LWD and wireline logging. In
LWD, data is typically collected during a drilling process, thereby avoiding ahy need to remove
the drilling assembly to insert a wireline logging tool. LWD consequently allows an operator of a
drilling system to make accurate real-time modifications or corrections to optimize performance
while minimizing down time. In wireline logging, a logging tool may be suspended in the
wellbore from a wireline and the logging tool may take measurements of the wellbore and
subterranean formation.

Drilling system 100 may include well surface or well site 106. Various types of drilling
equipment such as a rotary table, drilling fluid pumps and drilling fluid tanks (not expressly
shown) may be located at well surface or well site 106. For example, well site 106 may include
drilling rig 102 that may have various characteristics and features associated with a “land drilling
rig.” However, downhole drilling tools incorporating teachings of the present disclosure may be
satisfactorily used with drilling equipment located on offshore platforms, drill ships, semi-
submersibles and drilling barges (not expressly shown).

Drilling system 100 may also include drillstring 103 associated with drill bit 101 that
may be used to form a wide variety of wellbores or bore holes such as generally vertical wellbore
114a or generally horizontal 114b wellbore or any other angle, curvature, or inclination. Various
directional drilling techniques and associated components of bottom hole assembly (BHA) 120

of drillstring 103 may be used to form horizontal wellbore 114b. For example, lateral forces may
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be applied to BHA 120 proximate kickoff location 113 to form generally horizontal wellbore
114b extending from generally vertical wellbore 114a. The term “directional drilling” may be
used to describe drilling a wellbore or portions of a wellbore that extend at a desired angle or
angles relative to vertical. The desired angles may be greater than normal variations associated
with vertical wellbores. Direction drilling may also be described as drilling a wellbore deviated
from vertical. The term “horizontal drilling” may be used to include drilling in a direction
approximéte]y ninety degrees (90°) from vertical but may generally refer to any wellbore not
drilled only vertically. “Uphole” may be used to fefer to a portion of wellbore 114 that is closer
to well surface 106 via the path of the wellbore 114. “Downhole” may be used to refer to a
portion of wellbore 114 that is further from well surface 106 via the path of the wellbore 114.
Wellbore 114 may be defined in part by casing string 110 that may extend from well
surface 106 to a selected downhole location, Portions of wellbore 114, as shown in FIGURE 1,

that do not include casing string 110 may be described as “open hole.” Various types of drilling

. fluid may be pumped from well surface 106 through drillstring 103 to attached drill bit 101. The

drilling fluids may be directed to flow from drillstring 103 to respective nozzles passing through
rotary drill bit 101. The drilling fluid may be circulated back to well surface 106 through annulus
108 defined in part by outside diameter 112 of drillstring 103 and inside diameter 118 of
wellbore 114. Inside diameter 118 may be referred to as the “sidewall” of wellbore 114. Annulus
108 may also be defined by outside diameter 112 of drillstring 103 and inside diameter 111 of
casing string 110. Open hole annulus 116 may be defined as sidewall 118 and outside diameter
112.

BHA 120 may be formed from a wide variety of components configured to form
wellbore 114. For example, components 122a, and 122b of BHA 120 may include, but are not
limited to, drill bits (e.g., drill bit 101), coring bits, drill collars, rotary steering tools, directional
drilling tools, downhole drilling motors, reamers, hole enlargers or stabilizers. The number and
types of components 122 included in BHA 120 may depend on anﬁcipated downbhole drilling
conditions and the type of wellbore that will be formed by drillstring 103 and rotary drill bit 101.
BHA 120 may also include various types of well logging tools and other downhole tools
associated with directiona] drilling of a wellbore. Examples of logging tools and/or directional
drilling tools may include, but are not limited to, acoustic, neutron, gamma ray, density,
photoelectric, nuclear magnetic resonance, induction, resistivity, caliper, coring, seismic, rotary

steering and/or any other commercially available well tools. Further, BHA 120 may also include
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a rotary drive (not expressly shown) connected to components 122a, and 122b and which rotates
at least part of drillstring 103 together with components 122a, and 122b.

In the illustrated embodiment, logging tool 130 may be integrated with BHA 120 near
drill bit 101 (e.g., within a drilling collar, for example a thick-walled tubular that provides weight
and rigidity to aid in the drilling process, or a mandrel). In certain embodiments, drilling system
100 may include control unit 134, positioned at the surface, in drillstring 103 (e.g., in BHA 120
and/or as part of logging tool 130) or both (e.g., a portion of the processing may occur downhole
and a portion may occur at the surface). Control unit 134 may include a control system or a
control algorithm for logging tool 130. Control unit 134 may be communicatively coupled to
logging tool 130 and, in one or more embodiments, may be a component of logging tool 130.

MWD tool 130 may be integrated into drilling system 100 at any point along the
drillstring 103. Multiple MWD tools 130 may be located along the length of the drillstring.
MWD tool 130 may include one or more sensors. The sensors may include one or more
measurement-while-drilling (MWD) tool sensors, such as strain gauges, accelerometers, and
acoustic sensors. Other example sensors include one or more sensors to measure formation
properties, such as acoustic, neutron, gamma ray, density, photoelectric, nuclear magnetic
resonance, induction, resistivity, caliper, coring, or seismic sensors, Still other example sensors
include one or more sensors to measure fluid properties, such as one or more of fluid flow rate or
density. Each of the sensors produces an output indicative of the property measured by the
sensor. MWD tool 130 may further include processor to operate the one or more sensor and to
receive the outputs from the sensors.

Telemetry sub 132 may be included on drillstring 103 to transfer measurements to
surface receiver 136 and/or to receive commands from control unit 134 (when control unit 134 is
at least partially located on the surface). Telemetry sub 132 may transmit downhole data to a
surface receiver 30 and/or receive commands from the surface receiver 30. Telemetry sub 132
may transmit data through one or more wired or wireless communications channels (e.g., wired
pipe or electromagnetic propagation). Alternatively, telerhetry sub 132 may transmit data as a
series of pressure pulses or modulations within a flow of drilling fluid (e.g., mud-pulse or mud-
siren telemetry), or as a series of acoustic pulses that prbpagate to the surface through a medium,
such as the drillstring. Drilling system 100 may also include facilities (not expressly shown) that
include computing equipment configured to collect, process, and/or store the measurements

received from sensors on logging tool 130, and/or surface receiver 136, or from sensors at other
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locations along the drillstring. The facilities may be located onsite at the wellbore or offsite at a
location away from the wellbore.

Drilling system 100 may also include rotary drill bit (“drill bit”) 101. Drill bit 101 may
include one or more blades 126 that may be disposed outwardly from exterior portions of rotary
bit body 124 of drill bit 101. Blades 126 may be any suitable type of projections extending
outwardly from rotary bit body 124. Drill bit 101 may rotate with respect to bit rotational axis
104 in a direction defined by directional arrow 105. Blades 126 may include one or more cutting
elements 128 disposed outwardly from exterior portions of each blade 126. Blades 126 may also
include one or more depth of cut controllers (not expressly shown) configured to control the
depth of cut of cutting elements 128. Blades 126 may further include one or more gage pads (not
expressly shown) disposed on blades 126. Drill bit 101 may be designed and formed in
accordance with teachings of the present disclosure and may have many different designs,
configurations, and/or dimensions according to the particular application of drill bit 101.

At various times during the drilling process, drillstring 103 may be removed from
wellbore 114 and a wellbore logging tool may be used to obtain information about the
subterranean formation. FIGURE 2 illustrates an elevation view of an example embodiment of
drilling system 200 used in an illustrative logging environment with the drillstring removed, in
accordance with some embodiments of the present disclosure. Subterranean operations may be
conducted using wireline system 220 once the drillstring has been removed, though, at times,
some or all of the drillstring may remain in wellbore 114 during logging with wireline system
220. Wireline system 220 may include one or more logging tools 226 that may be suspended in
wellbore 216 by conveyance 215 (e.g., a cable, slickline, or coiled tubing). Logging tool 226
may be similar to logging tool 130, as described with reference to FIGURE 1. Logging tool 226
may be communicatively coupled to conveyance 215. Conveyance 215 may contain conductors
for transporting power to wireline system 220 and telemetry from logging tool 226 to logging
facility 244. Alternatively, conveyance 215 may lack é conductor, as is often the case using
slickline or coiled tubing, and wireline system 220 may centain a control unit similar to control
unit 134, shown in FIGURE 1, that contains memory, one or more batteries, and/or one or more
processors for performing operations and storing measurements. In certain embodiments, system
200 may include control unit 234, positioned at the surface, in the wellbore (e.g., in conveyance
215 and/or as part of logging tool 226) or both (e.g., a portion of the processing may occur

downhole and a portion may occur at the surface). Control unit 234 may include a control system
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or a control algorithm. In certain embodiments, a control system, an algorithm, or a set of
machine-readable instructions may cause control unit 234 to generate and provide an input signal
to one or more elements of drillstring 103, such as the sensors along the drillstring 103. The
input signal may cause the sensors to be active or to output signals indicative of sensed
properties. Logging facility 244 (shown in FIGURE 2 as a truck, although it may be any other
structure) may collect measurements from logging tool 226, and may include computing
facilities for controlling, processing, or storing the measurements gathered by logging tool 226.
The computing facilities may be communicatively coupled to logging tool 226 by way of
conveyance 215 and may operate similarly to control unit 134 and/or surface receiver 136, as
shown in FIGURE 1. In certain example embodiments, control unit 234, which may be located
in logging tool 226, may perform one or more functions of the computing facility. An example
of a computing facility is described with more detail with reference to FIGURE 3.

FIGURE 3 illustrates a block diagram of an exemplary control unit 300 in accordance
with some embodiments of the present disclosure. In certain example embodiments, control unit
300 may be conﬁgured to determine the numBer, location, and types of sensors to be disposed on
drillstring 103, for example as described in FIGURE 4. In other example embodiments, control
unit 300 may be configured to control the operation of one or more sensors along drillstring 103
during a drilling operation or another downhole operation. In some embodiments, control unit
300 may include sensor control system 302. Sensor control system 302 may be used to perform
the steps of method 400 as described with respect to FIGURES 4. Sensor control system 302
may include any suitable components. For example, in some embodiments, sensor control
system 302 may include processor 304. Processor 304 may include, for example a
microprocessor, microcontroller, digital signal processor (DSP), application specific integrated
circuit (ASIC), or any other digital or analog circuitry configured to interpret and/or execute
program instructions and/or process data. In some embodiments, processor 304 may be
communicatively coupled to memory 306. Processor 304 may be configured to interpret and/or
execute program instructions and/or data stored in memory 306. Program instructions or data
may constitute portions of software for carrying out the design of a vibration control system for a
wellbore logging tool, as described herein. Memory 306 may include any system, device, or
apparatus. configured to hold and/or house one or more memory modules; for example, memory
306 may include read-only memory, random access memory, solid state memory, or disk-based

memory. Each memory module may include any system, device or apparatus configured to retain
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program instructions and/or data for a period of time (e.g., computer-readable non-transitory
media).

Control unit 300 may further include model database 312. Model database 312 may be
communicatively coupled to sensor control system 302 and may provide models of the
drillstring, borehole, subsurface formation, or other properties of interest. Model database 312
may be implemented in any suitable manner, such as by functions, instructions, logic, or code,
and may be stored in, for example, a relational database, file, application programming interface,
library, shared library, record, data structure, service, software-as-service, or any other suitable
mechanism. Model database 312 may include code for controlling its operation such as
functions, instructions, or logic. Model database 312 may specify any suitable properties of the
drillstring, borehole, or subsurface formation that may be used to determine the number,
placement, or operation of sensors along the drillstring 103. Although control unit 300 is
illustrated as including two databases, control unit 300 may contain any suitable number of
databases.

In some embodiments, sensor control system 302 may be configured to generate signals
to enable or disable sensors at specified times. In some embodiments, sensor control system 302
may be further configured to cause one or more sensors to transmit sensor output to a remote
processor, while controlling other sensors to not transmit sensor output to the remote processor.
In certain example embodiments, sensor control system 302 may be configured to make such a
determination based on one or more instances of prior well database 308, and/or one or more
instances of model database 312. Values from prior well database 308, and/or model database
312 may be stored in memory 306. Sensor control system 302 may be further configured to
cause processor 304 to execute program instructions operable

Control unit 300 may be communicatively coupled to one or more displays 316 such that
information processed by sensor control system 302 may be conveyed to operators of drilling
and logging equipment at the wellsite or may be displayed at a location offsite.

Modifications, additions, or omissions may be made to FIGURE 3 without departing
from the scope of the present disclosure. For example, FIGURE 3 shows a particular
configuration of components for control unit 300. However, any suitable configurations of
components may be used. For example, components of control unit 300 may be implemented
either as physical or logical components. Furthermore, in some embodiments, functionality

associated with components of control unit 300 may be implemented in special purpose circuits
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or components. In other embodiments, functionality associated with components of control unit
300 may be implemented in a general purpose circuit or components of a general purpose circuit.
For example, components of control unit 300 may be implemented by computer program
instructions. Control unit 300 or components thereof can be located at the surface, downhole
(e.g., in the BHA and/or in the logging tool), or some combination of both locations (e.g., certain
components could be disposed at the surface and certain components could be disposed
downhole, where the surface components are communicatively coupled to the downhole
components).

With the continued development of the sensing hardware, a greater number of sensors are
suitable for the use at the surface and at downhole sensing systems. In certain implementations,
installation and maintenance of downhole sensors takes more effort than installation and
maintenance of sensors located at or near the surface. Furthermore, the number of downhole
sensors may be limited by the amount of bandwidth available between the sensors and a surface
processor. Moreover, the limitation of communication bandwidth prevents the real-time data
transmission. In certain example embodiments the number of downhole sensors, location of the
downhole sensors, and the types of downhole sensors may be optimized to minimize the number
of sensors. In certain example embodiments the number of downhole sensors, location of the
downhole sensors, and the types of downhole sensors may be optimized to decrease the
communications load between downhole sensors and a surface processor. In certain example
embodiments, the optimization is performed before the drillstring 103 is constructed. In certain
example embodiments the BHA 120 can be constructed of many parts and different numbers and
types of sensors. In certain embodiments, this methodology can be used to balance the cost and
the ability to represent the performance downhole, helping build a continuous surveying
capability with a confidence in the output before it is placed downhole. Also, redundancy can be
created in an optimal way such that diagnostics can be performed with confidence by placing the
redundant sensors in the optimal positions. Furthermore, from the real-time data, the proposed
strategies can select the most “important” quality (e.g. certain parameters) to observe and send,
resulting in maximal drilling monitoring and information convey capability.

FIGURE 4 is an example flow chart of exemplary methods for determining a number and
location of sensors along a drillstring, shown generally at 400. Many sensors can be installed to
monitor drilling process, from surface to downhole. For example, one or more sensors may be

installed on a drill rig to monitor the flow rate, pressure and density of mud entering the
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wellbore. The measurements provide real-time mud status to a flow control unit or an operator
who monitors the system and takes actions when failure happens. In certain example
embodiments, MWD tools including one or more of strain gages, accelerometers, and acoustic
sensors are then installed downhole to measure the drilling string dynamics. In certain
embodiments, sensors are installed at drillstring locations in pairs or larger groups. For example,
in certain embodiments, pairs of strain gauges and accelerometers are placed at one or more
locations along the drillstring.

In block 405, the system determines one or more of a number, location, and type of
sensors to place on the drillstring based on a state reduction technique. In certain example
embodiments, the state reduction may be performed without prior knowledge of the system. In
other example embodiments, the state reduction may be based, at least in part, on prior well data
410. For example, sensor measurements from one or more wells in the same field may be used
as part of the state reduction process. In other example embodiments, the state reduction process
may be based, at least in part, on models of drillstring and/or the well 415. In certain
embodiments, the state reduction techniques determine which sensors’ data are most valuable to
estimate the overall system information. In block 420, the system determines one or more of a
number, location, and type of sensors to place on the drillstring based on an optimization
framework. In certain example embodiments, the optimization framework may be based, at least
in part, on prior well data 410. For example, sensor measurements from one or more wells in the
same field may be used as part of the optimization framework. In other example embodiments,
the optimization framework may be based, at least in part, on models of drillstring and/or the
well 415. In block 425, the system determines the location and number of redundant sensors to
place on the drilistring. In certain example embodiments, the number and location of redundant
sensors is based, at least in part, on one or both of the prior well data 410 and models of
drillstring and/or the well 415.

Modifications, additions, or omissions may be made the method of FIGURE 4 without
departing from the scope of the present disclosure. For example, the order of the steps may be
performed in a different manner than that described and some steps may be performed at the
same time. Additionally, each individual step may include additional steps without departing
from the scope of the present disclosure. In certain embodiments, one or more steps of FIGURE

4 may be omitted.
FIGURE 5 shows an example drillstring. The left-hand side of FIGURE 5 illustrates all
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of the locations where sensors may be located. The right-hand side of FIGURE 5 shows a
drillstring with sensors placed at optimal or sub-optimal locations. In certain example
embodiments, the number and placement of the sensors along the drillstring are determined by
the processes of one or more of blocks 410, 420, or 425, as discussed herein. Compared to
sensing the whole span of well, the new strategies collect data from a considerably reduced
number of sensors, as shown in FIGURE 5. In certain example embodiments, one or more of
blocks 410, 420, and 425 are performed before a job is initiated. In other example embodiments,
one or more of blocks 410, 420, and 425 are performed, at least in part, during a drilling
operation to adaptively optimize the sensing and communication based on changing operating
condition. As discussed above one or more of blocks 410, 420, and 425 may be based, at least in
part, on prior well data 410. In certain embodiments, wells in one field may have similar drilling
characteristics. Therefore the number, type, and locations of sensors for one well may also be
used for sensor placement of other wells.

Returning to block 405, example state reduction techniques are discussed in greater detail
below. In certain example embodiments, a large number of sensors can potentially be distributed
along the well path. In such an implementation, if the system records all measurements over a
long enough time span, then the covariance of the recorded data forms a high-dimensional space.
In such an implementation, state reduction approaches can be applied on the covariance matrix to
extract the most important components of the system. The extracted states correspond to the
chosen sensor locations, which may be optimal or suboptimal locations. In certain embodiments,
there is a tradeoff between the dimension of the subspace and the accuracy of estimation.
Careful selection of the extracted components, however, may provide high accuracy with a low-
order approximation. In certain example embodiments, the state reduction technique of block
405 may be used to reveal a simplified structure or pattern from a complex data set. In certain
example embodiments, by selecting the most dominant components from a large set of basis, the
high-dimensional data can be re-expressed by an accurate low-order approximation.

Example state reduction techniques of block 405 include principal component analysis
(PCA), independent component analysis (ICA), and local feature analysis (LFA). In other
implementations, other state reduction techniques are used. In certain example embodiments,
PCA state reduction may be performed without a priori knowledge of the system. In other
example embodiments, ICA state reduction is applied to associate the sensing data with the

physical variables. In such an implementation, the sensed data is then more cleared tied to a
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physical meaning. Such an implementation may facilitate monitoring the quality of interested
physical variables as well as performing the fault detection. In certain example embodiments,
LFA state reduction is used to generate a low-dimensional representation that is sparsely
distributed and spatially localized. Such an implementation may yield a more clear description of
each mode’s local features and position.

FIGURE 6 shows an example ten-mass-spring system to illustrate the LFA method. Ten
masses in the system are connected by eleven springs. The spring constants up to m3 are 500
N/m, the spring constants between m4 and m7 are 600 N/m, the spring constants after m8 are
700 N/m, the spring constants between m3 and m4, between m7 and m8 are both 10 N/m. The
mass spring system starts with initial dynamics condition so that all the masses are activated.
From the construction and the existence of two small spring constants, the 10 masses are
separated into three dynamics group: m! to m3, m4 to m7, and m8 to m10. The dynamics of the
10-mass system was recorded for 100 time steps then fed into the LFA algorithm, In certain
example embodiments, LFA identifies m1 to m3, m4 to m7, and m8 to 10 as three dynamics
groups. Such an indemnification of three dynamics groups matches the physical property of the
system, Moreover, an example LFA analysis selects masses m3, m6 and m8 to represent each
group and then derives the dynamics relationship between the selected three masses and all 10
masses. The whole system’s dynamics (10 masses) are then reconstructed based on the dynamics
of the three masses. FIGURE 7 shows a comparison between the full system’s true dynamics
(upper) and reconstructed dynamics from the dynamics of only masses m3, mé and m8 (lower).
In both graphs, each curve represents the dynamics of one mass. It can be seen that the
reconstructed dynamics retains the main features of the whole system’s dynamics, with only
limited details being compromised.

In certain example embodiments, the drillstring dynamics and BHA dynamics are
modelled, at Jeast in part, as a lumped mass-spring-damper system. The LFA algorithm used to
solve the above problem is applied to reconstruct the drillstring and BHA dynamics. One
example model has N masses connected by springs and dampers. An example LFA algorithm
identifies the most n representative masses, each of which will be associated- with one or more
sensors. In one example embodiment, the set of sensors is a pair of one strain gauge and one
accelerometer. In certain example embodiments, the n sets of strain gauges and accelerometers
measure the position, velocity and acceleration of the associated mass to reconstruct the overall

system dynamics. Because n is much less than N, a reduced set of strain gauge and
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accelerometer measurements are stored or transferred to surface/downhole control unit. In
certain example embodiments, this analysis reduces the real-time data processing burden and
thus enables real-time well status analysis.

Returning to block 410, example optimization frameworks to determine the number,
location, and type of sensors to place on a drillstring are discussed in greater detail below. As
discussed above, some state reduction approaches of block 405 are data-based analysis methods.
The state reduction techniques may be performed with or without knowledge of the system
dynamics. The state reduction techniques, however, may be used to minimize the reconstruction
error or statistical dependence between basis vectors. Due to various objectives, the system may
optimize different cost functions in other example embodiments. Example cost functions may be
used to minimize one or more of the number of sensors being used, total energy required, and
total system cost. In certain example embodiments, the one or more of the number, type, and
placement of sensors is determined using an optimization framework. The optimization objective
can be any quantity of interest, The limitations of drilling environment and equipment are also
taken into account as the constraints of the problem, e.g., sensor bandwidth, maximal available
sensors, power usage limitation, formation changes, data storage and transmission capability.
This type of method optimizes sensor location in a more realistic way, with versatile objective
and constraints. The (sub)optimal solution of the problem could be obtained through classical

linear and/or nonlinear searching algorithms.

In one example embodiment, the following optimization set of formulas is used to

minimize the overall prediction error covariance, where the number of sensors is constrained. -

min  E = [[ZRL4[2(k) — 200 ] [z(k) — Z()] 7|l (Eq. 1)
such that z(k) = f(y(k)) (Eq. 2)
n < Neotal (Eq. 3)

Equation (2) provides example model that predicts drilling parameter z(k) based on sets of
sensor measurements y(k) at time k. In one example embodiment, the sensor measurements
include strain gauge and accelerometer sensor measurements. Although this example
embodiment discusses sets of strain gauges and accelerometers, other example embodiments use

additional or different sensors, as discussed above. Example sensor measurements y(k) may
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include one or more of velocity, acceleration, and strain. Example drilling parameter z(k)
include one or more of rate of penetration (ROP), weight on bit (WOB), and torque on bit
(TOB). The value “n” indicates how many sets of strain gauges and accelerometers are currently
used for measuring. For example, dim(y(k)) = n, if only one measurement is used per set of
strain gauge and accelerometer. The function Z(k) is the measured drilling parameter value so
that equation (1) evaluates the overall prediction error based on n sets of strain gauge and
accelerometer measurements at pre-defined locations. In certain example embodiments where
the system goal is to use the smallest number of sensors, the system chooses n as the cost
function and then imposes a constraint on the maximum acceptable prediction error.

In certain embodiments, optimization based sensor selection is a systematic and effective
approach to evaluate the performance of each possible sensor placement. Due to time, material,
and economic limitations, however, it is generally not possible to experimentally test the
performance of all possible combinations for a drill string of any complexity. With the help of a
dynamic model that predicts certain sensor output from available inputs, the system may
simulate the sensor measurements of interest and run a searching algorithm for a solution. In one

example embodiment, a dynamic model may have the following form:

x(k + 1) = Ax(k) + Bu(k)
y(k) = Cx(k) (Eq. 4)

where A, B, C are matrices that characterize the system dynamics, x(k) is the internal state of the
model, u(k) is the input to the system, and y(k)is the output that includes all sensor location
candidates. In certain example embodiments, the model is low order such that the associated
computational effort is low. In other example embodiments, the model may be higher order. The
system may then evaluate the cost function for possible sensor combinations by changing the
output matrix C. For example, suppose there are 1000 sensor location candidates, then C is a
1000x1 matrix. To simulate the performance of placing sensors at the 2nd, 100th and 350th
locations, the system may make such a simulation by taking out the 2nd, 100th and 350th rows
of C together with the first equation in Eg. 4 to simulate the sensor outputs of interest. This
enables a computationally efficient way of searching for a solution, which may be characterized

as a suboptimal solution or optimal solution. In certain embodiments, the modeled sensors are

pairs of accelerometers and strain gauges.
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Returning to block 425, the determination of the location and number of redundant
sensors to on the drillstring will be discussed in greater detail. As shown in FIGURE 8, the
system determines which crucial positions along the drilistring require two or more redundant
Sensors.

In certain example embodiments, sub-groups of sensors may be physically coupled to
other sensors along the drillstring, such that the system may transform information from one sub-
system into data comparable to the output of other sub-systems. Analysis of the sensor groups
that are physically coupled, may be used to identify sensor failure. If, however, there are
bifurcations within the geometry, redundant sensors may be placed at these critical positions for
sensor diagnostics. In certain example embodiments, sensor optimization techniques are used to
determine the rﬁinimal number of sensors we need with N redundancies by including the critical
positions in the optimization objectives. If one sensor fails, redundant sensors allow the system
to continue to estimate the systems dynamics and monitor bifurcations. Example embodiments
may use the optimization techniques of block 425 to determine the number of redundant sensors.

In certain example embodiments, the optimization techniques described above are
performed as part of block 425. For example, the optimization techniques of block 425 may
include the state reduction techniques discussed above. In other example embodiments, the
optimization techniques of block 425 include the cost-function-based optimization frameworks
discussed above. Other example embodiments of the the optimization techniques of block 425
include one or more of linear programming, non-linear programming, stochastic programming,
dynamic programming, genetic algorithms, and particle swarm analysis.

Other example sensor location optimization approaches identify one or more important
parameter for measurement and then take further measurements based on the parameter. In one
example embodiment, a flow meter, PWD (Pressure While Drilling) sensor, and a magnetometer
are installed at or around the same location on a drill string to monitor the flow rate, pressure and
drillstring rotational speed, respectively. In certain embodiments, the system may not need to
record the outputs of all of these sensors simultaneously. Instead, the system may determine if a
condition is present based on the outputs of a subset of the sensors. For example, the system
may determine if stick-slip vibrations are present based on a subset of the sensors. The system
may then determine that the rotational speed as important parameter to measure. Likewise, when
mud flow shows abnormality, the system may then activate one or both of the flow meter and

PWD sensor for flow status monitoring. In certain example embodiments, the system monitors
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force distribution along the drillstring during a directional drilling operation.

FIGURE 9 is a flow chart of an example method for online sensor optimization. In block
905, the system receives sensor outputs from a current subset of sensors. In general, the current
subset of sensors was selected at a previous time, based, at least in part, on the sensor
measurements at the previous time. In block, 910 the system determines which subset of sensors
to take measurements from at the next time step. In block 915, the system determines which
sensor data to transmit to a remote processing center.

During the drilling job or other downhole operation, the system may perform online re-
optimization of sensors to determine which sensors will be used a future time, as shown at block
910. Because the drilling operation may be changing, the system may dynamically select
sensors or dynamically select the monitored parameters based, at least in part, on the currently
measured operating conditions. The selection of sensors and monitored parameters may also be
based, at least in part, on well data or model of the drillstring or well. In certain example
embodiments, when the well conditions remain consistent or change slowly, a small number of
sparsely.distributed measurements may be sufficient to reconstruct the drilling dynamics. In
certain embodiments, however, when the current sensor measurements received in block 905
indicate a fault or a critical operation, the system may then cause the sensors to take additional
measurements at or around the critical point as necessary for well monitoring, modeling and
control purposes. In certain example embodiments, the system uses a real-time optimization
framework based, at least in part; on evolving well environment properties measured at a current
or past time. In one example embodiment, the drillstring has n sensors or sets of sensors along its
length. Example sensor sets include a paired set of one accelerometer and one strain gauge. At
each time step, the system determines m positions, which are a subset of the n total sensor
locations along the drillstring. The m positions represent an optimal or a suboptimal solution to
an optimization technique, such as those discussed with respect to block 420 of FIGURE 4. In
certain example embodiments, the process of block 905 reduces the sensors activated at a time
and further distributes sensing locations adaptively to changing operating condition. In certain
example embodiments, the system uses results from the current or from one or more previous
wells to determine sensor locations and types for one or more future wells. Certain example
implementations may converge to a minimum number of optimal sensor selections. In other
example implementations, the system may reestablish sensor locations after a plurality of wells.

Returning to block 915, the system determines which sensor measurement to transmit to

16



10

15

20

25

30

CA 02971712 2017-06-20

WO 2016/144292 PCT/US2015/019198

a processor. Based on the number of sensors active currently or in the past, there may be a large
amount of sensor data for transmission to a remote processor. In many cases, however, there is
constrained bandwidth between the sensors and the remote processor. For example, the sensors
and remote processor may communicate by mud pulse telemetry or other low-throughput
transmission method. In certain example embodiments of the system, sensor data that have the
largest effect on the system dynamics is selected for transmission to the remote processor. The
selection of which sensor data to transmit may be based on an optimization framework, as
discussed above with respect to block 420 in FIGURE 4. In certain embodiments, sensor data is
selected for measurement and transmission based on how well the sensor data represents the
system dynamics. From the control point of view, the system then transmits the sensor data
thathas the most significant effect the drillstring or the downhole operation. In certain example
embodiments, if the system dynamics are described by an appropriate model, such as the model
of Equation 4, above, the importance of data for control and observation is evaluated by the
controllability and observability Gramians, respectively. In one example embodiment, the
process of block 915 is performed by a smart communication module that is located, at least in
part, downhole. The smart communication module determines which data collected in block 905
has ‘the largest effect on the system and transmits the data that is determined to have the largest
effect on the system. The only difference is that instead of sensing-related indices, we look at
drilling efficiency, health of the system (e.g., drill bit wear), the potential for vibrations, etc. to
evaluate the importance of the data to control.

The determination of which sensor measurements to transmit to the remote processor in
block 915 may be based, at least in part, on whether the sensor measurements indicate a
condition. For example, in one embodiment, in block 915 the system determines if there is a
stick-slip condition. In one example embodiment, if there is stick slip then the system transmits
one or more measurements that are critical for the detection of torsional vibration to a remote
processor. The measurements include one or more sensor measurement that is indicative of one
or more of BHA dynamics, WOB, and TOB. The remote processor may then use the
measurements to take actions to mitigate the stick slip condition. If, however, the sensor
measurements do not indicate a stick-slip or a vibration condition, the system transmits
measurements for determining ROP to the remote processors. In certain example embodiments,
the measurement indicative of ROP are used to measure drilling performance.

Although the present disclosure and its advantages have been described in detail, it
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should be understood that various changes, substitutions and alterations can be made herein

without departing from the spirit and scope of the disclosure as defined by the following claims.
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WHAT IS CLAIMED IS:

1. A method of optimizing one or more of a number of sensors on a drillstring, the
locations of the sensors on the drillstring, and the types of the sensors, the method comprising:

performing one or more of a state reduction technique and an optimization framework;

based on the state reduction technique and the optimization framework, determining a
number of sensors to place on a drillstring, a location for each of the sensors, and which types of
sensors to place on the drillstring;

disposing the selected number of sensors along the drillstring; and

performing a drilling operation.

2. The method of claim 1, wherein the sensors include one or more strain gauges.

3. The method of claim 1, wherein the sensors include one or more accelerometers.
4, The method of claim 1, wherein the sensors include one or more acoustic sensors.
5. The method of claim 1, wherein the sensors include one or more flow meters.

6. The method of claim 1, wherein the sensors include one or more pressure-while-

drilling sensors.

7. The method of claim 1, wherein the sensors include one or more magnetometer to

measure a rate of rotation.

8. The method of any one of claims 1-7, wherein the state reduction technique
includes one or more of a principal component analysis, an independent component analysis, or a

local feature analysis.

9. The method of any one of claims 1-7, wherein the state reduction technique is

based, at least in part, on data collected from a previously-drilled well,

10.  The method of any one of claims 1-7, wherein the state reduction technique is

based, at least in part, on a model of the drill sting and the subsurface formation.
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11. The method of any one of claims 1-7, wherein the optimization framework is

based, at least in part, on data collected from a previously-drilled well.

12, The method of any one of claims 1-7, wherein the optimization framework is

based, at least in part, on a model of one or more of the drillstring and the subsurface formation.

13. The method of any one of claims 1-7, wherein the optimization framework is
based, at least in part, on one or more of the following:

a sensor bandwidth;

a number of available sensors;

costs of one or more sensors;

power usage of one more sensor;

one or more characteristics of the subsurface carth formation;

data storage capabilities of one or more elements of the drillstring; and

data transmission capabilities of one or more drillstring elements.

14. The method of any one of claims 1-7, wherein the optimization framework is to
increase the measurement accuracy of measuring one or more drilling parameters, wherein the

drilling parameters include one or more of a rate of penetration, weight on bit, or torque on bit.

15 The method of any one of claims 1-7, wherein the optimization framework is

further to determine a number of redundant sensors and a location of the redundant sensors.

16. The method of any one of claims 1-7, wherein the drillstring is equipped with a
plurality of sensors, each sensor to produce an output, and wherein the optimization framework
is further to select a subset of the sensor outputs for transmission or recording based, at least in

part, on one or more of the sensor outputs that is indicative of a downhole condition.
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