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BEAM PUMPING UNIT AND METHOD OF OPERATION

BACKGROUND

[3601] The field of the disclosure relates generally to beam pumping units and, more
particularly, to a beam pumping unit having a Samson post strain gauge and a method of

operation.

[6802] Most known beam pumping vnits {(also known as surface pumping units) are used in
wells to induce flud flow, for example oil and water. Beam pumping units convert rotating
motion from a prime mover, ¢.g., an engine or an electric motor, into reciprocating motion
above the well head. This motion s in turn used to drive a reciprocating downhole pump via
connection through a sucker rod string. The sucker rod string, which can extend miles in
length, transmits the reciprocating nmotion from the well head at the surface to a subterranean
piston, or plunger, and valves in a fluid bearing zone of the well. The reciprocating motion of
the piston valves induces the fluid to flow up the length of the sucker rod string to the well

head.

[3603] Beam pumping units are exposed to 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. The beam pwuoping unit imparts continually varving motion on the
sucker rod string. The sucker rod string responds to the varying load conditions from the surface
anit, down-hole pump, and surrounding environment by altering its own motion statically and
dynamically. The sucker rod string stretches and retracts as it builds the force necessary to
move the down-hole pump and fluid. The beam pumping unit, breaking away from the effects
of friction and overcoming fhudic resistance and nertia, tends to generate counter-reactive
interaction force to the sucker rod string exciting the dynamic modes of the sucker rod string,
which causes an oscillatory response. Traveling stress waves from multiple sources interfere
with each other along the sucker rod string (some constructively, others destructively) as they
traverse its length and reflect load variations back to the beam pumping unit, where they can

be measured.

[3604] Generally, the surface measurements are used in computing dynamometer or pump

cards for diagnostic analysis to identify downhole pump conditions such as, for example, and
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without limitation, fhud pound, find fill, fluid friction, gas interference, and tubing movement.
Surface measurements are sometimes used i controlling the beam pumping unit. Surface load
measurements are typically coliected using a foad cell coupled to a polished rod that suspends
the sucker rod string. Such load cells are generally at an elevated position over the well head
and commumicate with a beam pumping unit controller using wired or wireless communication

interfaces.
BRIEF DESCRIPTION

10683]  In one aspect, a control system for operating a beam pumping unit is provided. The
control system ncludes a strain gauge and a beam pumping unit controlier. The strain gauge is
coupled to a Samson post of the beam pumping unit, and s configured to measure a Samson
post strain. The beam pumping unit controlier is coupled to the strain gauge and is configured
o operate the beam pumping unit to induce a variable load on a rod of the beam pumping unit.
The beam pumping umit controller is further configured to receive the Samson post stram from

the strain gauge and compuie the variable load based on the Samson post strain,

[0606] In another aspect, a method of operating a beam pumping unit is provided. The
method ncludes linearly translating a rod suspended from a walking beam of the beam
pumping unit. The method further includes measunng a Samson post strain using a strain gauge
coupled to a Samson post pivotally coupled o the walking beam. The Samson post strain varies
as a function of a rod load induced by the linear translation of the rod and a sucker rod string
suspended there from. The method further includes computing, by a beam pumping umit
controller, a surface card based on the Samson post strain. The method further includes
operating, bv the beam pumping unit controller, the beam pumping unit based on the surface

card.

[6687] In vet another aspect. a beam pumping unit 15 provided. The beam pumping unit
includes a Samson post, a walking beam, a rod, a strain gauge, and a beam pumping unit
controlier. The walking beam is pivotally coupled to the Samson post. The rod s coupled to
the walking beam and is configured to suspend a sucker rod string within a downhole well. The

strain gauge 18 coupled to the Samson post and 1s configured to measure a Samson post strain.
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The beam pumping unit controller is coupled to the strain gauge and is configured to compute

a rod load based on the Samson post stram.
DRAWINGS

[0808] These and other features, aspects, and advantages of the present disclosure will
become better understood when the following detailed description is read with reference to the
accompanyving drawings in which like characters represent hike parts throughout the drawmgs,
whergin:

16009 FIG. 1 s a diagram of an exemplary beam puraping unit;

{6818} FIG. 2 is a diagram of the exemplary beam pumping unit shown i FIG. 1,

[B811] FIG. 3 15 a cross-sectional diagram of an exemplary [-beam for the Samson post

shown in FIGs. 1 and 2;

{6612} FIG. 4 is a cross-sectional diagram of an exemplary angle-iron for the Samson post

shown mn FIGs. 1 and 2;

[B613] FIG. 5 15 a cross~-sectional diagram of an exemplary box beam for the Samson post

shown in FIGS. 1 and 2;

[0614] FIG. 615 ablock diagram of contro] system for the bean: pumping unit shown m FIGs,

1and 2;

[0815] FIG. 7 is a plot ilustrating transfer functions that relate Samson post straim and

polished rod load for the beam pumping unit shown m FIGs. 1 and 2;

[3616] FIG. 8 s a plot illustrating transfer functions that relate crank angle and polished rod

load for the beam pumping unit shown o FIGs. | and 2; and

[6617] FIG. 915 a flow diagram of an exemplary method of operating the beam pumping unit

shown in FIGs. 1 and 2.

[B818] Unless otherwise indicated, the drawings provided herein are meant to ilustrate
features of embodiments of this disclosure. These features are believed to be applicable in a
wide variety of systems comprising one or more embodiments of this disclosare. As such, 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 heremn.

3
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DETAILED DESCRIPTION

16019 In the following spectfication and the claims, a number of terms are referenced that

have the following meanngs.

[6828] The singular forms “37, “an”, and “the” include plural references uniess the context

clearly dictates otherwise.

3621} “Optional”™ or “optionally” means that the subsequently described event or
circumstance may or may not occur, and that the description includes instances where the event

occurs and instances where it does not.

6022} Approximating language, as used herein throughout the specification and claims, may
be applied to modify anv quantitative representation that could permussibly vary without
resulting 1n a change in the basic function to which it 1s related. Accordingly, a value modified
by a term or terms, such as “about”, “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 measuring the value. Here and throughout the
specification and claims, range linutations may be combined and/or interchanged: such ranges
are identificd and include all the sub-ranges contained therein unless context or language

indicates otherwise.

[3623] As used herem, the terms “processor” and “computer” and related terms, ¢.g.,
“processing device”, “computing device”, and “controller” are not himited to just those
integrated circuits referred to in the art as a computer, but broadly refers to a microcontroller,
a microcomputer, a programmable logic controlier (PLC), an application specific integrated
cirawit, and other programmable circeits, and these terms are used interchangeably herein. In
the embodiments described herein, memory may include, but is not hmted o, a computer-
readable medium, such as a random access memory (RAM), and a computer-readable non-
volatile medium, such as flash memory. Alternatively, a floppy disk, a compact disc - read
only memory {CD-ROM), a magneto-optical disk (MOD)}, and/or a digital versatile disc (DY D)
may also be used. Also, m the embodiments described herein, additional input chanoels may
be, but are not limited to, computer penipherals associated with an operator interface such as a
mouse and a keyboard. Alternatively, other computer peripherals may also be used that may

include, for example, but not be hmited to, a scanner. Furthermore, in the exemplary
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embodiment, additonal output channels may include, but not be limited to, an operator

mnterface monitor.

[6624] Further, as used herein, the terms “software” and “firmware” are interchangeable, and
melude any computer program stored i memory for execation by personal computers,

workstations, clients and servers.

[B825] As used herein, the term “non-transitory compuier-readable media” 18 intended to be
representative of any tangible computer-based device implemented in any method or
technology for short-term and long-term storage of information, such as, computer-readable
mstructions, data structures, program modules and sub-modules, or other data i any device.
Therefore, the methods described herein may be encoded as execuotable wnstructions embodied
in a tangible. non-transitory, computer readable medium, mcloding, withowt limitation, a
storage device and a memory device. Such mstructions, when executed by a processor, cause
the processor to perform at feast a portion of the methods described herein. Moreover, as used
herein, the term “non-tramsitory computer-readable media” includes all tangible, computer-
readable media, meluding, without limitation, non-transitory computer storage devices,
mcluding, without limitation, volatile and nonvolatile media, and removable and non-
removable media such as a firmware, physical and virtual storage, CD-ROMs, DV Ds, and any
other digital source such as a network or the Internet, as well as yet to be developed digital

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

[3626] Furthermore, as used herein, the term “real-time” refers to at least one of the time of
cccurrence of the associated events, the time of measurement and collection of predetermined
data, the time to process the data, and the time of a system response to the events and the
environment.  In the embodiments described herein, these activitics and events ocour

substantially mstantancously.

[B827] Embodiments of the present disclosure relate to a beam pumping unit. The beam
pumping unit includes a strain gavge coupled to the Samson post of the beam pumping unit.
The strain gauge disposed on the Samson post obviates tvpical load cell installations at the
polished rod of the beam pumping unit, which are typically elevated above the well head. The
beam pumping unit further mchudes a beam pumping unit controller that defines at least one
transfer function that relates measured Samson post strain to a load on the polished rod of the

beam pumping wnit. In some embodiments, the beam pumping unit controller s further

(v
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configured to define multiple transfer functions corresponding to particular crank angles for
the beam pumping anit. In other embodiments, the beam pumping anit controller is further
configured to define multiple transfer functions corresponding to particular measured Samson
post strain values. Such beam pumpmg unit controllers are further configured to mterpolate
resulting polished rod load values to determine the polished rod load for the measured crank

angle and the measured Samson post strain.

[6028] FIG. 1 1s a diagram of an exemplary beam pumping unit 100 for use at a well head
102 of a well that extends beneath the surface of the Earth for the purpose of producing gas
and fluid from a well. Well head 102 includes an upper portion of a casing 104 and tubing 106,
Casing 104 and tubing 106 extend into the well to facilitate a downhole pump {(not shown) that

i3 actuated by a rod 108 to produce the gas and fluid.

{0029} Beam pumping unit 100 includes a surface support unit 110 that suspends rod 308 m
the well. Surtace support untt 110 includes a walking beam 112 pivotally coupled to a Samson
post 114 by a pin 116. Rod 108 includes polished rod 118 that extends mto casing 104 and
tubing 106 through well head 102. Rod 108 also includes a cable 120 that flexibly couples rod
108 to walking beam 112 at a horschead 122, Samson post 114 mcludes any substantially
verfical structure that supports the load of walking beam 112 and assemblics coupled thereto,

including rod 108 and horsehead 122.

[B836] Beam pumping unit 100 mcludes a stram gauge 142 coupled to Samson post 114,
Strain gavge 142 includes, for example, and without hmitation a semiconductor strain gauge,
a photoelectric gauge, a metallic wire-type strain gauge. a thin-film stram gauge, a diffused
semiconductor strain gauge, a bonded resistance gauge, or anv other suitable sensor for
detecting strain acting on Samson post 114, Strain gauge 142 1s preferably located on Samson
post 114 near the ground or foundation on which Samson post 114 1s fixed. For example, and
without limitation, strain gauge 142, in certain embodiments, is disposed within 2 meters of the
foundation. In alternative embodiments, strain gauge 142 s disposed at any other suitable
height, higher or lower, that provides gase-oftaccess for installation and maintenance, as well
as being suitable for measuring Samson post strain. In certain embodiments, strain gauge 142
may be place at any location on Samson post 114. The orientation and lateral placeraent of

strain gavge 142 varies per embodiment in a manner that is consistent with the installation and
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operation of the particular stvle or type of strain gauge device and particular structure of

Samson post 114,

16031} Beam pumping unit 100 is driven by a prime mover 124 through a gear box 126. In
certain embodiments, prime mover 124 meludes an clectric motor. Together, prime mover 124
and gear box 126 form a drive system 128 that, in cerfain embodiments, may include one or
more belts, cranks, or other components. Through gear box 126, prime mover 124 tumns a crank
130 having a crank arm 132, Crank arm 132 1s coupled to walkimg beam 112 at an end opposite
horsehead 122 by a pitman arm 134, Pitman arm 134 pivotally couples to crank arm 132 by a
wrist pin 136, and further pivotally couples to walking beam 112 by an equalizer pin 138,
Pitman arm 134 15 configured to translate angular motion of crank arm 132 into linecar motion
of walking beam 112, The hincar motion of walking beam 112 provides the reciprocal motion

of rod 108 for operating the downhole pump.

6032}  On an upstroke of beam pumping unit 100, the weight of rod 108, which 1s suspended
from walking beam 112, is transferred to crank 130 and drive system 128, Crank arm 132
includes a counterweight 140 that is configured to reduce the load on drive system 128 during

an upstroke.

16033} FIG. 215 a diagram of beam pumping unit 100 from a perspective A {(shown in FIG.
1}. The diagram of FIG. 2 includes Samson post 114, including a first beam 210 and a second
beam 220, Samson post 114 is fixed to a foundation 230, Samson post 114 supports a pivot
assembly 240, to which walking beam 112 pivotally couples. Pivot assembly 240 inclades
saddle bearings 250 through which pin 116 1s msertable to engage walking beam 112 (shown
in FIG. 1}. In alternative embodiments, beam pumping unit 100 may include any other suitable

pivot assembly for pivotally coupling walking beam 112 to Samson post 114,

[6634] The load carried by Samson post 114 is distabuted among the beams of Samson post
114, such as first beam 210 and second beam 220, which transfer the load to foundation 230,
The load carried by Samson post 114 mcludes the weight of the structure itself, the weight of
walking beam 112, and the load on polished rod 118 {not shown}. During operation, the
polished rod load varies as the polished rod translates lincarly, up and down. Consequently, the
load on Samson post 114 varies over time and over the period of ong or more pump strokes.

The load on Samson post 114 manifests at least i part as a strain on the structural members,
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such as first beam 210 and second beam 220. The strain 1s reforred to as a Samson post strain

and i1s measurable in gither structural member of Samson post 114,

[6635] Strain gauge 142 (shown mn FIG. 1) s coupled to Samson post 114 at second beam
220. Strain gauge 142, in altemative embodiments, may be coupled to first beam 210 or another
structural member of Samson post 114 Strain gauge 142 is located at a height suitable for casy
access tor installation and maintenance. For example, in certain embodiments, strain gauge 142
s disposed at a height of no more than 2 meters from foundation 230, In alternative
embodiments, strain gauge 142 is installed at any switable height for measuring strain on

Samson post 114 that is accessible for installation and maintenance.

[0836] FIG. 3 13 a cross-sectional diagram of an exemplary I-beam 300 for use as a structural
member of Samson post 114 (shown in FIGs. 1 and 2}, The cross-sectional diagram 1s from a
perspective B (shown in FIG. 2). I-beam 300 inclades a first flange 310, a second flange 320,
and a web 330, I-beam 300 1s typically manutactured from steel or a derivative thereof.
Alternatively, I-beam 300 is manufactured from any material suitable to support the loads
acting on Samson post 114, including, for example, and without imitation, wood, aluminum,
and cast iron. Strain gauge 142 (shown in F1Gs. 1 and 2) 15 disposed on a web surface 340 and
i3 configured to measure strain in -beam 300, In alternative embodiments, strain gauge 142 is

disposed on an oner flange surface 350 or an outer flange surface 360,

[B837] FIG. 4 18 a cross-sectional diagram of an exemplary angle-iron 400 for use as a
structural member of Samson post 114 (shown m FIGs. 1 and 2). The cross-sectional diagram
is from a perspective B (shown in FIG. 2}, Angle-iron 400 includes a horizontal member 410
and a vertical member 420, cach of which has surfaces 430. Angle-iron 400 is typically
manufactured from steel or a denvative thereof, Alternatively, angle-iron 400 is manufactured
from any material suitable to support the loads acting on Samson post 114, mchuding, for
example, and without lmitation, abuminum and cast iron. Strain gaage 142 is coupled to surface

430 and 15 configured to measure strain in angle-iron 400.

10638] FIG. 5 is a cross-sectional diagram of an exemplary box beam 500 for use as a
structural member of Samson post 114 (shown in FiGs. 1 and 2). The cross-sectional diagram
i3 from a perspective B (shown i FIG. 2). Box beam 500 includes a rectangular structure 510
and 1s typically manunfactured from stecl or a denivative thergof. Altematively, box beam 500

is manufaciured from any material suitable to support the loads acting on Samson post 114,
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including, for example, and without fimitation, wood, aluminum, and cast iron. Structure 510
defines an interior 520 and an cuter surface 530. Strain gauge 142 1s coupled to outer surface

530 and is configured to measure strain in box beam 500.

[0839] FIG. 6 13 a block diagram of a control system 600 for use with beam pumping unit
100 (shown m FiGs. 1 and 2). Control svstem 600 includes a beam pumping uvoit controller
610 having a processor 620, Control systern 600 further includes a position sensor 630 and
strain gauge 142 {shown m FIGs. 1 and 2), each communicatively coupled to beam pumping
unit controller 610. Referring to FIGs. 1, 2, and 6, beam pumping onit controller 610 1s further
commmumnicatively coupled to prime mover 124 {shown in FIG. 1) for controlling operation of
heam pumping unit 100, For example, and without himitation, beam pumping unit controlier

610 controls the pamping speed at which prime mover 124 operates beam pumping unit 100,

[3040] Position sensor 630 is configured to measure a crank angle. The crank angle is avalue,
expressed in degrees or radians, for example, describing a rotational position of crank arm 132,
which is linked to walking beam 112 by Pitman arm 134 and causes the linear translation of
polished rod 118. In certain embodiments, position sensor 630 mcludes an encoder configured
to generaie a position signal mdicative of the crank angle, and transnuts the position signal to
beam pumping umit controlier 610, In certain embodiments, position sensor 630 1s coupled to
a motor shaft and the measurcment is related to a position of crank arm 132 through known
gear ratios. In alicmative embodiments, position sensor 630 may be coupled directlv to crank

130 or crank arm 132,

10641} Strain gauge 142 is coupled to Samson post 114 and 1s configured to measure a
Samson post strain. The Samson post strain is a value, expressed in pounds per square inch
(PSI), for example, describing the load carried by Samson post 114, The Samson post strain
varies over the pertod of one or more pomp strokes. The Samson post strain correlates to the
variable polished rod load and is characterized by one or more transfer functions that relate
polished rod load to Samson post strain and crank angle. The polished rod load 13 generally
expressed as a torque value 1n pounds of force (Ibf), for example. The Samson post strain is
usable as a surrogate measuare of polished rod load for the purpose of controlling beam pomping

unit 100 and for computing dynamometer and surface cards for diagnostics and analvsis.

16042} In certain embodiments, beam pamping voit controller 610 defines multiple transfer

functions, each corresponding to a particular crank angle and relating Samson post strain to
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polished rod load. Each transfer function defines polished rod load as a function of Samson
post stratn and at a particular crank angle. The transfer functions are determined using a
calibration procedure that includes applying known polished rod loads and collecting multiple
measurements of Samson post stran at various crank angles. The known polished rod loads
mnclude, in certain embodiments, 15,000, 20,000, 25,000, and 30,000 Ibf, for example, and

without limitation.

[B843] During operation, a Samson post strain 1s measured by strain gauge 142 and a crank
angle is determined by position sensor 630. Given the crank angle, beam pumping unit
controller 610 selects two transfor functions that correspond to crank angles that bound the
measured crank angle. For example, a measured crank angle of 60 degrees is bound by crank
angle values 43 degrees and 90 degrees (1.e., 45 < 60 < 80 degrees). Beam pumping unit
controller 610 uses the two transter functions to compute polished rod load values based on the
Samson post strain measured by strain gauge 142, Beam pumping vott controller 610 then
wnterpolates the resulting polished rod load values to determine a polished rod load value for
the measured crank angle. The polished rod load value 1s then available to beam pumping unit
controtier 610 for use in computing dynamometer cards, surface cards, or for controlling beam

pumping voit 100,

{6044} In certain embodiments, beam pumping uoit controller 610 defines multiple transfer
functions, cach corresponding to a particular Samson post strain value measured by strain
gauge 142 and relating crank angle to polished rod load. Each transfer function defines polished
rod load as a function of crank angle measured by position sensor 630 for a particular measured
Samson post strain value. The transfer functions are deternuned using a calibration procedure
that includes applying known polished rod loads and coliecting multiple measurements of

Samson post stram at various crank angles.

[6845] During operation, a Samson post strain is measured by strain gauge 142 and a crank
angle is determined by position sensor 630, Given the Samson post strain value, beam pumping
unit controller 610 selects two transfer functions that correspond to Samson post strain values
that bound the measured Samson post strain value. Beam pumping wnit controller 610 uses the
two transfer functions to compuie polished rod load values based on the crank angle measured
by position sensor 630. Beam pumping unit controller 610 then mterpolates the resulting

polished rod load values to determine a pohished rod ioad value for the measured Samson post

10
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strain value. The polished rod load value 15 then available to beam pumping unit controller 610
for use 1 computing dvnamometer cards, surface cards, or for controlling beam pumping unit
100.

18046] FIG. 7is aplot 700 illustrating transfer functions 710 that relate polished rod load 720
and Samson post strain 730 for beam pumping unit 100 (shown in FIGs. 1 and 2). Plot 700
includes a horizontal axis defining a lincar scale representing polished rod load 720 i Ibf] the
scale ranging from 0 1bf to 35,000 1bf Plot 700 includes a vertical axis defining a hinear scale
representing Samson post strain 730 i P8I the scale ranging from 0 PSEto 12,000 PSI. Each
of transfer functions 719 expresses polished rod load 720, in Ibf] as a contimuous function of
Samson post strain 730, in PSI, which is measured, for example, and without limitation, by
strain gauge 142 (shown in FIGs 1 and 2). Each of transfer fimetions 710 represents the
polished rod load-Samson post strain relationship for a particular crank angle 740, which is
measured, for example, and without limitation, by position sensor 630. Plot 700 includes
transfer functions 710 for eight different crank angles 740, beginning with zevo degrees and

mncrementing by 43 degrees until completing a 360 degree rotation.

16047 FIG. 8isaplot 800 tlustrating transfer functions 810 that relate polished rod load 820
and crank angle 830 for beam pumping unit 100 (shown m FIGs. 1 and 2). Plot 800 includes a
horizontal axis defining a linear scale representing crank angle 830 in degrees, the scale ranging
from O degrees to 400 degrees. Plot 800 includes a vertical axis defining a lincar scale
representing polished rod load 820 n Ibf) the scale ranging from 0 1bf to 90,000 Ibf. Each of
transter functions 810 expresses polished rod load 820, in Ibf, as a continuous function of crank
angle 830, in degrees, which is measured, for example, and without limitation, by position
sensor 630. Hach of transfer functions 810 represents the polished rod load-Samson post strain
relationship for a particular Samson post strain 840, in PSI, which is measured, for example,
and without limitation, by strain gauge 142. Plot 800 includes transfer functions 810 for ten

diffcrent Samson post strains 840, ranging from 0.00003448 PS1 to 0.0001897 PSI.

16048] FIG. 9 is a flow diagram of an exemplary method 900 of operating beam pamping
unit 100 (shown in FIGs. 1 and 2). The method begins at a stast step 910. Refernng to FiGs. 1,
2, and 6, beam pumping unit controller 610, at a translation step 920, operates prime mover
124 to gencrate a linear translation of polished rod 118, which 1s suspended from horschead

122 of walking beam 112 by cable 120. Polished rod 118 suspends a sucker rod string {not

11
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shown) beneath well head 102, Prime mover 124 tumns crank 130 using drive system 128, As
crank 130 turns, crank arm 132 rotates. Rotation of crank 130 and crank arm 132 is measurable,
for example, and without himitation, by position sensor 630, and is referred to as crank angle.
Rotation of crank arm 132, which is linked to walking beam 112 by Pitman arm 134, causes
walking beam 112 to pivot on Samson post 114, and forther causes the linear translation of
polished rod 118. The lincar translation of polished rod 113 and the sucker rod string induces

a variable load at the polished rod.

13042] At a measoring step 930, a Samson post strain i1s measared by strain gauge 142
coupled to Samson post 114, Beam pumping unit controller 610 receives the measured Samson
post strain value from strain gauge 142 and, at a computing step 940, computes a polished rod

load based on the Samson post strain.

[G050]  In certain embodiments, beam pumping unit controller 610 also receives a crank angle
measured by position sensor 630, Beam pumping unit controller 610, 1n such embodiments,

computes the polished rod load based on the Samson post straim and the crank angle.

16051]  In certain cmbodiments, method 900 further includes a calibration step. During
calibration, a zero-load is applied to polished rod 118, Beam pumping unit controller 610 then
measures a zero-load Samson post strain at strain gauge 142 corresponding to the zero-load
applied to polished rod 118, Multiple calibrated loads are then applied to polished rod 118 and
corresponding Samson post sirain measurements are collected from strain gauge 142 at beam
pumping unit controller 610, Beam pumping unit controller 610 then defines the various
transfer functions according to the measured Samson post strain values corresponding o the

zero-load and the multiple calibrated loads.
[0652] Method 900 ends at an end step 950,

[B853] The above described beam pumping unit mcludes a strain gauge coupled to the
Samson post of the beam pumping unit. The stram gauge disposed on the Samson post obviates
typical load ceH installations at the polished rod of the beam pomping unit. The beam pumping
unit further includes a beam pumping unit controller that defines at least one transter function
that relates measured Samson post strain 0 a load on the polished rod of the beam pumping
anit. In some embodiments, the beam pumping anit controller is further configured to define

mulitiple transfer functions corresponding to particular crank angles for the beam pumping wnit.
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In other embodiments, the beam pumping unit controller is further configured to define
multiple transfer fimctions corresponding to particular measured Samson post strain values.
Such beam pumping unit controliers are further configured to mterpolate resulting polished rod
load values to determine the polished rod load for the measured crank angle and the measured

Samson post strain.

[6654] An cxemplary technical effect of the methods, systems, and apparatus described
herein includes at least one of) {a) reducing costs of polished rod load sensors through use of
lower-cost strain gauges; (b) improving maimtenance cost by placement of lower-cost strain
gauges on the Samson post; (¢} improving installation and maintenance safety by placement of
strain gauges on the Samson post; and (d) improving load sensor reliability by placement of
strain gauges on the Samson post versus load cells elevated above the well head on the polished

rod.

[B855] Exemplary embodiments of methods, systems, and apparatus for beam pumping unit
controllers are not limited to the specific embodiments described herein, but rather,
components of systems and/or sieps of the methods may be utilized imdependently and
separately from other components and/or steps described herein. For example, the methods
may also be used in combination with other non-conventional beam pumping units, and are not
limited to practice with only the systems and mcthods as described herein.  Rather, the
cxemplary embodiment can be implemented and utilized in connection with many other
applications, equipment, and systems that may benefit from reduced cost, reduced complexity,
commercial availability, improved rehability at high temperatures, and increased memory

capacity.

[6656] Although specific features of varnous embodiments of the disclosure may be shown
i some drawings and not m others, this 18 for convenience only. In accordance with the
prnciples of the disclosure, any feature of a drawing may be referenced and/or claimed n

combination with anv feature of any other drawing,

10857 Some embodiments involve the use of one or more electronic or computing devices.
Such devices typically include a processor, processing device, or controller, such as a gencral
purpose central processing unit (CPU}, a graphics processing unit {GPU), a microcontroller, a
reduced mstruction set computer (RISCY processor, an apphication specific integrated circuit

{ASIC), a programumable fogic circuit (PLC), a field programmable gate array (FPGA), a digital
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signal processing (DSP) device, and/or any other circuit or processing device capable of
executing the functions described hereimn. The methods described herein may be encoded as
executable instructions embodicd m a computer readable medivm, including, without
himitation, a storage device and/or a memory device. Such mstructions, when executed by a
processing device, cause the processing device to perform at feast a portion of the methods
described herein. The above cxamples are exemplary only, and thus are not mtended to limit

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

[3658] This written description uses examples to disclose the embodiments, including the
best mode, and alsc to enable any person skilled 1 the art to practice the embodiments,
mcluding making and using any devices or systerns and performing any mcorporated methods.
The patentable scope of the disclosure 1s defined by the claims, and may include other examples
that oceur to those skilled o the art. Such other examples are intended to be within the scope
of the claims if they have structural elements that do not differ from the hiteral language of the
claims, or if they include equivalent structural elements with insubstantial differences from the

literal langoage of the claims.

14
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WHAT IS CLAIMED IS

I. A control system for operating a beam pumping unit, said control svstem

comprising:

a strain gauge coupled to a Samson post of the beam pumping unit, said strain gauge

configured to measure a Samson post strain;

a beam pumping unit controlier coupled to said strain gauge, said beam pumping unit

controtier configured to:

operate the beam pumpiog unit {0 induce a vanable load on a rod of the beam

pumping unit;
receive the Samson post strain from said strain gauge; and
compute the vanable load based on the Samson post strain.

2. The control system in accordance with Claim 1 further comprising a position
sensor configured to measure a crank angle of a crank of the beam pumping unit, wherein said
beam pumping unit controller is further coupled fo said position sensor and further configured

to compute the variable load based on the crank angle.

3. The control system in accordance with Claim 2, wherein said beam pumping

umif controlier 1s further configured to:

define a plurality of transfer functions respectively relating the Samson post strain to

the variable load for a plurality of crank angles;

select first and second transfer functions. of the plurality of transfer functions,
corresponding respectively to first and second crank angle values of the plurality of crank
angles, wherein the crank angle measured by said position sensor is bound by the first and

second crank angle values;

compute first and second rod load values using the first and second transfer functions,

respectively, and the Samson post strain; and

mterpolate the first and second rod load values based on the crank angle measured by

said position sensor to determine the variable load.
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4. ¢ control system in accordance with Claim 2, wherein said beam pumping
unit controller 1s further configured to:

define a plurality of transfer functions respectively relating the variable load to the
crank angle measured by said position sensor for a plurality of Samson post strain values;

select first and second transfer functions, of the plurality of transfer functions,
corresponding respectively to first and second Samson post stram values of the plurality of
Samson post strain values, wherein the Samson post straim measured by said strain gauge 1s
bound by the first and second Samson post strain values;

compute first and second rod load values using the first and second transfer functions,
respectively, and the crank angle; and

mterpolate the first and second rod load values based on the Samson post strain
measured by said strain gauge to determuine the variable load.

3. The control system in accordance with Claim 2, wherein said position sensor
compnises an encoder coupled to the crank ot the beam pumping unit, said encoder configured
o

generate a position signal indicative of the crank angle based on a rotational position of
the crank; and

transmuit the position signal to said beam pumping unit controller.

6. The control system in accordance with Claim 1, wherein said strain gauge
comprises a semiconductor strain gauge.

7. The control system in accordance with Claim 1, wherein said beam pumping
unit conteoller is further configured to modify a pump speed of the beam pumping unit based
on the variable load.

8. A method of operating a beamn pumping unit, said method comprising:

linearly translating a rod suspended from a walking beam of the beam pumping unit;

measuring a Samson post strain using a strain gauge coupled to a Samson post pivotally
coupled to the walking beam, the Samson post strain varying as a function of a rod load induced

by the linear transiation of the rod and a sucker rod string suspended there from;

16
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computing, by a beam pumping unit controller, a surface card based on the Samson post
strain; and

operating, by the beam pumping unit controller, the beam pumping unit based on the
surface card.

9. The method in accordance with Claim &, wherein computing the surface card
comprises computing the rod load based on the Samson post strain,

1y The method in accordance with Claim 9 further comprising:

operating a prime mover to rotale a crank having a crank arm hinked to the walking
beam and inducing the linear translation of the rod; and

determining a crank angle of the crank using a position sensor coupled thereto, wherein
computing the rod load comprises computing the rod load based on the Samson post strain and
the crank angle.

i1 The method m accordance with Claim 10, wherein computing the rod load
further comprises:

defining a plurality of transfer functions respectively relating the Samson post strain to
the rod load for a plurality of crank angles;

selecting first and second transfor functions, of the plurality of transfer functions,
corresponding respectively to first and second crank angle values of the plurality of crank
angles, wherein the crank angle determined by the position sensor is bound by the first and
sccond crank angle values;

computing first and second rod load values using the first and second transfer functions,
respectively, and the Samson post strain; and

mterpolating the first and second rod load valucs based on the crank angle measured by
the position sensor o determine the rod load.

2. The method m accordance with Claim 10, wheren computing the rod load
further comprises:

defining a plurality of transfer functions respectivelv relating the rod load to the crank

angle measured by the position sensor for a plurality of Samson post strain values;

17
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selecting first and second transfer functions, of the plurality of transfer functions,
corresponding respectively to first and second Samson post strain values of the plurality of
Samson post strain values, wherein the Samson post strain measured by the strain gauge is

bound by the first and second Samson post strain values;

computing first and second rod load values using the first and second transfer functions,

respectively, and the crank angle; and

interpolating the first and second rod load values based on the Samson post strain

measured by said strain gauge to determine the rod load.

13 The method in accordance with Claim 9 further comprising:

applving a zero-load to the rod;

measuring a zero-load Samson post strain corresponding to the zero-load;

applying a plurality of calibrated loads to the rod;

collecting a plurality of Samson post strain measurements corresponding to the plurality
of calibrated loads; and

calibrating the beam pumping unit controller based on the zero-load Samson post strain
and the plurality of Samson post strain measurements.

4. The method in accordance with Claim 13 further comprising collecting the
plurality of Samson post strain measurements at a phurality of crank angles of the beam
pumping unit.

I5. The method i accordance with Claim 13, wherein calibrating the beam
pumping unit controlier comprises defining a transfer function relating the rod load to the

Samson post strain.
16. A beam pumping unit, comprising;
a Samson post;
a walking beam pivotally coupled to said Samson post;

arod coupled to said walking beam and configured to suspend a sucker rod string within

a downhole well;

18
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a strain gauge coupled to said Samson post and configured to measure a Samson post

strain; and

a beam pumping unit controller coupled to said strain gauge and configured to compute

a rod load based on the Samson post strain,
17, 'The beam pumping vott m accordance with Claim 16 further comprising:
a prime mover; and

acrank rotatably coupled to said prime mover, said crank comprising a crank arm linked
to said walking beam and operable to convert rotation of said prime mover into lincar

translation of said rod.

15, ¢ beam pumping unit in accordance with Claim 17 further comprising a
position sensor configured to determine a crank angle of said crank, wherein said beam

puimping unit controlier 1s further configured to compute the rod load based on the crank angle.

19, The beam pumping unit in accordance with Claim 18, wherein said Samson post
comprises a phurality of beams configured to distribute the weight of said walking beam and

the rod load.

20, 'The beam pumping umt i accordance with Claim 19, wherein each of said
plurality of beams comprnises a steel I-beam comprising first and sccond flanges, and a web
coupled perpendicularly between said first and sccond flanges, and wherein said strain gauge

i3 coupled to a surface of said web.

21, The beam pumping unit in accordance with Clatm 16, wherein said strain gauge
1s disposed on said Samson post at most 2 meters from a foundation on which said Samson

post 1s fixed.
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