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(57) Abstract: A method according to one embodiment includes receiving real-time sensor data from a plurality of pump sensors,
wherein each pump sensor of the plurality of pump sensors i1s configured to gencrate sensor data associated with at least one characteristic
of the pump's operation, comparing the real-time sensor data to at least one threshold value, determining fault information in response
to determimng the real-time sensor data 1s outside of one or more of the at least one threshold value, determining a real-time operating
point of the pump on a pump performance curve associated with the pump based on the real-time sensor data, displaying, on a graphical
user interface of an administrative device, the real-time operating point of the pump on the pump performance curve, and displaying,
on the graphical user interface of the administrative device, the fault information 1n real time.
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REAL-TIME PUMP MONITORING WITH PRESMCRIPTIVE ARALYTICS

BACKGROUND
{6001 ] Rotating equipment such as pumps are often monitored using various sensing
devices to measure parameters such as tlow rate, pressure, speed, temperature, motor amperage,
and other pump characteristics. The sensed data may be monitored to determine whether a fault
has occurred within the pump, and when a tault has been detected, the monitoring system may
issue a fault alert to prompt maintenance personnel to attend to the equipment. However, there
remains a need tor a system with improved pump monitoning in real time that provides

prescriptive analyiics,
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SUMMARY
{6002 ] One embodiment 15 directed to a unique system, components, and methods for
real-time pump monttoring with prescriptive analytics. Other embodiments are directed to
apparatuses, systems, devices, hardware, methods, and combinations thereot for real-time pump
monitoring with prescriptive analytics. This summary 18 not intended to wdentify key or essential
features of the claimed subject matter, nor 18 1t intended to be used as an aid n limiting the scope
of the claimed subject matter. Further embodiments, forms, features, and aspects of the present

application shall become apparent from the description and figures provided herewith.
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BRIEF DESCRIPTION OF THE DRAWINGS
{30031 The concepts described herein are itlustrative by way of example and not by way
of limtation in the accompanying figures. For stmplicity and clanty of llustration, elements
ilustrated in the figures are not necessanily drawn to scale. Where considered appropriate,
references labels have been repeated among the tigures to indicate corresponding or analogous
elements.
{6004 FIG. 115 a ssmplified block diagram of at least one embodiment of a system for

real-time pump monttoring with prescriptive anaivtics;

{6605] FIG. 219 a ssmplified block diagram of at least one embodiment of g computing
System,
{(006] FIG. 3 15 a ssmphified block diagram of at least one embodiment of the pump

control system of FIG. 1

{007 FI1(G. 415 a simplified flow diagram of at least one embodiment of a method for
real-time pump monitonng with prescriplive analvtics using the sysiem of FiG. 1; and

{3003 FIGS. 5-11 dlustrate screen captures of at least one embodiment of a graphical

user interface of the adminmstrative device of FIG. 1
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DETAILED DESCRIPTION
{3009 Although the concepts of the present disclosure are susceptible to various
moditications and alternabive forms, specific embodiments have been shown by way of example
in the drawings and will be described herein in detail. It should be undersiood, however, that
there 1s no ntent to limit the concepts of the present disclosure to the particular forms disciosed,
but on the contrary, the intention is to cover all modifications, equivalents, and alternatives
consistent with the present disclosure and the appended claims.

17 he

G010 References in the specification 1o “one embodiment,” “an embodiment,” “an
ilustrative embodiment,” etc., indicate that the embodiment described may 1include a particular
feature, structure, or characteristic, but every embodiment may or may not necessarily include
that particular feature, structure, or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment It should further be appreciated that although reference {0 a
“preferred” component or feature may indicate the desirability of a particular component or
feature with respect to an embodiment, the disclosure 15 not 50 ltmiting with respect {0 other
embodiments, which may omit such a component or feature. Further, when a particular feature,
structure, or characteristic 1s described tn connection with an embodiment, 1 1s submutted that i
15 within the knowledge of one skilled in the art to implement such feature, structure, or
characteristic in connection with other embodiments whether or not explicitly described.
Additionally, 1t shouid be appreciated that items included 1n a i1st in the form of “at least one of

A B and C7 canmean (A), (B}, (Cy {Aand B}, (Band C); (A and C); or (A, B, and ().

Nimtlarly, items histed in the torm of “at least one of A, B, or {7 can mean (A}, (B}, (C); (A and

B). (Band C), (A and C); or (A, B, and C). Further, with respect to the claims, the use of words
and phrases such as “a,” “an,” “at least one,” and/or “at least one portion” should not be
interpreted so as to be limiting to only one such element uniess specifically stated to the contrary,
and the use of phrases such as “at least a portion” and/or “a portion” should be interpreted as
encompassing both embodiments including only a portion of such element and embodiments
including the entirety of such element unless specifically stated to the contrary.

(G011 The disclosed embodiments may, 1n some cases, be implemented in hardware,
firmware, software, or 4 combination thereof. The disclosed embodiments may also be
implemented as wnstructions carried by or stored on one or more {ransitory or non-transitory

machine-readable (¢.¢.. computer-readable) storage media, which may be read and executed by
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one or more processors. A machine-readable storage medium may be embodied as any storage
device, mechanism, or other physical structure tor storing or transmitting mformation in a form
readable by a machine {e g., a volatile or non-volatile memory, a media disc, or other media
device).

{6012 In the drawings, some structural or method features may be shown tn specific
arrangements and/or orderings. However, 1t should be appreciated that such specific
arrangements and/or ordenngs may not be required. Rather, in some embodiments, such features
may be arranged in a different manner and/or order than shown in the ilustrative figures unless
indicated to the contrary. Additionally, the tnciusion of a structural or method feature in a
particular tigure 18 not meant to imply that such teature is required in ali embodiments and, in
some embodiments, may not be included or may be combined with other teatures.

10013 Referring now to FIG. 1, 1n the thustrative embodiment, a system 100 for
tfacilitating real-time pump montoring with prescriptive analytics includes & pump control
system 102, a network 104, a cloud server 106, an admimstrative device 108, an edge devige
110, and an access point 112, Further, in some emboduments, the pump controf system 102 may
wnclude a controller 120, a pumyp 122, and one or more sensors 124, As described 1n detail
below, the system 100 aliows for the real-time measurement and display of sensor data{e.g., on a
pump performance curve corresponding with the pump 122) in addition to wdenfifying and
informing an administrator of any pump faults in real time {e.g., in conjunction with the dispiay
of the sensor data). It should be appreciated that the terms “real-time” and “real time” as used
herein allow for the typical latency associated with calculating a derived value and/or
transmitting data between devices/components {e.g., to the administrative device 108 for real-
time display).

{601 4] In particular, various operational characteristics of the pump 122 may be
measured by sensors 124 coupled to and/or otherwise associated with the pump 122. It should
be appreciated that typical limits are often placed {e g., by the pump manufacturer} on the
operation of the pump 122 to ensure that the purap 122 operates sately and within a desired
pump envelope. Such data may be reflected 1n a pump performance curve for the particular
pumyp 122, and the performance curve for each pump 122 may be unique depending on the
particular structural, mechanical, electrical, and/or other relevant characteristics of that pump

122, Ii the operational state of the pump 122 goes outside of an acceptable range as indicated by
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the relevant sensor data (e.¢., high temperature or low tlow rate}, an alarm may be triggered {o an
operator or administrator. For example, in some embodiments, the alarm may 1ndicate {0 an
operator or admunistrator that the measured parameter 15 out of range and that some remedial
action should be taken {o prevent damage to the pump 122 and/or other components of the pump
system. Diepending on the particuiar ctrcumstances, the remedial action may need o be taken
immediately (e.g., forced shut down) or may be able to be postponed until a more convenient
fime (¢.g., preventative maintenance/repairs).

G015 As described herein, 1n the tilustrative embodiment, sensor data or a denved
version thereof may be trended over time to compare acceptabie baseline operation of the purmp
122 to the current operation of the pump 122 and thereby ascertain whether the pump 122 1s
currently operating in a safe or normal state or the pump 122 is currently operating in an
abnormal or out-of-range state. As such, 1t should be appreciated that the system 100 may
leverage vanious threshold values that serve as bounds for acceptable pump operation.
Depending on the particular embodiment, the thresbold values may be staiic and predefined by
the system 100, dynamically updated by the system 100 (e.g., using machine learning
techniques), and/or modifiable by the adrministrabive device 108 or otherwise user-editable.
Further, in some embodiments, the threshold values may be determined based on the
performance curve for that particular pump 122, Additionally, 1o some embodiments, one or
more of the threshold values may correspond with one or more bounds superimposed on a
representative characteristic curve and, theretore, one or more of the alarms/messaging described
herein may be a result of those graphically imposed bounds being surpassed on the curve.

13016] in the tlustrative embodiment, the system 100 15 able to both ascertain the
existence of a fault and also provide additional taull information to the administrative device 108
to facilitate remediation of the fault. Specifically, in some embodiments, the system 100 may
determune fault information mncluding the type of fault, the sevenity of the fault, potential causes
of the tault, and prescriptive recommendations tor proactively addressing the fault before
damage occurs to the pumyp 122 and/or ancillary components. Additionally, as described below,
some or all such tauli information may be convenmently displayed tor the admunistrator on the
administrative device 108 {e g, locally or remotely) in real-time and updated over time based on
sensed data as pump conditions vary. Further, the administrative device 108 may also display

the operating state of the pump 122 on its pump performance curve n real time. It should be
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appreciated that the fauit information and/or sensor data may be displayed on a graphical user
wtertace of the admumstrative device 108 in any suitable format {e.g., as gauges, bar graphs,
spectrum graphs, data tables, etc.).

16017 For example, in some embodiments, the real-time sensor data may be depicted as
analog gauges as shown in FIG. 5. In particular, as silustrated tn FIG. 3, the graphical user
interface of the adnumstrative device 108 may graphically depict a tlow rate gauge 5072 that
graphically represents the real-time flow rate (e.g., volumetric flow raie) of the pump 122 (e.g.,
i galions per minute) as measured by corresponding sensors 124, a pump speed gauge S04 that
graphically represents the real-time pump speed (e.g., 1 rotations per munuie) as measured by
corresponding sensors 124, a pump vibration gauge 506 that graphically represents the real-time
vibration of the pump 122 {e.g, 1in inches per second, RMS) as measured by corresponding
sensors 124, a suction pressure gauge S08 that graphically represents the real-time suction
pressure of the pump 122 {e.¢., 1n pounds per square inch or pounds per square inch absolute) as
measured by corresponding sensors 124, a discharge pressure gauge 310 that graphically
represents the real-time discharge pressure of the pump 122 {e.g., in pounds per square inch or
pounds per square 1o absolute) as measured by corresponding sensors 124, a motor vibration
gauge 512 that graphically represents the real-time vibration of the pump motor {e.g., in inches
per second, RMS) as measured by corresponding sensors 124, a motor current gauge 514 that
eraphically represents the real-time current of the pump motor (e.g., in amperes) as measured by
corresponding sensors 124, and/or a tluid temperature gauge 516 that graphically represents the
reai-time temperature of fluid (e g, water, a slurry, and/or other fhutd{s}) within the pump {e g,
in degrees Fahrenhett) as measured by corresponding sensors 124, It should be appreciated that
any units of measure referenced herein are provided by way of example and are not intended to
be iimiting. As such, data may be measured in metric, imperial, and/or other units of measure
depending on the particular ernbodiment. Further, in some embodiments, the sensed and/or
utilized data may include raw data, data represented in standard units, and/or data represented in
untis different from standard umits of measure. For example, although vibration ts described
above in reference to RMS, 1t should be appreciated that vibration data may be measured,
described, and/or utilized in reference to its mean, absolute value, square, or other dertved

version(s) thereot. Mimilarly, 1t may be measured, described, and/or utilized 10 the time domain



WO 2021/087166 PCT/US2020/058047

and/or the trequency domain, and phase measurement and/or ultrasonic characteristics may be
considered, for example.

16018 it should be appreciated that the pump 122 19 predomunantly described herein as a
centrifugal pump style of pump; however, 1t should be appreciated that the techniques described
herein may be apphied to other types of pumps 122 tn other emboduments. For a centrifugal
pump, relevant pump characteristics include, for example, the total amount of energy (head) that
the pump 122 imparts to the fluid as a function of the tlow rate through the pump 122, the
etticiency of the pump 122 at vartous flow rates, the amount of power being absorbed by the
pump 122, the net postiive suction head (NPSH) required by the pump 122 in order 1o operate
cavitation-tree, and the net positive suction head avatlable (NPSHA} {o the pump 122
Additionally, net positive suction head required (NPSHR ) may serve as an indicator of how
much fuid bead or pressure must be presant at the pump 1alet o suppress cavitation.
Additionally, although the pump 122 is described herein as a pump, it should be appreciated that
the technigues described herein may be applied to other types of rotating equipment. For
exampie, in other embodiments, the pumyp 122 may instead be embodied as a motor, engine,
compressor, or other type of rotating machine

{0019 in the some embodiments, the sensors 124 of the pump control system 102 may
be configured to transmit the sensed data to the controller 120 for processing thereon. For
exampie, in some embodiments, the controlier 120 may be embodied as a programmable linear
controller {e.g., located 1n a control panel} configured to received and process the sensor data.
As described herein, the pump control system 102 {e.g., via the controlier 120} may be
configured to transmit the sensor data to the cloud server 106 for further processing via suitable
communication protocols. For example, in some embodiments, the controller 120 may be
interfaced with an edge device 110 that 1s communicatively coupled with the access point 112,
which may be communicatively coupled to the cloud server 106 via the network 104, In
particular, the access point 112 may be embodied as an 802, 11-compliant wireless router capable
of cormmunicating with the cloud server 106 via the Internet. In other embodiments, the pump
control system 102 may be configured to communicate directly with the network 104 {e.g., via
cellular or other telecommunication circutiry of the controller 120). Further, m yet other
embodiments, the pump control system 102 may be configured to communicate directly with the

access point 112 without communicating with an intervening edge device 110, In some
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embodiments, 1t should be appreciated that the pump control system 102 of Fi(G. 1 may be
embodied as, or mclude one or more features described n reference to, the pump control system
102 ot FIG. 3.

FO020] it should be appreciated that the cloud server 106 may be embodied as any type of
device or collection of devices suttable for performing the functions described herein. More
specifically, the cloud server 106 may analyze the sensor data to determine whether a fault
condition has occurred (or 15 likely to occur) and determine the relevant faull information
associated with that fault. Further, the cloud server 106 may determine the real-time operating
point of the purop 122 oo the pump performance curve associated with that pump 122, It should
be appreciated that the cloud server 106 may utilize any suttable algorithm for performing the
functions descrnibed herein. Additionally, although some of the functions of the system 100 are
described herein n reference to performance by the cloud server 106, 1t should be appreciated
that one or more of those functions may be performed by other device(s) of the system [00 1n
other emboduments (e.g., the pump control system 102 and/or the admunistrative device 108},
{6021 it should be further appreciated that, in some embodiments, the cloud server 106
may be embodied as a virtual computing environment residing “on” a computing system {e.g_, a
distributed network of devices) i which various virtual functions {e.g., Lambda functions, Azure
functions, Amazon Web Services cloud functions, Google cloud functions, and/or other suitable
virtual functions) may be executed corresponding with the functions of the cloud server 106
described heremn. For example, when an event occurs {e.g., data 1s transferred to the cloud server
106 for handling), the virtual computing environment may be communicated with {e.g., via a
request to an API of the vartual computing environment}), whereby the AP may route the request
to the correct virtual tunction {e.g., a particular server-ambiguous computing resource} based on
a set of rules. As such, when a request for the transmission of particular data 1s made {e.g., via
an appropnate intertace to the cloud server 106}, the appropriate virtual function{s) may be
executed to perform the actions before eliminating the instance of the virtual function(s).
Although the cloud server 106 18 described herein as a cloud-based device, it should be
appreciated that the cloud server 106 may be embodied as, or include, one or more servers
located “outside” of a cloud computing environment 1n other embodiments.

16022 The network 104 may be embodied as any type of communication network(s)

capable of facilitating communication between the various devices of the system 100. As such,
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the network 104 may inciude one or more networks, routers, switches, computers, and/or other
wtervening devices. For example, the network 104 may be embodied as or otherwise include
one or more cellular networks, telephone networks, local or wide area networks, publicly
available global networks (e.g., the Internet), ad hoc networks, long-range wireless
communication networks, or a combination thereof.

{6023] The administrative device 108 may be embodied as any type of computing device
that 1s configured to receive and display notification messages, sensor data, fault mformation,
operating point data, and/or related intormation from the cloud server 106 regarding the real-time
operation of the pump 122, For example, 1o some embodiments, a user of the admimstrative
device 108 may execute an application that displays a graphical user interface for visualization ot
the relevant data {e.g., a smartphone application or a client-side user intertace to a web-based
application/service of the cloud server 106). It should further be appreciated that, in some
embodiments, the particular data viewable by the user may vary depending on the role of the
user {e.g., operations team, operations manager, analyst, system engineer, €tc. ).

{0241 it should be appreciated that the cloud server 106, the administrative device 108,
and/or the edge device 110 may be embodied as a computing device simular to the computing
device 200 described below in reference to FIG. 2. For example, in the tllustrative embodiment,
cach of the cloud server 106, the admumstrative device 108, and the edge device 110 includes a
processing device 202 and a memory 206 having stored thereon operating logic 208 for
execution by the processing device 202 for operation of the corresponding device. Additionally,
it should be appreciated that the pump control system 102 may include features simmlar to the
teatures described below 1n reference to the computing device 200 of FIG. 2.

{025] Although only pump conirol system 102, one cloud server 100, one admimstrative
device 108, one edge device 110, and one access point 112 are shown 1n the illustrative
embodiment of FIG. 1, the system 100 may include multipie purnp control systems 102, cloud
servers 106, administrative devices 108, edge devices 110, and/or access points in other
embodiments. For example, in some embodiments, 4 user of a particular admimstrative device
108 may visualize data representative of the operating conditions of multiple pumps 122

{0026] Referring now to FIG. 2, a simplified block diagram of at least one embodiment
ot a computing device 200 15 shown. The illustrative computing device 200 depicts at least one

embodiment of a cloud server, administrative device, and/or edge device that may be utilized in

10
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connection with the cloud server 106, the admintstrative device 108, and/or the edge device 110
wlustrated in FIG. 1. Depending on the particular embodiment, the computing device 200 may
be embodied as a server, deskiop computer, laptop computer, tablet computer, notebook,
netbook, Ultrabook™, mobile computing device, cellular phone, smartphone, wearable
computing device, personal digital assistant, lnternet of Things {IoT) device, processing system,
router, gateway, and/or any other computing, processing, and/or communication device capable
of performing the functions described heremn.

{6027 The computing device 200 includes a processing device 202 that executes
algorithrs and/or processes data in accordance with operating logic 203, an input/output device
204 that enables communication between the computing device 200 and one or more external
devices 210, and memory 206 which stores, for example, data recerved from the external device
210 via the mput/output device 204,

{6028 The mput/output device 204 allows the computing device 200 to communicate
with the external device 210, For example, the mnput/output device 204 may wclude a
tfranscetver, a network adapter, a network card, an interface, one or more communication ports
(e.g., a USB port, serial port, parallel port, an analog port, a digital port, VGA, DVI, HDMI,
FireWire, CAT 5, or any other type of communication port or intertace), and/or other
commumnication circuitry. Communication circuitry of the computing device 200 may be
configured to use any one or more communication technologies {e.g., wireless or wired
cornmunications) and associated protocols (e.g., Ethernet, Bluetooth®, Wi-Fi®, WiMAX etc.)
to etfect such commumnication depending on the particular computing device 200. The
input/output device 204 may include hardware, software, and/or firmware suitable for
performing the techniques described heremn,

{30291 The external device 210 may be any type of device that aliows data to be inputied
or outputted from the computing device 200, For example, in vanious embodiments, the external
device 210 may be embodied as the pump control system 102, the cloud server 106, the
administrative device 108, the edge device 110, and/or the access point 112, Further, in some
empbodiments, the external device 210 may be embodied as ancther compufing device, switch,
dragnostic tool, controdler, printer, display, alarm, peripheral device (e.g., keyboard, mouse,
touch screen display, etc.}, and/or any other computing, processing, and/or communication

device capable of performing the functions described herein. Furthermore, in some

11
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embodiments, 1t should be appreciated that the external device 210 may be integrated into the
computing device 200.

{6036 The processing device 202 may be embodied as any type of processor(s) capabie
ot performing the functions described herein. In particular, the processing device 202 may be
embodied as one or more single or multi-core processors, microcontrollers, or other processor or
processing/controlling circuits. For example, in some embodiments, the processing device 202
may include or be embodied as an artthmetic logic unit (ALU), central processing unit (CPU),
digital signal processor (5P}, and/or another suitable processor(s). The processing device 202
may be a programmable type, a dedicated hardwired state machine, or a4 combination thereof,
Processing devices 202 with multiple processing units may utilize distributed, pipelined, and/or
parallel processing in vanous embodiments. Further, the processing device 202 may be
dedicated 1o performance of just the operations described herein, or may be utthized in one or
more additional applications. In the illustrative embodiment, the processing device 202 13
programmable and execules algorithms and/or processes data in accordance with operating logic
208 as detined by programming nstructions (such as software or firmware) stored in memory
206, Addiionally or alternatively, the operating logic 208 tor processing device 202 may be at
least partially defined by hardwired logic or other hardware. Further, the processing device 202
may include one or more components of any type suitable to process the signals recerved trom
input/output device 204 or from other components or devices and to provide desired output
signals. Such components may mnclude digital circuitry, analog circuitry, or a combination
thereof

{0031 ] The memory 200 may be of one or more types of non-transitory computer-
readable media, such as a solid-state memory, electromagnetic memory, optical memory, or a
combination thereof. Furthermore, the memory 206 may be volatile and/or nonvolatile and, in
some embodiments, some or all of the memory 206 may be of a portable type, such as a disk,
tape, memory stick, cartridge, and/or other suitable portable memory. In operation, the memory
206 may store various data and software used during operation of the computing device 200 such
as operating systems, applications, programs, hibranes, and drvers. It should be appreciated that
the memory 206 may store data that 1s mantpulated by the operating logic 208 of processing
device 202, such as, for example, data representative of signals received trom and/or sent to the

input/output device 204 1n addition to or in lieu of storing programming instructions defining

12
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operating logic 208. As shown 1n FIG. 2, the memory 206 may be included with the processing
device 202 and/or coupled to the processing device 202 depending on the particular embodiment.
For example, in some embodiments, the processing device 202, the memory 206, and/or other
components of the computing device 200 may form a portion of a system-on-a-chip (S0} and
be incorporated on a single integrated circutt chip.

{032] In some embodiments, various components of the compuiing device 200 (e g, the
processing device 202 and the memory 206) may be commumcatively coupled via an
input/cutput subsystem, which may be embodied as circuitry and/or components to facilitate
input/output operations with the processing device 202, the memory 206, and other components
of the computing device 200, For example, the input/output subsystem may be embodied as, or
otherwise include, memory controller hubs, input/output control hubs, firmware devices,
communtcation hinks (1.e., point-to-point links, bus links, wires, ¢ables, light guides, pniuted
circutt board traces, etc.} and/or other components and subsystems to facilitate the input/output
operations.

{G033] The computing device 200 may nclude other or addittonal components, such as
those commoniy found m a typical computing device {e.g., various input/output devices and/or
other components}), in other embodiments. It should be further appreciated that one or more of
the components of the computing device 200 described herein may be distributed across multiple
computing devices. In other words, the techniques described herein may be emploved by a
cornputing system that includes one or more computing devices. Additionally, although only a
single processing device 202, I/O device 204, and memory 206 are dllustratively shown in FIi{(3.
2, 1t should be appreciated that a particular computing device 200 may include multiple
processing devices 202, VO devices 204, and/or memories 206 1n other emboduments. Further,
in some embodiments, more than one external device 210 may be in communication with the
computing device 200,

100341 Referring now to FI(G. 3, a ssmplified block diagram of at least one embodiment
of the pump control systerm 102 18 shown. The illustrative pump conirol system 102 includes a
processor 302, an mput/output (“VO7) subsystem 304, a memory 306, one or more sensors 308,
communication circuitry 310, and data storage 312. Further, in some embodiments, the pump
control system 102 may include one or more peripheral devices 314, It should be appreciated

that one or more of the components of the pump control system 102 described herein may be
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embodied as, or form a portton of, one or more embedded controliers and/or integrated Circuits.
For example, in some embodunents, the processor 302, the /0 subsystern 304, the memory 306
and/or other components of the pump control system 102 may be embodied as, or {orm a portion
of, a microcontroller or 5o, Further, depending on the particular embodiment, the components
of the pump control system 102 may be closely positioned to one another or distributed
throughout the pump control system 102 {(1.e, separated from one another).

{6035] The processor 302 may be embodied as any type of processor{s) capable of
performing the functions described herein. In particular, the processor 302 may be embodied as
one or more single or multi-core processors, nucrocontroilers, or other processor or
processing/controiling circuits. For example, in some embodiments, the processor 302 may
include or be embodied as an arthmetic logic umt (ALU), central processing unit (CPU), digital
signal processor (D8P}, and/or another suitable processor(s). The processor 302 may be a
programmable type, a dedicated hardwired state machine, or a combination thereof. One or
more processors 302 with multiple processing units may utilize distributed, pipelined, and/or
paraliel processing in various embodiments. Further, the processor 302 may be dedicated to
performance of just the operations described herein, or may be utilized in one or more additional
applications. In the tiustrative embodiment, the processor 302 15 of a programmable variety that
executes algorithms and/or processes data in accordance with operating logic as defined by
programming instructions (such as software or firmware) stored in the memory 306,
Additionally or alternatively, the operating logic tor the processor 302 may be at least partially
detined by hardwired logic or other hardware. Further, the processor 302 may include one or
more components of any type suttable to process the signals received from input/output devices
or from other components or devices and to provide desired output signals. Such components
may inchude digital circuttry, analog circuttry, or a combination thereof.

{6036} The memory 306 may be of one or more types of non-transitory computer-
readable media, such as a solid-state memory, electromagnetic memory, optical memory, of a
combination thereot. Furthermore, the memory 306 may be volatile and/or nonvolatile and, 1o
some embodiments, some or all of the memory 306 may be of a portable variety, such as a disk,
tape, memory stick, cartridge, and/or other suitable portabie memory. In operation, the memory
306 may store vartous data and software used during operation of the pump control system 102

such as operating systems (e.g., real-time operating systems (RTOS)), applications, programs,
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libraries, and drivers. The memory 306 13 communicatively coupled to the processor 302 via the
1/0 subsystern 304, which may be embodied as circuitry and/or components {o facilitate
iput/cutput operations with the processor 302, the memory 300, and other componenis of the
pump control system 102, For example, the /O subsystem 304 may be embodied as, or
otherwise include, memaory controlier hubs, input/cutput control hubs, firmware devices,
communication links {(1.e., point-to-point links, bus links, wires, cables, hght guides, pninted
circuit board traces, ete.) and/or other components and subsysiers to facilitate the mput/output
operations. Depending on the particuiar embodiment, the memory 306 may be included with the
processor 302 and/or coupled to the processor 302 depending on the particular embodiment. For
exampie, in some embodiments, the processor 302, the /O subsystem 304, the memory 306,
and/or other components of the pump control system 102 may form a portion of a system-on-a-
chtp (SoC) and be tncorporated on a single infegrated circutt chip.

00371 The sensors 308 are configured to generate sensor data {e.¢., by virtue of one or
more signals), which may be 1nterpreted by the processor 302 10 determing one or more
charactertstics assoctated with the pump control system 102 and/or the associated pump 122, By
way of example, the sensors 308 may detect various charactenistics of the physical environment
of the associated pump 122 (internal and/or external to the pump 122}, electrical characteristics
of the associated pump 122, electromagnetic characteristics of the associated pump 122 or ifs
surroundings, and/or other suitable characteristics. In particular, in the illustrative embodiment,
the sensors 308 may mciude one or more pressure sensors 320, flow meters 322, inertial sensors
324, electrical sensors 326, and/or environmental sensors 328. It should be appreciated that each
the sensors 308 may be positioned 1n any suitable location {¢.g., within the pump control system
102, the associated pump 122, and/or elsewhere) and configured o sense various pressures,
fiows, and/or other characteristics associated with the pump control system 102 and/or the
associated pump 122, which may vary depending on the particular embodiment. It should be
turther appreciated that, in some embodiments, the sensors 308 may be configured to generated
data associated with one or more other characteristics of the system 100 (e.g., external to the
pump control system 107 and/or the pump 122), which may be considered by the system 100
{(e.g., 1n conjunciion with historical data and/or other relevant data) in performing the functions

L 3

described herein. Further, in some embodiments, 1f should be appreciated that one or more of the
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sensors 308 may be configured to transmit generated sensor data directly to the edge device 110
and/or other device(s) of the system 100,

160381 Fach of the pressure sensors 320 may be configured {0 generate sensor data
representative of a corresponding pressure within the pump 122 or at another iocation of the
pump system (e.g., within or at another component of the system). For example, in some
embodiments, the pressure sensors 320 may mnclude one or more suction pressure fransducers
and/or one or more discharge pressure fransducers. Additionally or alteratively, i should be
appreciated the pressure sensors 320 may be configured to sense various pressures at other
suttable locations of the pump 122, Each of the flow meters 322 may be configured to generate
sensor data representative of a corresponding tlow rate of matertal at one or more {ocations
within the pump 122 or pump system. In some embodiments, one or more of the flow meters
322 may be considered to generate data that may be used to delermine flow rate based, for
example, on line velocity, change 1 sump/tank level over time {e.g., with a known or
determinable sump/tank size), and/or other characteristics of the pump system. Each of the
inertial sensors 324 (e.g., accelerometers, gyrometers, efc.} may be contigured {0 generate sensor
data representative of a corresponding wnertial charactenistic of the pump 122, For example, in
some embodiments, the inertial sensors 324 may include accelerometers positioned on the pump
frame and/or motor frame and configured to detect vibrations associated with that equipment.
Fach of the electrical sensors 326 may be configured to generate sensor data representative of a
corresponding electrical charactenistic of the pump 122, For example, in some embodiments, the
pump speed may vary and be measured by a variable frequency drive, and the electrical sensors
326 may be configured to measure motor amperage, voltages, power factor, electrical energy,
power quality, and/or other electrical characteristics. As such, 1t should be appreciated that, in
some embodiments, the electrical sensors 326 may include one or more power sensors Of power-
related sensors. Each of the environmental sensors 328 may be contigured {o generate sensor
data representative of an environmental characteristic of the pump 122, For example, i some
embodiments, the environmental sensors 328 may imclude one or more temperature sensors
configured to measure flutd temperature within the pump 122, the temperature of the rotating
apparatus/machine (or component thereof), and/or other relevant system temperatures. Further,
i some embodiments, the environmental sensors 328 may nclude, for example, one or more

slurry density meters, viscometers, and/or other fluid-related sensors.
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{30391 it should be appreciated that the sensors 308 may be embodied as, or otherwise
wnciude, other sensors wn other emboduments. For example, in various embodiments, the sensors
308 may be embodied as, or otherwise mclude, other environmental sensors, mertial sensors,
proximity sensors, optical sensors, electromagnetic sensors, audio sensors, motion sensors,
piezoetectric sensors, cameras, flutd/matertal quality sensors (e.g., ot gquality sensors), and/or
other types of sensors. It should be appreciated that, in some embodiments, additional and/or
aliernative sensors 308 other than those described above may be included 1n the pump control
system 102, Of course, the pump controf system 102 may also include components and/or
devices contigured o facilitate the use of the sensors 308,

{040 It should be further appreciated that the monitoring of various characteristics
and/or properties of the pump control system 102, the pump 122, and/or other aspects of the
system 100 may 1nvolve the monttoring of muliiple sensor inputs, which may be analyzed in
conjunction with other data (e.g., historical data, contextual data, and/or other relevant
information). Further, some charactenstics may be analyzed using one or more different types of
sensors described herein depending on the particular embodiment. For example, in some
embodiments, the system 100 may be configured to montior one or more mechanical seals of the
pump 122 for performance, condition, and/or 1ts relationship to prescriptive analytics using one
Of MOTe Pressure sensors, temperature sensors, conductivity sensors, tloat switches, and/or other
suttable sensors. Further, in some embodiments, the system 100 may calculate power based on a
signal {e.g., 1n Watts) from a VFD, power monitor, control system, and/or other component, and
i1 other embaodiments, the system 100 may calcuiate power based on three phase {or single
phase) current, voltage, and power factor (e.¢., applying a constant to arrive at power).

{6041 The communication circuitry 310 may be embodied as any communication
circuitry, transceiver, device, or collection thereof, capable of enabling communication between
the pump control system 102 and other remote devices (e.g., the edge device 110, the access
point 112, and/or the cloud server 106) over a network {(e.g., the network 104}, The
communication cireuitry 310 may be configured to use any one or more communication
technologies {e.g., wireless or wired communications) and associated protocols (e.g., Ethernet,
Biuetooth®, Wi-Fi®, WiIMAX, etc.} to effect such communication.

160421 The data storage 312 may be embodied as any type of device or devices

contigured for short-term or long-term storage of data such as, for example, memory devices and
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circuits, memory cards, hard disk dnives, solid-state drives, or other data storage devices. The
data storage 312 and/or the memory 306 may store various data duning operation of the pump
control system 102 useful tor performing the functions described heremn.

10043] The peripheral devices 314 may include any number of additional peripheral or
intertace devices. For example, tn some embodiments, the peripheral devices 314 may inciude a
kevboard, mouse, display, status indicator, diagnostic tool, speaker, microphone, and/or one or
more other suitable penpheral devices. In some embodiments, the peripheral devices 314 may
inciude any devices to which the pump control system 102 15 to output data.

{6044] It should be appreciated that the pump conirol system 102 may include additional
of alternative components, such as those commonly found in an embedded control system, for
example, 1n other embodiments. Further, in some embodiments, one or more of the components
of the pump control system 102 described herein may be omitted from the pump control system
102 associated with a particular pump 122 {e.g., peripheral devices 314)

{3045] Reterning now to FIG. 4, 10 use, the system 100 may execuie a method 400 for
real-time pump monitoring with prescriptive anaivtics. It should be appreciated that the
particular blocks of the method 400 are itHustrated by way of example, and such blocks may be
combined or divided, added or removed, and/or reordered in whole or in part depending on the
particular embodiment, uniess stated to the contrary. The illustrative method 400 begins with
biock 402 in which the cioud server 106 recetves sensor data generated by the sensors 308 of the
pump control system 102 1n real ime. In particular, in some embodiments, the pump control
system 102 may receive the sensor data, which 1s transmuited to the cloud server 106, It should
be appreciated that, depending on the particular embodiment, the sensor data may be transmitted
to the cloud server 106 1n a raw data form or a processed/denived version thereot. As such, for
brevity of the description, the sensor data 1s simply described as “sensor data” and intended to be
direcied to any such tormat unless stated to the contrary.

10046] fnn block 404, the cloud server 106 compares the real-time sensor data to
parameter thresholds. For example, as described above, each particular pump 122 may include
various bounds/thresholds for acceptable pump operation, which may be based on the
performance curve for that particular pump 122, As such, the cloud server 106 may compare the
real-time sensor data {o the corresponding threshold values to determine whether that particular

sensed value 1s within the relevant threshold bounds or outside of the threshold bounds {e.g.,
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over or below an acceptable range}. In some embodiments in which the pump 12215 a
centrifugal pump, the operating percentage of QBEP, the operating etficiency, and the operating
NPSH margin, for example, may be calculated and compared to relevant thresholds and/or
reference data. In other embodiments involving centrifugal pumps, 1t should be appreciated that
other characteristics may be calculated and compared as described herein.

{60471 It should be appreciated that one or more of the threshold values may be derived
values and not values associated with direct sensor inputs. As such, it should be appreciated that,
in some embodiments, the real-time sensor data may not be compared directly to a particular
parameter threshold, Rather, the real-time sensor data may be analyzed and/or processed to
cenerate derived real-time sensor data, which may be compared to various associated
bounds/threshoids. As such, for simplicity and brevity of the description, 1t should be
appreciated that “real-time sensor data” may be used herein as encompassing both the real-time
sensor data itself and data derived therefrom unless the context of the description clearly dictaies
otherwise.

{04381 it the cloud server 100 determines, in block 406, that the real-time sensor data 1s
outside of the threshold bouunds, the method 400 advances to block 408 m which the cloud server
106 determines corresponding fault information. In particular, in the tllustrative embodiment,
the cloud server 106 analyzes the sensor data {¢.g., over time) to both ascertain the exisience of a
fault and also provide additional fault information to facilitate remediation of the fault. In
particular, in block 410, the cloud server 106 may determine the type of the fault corresponding
with the pump parameter’s deviation from the acceptable range of operation. In block 412, the
cloud server 106 may determine the severity of the fault. For example, the cloud server 106 may
distinguish those faults that require tmmediate action {e.g., forced shutdown) from those taulis
whose remediation can be delayed (e.g., preventative maintenance). In block 414, the cloud
server 106 may also determine the potential causes ot the tault. Further, in block 416, the cloud
server 106 may determine one or more prescriptive recommendations for proactively addressing
the fault betore damage occurs o the pump 122 and/or related equipment.

{3049 it should be appreciated that the systemn 100 may analyze any sustable
combination of any of the sensor data described herein in order to generate derived data,
determine fault information {e. g, type/severity/cause of tault, prescriptive recommendations,

etc.), and/or perform one or more other functions described herein depending on the particular
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embodiment. it should be further appreciated that, in some embodiments, the cloud server 106
(aud/or another device(s} of the system 100} may apply and/or leverage machine learning 1o
order to analyze the real-lime sensor data, determine fault miormation (¢ 2., type/seventy/cause
ot fault, prescriptive recommendations, ei¢.), and/or perform one or more other functions
described heren. In embodiments leveraging machine learning, it should be appreciated that the
cloud server 106 and/or other device(s) of the system 100 may utilize any inputs, machine
tearning model, and/or machine feaming algonithm suitable for performing the functions
described herein. For example, in some embodiments, the cloud server 106 and/or other
device(s) of the system 100 may utilize one or more neural network algorithms, regression
algorithms, instance-based algorithms, regularization algorithms, decision tree algortthms,
Bayesian algorithms, clustering algorithims, association rule learning algorithms, deep learning
algorithims, dimensionality reduction algorithms, rule-based algonthms, ensemble algornthms,
and/or other suitable machine learning algonithms, techniques, and/or mechanisms. Further, in
some embodiments, the cloud server 106 and/or other device(s) of the system 100 may make the
various determinations described herein further based on additional information including, for
example, historical data, contextual data, and/or other relevant information).

LRI if the cloud server 106 determines, 1n block 4006, that the real-time sensor data is
not outside of the threshold bounds, or in response to compietion of block 408, the method 400

advances to block 418 1n which the cloud server 106 determines the real-time operating point of

the pump 122 on the pump performance curve based on the real-time sensor data. In block 420,
the cioud server 106 transmits the real-time operating point of the pump 122 on the pump
performance curve and the fault information {(e.g., the type, severity, cause, and/or prescriptive
recommendations) to the admnistrative device 108, Further, the cloud server 106 may also
transmit the real-time sensor data or a portion thereof to the administrative device 108. As such,
in other embodiments, the administrative device 108 may determine the real-time operating point
of the pump 122 based on the real-time sensor data. In block 427, the admunistrative device 108
displays the real-ime operating point of the pump 122 on the pump performance curve and the
fault information recerved from the cloud server 106 in real time on & graphical user interface of
the administrative device 108, The method 400 returns to block 402 mn which the cloud server
106 continues to recerve real-time sensor data. In other words, the cloud server 100 continually

recetves and analyzes sensor data in accordance with the method 400 of FIG. 4 such that the
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eraphical user interface of the administrative device 108 may be updated to retlect the accurate
sensor data, the real-time operating potnt of the pump 122 on the performance curve, and/or the
relevant warning or alert messages. It should be appreciated that the fault information and/or
sensor data may be displayed on a graphical user intertace of the adminustrative device 108 in
any suitable format (e.g., as gauges, bar graphs, spectrum graphs, data tables, etc.).

{6051 ] It should be appreciated that, in some embodiments, the system 100 may be
further configured receive feedback indicating that one or more condifions {e.g., associated with
the displayed fault information} has been corrected. In such embodiments, it should be
appreciated that the real-time operating point of the pump 122 on the performance curve may be
updated to retlect the change in the pump 122 dynamics. Further, in some embodiments, the
system 100 mayv be configured to display a new alert indicative of the corrective active on the
graphical user inferface of the administrative device 108,

{6052 ] Although the blocks 402-427 are descrnibed 1n a relatively serial manner, it should
be appreciated that various blocks of the method 400 may be performed wn parallel in some
embodiments.

{3033] It should be appreciated that, in the thustrative erabodiment, sensor data and/or
calculated data {e.¢., data derived from sensor inputs or otherwise)} may be used to display
various rotating apparatus character curves {e.g., in real time). For example, various
embodiments of rotating apparatus characternistic curves may include performance curves (€.¢.,

"t Tl 4

combination thereof), NPSHr curves, power consumption curves, and/or other characteristic
curves (.., including curves based on one or more of the sensor data described herein).

Further, 1o some embodiments, sensor data and/or data dernved therefrom {and/or other data}
may be used to display system resistance curves with respect to rotating apparatus characteristic
curves. It should be turther appreciated that the techniques described herein may be emploved to
display characteristic curves on a graphical user interface, and such curves may be calculated,
generated, determined, and/or otherwise based on any combination of the sensor data, system
characteristics, derived/calculated data, historical data, contextual data, and/or other
data/information described herein depending on the particular embodiment. As such, in some
embodiments, the prescriptive messaging and display of representative curves described heren

may include, for example, derived data.

21



WO 2021/087166 PCT/US2020/058047

{6054 Fi(zs. o-11 dlustrate various possibie states of a graphical user interface of the
admnistrative device 108 as described herern. In particular, FIGS. 6-11 1Hustrate possibie
changes to the graphical user 1nterface that could occur as one or more measured parameters of
the pump 122 change over time. It should be appreciated, however, that FIGS. 6-11 are provided
merely as examples and various other pump conditions and fault conditions may be depicted on
the graphical user intertace in other embodiments..

{0055] As shown in FIG. 6, the tllustrative graphical user interface includes a graph 600
that depicts the real-time operating point of the pump 122 on the performance curve of the pump
122 and also includes a table 602 that depicts the real-time values of various pump parameters
sensed by the sensors 124, During pump operation, the measured values may be depicted in the
table 602 under the word “measured” or other suitable indicia. Further, as depicted in reference
to FIG 5, i should be appreciated that the real-time sensor data may be depicted 1n other suttable
forms. Asreflected 1n the graph 600 of FIG. 6, the real-time operating point 606 of the pump
122 s at the intersection the head versus flow rate curve 608 and the system resistance curve
610. Because the pump 122 1s operating under normal conditions, the table 602 does not include
any sigmiticant messages 612 or prescriptive recommendations 614,

LHIRLY Suppose something occurs in the pump 122 that causes the tlow rate 1o increase
beyond its normal preset range. As shown in FIG. 7, the operating point 606 of the pump 122 on
the graph 600 moves in real-time 10 depict a higher flow rate. When the flow rate exceeds the
threshold for normal operation, a message 612 appears to intorm the operator of the increased
fiow {e.g, “system running at tmcreased tHow' ). Although there are no warnings assocciated with
the small increase 1n flow rate 1n the tlustrative embodiment, the table 602 provides several
prescriptive recommendations 614 to the operator in order to address the fault (e g., “check
discharge valve position,” “check for pipe damage — leakage,” “check flow meter calibration,”
“check tor minor pump wear — shurries”)

G057 As the tlow rate continues {0 increase, 1t should be appreciated that the messages
612 and prescriphive recommendations 614 change accordingly as depicted in FIG. 8. Further, in
the ilustrative embodiment, when the best ethiciency tlow rate 616 on the curve 18 exceeded, a
warning 618 may also appear (e.g., “warning — operating 1s to the right of QBEP”} in addition o
the messages 012 {e.g., “system running at increased Jow” ) and prescriptive recommendations

23 4¢

614 (e.g., “check discharge valve posttion,” “check for pipe damage — leakage™). It should be
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appreciated that the best efficiency Hlow rate 610 1s the flow rate corresponding the peak pump
etficiency and 18 a relevant reference point for pump operation. Typically, pumps 122 operate at
0058] Suppose a discharge pipe were to burst, for example, and there was no longer any
back pressure on the pump 122, In such circumstances, the pump 122 would trv to pump as
much fhuid as possible and the pump’s operating point would effectively “run oft” the end of the
performance curve as depicted 1o FIGS. 9-10. A burst pipe 15 a dangerous condition for pump
operation as significant mechanical damage could be done to the pump 122 and/or anciliary
components. As such, as shown 1n FIG. 9, turther warmings 618 may appear on the table 602
indicating to shut down the pump 122 when the tlow rate exceeds 120% of the best efficiency
flow rate 616 (e.g., “warning — operation 1s beyond 120% of QBEP,” “warning — advise system
shut down for repatr’}. Further, as shown in FIG. 10, as the flow rate approaches the end of the
curve, cavitation may occur, as the head generated by the pump 122 becomes less than the
required net positive suction head. Accordingly, an additional warning 618 may be provided to
indicate that cavitation i1s probable {(¢.g., “warning — pump cavitation 1s probable”).

{3059 Suppose 1nstead that the flow rate of the pump 122 decreased beyond its normal
preset range. As shown in FIG. 11, the operating point 600 of the pump 122 on the graph 600
moves in real-time to depict the lower Hlow rate. When the tlow rate falls below the threshold
for normal operation, a message 012 appears to inform the operator of the decreased flow (e.g.,
“system runming at reduced flow”). Additionally, several prescriptive recommendations 614 are
provided to the operator in order to address the tault {e.g., “check discharge valve position,”
“check for discharge pipe plugging,” “check filter press for cleaning,” “check flow meter
calibration,” “check pump clearances”}

{060 According 1o an embodiment, a method of performing real-time pump monitonng
with prescriptive analytics includes recerving real-time sensor data from a plurality of pump
sensors, wherein each pump sensor of the plurality of pump sensors 1s configured to generate
sensor data associated with at least one characteristic of the pump’s operation, comparing the
real-time sensor data to at least one threshold value, determuning fault information in response to
determining the real-time sensor data 1s outside of one or more of the at least one threshold
vatue, determuining a real-time operating point of the pump on a pump performance curve

associated with the pump based on the real-time sensor data, displaying, on a graphical user

23



WO 2021/087166 PCT/US2020/058047

intertace of an admunistrative device, the real-time operating point of the pump on the pump
performance curve, and displaying, on the graphical user interface of the admnistrative device,
the fault information n real time.

10061} In some embodiments, determining the fault information may include determining
a type of fault associated with the real-time sensor data being outside of the one or more of the at
least one threshold value.

{0062] In some embodiments, determining the fauli information may mclude determining
a severity of the fauit

{3063 In some embodiments, determining the fault information may include determining
a potential cause of the fault.

{3064 In some embodiments, determning the fault information may include determining
at least one prescuptive recommendation 1o address the fault.

{065 in some embodiments, determining the fault information may include determining
the fault information by a server, the method may turther include transmitting the fault
information from the server to the adminsstrative device, and displaying the fault information on
the graphical user interface of the admimstrative device may include displaying at least a portion
of the fault information recerved from the server

LHINTY In some embodiments, the plurality of pump sensors may mnclude at ieast one of a
pressure sensor, a flow meter, an inertial sensor, an electrical sensor, or an environmental sensor.
{G067] In some embodiments, the method may turther include updating, on the graphical
user 1nterface, display of the fault information 10 real time n response to determining that the
fault information has changed.

{3363 In some embodiments, displaying the fault information may include displaying at
least one of a warning message or & prescriptive recommendation to address the fault.

{6069 In some embodiments, one or more non-transitory machine readable storage
media comprising a plurality of instructions stored thereon that, in response {0 execution by at
least one processor, causes the at least one processor to perform real-time pump monttoring with
prescripiive analytics includes recerving real-time sensor data from a plurality of pump sensors,
wherein each pump sensor of the plurality of pump sensors 18 configured to generate sensor data
associated with at least one characteristic of the pump’s operation, compare the real-time sensor

data to at least one threshold value, determune fault information 1n response to determining the
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real-time sensor data 18 outside of one or more of the at least one threshold value, determine a
real-time operating point of the purnp on a pump performance curve associated with the pump
based on the real-time sensor data, display, on a graphical user interface of an adminssirative
device, the real-time operating point of the pump on the pump performance curve, and display,
on the graphical user interface of the administrative device, the fault information i real time.
{6070 According to another embodiment, a system for real-time pump monitoring with
preseriptive analyiics may mclude a pump system, a server, and an administrative device. The
pump system may include a plurality of pump sensors, wherein each pump sensor of the plurality
of pump sensors 18 configured to generate sensor data associated with at least one characteristic
of the pump’s operation. The server may be contigured to recetve real-time sensor data
cenerated by the plurality of pump sensors, compare the real-time sensor data to at least one
threshold value, determine fault information 1n response to a determination thai the real-lime
sensor data 1s outside of one or more of the at least one threshold value, and determine a real-
time operating point of the pump on a pump performance curve asscciated with the pump based
on the real-time sensor data. The administrative device may include a display device for display
of a graphical user interface and may be contigured to display the real-time operating point of the
pump on the pump performance curve on the graphical user interface and display the fault
information on the graphical user interface o real time.

{60711 In some embodiments, the fault information may include a type of fault associated

with the real-time sensor data being outside of the one or more of the at least one threshold

value.

160712] in some embodiments, the fault information mayv include a severity of the fault.
{33731 In some embodiments, the fault information may tnclude a potential cause of the
fault.

{607 4] In some embodiments, the fault information may include at least one prescriptive

recommendation to address the fauit.

{607 5] In some embodiments, the plurality of pump sensors may include at least one of a
pressure sensor, a flow meter, an mertial sensor, an electrical sensor, or an environmental sensor
{6076] In some embodiments, the administrative device may be further configured to
update, on the graphical user interface, display of the tauit information 1n real time 1n response to

a deternunation that the fault information has changed.
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{6077 According to vet another embodiment, a system may include at least one
processor and at least one memory comprising a plurality of wstructions stored therein that, in
response to execution by the at least one processor, causes the sysiem {0 recetve real-time sensor
data generated by a plurality of pump sensors, compare the real-time sensor data to at least one
threshold value, determine fault information in response t0 a deternination that the real-time
seftsor data 18 outside of one or more of the at least one threshold value, determine a real-time
operating point of the pump on a pump performance curve associated with the pump based on
the real-time sensor data, and transmit the real-time operating point of the pump on the pump
performance curve and the tauli information to an administrative device tor display on the
administrative device 1n real time.

{6078] In some embodiments, the fault information may include a type of fault associated
with the real-time sensor data being outside of the one or more of the at least one threshold
value, a severity of the fault, a potential cause of the fault, and at least one prescriptive
recommendation 1o address the fault.

{6379 In some embodiments, the plurality of pump sensors may 1nclude at least one of a

pressure sensor, a flow meter, an mertial sensor, an electrical sensor, or an environmental sensor.

2
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WHAT I5 CLAIMED Ik

1 A method of perfornung real-time pump monitoring with prescriptive analviics,
the method comprising:

receiving real-time sensor data from a plurality of pump sensors, wherein each pump
sensor of the plurality of pump sensors 1s configured to generate sensor data associated with at
least one characteristic of the pump’s operation;

comparing the real-time sensor data to at least one threshold value;

determining fault information 1o response to determuning the real-time sensor data 18
outside of one or more of the at least one threshold value;

determining a real-time operating point of the pump on & pump performance curve
associated with the pump based on the real-time sensor data;

displaying, on a graphical user interface of an administrative device, the real-time
operating point of the pump on the pump performance curve; and

displaying, on the graphical user interface of the adrministrative device, the fault

information in real time.

2. The method of claim 1, wherein determining the fault information comprises
determirnung a type of fault associated with the real-time sensor data being outside of the one or

more of the at least one threshold value.

3. The method of claim 2, wheremn determining the fault information comprises

determining a seventy of the fault,

4 The method of claim 3, wherein determining the fault information comprises

determining a potential cause of the fault.

5. The method of claim 4, wherein determining the fault information comprises

determining at least one prescriptive recommendation to address the tault.

-

o, The method of claim 1, wherein determining the fault information comprises

determining the fault information by a server;
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turther comprising transmitting the fault information from the server to the administrative
device; and

wherein displaying the fault information on the graphical user 1terface of the
admumistrative device comprises displaying at least g portion of the fault information received

from the server

7 The method of claim 1, wherein the plurality of pump sensors comprises at least
one of a pressure sensor, a flow meter, an inertial sensor, an electrical sensor, or an

environmental sensor,

8. The method of claim 1, further comprnising updating, on the graphical user
tnteriace, display of the fault information i real time 0 response o determining that the fauli

information has changed.

g The method of claim 1, wherein displaying the fauit information comprises
displaying at least one of a warning message or a prescriplive recommendation to address the

tault

10.  One or more non-transitory machine readable storage media comprising a
piurality of instructions stored thereon that, in response to execution by at least one processor,

causes the at feast one processor to perform the method of claim 1

11, A system for real-time pump montioring with prescriptive analytics, the system
COMmprising:

a pump system comprising a plurality of pump sensors, wherein each pump sensor of the
plurality of pump sensors 18 configured to generate sensor data associated with at least one
characteristic of the pump’s operation;

a server configured to (1) recerve real-tume sensor data generated by the plurality of pump
sensors, (11} compare the real-time sensor data to at least one threshold value, (111} determine fault
information 1n response to a determination that the real-time sensor data 1s outstde of one or

more of the at least one threshold value, and (1v) determine a real-time operating point of the
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pump on a pump performance curve assoctated with the pump based on the real-time sensor
data; and

an administraitve device comprising a display device for display of a graphical user
interface and configured to (1) display the real-time operating point of the pump on the pump
performance curve on the graphical user tnterface and (i1) display the tault tnformation on the

graphical user interface 1n real time.

1Z2.  The system of claim 11, wherein the fault information comprises a type of fauit
associated with the real-time sensor data being outside of the one or more of the at least one

threshold value.

13, The system of claum 12, wherein the fault information comprises a severity of the
tault.

14 The system of claim 13, wherein the fault information comprises a potential cause
of the tault

('

15, The system of claim 14, wherein the fault information comprises at least one

prescriptive recommendation to address the fault.

16.  The system of claim 11, wherein the plurahity of pump sensors comprises at least
one of a pressure sensor, a flow meter, an nertial sensor, an electrical sensor, or an

environmental sensor.

17.  Thesystem of claim 11, wherein the administrative device 1s further configured to
update, on the graphical user interface, display of the fault information 1n real {ime 1n response o
a determunation that the fault information has changed.

18. A system, comprising:

at least one processor; and
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at least one memory comprising a plurality of instructions stored therein that, in response
to execution by the at least one processor, causes the system to:

recetve real-lime sensor data generated by a plurality of pump sensors;

compare the real-time sensor data to at least one threshold value;

determine fault information in response {0 a determination that the real-ttme
sensor data 18 outside of one or more of the at least one thresholid value;

determine a real-time operating point of the pump on a pump performance curve
associated with the pump based on the real-time sensor data; and

transrott the real-time operating point of the pump on the pump performance
curve and the fault information to an adminsstrative device for display on the

adminisirative device in real time.

19, The system of claim 18, wherein the fault information comprnises (1} a type of fault
associated with the real-time sensor data being cutside of the one or more of the at least one
threshold value, (11} a seventy of the fault, {111) a potential cause of the fauit, and (1v} at least one

prescriptive recommendation to address the fault
20, The system of claim 18, wherein the plurality of pump sensors comprises at least

one of a pressure sensor, a flow meter, an inertial sensor, an electrical sensor, or an

environmental sensor.
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