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(57) Abstract: A system for enhancing a flow of a fluid induced by a rod pumping unit is provided, The system includes one or
more sensors and a pumping control unit configured to control stroke movement of the rod pumping unit. The pumping control unit
is configured to: (a) initiate at least one stroke of the rod pumping unit; (b) receive sensor data from the one or more sensors; (c)
upon determination of a violation of a first set of constraints, make a first adjustment to the current stroke timing, and return to step
(a); (d) upon determination of a violation of a second set of constraints, make a second adjustment to the current stroke timing, and
return to step (a); and (e) upon determination of no violation of at least one set of constraints make a third adjustment to the current
stroke timing, and return to step (a).
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METHODS AND SYSTEM FOR ENHANCING FLOW OF A FLUID
INDUCED BY A ROD PUMPING UNIT

BACKGROUND

{00011 The field of the invention rclates generally to controlling rod pumping
units, and more specifically, to methods and a system for controlling a rod pumping unit to enhance

the flow of a fluud induced by the rod pumping unit,

{0002} Most known rod pumping units (also known as surface pumping units)
are used m wells to induce fhuid flow, for example ol and water. The primary function of the
linear pumping unit is to convert rotating motion from a prime mover {¢.g., an engine or an electric
motor} mto reciprocating motion above the wellbead. This motion is in turn used to drive a
reciprocating down-hole pump via connection through a sucker rod string. The sucker rod string,
which can extend nules m length, transmits the reciprocating motion from the wellhead at the
surface to subterrancan valves in a fluid bearing zone of the well. The reciprocating motion of the

valves induces the fluid to flow up the length of the sucker rod string to the wellhead.

10003}  The rod pumping uniis are exposed o a wide range of conditions. These
vary by well application, the type and proportions of the pumping unit's linkage mechanism, and
the conditions of the well. Furthermore, well conditions, such as downhole pressure, may change
over time. These conditions may cause variability o the flow of the fluid. In addition, these
conditions affect the sucker rod string. The sucker rod strng transmits dynamic loads from the
down-hole pump and the rod pumping uwnit. The sucker rod string behaves similarly to a spring
over long distances. The sucker rod string elongates and retracts based on exposure to vartable
tensile stress. The response of the sucker rod string s damped somewhat due to its submergence
in a viscous fluid (water and oil), but the motion profile of the rod pumping vnit combined with
the step function loading of the pump generally leaves little time for the oscillations to decay

before the next perturbation is encountered.

{00041 The rod pumping unit imparts continually varving motion on the sucker
rod string. The sucker rod string responds to the varying motion by sending variable stregs waves
down its length to alter its own motion. The sucker rod string stretches and retracts as it builds the

force necessary to move the down-hole pump and thud. The rod pumping unit, breaking away
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from the ctfects of friction and fluid inertia, tends to rebound under the clastic force from the
sucker rod string inthating an additional oscillatory response within the sucker rod string.
Traveling stress waves from multiple sources interfere with each other along the sacker rod string
{some constructively, others destructively) as they traverse its length and reflect load vanations

back to the rod pumping unit, where they can be measured.
BRIEF DESCRIPTION

[0005]  In one aspect, a system for enhancing a flow of a fluid mduced by a rod
pumping unit is provided. The svstem includes one or more sensors configured 1o monitor ong or
more conditions of the rod pumping unit and generate signals representing sensor data based on
the one or more conditions and a pumping control unit comprising a processor and a memory. The
pumping control unitis in communication with the one or more sensors and 1s configured to control
stroke movement of the rod pumpmg unit, therchy controlling the flow of the fluid induced by the
rod pumping unit. The pumping control unit ts configured to (a) initiate at least one stroke of the
rod pumping unit. The at least one stroke is based on current stroke timing data, and the current
stroke timing data includes a value for strokes per minute (SPM). The pumping control unit is
also configured 1o (b) receive signals representing sensor data from the one or more sensors, ()
upon a determination of, based on the sensor data, a viclation of a first set of constraints, make a
first adjustment to the current stroke timing, and return to step {(a), {d) upon a determination of,
based on the sensor data, a violation of a second set of constraints, make a second adjustment to
the current stroke timing, and retarm to step €a), and (e} upon a determination of, based on the
sensor data, no violation of at least one set of constraints make a third adjustment to the current

stroke timing, and return to step (a).

{0006} In a further aspect, a computer-based method for enhancing a flow of a
fluid induced by a rod pumping unit 1s provided. The method 15 implemented using a pumping
control unit in communication with a memory. The method includes (8} initiating at least one
stroke of the rod pumping unit. The at least one stroke 1s based on current stroke timing data, and
the current stroke timing data includes a value for strokes per manute (SPM). The method also
mchudes (b) receiving signals representing sensor data from one or more sensors. The one or more
sensors are configured to monitor one or more conditions of the rod pumping unit and generate
signals representing sensor data based on the one or more conditions. The method further includes

{c) upon determuining, based on the sensor data, a violation of a first set of constraints, make a first
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adjustment to the current stroke timing, and return to step {a), {d) upon determining, based on the
sensor data, a violation of a second set of constramis, make a second adjustment to the current
stroke timing, and retum to step (a), and {g) upon determining, based on the sensor data, no
violation of at least one set of constraints make a third adjustment to the current stroke timing, and

return to siep (a).

{0007] In another aspect, a computer-readable storage device having processor-
executable instructions embodied thereon for enhancing a flow of a fluid induced by arod pumping
unit 18 provided. When executed by a pumping control unit communicatively coupled to a
memory, the processor-executable instructions cause the pumping control unit to (a) mitiate at
lcast one stroke of the rod pumping unit. The at least one stroke is based on current stroke timing
data, and the current stroke timing data includes a value for strokes per nunute (SPM). e
processor-executable instructions also cause the pumping control unit to (b} roceive signals
representing sensor data from one or more sensors. The one or more sensors arc configured to
momtor ong or more conditions of the rod pumping unit and generate signals representing sensor
data based on the one or more conditions. The processor-executable instructions further cause the
puimping control unit to {¢) upon a defermination of, based on the sensor data, a violation of a first
set of constraints, make a first adjustment to the current stroke timing, and retum to step {a), (d)
upon a determination of, based on the sensor data, a violation of a second sct of constramts, make
a second adjustment to the current stroke timing, and return to step {a), and {c) upon a
determination of, based on the sensor data, no violation of at least one sct of constraints make a

third adjustment to current stroke timmg, and return to step (a).
DRAWINGS

{0008] These and other featurcs, aspects, and advantages of'the present disclosure
will become better understood when the followmng detailed description 1s read with reference to
the accompanying drawings in which hike characters represent like parts throughout the drawings,

wherein:

[0009] FIG 1A is a cross-sectional view of an exemplary rod pumping unit in a

fully retracted position;

{0010} FIG. 1B s a cross-sectional view of the rod pumping wnit shown 1o FIG.

1A in a fully extended position;
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{0011] FIG. 2 1s a schematic view of a system for controlling the rod pumping

unit shown in FIGs, 1A and 1B;

{0012} FIG. 3 15 a schematic view of an exemplary configuration of a pumping

control unit that may be used with the system shown n FIG. 2;

{0013} FIG. 4 s a graphical view of an exemplarv velocity profile of a stroke of

the rod pumping unit shown in FIGs. 1A and 1B;

[0014] FIG. 5 15 a flow chart of a pumping process using the rod pumping unit

shown in FIGs. 1A and 1B;

{0015] FIG. 615 a flow chart of a first adjustinent process based on adjusting the

current stroke timing after the first set of constraints is viclated as shown in FIG. 5,

{0016] FIG. 7 is a flow chart of a second adjustment process based on adjusting

the current stroke timing after the second set of constraints is violated as shown in FIG. 5; and

{0017} FIG. 8 is a flow chart of a third adpistment process based on adjusting the

current siroke timing afier the third sct of constraints is violated as shown in FIG. 5.

{0018} Unless otherwise indicated, the drawings provided herein are meant to
illustrate features of embodiments of the disclosure. These features are believed to be applicable
in a wide variety of systems comprising one or more embodiments of the disclosure. As sach, the
drawings arc not meant to include all conventional features known by those of ordinary skill in the

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

{0019]  In the following specification and the claims, reference will be made to a

number of terms, which shall be defined to have the following meanings.

10020] The singular forms a7, “an”, and “the” include plural references unlegs

the context clearly dictates otherwise.
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{0021] “Optional” or “optionally” means that the subsequently described event
or circumstance may or may not occur, and that the deseription includes instances where the event

occurs and instances where 1t does not.

{00221 Approximating language, as used herein throaghout the specification and
claims, may be applied to modify any quantitative representation that may permissibly vary
without resulting in a change in the basic function to which 1t is related.  Accordmgly, a value

LRI

modified by a term or terms, such as “about”,

bY]

approximately”, and “substantially”, are not to be
limited to the precise value specified. In at least some instances, the approximating language may
correspond to the precision of an instrument for measunng the value. Here and throughout the
specification and claims, range limitations may be combined and interchanged. such ranges are
identified and nclude all the sub-ranges contained therein uniess context or language indicates

otherwise.

{0023]  As used herein, the terms “processor” and “computer” and related terms,
c.g.. “processing device”, “computing device”, and “controller” are not fimited to just those
integrated circuits referred to in the art as a computer, but broadly refers o a microcontroller, a
microcomputer, a programmable logic controller (PLC), an application specific integrated circuit,
and other programmable circuits, and thesc terms are used imterchangeably hercin. In the
crmbodiments described herein, memory may include, but 1s not imited to, a computer-readable
medium, such as a random access memory (RAM), and a computer-readable non-volatile medium,
such as flash memory. Altematively, a floppy disk, a compact disc — read only memory (CD-
ROM), a magneto-optical disk (MOD), and/or a digital versatide disc (BVD) may also be vsed.
Also, 1n the embodiments described herein, additional input channcls may be, but are not limited
to, computer peripherals associated with an operator mterface such as a mouse and a keyboard.
Alternatively, other computer peripherals may also be used that may imechude, for example, but not
be limted to, a scanner. Furthermore, in the exemplary embodiment, additional output channels

may include, but not be limited to, an operator interface montior.

{0024] Further, as uvsed herein, the terms “sofiware” and “firmware” arc
interchangeable, and mclude any compuier program stored in memory for execution by personal

computers, workstations, clients and servers,
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{0025}  As used herein, the torm “non-transitory computer-readable media” 1is
ntended to be representative of anv tangible computer-based device implemented in any method
or technology for short-term and long-term storage of information, such as, computer-readable
nstructions, data structures, program modules and sub-modules, or other data in any device.
Theretore, the methods described herein may be encoded as executable instructions embodied in

a tangible, non-transitory, computer readable medium, including

[y

without limitation, a storage
device and a memeory device. Such mstructions, when executed by a processor, cause the processor
to perform at least a portion of the methods described herein. Moreover, as used herein, the term
“non-transitory  computer-readable media” mcludes all tangible, computer-readable media,
including, without limitation, non-trapsitory computer storage devices, meluding, without
limitation, volatile and nonvolatile media, and removable and non-removable media such as a
firmware, physical and virtual storage, CI-ROMs, DV Ds, and any other digital source such as a
network or the Internet, as well as vet to be developed digital means, with the sole exception being

a transitory, propagating sigoal,

[0026] Furthermore, as used herein, the term “real-time” refers to at least one of
the time of occurrence of the associated events, the time of measurement and collection of
predetermined data, the time to process the data, and the time of a svstem response to the events
and the environment. In the embodiments deseribed herem, these activities and evenis occur

substantially mstantaneously.

{0027] The rod pumping control system as described herein provide a cost-
cffective method for controiling a rod pumping vaif to enhance the flow of a fluid induced by the
rod pumping unit based on current well conditions. Furthermore, the motion of the rod pumping
unit 1 repeatedly updated to ensure that the motion of the sucker rod string will not damage the
sucker rod string, the rod pumping unit, or the well itaclf. Also, the system and methods described
herein are not limited to any single predefined set of well conditions. For example, the system and
methods described herein may be used with varying well conditions and adapt over time as well
conditions change. As such, the amount of flow of fluid induced by the rod pumping unit is
constantly updated to be enhanced based on current well conditions and the capabilities of the rod

pumping unit. As such, the production and efficiency of rod pumping units is increased.

{0028} FIGs. 1A and 1B are cross-sectional views of an exemplary rod pumping

unit 100 in fullv retracted (1A) and fully extended (1B) positions. In the exemplary embodiment,
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rod pumping unit 100 {(also known as a linear pumping vnit} is a vertically oriented rod pumping
unif having a lingar motion verfical vector situated adjacent to a wellhead 102, Rod pumping unit
100 1s configured to transter vertical lingar motion into a subterrancan well (not shown) through a
sucker rod string (not shown) for inducing the flow of a fluid. Rod pumping unit 100 includes a
pressure vessel 104 coupled to a mounting base structure 106, In some embodiments, mounting
base strocture 106 is anchored to a stable foundation sttuated adjacent to the fluid-producing
subterrancan well. Pressure vessel 104 may be composed of a cylindrical or other appropriately
shaped shell body 108 constructed of formed plate and cast or machined end flanges 110. Attached
to the end flanges 110 are upper and lower pressure heads 112 and 114, respectively.

{0029} Penctrating upper and lower pressure vessel heads 112 and 114,
respectively, is a hinear actuator assembly 116, This hincar actuator assembly 116 1s includes a
vertically oriented threaded screw 118 (also known as a roller screw), a planetary roller nut 120
{(also known as a roller screw nut assemblv}, a forcer ram 122 in a forcer ram tube 124, and a guide

tube 126,

{0030] Roller screw 118 18 mounted to an interior surface 128 of lower pressure
vessel head 114 and extends up to upper pressure vessel head 112, The shaft extension of roller
screw 118 continues below lower pressure vessel head 114 to connect with a compression coupling
{not shown)} of a motor 130, Motor 130 is coupled to a vanable speed drive (VSD) (not shown)
configured such that the motor’s 130 rotating speed may be adjusted continuously. The VSD also
reverses the motor's 130 direction of rotation so that its range of torque and speed may be
cffectively doubled. Roller screw 118 is operated 1 the clockwise direction for the upstroke and
the counterclockwise direction for the downstroke. Motor 130 is m communication with a
pumping unit controller 132, In the exemplary embodiment, pumping unit controller 132 transmits
commands to motor 130 and the VSD to control the speed, direction, and torgue of roller screw

118,

10031] Within pressure vessel 104, the threaded portion of roller screw 118 g
miterfaced with planctary roller screw nut assembly 120, Nut assembly 120 is fixedly attached to
the lower segment of forcer ram 122 such that as roller screw 118 rotates in the clockwise direction,
forcer ram 122 moves upward. Upon counterclockwise rotation of roller screw 118, forcer ram

122 moves downward. This is shown generally 1n FIGS. 1A and 1B, Guide tube 126 is situated
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coaxially surrounding forcer tube 124 and statically mounted to lower pressurc head 114, Gude

tube 126 extends upward through shell body 108 to slide mto upper pressure vessel head 112,

{0032]  An upper ram 134 and a wireline drum assembly 136 are fixedly coupled
and scaled to the upper end of forcer ram 122 are. Wirehne drum assembly 136 includes an axle
138 that passes laterally through the top section of the upper ram 134. A wircline 140 passes over
wirgline drum assembly 136 resting in grooves machined into the outside diameter of wurchne
drum assembly 136, Wireline 140 15 coupled to anchors 142 on the mounting base structure 106
at the side of pressure vessel 104 opposite of welthead 102, At the wellhead side of pressure vessel
104, wireline 140 is coupled to a carrier bar 144 which is in tuin coupled to a polished rod 146

extending from welihead 102,

{0033] Rod pumping unit 100 transmits hinear force and motion through planctary
roller screw nut assembly 120, Motor 130 1s coupled to the rotating element of planetary rolier
screw nut assembly 120, By rotation in either the clockwise or counterclockwise direction, motor
130 may affect translatory movement of planctary roller nut 120 {and by connection, to forcer ram

122} along the length of roller screw 118,

{0034] FIG. 2 is a schematic view of a system 200 for controlling rod pumping
unif 100 {shown m FiGs. 1A and 1B). In the exemplary embodiment, system 200 is used for
compiling and responding to data from a plurality of sensors 230 and controlling the stroke of rod
pumping unit 100, Sensors 230 are in communication with a pumping control unit 212. Sensors
230 connect to pumping control vnit 212 through many miterfaces mcluding without limitation a
network, such as a local area network (LAN) or a wide area network (WAN), dial-m-connections,
cable modems, Internet connection, wireless, and special high-speed Integrated Services Digital
Network (ISDN) lines. Sensors 230 receive data about conditions of rod pumping unit 100 and
repott those conditions to pumping control unit 212, Pumping control unit 212 may include, but

is not limited to, pumping unit controller 124 (shown in FIG. 1).

{0035] Pumpmg control unit 212 is in communication with pumping control
motor 240, In the exemplary embodiment, pumping control motor 240 includes motor 134 (shown
n FIG 1A) and a VSD (not shown). Pumping control motor 240 transmits data to pumping control
untt 212 and receives commands from pumping control unit 212, Pumping control motor 240

connects to pumping control unit 212 through many interfaces including without hmitation a
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network, such as a local arca network (LAN) or a wide area network (WAN), dial-in-connections,
cable modems, Internet connection, wireless, and special high-speed Integrated Services Digital

Network (I5DN) lines.

[0036] A database server 216 is coupled to database 220, which contams
information on a variety of matters, as described below i greater detail.  In one embodiment,
centralized database 220 is stored on pumping control unit 212, In an altemative embodiment,
database 220 is stored remotely from pumping control unit 212 and may be non-centralized. In
some embodiments, database 220 includes a single database having separated sections or partitions
o1 in other embodiments, database 220 mclades multiple databases, each being separate from ¢ach
other. Database 220 stores condition data received from multiple sensors 230, In addition,
database 220 stores constraints, componeni data, component specifications, equations, and

historical data generated as part of collecting condition data from multiple sensors 230.

{0037] In some embodiments, pumping control umit 212 1s in communication
with a chient device (not shown). Pumping control uoit 212 connects to client device through many
interfaces including without limitation a network, such as a local arca network {(LAN) or a wide
area network (WAN), dial-n~connections, cable modems, Internet connection, wireless, and
special high-speed Integrated Services Dhgital Network (ISDN) lines. In these embodimenis,
pumping control unit 212 transmits data about the operation of rod pumping voit 100 to client
device. This data could include data from sensors, current strokes per muinute and other operational
data that chent device could monitor. Furthermore, pumping control anit 212 could receive
additional instructions from chient device. Additionally, clignt device could access database 220
through pumping condrol unit 212, Client device could present the data from pumping control unit
to auser. In other ermbodiments, pumping control unit could mnclude a display unit (not shown} to

display data directly to a user.

{00381 FIG. 3 is a schematic view of an exemplary configuration of pumping
control unit 212 that may be used with system 200 (shown in FIG. 2). More specifically, server
computer device 301 may mclude, but 1s not limited to, pumping control umt 212 and database
server 216 {shown mm FIG. 23 Server computer device 301 also includes a processor 305 for
executing instructions. Instructions may be stored in a memory arca 310, Processor 305 may

include one or more processing units {¢.g., in a multi-core configuration).
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{0039} Processor 303 1s operatively coupled to a commumnication interface 315
such that server computer device 301 is capable of communicating with a remote device such as
another server computer device 301, sensors 230, or pumping control motor 240 (both shown in
Fi1G. 7). Forexample, conununication interface 315 may recerve data from sensors 230 viaa LAN,

as lustrated in FIG. 2.

{0040} Processor 305 may also be operatively coupled to a storage device 334,
Storage device 334 1s any computer-operated hardware suitable for storing and/or retrieving data,
such as, but not limited to, data associated with database 220 (shown i FIG. 2} In some
embodiments, storage device 334 is integrated in server computer device 301, For example, server
computer device 301 may include one or more hard disk drives as storage device 334, In other
embodiments, storage device 334 is external to server computer device 301 and may be accessed
by a plurality of server computer devices 301, For example, storage device 334 may include a
storage arca network (SAN), a network attached storage (NAS) svstem, and/or multiple storage
units such as hard disks and/or solid state disks i a redundant array of inexpensive disks (RAID)

configaration.

[0041] In some embodiments, processor 305 is operatively coupled to storage
device 334 via a storage interface 320. Storage interface 320 is anv component capable of
providing processor 305 with access to storage device 334, Storage mnterface 320 may include,
for example, an Advanced Technology Attachment (ATA) adapter, a Serial ATA (SATA) adapter,
a Small Computer System Interface (SCSI) adapter, a RAID controller, a SAN adapter, a network

adapter, and/or any componeunt providing processor 305 with access to storage device 334,

{0042] Processor 303  executes computer-gxecutable  instructions  for
wmplementing aspects of the disclosure. In some embodiments, processor 303 is transtormed into
a special purpose microprocessor by executing computer-executable instructions or by otherwise
being programmed. For example, processor 305 is programmed with instraction as described

turther below.

{00431 FIG. 4 1s a graphical view of an exemplary velocity profile 400 of a stroke
of rod pumping unit 100 (shown in FIGs. 1A and 1B). Velocity profile 400 illastrates the velocity
of the upper ram 134 (shown in FIG. 1B). The x-axis of velocity profile 400 1s time T and the y-

aws is the velocity of upper ram 134 10 relation to mounting base structure 106 (both shown in
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Fi(G. 1A). Time T represents the time that it takes rod pumping unit 100 to complete one stroke
from tully retracted to fully extended and back to fully retracied. Therefore if T is equal to 60
seconds, then rod pumping unit 100 completes T stroke per mimute (SPM}. If T is equal to 10
seconds, then SPM s 6.

{0044} On the left side of velocity profile at time T=0 rod purping unit 100 is
fully retracted as is shown m FIG. 1A, Time Tup represents the amount of time that 1t takes for
rod pumping unit to go from fully retracted to fully extended. Tup is also known as the upstroke
time, while (T - Tup) is the downstroke time. Vmax is the maximum velocity at which rod
pumping unit 100 may extend or retract. In the exemplary embodiment, Vmax is based on the
attributes of rod pumping unit 100, Inthe exemplary embodiment, the absolute value of Vmax on
the upstroke s the same as absolute value of Vmax on the downstroke. However, in other

embodiments, the absclute values of the upsircke and downstroke velocities are different.

[0045] Time T1 represents the amount of time it takes for rod pumping unit 100
to aceelerate from a standstill condition, 1.2, velocity equal to 0, to Vmax while extending. Time
T2 represents the amount of time it takes rod pumping unit 100 to decelerate from Vmax to 0 while
extending, when rod pumping unit 100 reaches the apex of its extension. Time T3 represents the
amount of tire it takes for rod pumping vait 100 to accelerate from still to -Vmax while retraciing.
Time T4 represents the amount of time it takes rod pumping unit 100 to decclerate from -Vmax to
¢ while retracting, when rod puroping unit 100 becomes fully retracted. In some embodiments,

T4 is the same amount of ime as T1.

[0046] Pumping control unit 212 sets T, Tup, T1, T2, T3, and T4 and mstrucis
pumping control motor 240 {shown in FIG. 2} to rotate roller screw 113 (shown in FIG. 1) to
tmplement the required timing. These vanables are also known as the stroke timing as they control

cach stage of the stroke.

{0047} FIG. S s a tlow chart of a pumping process 500 using the rod pumaping
umif 100 (shown in FiGs. 1A and 1B). Process 500 15 contigured to increase the strokes per minute
(§PM) of rod pumping unit 100 while ensuring that damage does not occur to the sucker rod string.
The amount of flow of fluid induced is directly proportional to the SPM, therefore, optimizing the
SPM 1s desirable. The SPM is controiled by pumping control unit 212 (shown in FiG. 2. SPM

is calculated as 60/T, where T 15 stroke time 1n seconds. In addition to the SPM, pumping control
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untt 212 also controls T1, T2, T3, T4, and Tup as shown in FIG. 4. Through the manipulation of
these variables, pumping control umit 212 can also ensure that rod pumping unit 100 does not

viclate the constraints which are configured to ensure proper operation of rod pumping unit 100,

{0048} In the exemplary embodiment, pumping control unit 212 monitors three
sets of constraints. In other embodiments, there may be more or fewer sets of constraints, or the
sets may contain different constraints or be calculated in different methods. The constraints are
ordered based on a hierarchy. In the exemplary embodiment, the first set of constraints 1s based
on the load and power specifications of rod pumping unit 100, These constraints are predetermined
based on the individual rod pumping unit 100, These constraints may vary based on model or
between different rod pumping units. These constraints include, but are not himited to, peak
polished rod load, max screw Ioad (compressiveftensile), max motor power, max motor torque,
root mean square of motor power, root mean square of motor torgue, allowable pressure rating of
pressure vessel 104 (shown in FIG. 1), and maximum screw angular velocity. These constraints

mav have 1o be updated as parts are swapped out in rod pumping unit 100

{0049] The sccond set of constraints is designed to prevent buckling of the sucker
rod string. The cross-section of the sucker rod string is not constant and varies along its length.
To account for these varying thicknesses, the minimum effective load is calculated at multiple
points {also known as taper points). The nunimum effective load 15 further modified by a safety
factor. These constraints are updated based on the dimensions of the sucker rod string and will be

updated when a different sucker rod string with different dimensions is used.

{0050} The third set of constraints 1s designed to prevent fatigue in the sucker rod
string. The sucker rod string is constantly under tension and less tension, this is to prevent ever
putting the sucker rod string under compression force. These constant changes m tension are a
cyclical stress on the sucker rod stoing. The effect that this cvclical stress has on the sucker rod
string is known as fatigue. The fatigue constraints are based on the maximum and mintmum stress
that is placed on the sucker rod string during a cvcle in view of the tensile strength of the sucker
rod. These counstraints arc further modified by a service factor. In the exemplary embodiment,
the service factor is i addition to any safety factor bemng used and reflects the condition of the

well.
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{0051] Pumping control unit 212 stores starting stroke timing for process 500,
which includes values for T, T1, T2, T3, T4, Tup, and Vmax. Pumping control unit 212 begins
process SO0 by mstructing rod pumping unit 100 to perform 302 one stroke using the starting
stroke trming. While in the exemplary embodunent only one stroke is performed in Step 502, in
other embodiments, multiple strokes may be performed. During the stroke, pumping conirol unit
212 receives data from sensors 230 {shown in FIG. 2) about the conditions of rod pumping unit
100 dunng the different stages of the stroke. Pumping control unit 212 determines 504 if the first
sct of constraints were violated during the stroke. At least one of the constrainis in the set of
constraints has to be violated for the determination to be true. I the first set of constraints was
viclated, pumping control unit 212 adjusts 506 the stroke timing based on the violation of the first
set of constraints. Then pumping control unit 212 determines 518 if the current stroke timing is
valid. Forexample, 1s TIHT2+T3+T4 > T, [f the current stroke timing 1s valid, pumping control
unit 2172 retamns to Step 302 and mitiates a stroke based on the current stroke timing. If the current
stroke timing is not valid, pumping control unit 212 reverses 520 the last adjustment made to
current stroke timing and increases T, which thereby decreases SPM. Pumping control unit 212

returns {0 dep 502 and imtiates a stroke based on the adjusted stroke timing.

[0052] I the first set of constraints was not violated during the stroke, pumping
control unit 212 determunes 508 if the second set of constraints were violated. Ifthe second set of
constraints were violated, pumping control unit 212 adjusts 510 the current stroke timing based on
the violation of the sccond set of constraints. Pumping control unit 212 determines 518 if the
current stroke timing is valid. if'the current siroke timing is valid, pumping control unit 212 retuns

to Step 502 and initiates a stroke based on the adjusted current stroke timing,

[0053] Hthe first set and second set of constraints were not violated during the
stroke, pumping control anit 212 determines 512 if the third set of constraints were violated. If
the third set of constraints were violated, pumping control unit 212 adjusts 514 the current stroke
timing based on the violation of the third set of constraints. Puniping control unit 212 determines
518 if the current stroke timing is vahid. If the corrent stroke timing is valid, pumping control unit

212 returns to Step 502 and initiates a stroke based on the adjusted current stroke timing.

{0054} Ifnone of the sets of constraints were violated, pumping control unit 212
adjusts 516 curmrent stroke timing by decreasing T to increagse SPM. Pumping control unit 212

determines 518 if the current stroke timing is valid. If the current stroke timing is valid, pumping
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control vott 212 retums to Step 302 and mitiates a stroke based on the adjusted current stroke
timing. Process 300 1s designed to achieve an optimal SPM or pumping speed for rod pumping
unit 100 through multiple iterations. Since process 500 1s in real-time, the current stroke timing

1s based on current conditions in the well.

{0055} Pumping control unit 212 aiso stores a LAST FAIL MODE variable and
a LAST MODIFICATION varable. The LAST FAH. MODE is updated with the last constraint
failure that pumping control unit 212 detected. If pumping control umit 212 determines 504 that
the first set of constraints was viclated, then LAST FAIL MODE is updated to represent a
violation of the first set of constraints. The highest set of constraints that was violated is listed in
the LAST FAIL MODE variable. For example, if the first set of constraints and the third set of
constraints were violated, then the first set of constraints is histed in the LAST FAIL, MODE
variable. The LAST MODIFICATION variable is updated to store the last adjustment made to
the current stroke timing. For example, in Step 516, when none of the scts of consiraints are
violated, the LAST FAH. MODE is set to NONE. And LAST MODIFICATION is set to

decrease T.

[0056] FIG. 615 a flow chart of a first adjustment process 600 based on adjusting
506 the current stroke timing after the first set of constraints is violated {shown in FIG. 5). First
adjustment process 600 is configured to adjust current stroke timing i response to a violation of
the first set of constraints. In the exemplary embodiment, the first set of constraints 1s based on
the load and power specifications of rod pumping unit 100 {shown in FIG. 1}. Pumping control
unit 212 determines 502 during which stage of the stroke that the violation occurred based on the
data from sensors 230 (shown in FIG. 2). The stages are based on the velocity profile 400 (shown

in FIG. 4).

{0057} If the violation occurred during upsiroke acceleration (T1) or during
upstroke constant velocity (the time between T1 and T2), pomping control unit 212 determines if
LAST MODIFICATION was to decrease T1. If the determination is true, pumping control unit
212 increases T, therchy decreasing SPM. If the determination is false, pumping control unit 212

increases T4,

{0058] If the violation occurred during upstroke deceleration (12), pumping

control unit 212 determunes if LAST MODIFICATION was to decrease T2, pamping controf unit
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212 ncreases T, thereby decreasing SPM. If the determination 1s true, pumping controf unit 212
wncreases T, thereby decreasing SPM. If the determination s false, pumping control vnit 212

mcreases 12.

[0059] I the violation occurred during downstroke acceleration {T3) or during
downstroke constant velocity {the time between T3 and T4), pumping control unit 212 determines
HFLAST MODIFICATION was to decrease T3, If the determination is true, pumping control unit
212 increases T, thereby decreasing SPM. I the deternunation is false, pumping control unit 212

mcreases T3,

{0060} If the violation occurred during downstroke deceleration (T4), pumping
control unit 212 determines if LAST MODIFICATION was to decrease T4, pumaping control unit
212 increases T, thereby decreasing SPM. The determmation is true, pumping control unit 212
wncreases T, thereby decreasing SPM. If the determination s false, pumping control vnit 212

mncreases T4,

[0061] FIG. 7 is a flow chart of a second adjustment process 700 based on
adjusting 5106 the current stroke timing after the second set of constraints is viclated (shown in
FIG. 5). Seccond adjustment process 700 1s configured to adjust current stroke fiming in response
to a violation of the second set of constraints. In the exemplary embodiment, the second set of
constramts is designed to prevent buckbing of the sucker rod string. In the exemplary embodiment,
in response 1o a violation of the second set of constraints, pumping control umit 212 adjusts current

stroke timing by increasing T2 and T3 (both shown in FIG. 4).

{0062} FIG. 8 is a flow chart of a third adjustment process 800 based on adjusting
514 the current stroke timing after the third set of constraimis 1s vielated {(shown n FIG. 5). Third
adjustment process 800 s configured to adjust current stroke timing in response to a violation of
the third set of constraints. In the exemplary embodiment, the third set of constraints is designed
to prevent fatigue in the sucker rod string. Puwmping control unit 212 determines 802 whether
LAST FAIL MODE s FATIGUE. Hfthe determination is no, then pumping control umit 212 sets
804 LAST FAIL MODE to FATIGUE and sets a FATIGUE ACTION vartable to zero.

[0063] Pumpmg control unit 212 deternunes 806 the valoe of
FATIGUE ACTION and adjusts current stroke timing based on that value. Below is a table of

the values for FATIGUE ACTION and the actions that pumping control unit 212 performs.
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FAT IQUfh _ACTION Action Performed
Value
0 decrease T1
i decrease T2
2 decrease 13
3 mncrease 11
4 wmerease 12
3 ncrease T2
increase T and set
6 LAST FAH., MODE to
NONE

Table 1

{0064}  If pumping control unit 212 determines 802 that LAST FAIL MODE is
FATIGUE, pamping control unit 212 determines 808 if the current violation of the third set of
constraints is greater than the most recent previous violation of the third set of constraints. If the
determination is that the current violation is not greater, pumping control unit 212 procceds to Step
806. Ifthe deternination is that the current violation is greater, pumping control unit 212 reverses
810 the last modification made and mercases FATIGUE ACTION by 1. Then pumping control
amit proceeds to Step R06.

{0065] The above-described system and methods provide a cost-effective method
for controlling a rod pumping unit to enhance the flow of a fluid induced by the rod pumping voit
based on current well conditions. Furthermore, the motion of the rod pumping wmt is repeatedly
apdated to ensure that the motion of the sucker rod string will not damage the sucker rod string,
the rod pumping unit, or the well iself Also, the system and methods described herein are not
limited to anv single predefined set of well conditions.  For example, the systerm and methods
described herein may be used with varying well conditions and adapt over time as well conditions
change.  As such, the amount of flow of fhud induced by the rod pumping unit 1s constantly
updated to be enhanced based on current well conditions and the capabilities of the rod pumping

umif. Ag such, the production and efficiency of rod pumping units is mcreased.
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{0066] An cxemplary technical effect of the methods, svstems, and apparatus
described herein mcludes at least one oft {(a) determining 1t any constraints have been violated
during a stroke, where the constraints are ranked based on a predetermined hierarchy to identfy
potential stress on the sucker rod string or the rod pumping unit; (b} adjusting stroke timing based
on the highest ranked constraint violated to reduce any stresses on the sucker rod siring and the
rod pumping unit; and {(¢) initiating a new stroke based on the adjusted stroke timing for enhanced

fluid flow while reducing the stress on the sucker rod string and the rod pumping unit.

{00671 Exemplary embodiments of systems and methods for controlling the
stroke of a rod pumping unit to control the flow of a fhud are described above in detad. The
systems and methods described herein are not lunited to the specitic embodiments described
herein, but rather, components of systems or steps of the methods may be utilized independently
and separately from other components or steps described herein. For example, the methods may
also be used 1 combination with other linear puraping units, and are not limited to practice with
only linear pumping units as described herein.  Rather, the exemplary embodiments may be

implemented and utilized in connection with many other pumping control applications.

[0068] Although specific features of various embodiments may be shown in some
drawings and not in others, this is for convenience only. In accordance with the principles of the
gysterns and methods described hercin, any teature of a drawing may be referenced or claimed in

combination with anv feature of any other drawing,

[06069] Some embodiments mvolve the use of one or more clecironic or
computing devices. duch devices typically include a processor or controller, such as a general
purpose central processing unit (CPU), a graphics processing wat (GPUY. 3 mucrocontroller, a
reduced instruction sct computer {RISC) processor, an application specific intograted circuit
{ASIC), aprogrammable logic circust (PLC), or any other circuit or processor capabie of executing
the functions described herein. The methods described herein may be encoded as exccutable
instructions embodied 1n a computer readable medium, inchuding, without limitation, a storage
device or a memory device. Such wnstructions, when executed by a processor, cause the processor
to perform at least a portion of the methods described herein. The above examples are exemplary

only, and thus are not intended to Himit in any way the definition or meaning of the term processor.
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{0070} This written description uses examples to disclose the embodiments,
including the best mode, and also to enable any person skilled n the art to practice the
embodiments, including making and using any devices or systems and performing any
incorporated methods. The patentable scope of the disclosure is defined by the claims, and may
mchude other examples that occur to those skilled m the art. Such other examples are mtended to
be within the scope of the claims if they have structural elements that do not differ from the literal
language of the claims, or if they include equivalent siructural elements with insubstantial

differences from the literal language of the claims.
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WHAT IS CLAIMED IS:

I. A system for enhancing a flow of a fluid mduced by a rod pumping unit,

said system comprising:

one or more sensors configured to monitor one or more conditions of the rod
pumping unit and generate signals representing sensor data based on the one or more conditions;

and

a pumping control unitf comprising a processor and amemory, said pumping control
amit in comnunication with said one or more sensors, said pumping control wt configured to
control stroke movement of the rod pumping unit, thereby controlling the flow of the fluid induced

by the rod pumping unit, said pumping control unit configured to:

(a) mitiate at least one stroke of the rod pumping unit, wherein the at least
one stroke 1s based on current siroke timing data, wherein the current stroke timing data

mechides a value for strokes per minute (SPM);
{b) receive signals representing sensor data from the one or more sensors;

{c) upon a determination of, based on the sensor data, a violation of a first
set of constraints, make a first adjustment to the carrent stroke timing, and retum to step

{a};

{d) upon a determination of, based on the sensor data, a violation of asecond
set of constraints, make a sccond adjustment to the current stroke timing, and return to step

{a); and

{¢) upon adetermination of, based on the sensor data, no violation ot at least
one set of constraints, make a third adjustment to the current stroke timing, and return to

step (a).

~

2. The system m accordance with Claim 1, wherein said pumping control unit
further configured to, upon a determination of, based on the sensor data. a violation of a third set

of constraints, make a fourth adjustment to the current stroke timing, and return to step (a).
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3. The system in accordance with Claim 1, wherein the third adjustment

mereases the value for SPM to increase the flow of fluid induced.

4, The sysiem in accordance with Claim 1, wherein said pumping control unit
further configured to, upon a determination that the current stroke timing exceeds total time
available for a stroke, perform at keast one of reduce the value for SPM, and reverse one or more

previoushy made adjustments.

5 The svstem 10 accordance with Claim 1, wherein the first set of constraints

based on one or more load and power specifications of the rod pumping unit.

6. The system in accordance with Claim 1, wherein the second set of

constraints based on one or more buckling criterion.

7. The system in accordance with Claim 2, wherein the third set of constraints

based on one or more fatigue criterion.

8. The svstem in accordance with Claim 1, wherein the current stroke timung
further meludes at least one of an upstroke acceleration time, an wpstroke deceleration time, a
downstroke acceleration time, a dowanstroke deceleration time, an upstroke time, and an upper

velocity parameter.

9. The system in accordance with Claim 1, wherein the at least onc stroke
ncludes a plumality of stages which nclude an upstroke acceleration stage, an upstroke
deceleration stage, a downstroke acceleration stage, a downstroke deceleration stage, and a

constant velocity stage.

10. The system m accordance with Claim 9, wherem said pumping control unit

further configured to:

determine 3 stage of the plurality of stages of the at least one stroke that the first

constraint was violated;
determine last adjustment made to current stroke timing; and

make the first adjustment based on the determined stage and the last adjostment

made.
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11, The system in accordance with Claim 2, wherein said pumping control unit
further configured to store at least one of a last action made and a last fail mode based on which

set of constraints was violated.

2. The system i accordance with Claim 11, wherein wherein upon a
determination of, based on the sensor data. a violation of the third sct of constraints, said pamping
control unit further configured to make the fourth adjustment based on an amount of violation of

the third set of constramts, the last action made, and the last fail mode.

13, The system in accordance with Claim 1, wherein said pumping control unit

further configured to:

simulate a recentlv made adjustment to the current stroke timing by stepping

through steps (¢} and {d}; and

upon a determination of no violation of at least one set of constraints return to step

{(a}).

14, A computer-based method for enhancing a flow of a fluid mduced by arod
pumping unit, said method implemented using a pumping control unit in communication with a

memory, said method comprising:

(a) initiating at ieast one stroke of the rod puaping unit, whercin the at least
one stroke is based on current stroke timing data, wherein the current stroke timing data

includes a value for strokes per minute (SPM);

{b) receiving signals representing sensor data from one or more sensors,
wherein the one or more sensors are configured to monitor one or more conditions of the
rod pumping unit and generate signals representing sensor data based on the one or more

conditions;

{c) upon determining, based on the sensor data, a violation of a first set of

constraints, make a first adjustment to the current stroke timing, and return to step (a);
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{(d) upon determining, based on the sensor data, a violation of a sccond set
of constraints, make a second adjustment to the current stroke timing, and return to step

{a); and

(e} upon determiming, based on the sensor data, no vielation of at least one
set of constraints, make a third adjustment to the current stroke timing, and retuin to step

{a).

15, 'The method in accordance with (laim 14 further comprising upon
deternining, based on the sensor data, a violation of a third set of constraints, make a fourth

adjustment to the current stroke timing, and retum to step (a).

16. The method i accordance with Claim 14 further comprising upon
determining that the current stroke timing exceeds total time available for a stroke, perform at least

one of reduce the value for SPM, and reverse one or more previcusly made adjustments.

17. The method 1n accordance with Claim 14, wherein the first set of constraints

based on one or more load and power specifications of the rod pumping unit.

8. The method 1n accordance with Claim 14, wherein the second set of

constraints based on one or more buckling criterion.

19. The method mn accordance with Claim 15, wherein the third set of

constraints based on one or more fatigue criterion.

20, The method in accordance with Claim 14, wherein the current stroke timing
further mncludes at least one of an upstroke acceleration time, an upstroke deceleration time, a
downstroke acceleration time, a downstroke deceleration time, an upstroke time, and an upper

velocity parameter.

21. The method in accordance with Claim 14, wherein the at least one stroke
mcludes a plurality of stages which include an upstroke acceleration stage, an upstroke
deceleration stage, a downsiroke acceleration stage, a downstroke deceleration stage, and a

constant veloeity stage.
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22, A computer-readable storage device having processor-cxecutable
wnstructions embodied thercon, for enhancing a flow of a flnd mduced by a rod pumping unit,
wherein when executed by a pumping control unit communicatively coupled to a memory, the

processor-cxecutable instructions cause the pumping control unit to:

(a} mitiate at least one stroke of the rod pumping unit, wherein the at least
one stroke is based on current stroke timing data, wherein the current stroke timing data

meludes a value for strokes per munute (SPM});

{(b) reccive signals representing sensor data from onc or more sensors,
wherein the one or more sensors are configured to monitor one or more conditions of the
rod pumping unit and generate signals representing sensor data based on the one or more

conditions;

{c}) upon a determination of, based on the sensor data, a violation of a first
set of constramts, make a first adjustment to the current stroke timing, and return to step

(a);

{d) upon a determumation of, based on the sensor data, a violation of a second
set of constraints, make a second adjustment to the current stroke timing, and return to step

(a); and

(e} upon adetermination of, based on the sensor data, no violation of at least
one set of constraints, make a third adjustment to current stroke timing, and return 1o step

{a}.

23, The computer readable storage device of Claim 22, wherein the processor-
executable instructions cause the pumping control unit to upon a deternunation of, based on the
sensor data, a violation of a third set of constraints, make a fourth adjustment to the current stroke

tuming, and return 1o step {a}.

24, The computer readable storage device of Claim 22, wherein the processor-
executable instructions cause the pumping control unit to upon a determination that the current
stroke timing exceeds total time available for a stroke, perform as least one of reduce the value for

SPM, and reverse one or more previously made adjustments.
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25.  The computer readable storage device of Claim 22, wherein the first set of

constraints based on one or more load and power specifications of the rod pumping unit.

26, The computer readable storage device of Claim 22, wheremn the second set

of constraints based on one or more buckling criterion.

27, The computer readable storage device of Claim 23, wherem the third set of

constraints based on one or more fatigue criterion.

28, The computer readable storage device of Claim 22, wherem the current
stroke timing further mchudes at least one of an upstroke acceleration time, an upstroke
deceleration time, a downstroke acceleration time, a downstroke deceleration time, an upstroke

time, and an upper velocity parameter.

29, The computer readable storage device of Claim 22, whercin the at least one
stroke includes a plurality of stages which include an upstroke acceleration stage, an upstroke
deceleration stage, a downstroke acceleration stage, a downstroke deceleration stage, and a

constant velocity stage.
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