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ABSTRACT

A system includes one or more sensors configured for acquiring data related to
operational conditions of a motor actuator, a processor configured for analyzing the data
to determine a status of the motor actuator, and memory for storing data representative
of the operational conditions. A status indicator is generated based on the analysis of the
operational conditions, for example to represent system capabilities, normal operating
modes, and failure modes of the motor actuator. The system can be configured to

communicate the status indicator to a user interface or higher-level controller.
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ACTUATOR DIAGNOSTICS AND PROGNOSTICS

FIELD OF THE INVENTION

This application relates to actuator systems, and more generally to actuator
diagnostics and prognostics. In particular, the application is directed to advanced
diagnostic and prognostic techniques for automated actuator systems, including, but not

limited to, actuators used in welding, manufacturing, and other industrial processes.

BACKGROUND
Actuator systems include both linear and rotary designs, with different drive
mechanisms including electric motors, rotary screws, belt drives, and pneumatic
cylinders. Rod-style actuators include short-stroke screw-driven devices for use in
welding, machining, and other manufacturing processes. Screw-driven actuators can
also be configured for increased loading and extension, while pneumatic cylinders and
rodless (e.g., rail and carriage) systems are commonly used where speed, stroke length

and space savings are design considerations.

Actuator weight, size, and system complexity are typically among the major
design considerations. Reliability and service life are also important factors, particularly
in robotic welding and other large-scale industrial applications, where unscheduled
maintenance and downtime can result in substantial lost productivity and associated
costs. As a result, there is a continuing demand for more advanced actuator diagnostic

and prognostic techniques, which have not been met by the prior art.

SUMMARY

This application is directed to a monitor for a motor actuator. The monitor is
configured to perform actuator diagnostics and prognostics by analyzing sensor data to
generate system status and health indicators, using sensor data stored in memory and
executed in an on-board computing device or processor. The sensors provide data that
characterizes actuator components with known system capabilities, normal operating
modes, and system failure modes. The monitor is configured to communicate the current
status and health of the integrated motor actuator to a higher-level monitor, for example
the actuator controller or a user interface. The data can also be translated to a lower-

level maintenance controller.
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A motor actuator system utilizing such a monitor includes a motor configured to
drive a screw shaft and nut assembly into relative rotation about an axis. A thrust rod is
coupled to the nut assembly, with the thrust rod configured to execute reciprocal motion
along the axis in response to the relative rotation of the screw shaft and nut assembly.
One or more sensors can be configured to acquire sensor data characterizing operational
conditions of the motor actuator. Memory is configured for storing model data
representative of the operational conditions, e.g., for normal operating modes and failure
modes of the motor actuator system. A processor is configured to generate a status
indicator based on analysis of the operational conditions, which are characterized by the
sensor data, with respect to the model data. An interface is configured to communicate
the status indicator to a control device configured or adapted for operating the motor

actuator.

In accordance with an aspect of at least one embodiment, there is provided a
motor actuator system comprising: a motor configured to drive a screw shaft and nut
assembly into relative rotation about an axis; a thrust rod coupled to the nut assembly,
the thrust rod configured to execute reciprocal motion along the axis in response to the
relative rotation; one or more sensors configured to acquire sensor data characterizing
operational conditions of the motor actuator, wherein at least one of the sensors is
configured to acquire sensor data characterizing a component temperature of the motor
actuator, at least one of the sensors is configured to acquire sensor data characterizing a
motor current delivered to the motor, and at least one of the sensors is configured to
acquire sensor data characterizing a position of the thrust rod; memory configured for
storing model data representative of the operational conditions for normal operating
modes and failure modes of the motor actuator system; a processor configured to
generate a status indicator based on analysis of the operational conditions characterized
by the sensor data with respect to the model data, wherein the processor is further
configured to determine a travel distance of the thrust rod based on the position, work
done by the actuator system based on the travel distance and the motor current, and
velocity or acceleration of the thrust rod based on the position in combination with
corresponding timing data; and an interface configured to communicate the status
indicator to a control device configured for operating the motor actuator, wherein the
status indicator is representative of wear on a component of the motor actuator based on

at least one of the travel distance, the work done, the velocity and the acceleration, the
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status indicator being further representative of the component temperature in relation to
at least one of the normal operating modes and alternately predictive of component
failure based on the component temperature in relation to at least one of the failure

modes.

In accordance with an aspect of at least one embodiment, there is provided a
system comprising: a motor configured to operate an actuator, one or more Sensors
configured to generate sensor data to determine a motor current and one or more of a
component temperature, vibrational state, component position, and component loading of
the actuator; memory configured for storing an operational model of the actuator, the
operational model including specifications for the actuator and component-level statistics
as a function of the sensor data generated by the one or more sensors; and a processor
configured to generate a status indicator for the actuator based on comparison of the
sensor data generated by the one or more sensors to the operational model of the
actuator; wherein the processor is configured to estimate cumulative work done by
actuator from the motor current and to generate the status indicator as an estimated
interval to a recommended service operation based on the cumulative work and the
operational model of the actuator; and wherein the processor is further configured to

modify the estimated interval based on the component temperature.

In accordance with an aspect of at least one embodiment, there is provided a
method comprising: sensing operational conditions of an actuator system; storing sensor
data representing the operational conditions, wherein the sensor data comprise motor
current and positional data; integrating the sensor data over time; estimating cumulative
work delivered by the actuator system as a function of the integrated motor current and
positional data; generating a diagnostic indicator based on the integrated sensor data in
comparison to an operational model of the actuator system; generating a prognostic
indicator based on changes in the integrated sensor data in comparison to a set of
condition-based criteria in the operational model, the condition-based criteria
characterizing a vibration signature and component temperature and loading profiles for
the actuator system; communicating at least one of the diagnostic and prognostic
indicators to a user interface or process control device configured to operate the actuator
system; wherein the prognostic indicator comprises a recommended maintenance interval

for the actuator system based on the cumulative work delivered by the actuator system;

—Da—
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and further comprising modifying the recommended maintenance interval responsive to

at least one of the component temperature and loading profiles.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic view of a robotic actuator system with diagnostic

5 monitoring.

FIG. 2 is a cutaway view of an actuator system with an external diagnostic

monitor package.

FIG. 3 is a cutaway view of the actuator system, in an integrated control rod

configuration with an internal diagnostic monitor.

10 FIG. 4 is a cutaway view of the actuator system, in an integrated motor actuator

configuration with an integrated encoder and diagnostic monitor package.
FIG. 5 is a block diagram of an actuator system with diagnostic monitoring.
FIG. 6 is a block diagram illustrating a method for diagnostic and prognostic

monitoring of the actuator system.

15 DETAILED DESCRIPTION
FIG. 1 is a schematic view of robotic actuator system 10, including an (e.g.,
linear) actuator 12 with external diagnostic monitor 14. In this particular example, linear
actuator 12 is configured for use in an automated machine operation such as robotic

welding, or other industrial task. Monitor system 14 is configured to perform advanced

_2b-
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diagnostic and prognostic functions for actuator 12, including generating health status
and predictive indicators adapted to reduce downtime and unscheduled maintenance, as

described herein.

Diagnostic monitor 14 can be mounted to or enclosed within the protective
housing of actuator 12, or provided or elsewhere on robot apparatus 16. For example,
monitor 14 may be integrated with a “7™ axis™ feedback device or other feedback/control
subsystem mounted to or enclosed within the actuator housing, as shown in FIG. 1.
Alternatively, monitor 14 can be provided as an independent module or hardware
package, with connections to an external user interface or higher-level controller.
Monitor 14 can also be integrated with the robot controller, for example with a 7% axis
control system provided inside the robot controller, and configured to allow the robot
controller to control and communicate with actuator 12, or in a separate actuator/effector

control subsystem, as described below.

In operation of robotic system 10, robot apparatus 16 manipulates robot arm 17 to
position a welding gun or other end effector 18 with respect to a workpiece, and actuator
12 is operated to execute the corresponding function (e.g., a welding operation in an
automotive assembly process, or other industrial task). As shown in FIG. 1, robotic
system 10 includes a robot controller 20 with a teach pendant or other manual interface
21, adapted for programming and controlling robot apparatus 16 to position robot arm 17
with actuator 12 and a welding gun-type effector 18. A separate controller 22 is
configured to control operation of the effector, e.g., by utilizing a robot cable dress
package or similar cabling 24 to operate transformer 26 on a welding gun or effector (or
other machine tool component) 18, with additional connections 28 for power, motor

control and feedback from actuator 12 and monitor 14, respectively.

Robotic welding and other automated machine processes have a number of
advantages over manual methods, including precise positioning, consistent quality,
energy savings, and adaptability to design changes and other industrial demands. In
robotic welding, for example, effectiveness depends upon precise and reliable
positioning of the weld tips, and suitable electric motor-driver linear actuators 12 can
improve both operational speed and positioning accuracy for more consistent, high-

quality welds per minute, with less burn-through and longer weld tip life.
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Over the course of weeks, months and years, the components of actuator 12 and
end effector 18 are exposed to wear, stress, and other operational effects. Routine
maintenance can be scheduled to replace weld tips and other wear components, but more
advanced monitoring may be necessary to address other, less predictable service
requirements, particularly where operating conditions may vary substantially among

different applications.

To address these concerns, monitor 14 can be utilized to provide advanced
diagnostic and prognostic functions, including adaptive and predictive capabilities for a
range of different operational conditions and potential failure modes. With suitable
sensor placement, these functions can be utilized to increase the useful service life of
actuator 12, reducing downtime and unanticipated maintenance requirements for robotic

system 10.

FIG. 2 is a cutaway view ol an actuator system 12 with an external monitor (or
monitor package) 14. In this particular example, monitor 14 is mounted to actuator
housing 32, over one or more connectors 30. Alternatively, monitor 14 can be mounted
to the robot arm or integrated into another control or feedback system, for example as a
hardware or software module of the welding controller or other higher-order, process-

level device.

As shown in FIG. 2, actuator system 12 includes monitor package 14 mounted to
housing 32, with an internal motor system 34 including a hollow rotor 35, extending
coaxially about screw shaft 40, proximate stators (or stator windings) 36. Rotor 35 is
supported on one or more bearings 38, and rotationally coupled to the threaded screw or
screw shaft 40. Stators 36 can be provided in either a segmented or skew design,
depending on desired torque and repeatability characteristics of the rod tip position at the

stroke end.

Nut 42 (e.g. a ball or roller nut) is coupled to thrust tube 44 at the back (distal)
end, inside actuator housing 32. Thrust tube 44 is also supported on one or more end
bearing or bushing elements 46, located at the front (proximal) end of housing 32. Nut
42 engages threaded screw shaft (or power screw) 40 of actuator 12 to move thrust tube
44 and rod end 48 in a linear direction, back and forth along axis A, in response to the
rotation of screw shaft 40 by rotor 35. In some designs, a servo motor 34 is used to drive

rotor 35 coupled to screw shaft 40 (see, e.g., FIG. 3). Alternatively, a threaded shaft 40
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can be coupled to thrust tube 44, with nut 42 rotationally coupled to rotor 35 in an axially
fixed location, so that the shaft 40 and thrust tube 44 move back and forth along axis A
in response to the rotation of nut 42. These examples are merely representative, and
other configurations are also encompassed. These include, but are not limited to, roller
screw assemblies, ball screw assemblies, inverted roller screw assemblies, inverted ball

screw assemblies, and other actuator configurations, as known in the art.

A high resolution digital encoder 50 is utilized to determine the rotational
position of screw shaft 40, and thus to control the linear position of thrust tube 44 and
rod end 48. Rod end 48 can provide a common interface for multiple applications, for
example by threaded coupling to a weld cap or other working element, allowing actuator
12 to control the corresponding effector position during the welding process, or other

automated industrial operation.

Depending on embodiment, a wiper or scraper element 52 may be utilized to
prevent contaminants from entering actuator housing 32, and one or more internal
bumpers 54 can be provided to protect the screw and nut assembly at the end of the
stroke. External mount holes 56 can be configured for direct mounting of the end
effector, and a manual override 58 can be used to position rotor 35 and extend or retract

thrust tube 44 when actuator 12 is powered off.

Monitor 14 includes a processor and various memory components coupled to one
or more sensors 60T, 60C, 60V, 60P, 60L, etc., which are mounted internally or
externally to actuator housing 32 and connected via sensor wires or wirelss signal
elements (see FIG. 6). The sensors are capable of directly or indirectly acquiring data
related to the temperature and other environmental and operational parameters of
actuator system 12. More particularly, the individual sensors are configured to either
directly sense or generate sensor data related to the temperature and other parameters of
selected actuator components, including components having a risk of substantial wear or
failure over the course of long-term actuator use over a wide range of different

operational conditions.

Failure or substantial wear in critical components can result in unscheduled
downtime, and presents a risk of damage to the motor, nut, screw shaft and other
mechanical elements of actuator 12. Temperatures and other sensor data can provide

valuable information regarding the motor and actuator status, for use in generating
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diagnostic and prognostic indicators adapted to anticipate maintenance needs by
detecting wear before the onset of failure, so that appropriate service can be scheduled

before failure actually occurs.

For example, one or more temperature sensors 60T (e.g., a thermocouple,
thermistor, resistance temperature detector (RTD) or infrared (IR) sensor) can be
configured to sense the internal temperature of actuator system 12, for example the
temperature of nut 42 proximate rear thrust bearing 38 of screw shaft 40. An IR sensor
60T or other element can also be used to determine the temperature of nut 42 at a
particular stroke position. Additional temperature sensors 60T can be positioned to
determine the temperature of stators 36, e.g., at the end turn of the stator windings
(where the radius of curvature is relatively higher, and current-temperature effects are

more evident).

One or more electrical current sensors 60C can be employed (o determine the
stator and corresponding torque output of rotor 35, for example using an inductive sensor
coupled around the motor current supply for stator windings 36. Alternatively, a load
cell 60L could be configured to directly determine the torque loading on rotor 35, or the
force output of thrust tube 44. One or more positional sensors 60P (e.g., a linear encoder
or transducer) can also be used to determine the linear positions of thrust tube 44 and rod
end 48, either independently of, or in cooperation with, corresponding data from rotary

encoder 50.

One or more accelerometers or other vibration sensors 60V can be coupled to
actuator housing 32, in order to observe the frequency and amplitude of vibrations
related to the operation of actuator system 12. For vibration signals, relative components
include, but are not limited to, rotor 35, screw shaft 40, nut 42, and other mechanical
components, from which the vibration signals can be transmitted to housing 32. Thus,
vibration sensors 60V can also be mounted to the processor and memory board or other
components of monitor 14, because these are mechanically coupled to nut 42 and the
other internal components of actuator 12 via housing 32. Alternatively, one or more
vibration sensors 60V can be coupled directly to (or adjacent) nut 42, or an optical
motion sensor can be used to view the vibrational state of nut 42 at a particular stroke

position.
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FIG. 3 is a cutaway view of actuator system 12, in an integrated control rod (ICR)
configuration with an internal or embedded diagnostic monitor 14. In this example, an
electric servo motor 34 is used to drive screw shaft 40, which is coupled to thrust tube 44
via a nut or roller screw assembly 42. An anti-rotation bearing 39 is provided to support
thrust tube 44 within actuator housing 32, and to stabilize rod end 48 against rotation

over the full stroke cycle.

As shown in FIG. 3, diagnostic monitor 14 is provided in an internal
configuration, disposed in the back (distal) portion of actuator/motor housing 32,
adjacent encoder 50 and motor 34, and opposite rod end 48 in the front (proximal)
section of housing 32. Alternatively, the monitor electronics can be combined with or
integrated into similar components of digital encoder 50, or provided as a separate
monitor hardware package or software module, as described herein. In addition to its
diagnostic and prognostics capabilities, integrated embodiments of monitor 14 can also
be configured to provide digital drive system operability, with advanced indexer
programming for encoder 50 and daisy-chained control capabilities via additional

connectors 30.

Suitable servo motors and other motor systems 34 can be operated at
substantially 100% duty cycle for high-demand applications, with internal thermal
protection and fins 33 or similar features to dissipate heat from housing 32. Depending
upon application, motor 34 can be mounted in either an in-line or coaxial configuration;
that is, directly coupled to screw shaft 40 along rotational axis A as shown in FIG. 3,
using an oversized rear thrust bearing 38 to support the screw shaft (or leadscrew) 40 at
the front end of motor 34. Alternatively, motor 34 can be mounted in a parallel or
reverse-parallel configuration, using a belt drive to couple motor 34 to the screw shalft,

and reducing the overall length of actuator system 12 and housing 32.

Depending upon design, one or more vibration sensors 60V (e.g., accelerometers
or acoustic frequency sensors) can be provided on or near roller screw assembly 42, or
mechanically coupled to actuator housing 32 (e.g., mounted on one or more electronics
boards for monitor 14). Similarly, thermal sensors 60T can be provided proximate one
or both of rear bearing 38 and motor 34, and an IR sensor 60T or optical/acoustic motion
sensor 60V can be provided to sample the temperature and vibrational state of roller

screw/nut assembly 42. Additional positional and load sensors 60P/L can be used (o
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directly determine the stroke position and force or torque output, or these can be derived

from current sensors 60C and encoder 50, as described above.

FIG. 4 is a cutaway view of actuator system 12, in an integrated motor actuator
(IMA) configuration with combined encoder 50 and diagnostic monitor 14. In this
configuration, encoder 50 and diagnostic monitor 14 are embedded in the back end of

actuator housing 32, and may share processor and memory components.

Motor section 34 includes open rotor 35 extending about screw shaft 40, driven
by electromagnetic interaction with stators 36. A replaceable rod wiper 52 is provided at
the front end of housing 32, with a screw lubrication port 49 located near rod end 48 in
order lubricate the internal components of actuator 12 without requiring disassembly of

housing 32.

Depending upon application, one or more vibrational sensors 60V can be coupled
to housing 32 to sample the vibrational signatures transmitted by nut 42, shaft 40, and the
other mechanical components of actuator 12, for example along with a current sensor
60C positioned to sense the drive current at connector 30. Thermal sensors 60T can also
be provided near the rear thrust bearing 38 or at the end turn locations in stators 36, as
shown in FIG. 4. Position and load cell sensors 60P and 60L can be provided to
determine the thrust tube position position and torque or force loading, as described

above.

In the internal configuration of FIG. 4, monitor 14 is mounted inside actuator
housing 32 to perform diagnostics and prognostics by analyzing data from sensors 60T,
60C, 60V, 60P, 60L, etc., generating system status and health information using
indicators generated by monitor software executed in an on-board computing device or
processor. The monitor software executed algorithms providing additional application
data stored in memory by monitor 14, representing known system capabilities, operating
parameters, and normal and abnormal (e.g., system failure) modes. Monitor 14 can also
be configured to communicate operational status and health data to or user interface or

the actuator controller, or to another higher-level system such as the robot controller.

In some designs, monitor 14 is integrated with a modular, intelligent, positional
feedback device or encoder 50, including a processor, memory and electrical connections
for sensors configured (0 measure temperature, current, position, force, torque, vibration

and sound signals generated during operation of actuator 12. An integrated

8-
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encoder/monitor module or hardware package 50 can also include a processor or
microprocessor adapted to execute diagnostics operating on sensor data stored by
monitor 14, with an interface to communicate system status, health parameters, and

diagnostic and prognostic indicators to the user interface or higher-level control system.

Similar intelligent encoder/monitor systems 50 can be adapted for use with a
motor system 34 integrated within actuator housing 32, or for independent operation with
a separale servo motor or similar motor system, not necessarily connected (o actuator 12.
One or more load cells 60L and positions sensors 60P can also be included, e.g., absolute
or incremental optical digital position encoders, magnetic or capacitive-based digital
position encoders, and/or or a resolver, configured for determining rotational and linear
positions and corresponding torque and force loading on selected actuator components

including, but not limited to, the rotor, screw shaft, nut, thrust tube, and rod end.

Various other sensors 60T, 60C, 60V, elc. can be provided for determining
temperature, current, and vibration or sound parameters (e.g., frequency and amplitude),
which can be stored in the memory for use by the positional feedback device and
processor. Thus, a suitable encoder 50 could also serve as the computing platform for
monitor 14, executing diagnostic and prognostic monitor algorithms stored in memory,
and providing a data processing platform for recoding actuator system history and
component-level application parameters, with a wired or wireless communications
interface to transmit the integrated sensor data, and corresponding diagnostic and

prognostic indicators.

FIG. 5 is a block diagram of an actuator system 12 with diagnostic monitoring
system 14, e.g., a linear or rotary actuator 12 configured for robotic welding or other
automated industrial process, as described herein. As shown in FIG. 5,
diagnostic/prognostic (or health monitor) system 14 includes one or more sensors 60T,
60C, 60V, 60P, 60L, etc., a computer processor or microprocessor (up) 62, memory
(MEM) 64, and an input/output (I/O) interface 65 for communication with a higher-level
controller or user interface (IF), e.g., a graphical user interface (GUI), robot controller

20, or weld/end effector control 22.

Monitor 14 can either be mounted to or provided within housing 32, for example
in an actuator system 12 with an integrated or embedded monitor. Alternatively, monitor

14 may be remotely located, with microprocessor 62 and memory components 64
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coupled to the sensors using external signal wires, or a wireless communication system.
Similarly, processor 62 and memory 64 can either be provided as standalone
components, or integrated with similar components in robot controller 20 or end effector
control 22. In embedded configurations, processor 62 and memory 64 can be mounted
inside housing 32, along with a separate digital encoder 50, or integrated with the

corresponding encoder components.

Sensors 60T, 60C, 60V, 60P, 60L, etc. are capable of direcilly or indirectly
acquiring data related to temperature, vibration, current, torque, position, force, torque,
and other operational parameters for the various components of actuator system 12,
including, but not limited to, motor 34, rotor 35, stator 36, bearings 38, shaft 40, nut 42
and thrust tube 44, as described herein. These include components are subject to failure
under certain operating and environmental conditions, and their status is a sensitive
indicator of actuator health. The corresponding sensor data thus provide valuable
information, which can be used to diagnose wear, predict maintenance requirements, and

reduce unscheduled downtime.

Processor 62 is configured to process data acquired by the sensors, using custom
algorithms and diagnostic/prognostic indicator logic stored in memory 64 to model the
operational status and health of actuator system 12, and the components thereof. Over
time data indicating the motor and actuator health is tracked and stored in memory 64,
and the monitor code is executed on processor 62 to generate operational histories with
warnings or fault indicators for output to user interface 66, and/or a higher-level system

such as robot controller 20 or end effector control 22.

Diagnostic and prognostic information generated by monitor 14 includes, but is
not limited to, motor and actuator remaining service time, lubrication intervals, and
overheating indicators and warnings based on rotor speed, stator current, and actuator
loading. In one example, a time-averaged parameter value is generated based on the
corresponding sensor data, and compared to a predetermined threshold to generate a
warning or predictive maintenance indicator. Additional component-level health and
status indicators can also be generated, as related to temperature, motor current,
vibration, position, torque, force load and other operational parameters for the motor and
stator components, and for the bearings, screw shaft, nut, thrust tube and other

components of actuator system 12, as described herein.

—10—
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Memory 64 is configured to store a record of lifecycle data for actuator
system 12, including data from one or more thermal sensors 60T, current sensors 60C,
vibration sensors 60V, position sensors 60P, load transducers 60L, etc., which are
indicative of the operational and environmental conditions to which the motor, shaft, nut
and other actuator system components are exposed. The lifecycle data can be integrated
and displayed in histogram form, for example using an internal or external user graphical

interface (or GUI) 66.

Each motor actuator device can be individually configured, using actuator motor-
specific model information stored in memory 64. The specific model information can
include, for example, effective remaining useful service lifetime and service intervals
based on operational load and stroke data, to be used in the diagnostic and prognostic
calculations and related algorithms. The lifecycle record data includes sensor data and
associated parameter information and time records, along with results from the monitor
code executed on processor 62 to determine the operational status of actuator system 12.
In one example, the sensor data are sorted according to the amount of time actuator
system 12 has been operated at the various temperatures, current levels and other
operating parameters stored in memory 64, and processor 62 can predict the remaining
service life for actuator system 12, and the components thereof, based on these results.
Additional code can be executed to generate diagnostic and prognostic indicators, for
example diagnostic indicators [or component status and recommended maintenance
procedures such as lubrication and repair/replacement scheduling, as well as predictive

indicators or warnings for the onset of failure in one or more actuator components.

TEMPERATURE SENSORS

Suitable temperature sensors 60T include thermocouples, thermistors, RTDs, IR
sensors, and other temperature sensitive devices, configured to generate a sensor signal
indicative of the temperate proximate the selected actuator components. Depending
upon application, temperature sensors 60T may be configured to sense a number of
different temperatures internal to actuator system 12, for example the temperature of nut
42 along screw shaft 40 proximate the rear (thrust) bearing 38, or an IR sensor 60T could
be used to determine the temperature of nut 42 at a particular stroke position. Additional
temperature sensors 60T can be provided to determine the temperature of the stator 36,
e.g., at the end turn of the stator windings, where the radius of curvature is relatively

high and current-temperature effects are more evident.

—11-
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CURRENT AND LOAD SENSORS

Suitable current sensors include inductive sensors, Hall sensors, and other
devices configured for determining electrical current data for the actuator motor,
including, but not limited to, the current in stators 36. The motor current is related to the

torque or linear force output of the actuator, and thus to operational stress.

Monitor 14 is confligured to observe the electrical current over time in order o
count current cycles and determine frequency, and to generate an estimate of the travel
distance and speed profile for thrust tube 44 and rod end 48. Monitor 14 is also
configured to determine the amplitude of the current pulse, in order to estimate how
much torque the motor is producing, and how much thrust or linear force the actuator
delivers. Alternatively, force and torque transducers or load cell sensors 60L can be used

to determine these quantities more directly.

POSITION SENSORS

Suitable positions sensors 60P include optical encoders, magnetic encoders,
linear and rotary transducers, and other devices configured for directly or indirectly
determining the position of a movable portion of the actuator. Suitable position sensor
data include, but are not limited to, the rotational positions of rotor 35 (or motor 34) and

shaft 40, and the linear positions of nut 42, thrust tube 44 and rod end 48.

Monitor 14 is configured to observe the position of these actuator components, in
order to determine the total rotational or linear travel distance. For example, rotary
encoder 50 can be utilized to determine the rotational position of rotor 35 and shaft 40,
from which the linear position of nut 42, thrust tube 44 and rod end 48 can be
determined. Alternatively, a linear transducer can be positioned to determine the
position of nut 42 along screw 40, and one or both of thrust tube 44 and rod end 48 can

be encoded for direct measurement using an optical or magnetic encoder.

Monitor 14 is also configured to combine position and current or force/torque
data, in order to determine how much work is performed during each actuator cycle.
Integrating these data over time, monitor 14 can determine the velocity and acceleration
of the relevant motor actuator components. These data are used to determine the total
accumulated operational load, and to estimate wear estimates for selected actuator

components, including, but not limited to, screw shaft 40, nut 42, and other service-life
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limited mechanical elements. These data are in turn utilized to estimate the remaining

service life or actuator system 12, before a scheduled maintenance operation is indicated.

VIBRATION SENSORS

Suitable vibration sensors 60V include accelerometers and force or velocity
transducers configured to determine the amplitude and frequency of vibration for
selected actuator components, including, but not limited to, rotor 35, shaft 40, nut 42.
Vibration sensors 60V can also be used to determine the vibration amplitude and
frequency via coupling to housing 32, either directly or by mounting to electronic
components within housing 32 (e.g., on a processor or memory board in monitor 14 or
encoder 50). Alternatively, an acoustic or optical vibration sensor 60V can be used to
determine the vibrational signature based on an audio or optical signal, with sensor

placement either interior or exterior to housing 32.

Monitor 14 is configured to determine vibration signatures including both the
frequency and energy spectrum of the vibration data, and to use the signatures to identify
mechanical components that generate negative health indicators for actuator system 12.
More specifically, changes in the vibration signature over time may indicate wear on
different mechanical components of actuator 12, which can be utilized to generate
prognostic failure indicators or warnings indicating the onset of failure in specific

components, and to generate corresponding maintenance warnings or flags.

DIAGNOSTICS AND PROGNOSTICS

FIG. 6 is a block diagram illustrating method 70 for diagnostic monitoring of an
actuator system, for example a motor actuator system 12 with a diagnostic and
prognostic module or hardware package 14, as described herein. As shown in FIG. 6,
method 70 comprises one or more steps including, but not limited to, sensing operational
conditions and environmental parameters of the actuator components (step 72),
processing the sensor data (step 73), storing the (raw and/or processed) sensor data (step
74), integrating the data over time (step 76), and output, communications, and display of
the data (step 78). In addition, method 70 may also include one or more steps of
generating diagnostic indicators (step 80), generating prognostic indicators (step 82), and
communication of recommended maintenance warnings, flags and other indicators (step
84). These steps may be performed in different orders and combinations, suitable to
providing diagnostic and prognostic indicators for actuator health and operational status,

and to recommending specific maintenance actions, as described herein.
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Sensing data (step 72) includes acquiring sensor data related to environmental
conditions and operational loading on the actuator system. Suitable sensor data include,
but are not limited to, temperature, current, load, position and vibration data, any of
which can be obtained either directly or indirectly from the corresponding actuator
components, e.g., utilizing one or more temperature sensors, current sensors, load cells,

vibration sensors and position sensors, as described herein.

Processing the sensor data (step 73) is performed to convert the sensor signals (or
other sensor data) into useful output including derived parameters such as temperature,
current, load and position information, etc., which represent the operational status and
environmental conditions of the motor actuator. Typically, the processing step includes
using a look-up table or calibration data (or both) to convert the raw sensor output {(e.g.,
in the form of an analog or digital sensor signal) into a useful record of operational data
(e.g., digital data or other information representing the relevant conditions and

operational parameters, as a function of time).

Data storage (step 74) includes storing the raw sensor data and derived
parameters or other operational information in memory, for example utilizing one or
more memory components 64 in either an integrated (internal) or modular (external)
diagnostic monitor 14. In addition to the raw data acquired by the sensors, derived data
representing the corresponding operational and environmental parameters and vibrational
signatures are also stored to build an operational record or operational history of the
motor actuator over time, for example using storage and processing criteria as
determined by software monitor code and related algorithms executing on a suitable

processor or microprocessor 62.

Data integration (step 76) includes summing, binning, adding, and otherwise
integrating or accumulating the stored data over time. Changes in the environmental
parameters and operational conditions can also be generated, including changes in the
vibrational signatures of selected actuator components, as obtained over extended
periods of days, hours, weeks, months and years of actuator cycles. The integrated data

{and changes in the integrated data) are also stored in memory (step 74).

Output (step 78) includes communicating and displaying any of the raw sensor
data, the derived environmental and operational parameters, the integrated data, and the

vibrational signatures, for example in the form of a histogram or other integrated data
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summary on a standalone user interface 66, or via communications to a robot control 20
or higher-level end effector control 22, as described above. Changes in the data can also
be communicated, including changes in the sensor data or derived environmental
conditions and operational parameters observed over time, changes in the integrated data
summaries, and changes in the vibrational signatures (e.g., changes in the frequency or

amplitude spectra).

Output (step 78) also includes communications (o an external user or process
control system, for the purpose of transmitting status, health, and diagnostic and
prognostic information related to actuator operation. In addition, the communications
can also allow the user or process control system to configure the actuator and monitor
with information for additional diagnostic and prognostic calculations. This information
typically relates to motor actuator specifications, and may include proprietary and non-
proprietary component-level statistics and other application data used to generate
actuator status reports, predict and diagnose potential system and component failures,
estimate the remaining service lifetimes, and generate maintenance flags indicating

substantial wear or the onset of failure in selected motor and actuator components.

Generating diagnostics (step 80) includes status indicators of actuator health and
component status based on the environmental and operational parameters, and on the
integrated sensor data representing accumulated operational stress.  Generating
prognostics (step 82) includes predictive indicators for the onset of component failure
and other potential maintenance events, based on the integrated sensor data, the

vibrational signatures, and changes therein.

Generating indicators (step 84) includes recommended maintenance procedures,
for example to avoid potential component failures and reduce unscheduled downtime, as
described above. The various indicators and tlags generated in steps 80, 82 and 84 can
also be stored in the actuator monitor database (step 74), and displayed or otherwise
communicated to a user or process control system (step 78). More generally, method 70
can be performed as an iterative process, in which the individual steps of sensing
environmental parameters and operational conditions (step 72), data storage (step 74),
data integration (step 76), and communication and display (step 78), are performed in a
range of suitable orders and combinations, in order to develop better diagnostics (step

80) and prognostics (step 82), and provide improved prediclive maintenance flags and

—15—



CA 02997770 2018-03-06

WO 2017/048788 PCT/US2016/051647

10

15

20

25

30

other indicators (step 84) to reduce unanticipated downtime and increase the useful

service life of the overall actuator system.

MODEL AND CONDITION-BASED MONITORING

Two broad categories of model-based and condition-based analysis can be
utilized to generate diagnostics (step 80) and prognostic indicators (step 82). In turn,
both categories of status indicator can be utilized o generale maintenance flags and

warnings (step 84).

In a model-based approach, the number of strokes and cumulative torque and
force loading are integrated to determine the total work performed by the actuator
system, and compared to a real-time operational model for a given actuator configuration
and environmental conditions (e.g., system and component temperatures). Additional
operational parameters such as stroke speed, repetition rate, maximum stroke length and
total current delivered per stroke can also be included, in order to estimate the remaining
service lifetime before a re-greasing (lubrication) operation or other preventive

maintenance is scheduled.

While the accumulated number of strokes and integrated motor current may be
considered key indicators of the total work performed, model-based dynamic load
response calculations and other, more advanced metrics are also encompassed. These
diagnostic metrics can also account for dynamic loading and real-time environmental
conditions, including grease and component temperatures. This approach offers
substantial advantages over a simple time-based or stroke-count based maintenance
program, and provides a more complete history of actuator system operations. As a
result, the maintenance flags can be more timely and more detailed, and more
specifically directed to particular actuator components such as screw shaft or nut, motor

maintenance, and other recommended service operations.

In a model-based approach, each individual motor actuator device can have
model-specific empirical data stored in memory 64, for use in the diagnostic and
prognostic calculations. These data can be configured for the specific motor actuator
hardware and range of operational conditions, so that the empirical data may be
compared to actual operational data and other information derived from the sensor
signals, in order to determine useful diagnostic and prognostic indicators. Suitable

examples include, but are not limited to, indicators of remaining useful service life or a
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fraction thereof (e.g., end of predicted useful service life or halfway through the useful
service life), and similar service indicators (e.g., lubrication service intervals) based on
operational conditions including the integral of the stoke distance and load (or work

done), as well as temperature, current, vibration, and other sensor information.

In the condition-based category, the vibration signature, temperature profile, and
other operational conditions can also be used to diagnose the health condition of specific
actuator components, and to predict the onset of failure belore an actual downtime event
occurs. More particularly, changes or shifts in the vibrational signature may indicate
wear or fatigue in the screw shaft, nut, or other actuator components, when subject to a
given set of operation conditions (e.g., at a given shaft speed and loading). Similarly,
changes in the operational temperature for a given current pulse and shaft loading may
also indicate a recommended maintenance action, independent of those suggested by the

model-based (accumulated load) approach.

The vibration signature from an accelerometer or other motion sensor can be
analyzed using a fast Fourier transform (FFT) or other suitable algorithm, adapted to
detect shifts in either the amplitude or frequency of the vibrational signal. Similar
algorithms can be used to detect changes in the signal from an audio transducer or other
audio-frequency device, either independently of or in combination with a motion-based
vibration analysis. Frequency and amplitude analysis can also be applied to other sensor
outputs, including a frequency-response analysis of the motor drive current, as well as
frequency and amplitude analysis of the corresponding load cell and linear or rotary
encoder outputs. Other suitable algorithms applicable to any of the sensor signals
include wavelet transforms, high-pass, low-pass, and narrow-pass frequency filtering,
polynomial curve fits, spline fits, and projections based on first, second and higher-order
differentials. The results of these fitting and filtering algorithms can used to generate
maintenance f{lags and diagnostic/prognostic indicators based on simple threshold
functions and time predictions, by looking for changes or differences with respect to a set
of modeled or reference values, or by integrating the results and comparing to a predicted
integrated maintenance standard (e.g., time integrated motor current, torque input, linear
stroke, etc.). The indicator functions can also be normalized to a particular reference
temperature, e.g., by scaling each entry based on a difference between the actual

operating temperature and a standard reference temperature, or simply compared to
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corresponding functions modeling nominal operating modes and known failure modes of

the system.

EXAMPLES

A diagnostic actuator system can be provided, either entirely internal to a linear
actuator, or combined with an integrated motor actuator and able to perform diagnostics
and prognostics by taking data from on-board and/or external sensors and analyzing the
data to generate actuator system status and health indicators, using algorithms stored in
memory and executed in an on-board computing device or other processor component.
The algorithms can use application data stored in the device memory, representing
known system capabilities, normal operating modes, and system failure modes. The
system can communicate the current status and health indicators of the integrated motor
actuator to a higher-level monitor, which could be, e.g., the actuator’s main controller, a

user interface, or a system-level device such as a robot controller.

Example 1. The system may comprise one or more sensors capable of directly or
indirectly acquiring data related to temperature and other operational conditions of
critical components of the actuator. The critical components of the actuator may include
components that have a relatively high risk (or the highest risk) of failure during actuator
operations, and/or components whose health is relatively sensitive (or most sensitive) to
temperature. Failure of such components can be catastrophic for the motor actuator, and
the sensor data therefore provide valuable information regarding motor actuator and

component health.

Example 2. The system may comprise one or more sensors capable of acquiring
the actuator motor’s electrical current data. The motor’s electrical current is directly or
indirectly linked to how much stress is on the actuator, e.g., operational torque or force
loading. By observing the electrical current over time, it is possible to count current
cycles to obtain an estimate for travel distance of the thrust rod or other actuator
component. By observing the amplitude of the current, it is possible to estimate how
much torque the motor is producing, and how much thrust the actuator is delivering to
the rod end or other application. By observing the frequency of the current, it is also
possible to obtain an estimate for the speed of selected actuator components, e.g., the

rotor, screw, thrust tube, and rod end.
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Example 3. The system may comprise one or more sensors capable of directly or
indirectly acquiring the position of a movable portion or movable components of the
actuator. By observing the position of these integrated motor actuator components, it is
possible to determine the total travel distance, and, when combined with data for the
motor current, to determine how much work is done while the actuator components are
in motion. When combining this data with time information, e.g., by integrating the
accumulated current, position and/or loading data, it is possible to determine the velocity
and acceleration of the moving motor actuator components. These data can be used to
calculate wear, including wear on key system components which can be used to
determine a remaining service life for the actuator system, and to recommend diagnostic

and prognostic maintenance actions accordingly.

Example 4. The system may comprise one or more sensors capable of acquiring
data related to vibration. Vibration can be one of the first signs of wear or potential
failure (or the onset thereof) for many of the mechanical components integral to the
motor actuator. By observing the frequency and energy of vibration, it is possible to
identify specific mechanical components that are contributing negatively to the health of
the actuator. An acoustic sensor can be used as an alternative to the accelerometer,

optical motion sensor, or other vibration sensor.

Example 5. The system may be embedded with the motor actuator, and include
some form of memory so that the processor can create and maintain a record of lifecycle
data representing time periods in which the motor actuator has been operated. The
lifecycle data may be generated and/or displayed in a histogram or other integrated
format (e.g., by sorting the amount of time that the actuator system has been operated at
various current levels and temperatures, or other operating and environmental
parameters). The lifecycle record may contain any or all of the sensor input data, as well
as associaled timing data and any processing information used to determine actuator
status, remaining service life, and the diagnostics and prognostics related to
recommended maintenance, actual and predicted component failures, and other real or

potentially catastrophic events.

Example 6. The system may include a microprocessor configured to execute
software code to process the data acquired by the sensors, using custom algorithms
stored in memory in order to model the actuator system status. Over lime, the motor

actuator health can be tracked and the processor can be configured to alert a user or
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higher-level monitoring system with warnings of critical faults related to component
status. Some information created by the diagnostic and prognostic algorithms may relate
to the motor actuator’s remaining usable service life, lubrication intervals, overheating
due (e.g.) to high time-average shaft or rotor speed, overheating due to high time-average

current, and/or specific component-level health and status indicators.

Example 7. The system may provide communications to an external user or
process control system for the purpose of transmitting actuator status information,
component health indicators, and/or prognostic information related to potential
component failure or recommended maintenance events. The communication protocol
can also allow the external user or control system to configure the system with

application information necessary for selected diagnostic and prognostic calculations.

Example 8. The system may comprise memory configured for storing the
integrated motor actuator specifications, proprietary component level statistics, and/or
application information that can be used to generate status indicators, diagnose potential
component or system failures, predict failure (or the onset thereof) for components
within the motor actuator, and/or estimate the remaining useable service life of the

integrated motor actuator system.

Example 9. The system may be comprised of a modular intelligent positional
feedback device that includes electrical input connections for other sensors measuring
physical and operational parameters such as temperature, current, and vibration or sound.
The positional feedback device could include an on-board computer or processor
component that is able to execute the diagnostic algorithms described above, and

communicate system status information and health indicators to a higher-level controller.

An intelligent encoder can be used on any of the above motor systems integrated
with a linear actuator, or on the motor system by itself, without being connected to a
linear actuator. Such a feedback device could also include an absolute or incremental
optical digital position encoder, a magnetic or capacitive-based digital position encoder,
and/or a resolver for determining position. One or more sensors for temperature, current,
and vibration or sound could connect into the positional feedback device, which would
also serve as the computing platform for executing the diagnostic and prognostic

algorithms, as well as a data storage platform for storing system history and device and
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application parameters, and a communications device configured to send corresponding

data and messages to the higher-level monitor.

ADDITIONAL EXAMPLES

Depending upon application, a diagnostic system for a motor actuator may
include a plurality of sensors configured for acquiring data related to operational
conditions of the motor actuator, a processor confligured for analyzing the data (o
determine an actuator system status of the motor actuator, and memory for storing the
data with algorithms or code modules executable on the processor to determine the
status. The algorithms can represent indicators based on system capabilities, normal
operating modes, and failure modes of the motor actuator, e.g., wherein the system is
configured to communicate the status to a user interface or controller for the motor

actuator.

In some examples of such a diagnostic system, at least one of the sensors is
configured to acquire data related to temperature of a component of the motor actuator.
The status can then be provided for indicating a health status of the component, based on
the temperature in comparison to the normal operating modes, or the status can be
predictive of failure of the component, based on the temperature in comparison to at least

one of the failure modes.

At least one of the sensors can be configured to acquire data for a motor current
linked to stress on the motor actuator, with at least one of the algorithms or code modules
executable on the processor to estimate a travel distance for a thrust rod of the actuator
based on a count of cycles of the motor current, to estimate a torque or thrust produced
by the actuator based on an amplitude of the motor current, or to estimate a speed of the
thrust rod based on a frequency of the motor current. In such systems, the status may
indicate accumulated stress on the actuator, based on the motor current as compared to
the normal operational modes. The status can also be predictive of failure of the
actuator, based on the motor current (or integrated motor current) in comparison (o a

corresponding value of the motor current for at least one of the failure modes.

At least one of the sensors can be configured to acquire data for a position of a
movable portion of the motor actuator (e.g., a thrust rod), with at least one of the
algorithms being executable on the processor to determine a travel distance of the

movable portion based on the position, determine work done by the actuator based on the
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travel distance in combination with the data for the motor current, or to determine one or
both of a velocity and an acceleration of the movable portion, based on the data for the
position in combination with associated timing data characterizing the position as a
function of time. In these examples, the status may indicate wear on a particular
component of the motor actuator, based on at least one of the travel distance, the work

done, the velocity and the acceleration.

Al least one of the sensors can be configured (o acquire data relating to vibration
of a mechanical component of the motor actuator, for example with the status indicating
wear on the mechanical component based on a frequency or amplitude of the vibration as
compared to the normal operational modes, or with the status being predictive of failure
of the mechanical component based on a frequency or amplitude of the vibration in
comparison to at least one of the failure modes. In these examples, at least one sensor
can comprises an acoustic sensor configured to acquire the data as an audio signal

relating to vibration of the mechanical component.

The processor and memory can be embedded or integrated within the motor
actuator, and the memory can be configured for the processor to create and maintain a
lifecycle record of cycles in which the motor actuator has operated. Such a lifecycle
record can be provided in histogram form, with bins sorting the time that the motor
actuator has operated at various motor current levels and temperatures, or the lifecycle
record can contain the data acquired by the sensors, associated time data and processing
information used to determine the status. The status can indicate an estimated remaining
service life of the motor actuator, or the status can be predictive of a failure event for the

motor actuator.

The processor can be configured to process the data acquired by the sensors using
the algorithms or code modules to model the motor actuator system status and track
health of the motor actuator over time, or to alert the user interface or controller with
warnings or critical fault information. Suitable alerts, warnings an critical fault
information can be selected from a motor actuator remaining usable service life, a
lubrication interval, overheating due to high time average speed, overheating due to high

time average current, and specific component-level health and status.

The status communicated to the user interface or controller can include

transmitted health or prognostic information (or both) based on application information
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used to configure the system for diagnostic and prognostic calculations. In these
examples, the application information may comprise one or more specifications for the
motor actuator and component-level statistics used to generate the status, diagnose
component or system failures of the motor actuator, predict failure of components within

the motor actuator, or estimate a remaining useable service life of the motor actuator.

A modular intelligent positional feedback device can be provided with electrical
input connections for one or more sensors conligured (o acquire data related to physical
actuator parameters selected from component temperature, motor current, vibration of
the motor actuator and sound emitted by the motor actuator. The positional feedback
device can comprise an encoder including an on-board computer comprising the
processor configured to execute the algorithms stored in the memory, and also to

communicate the status to the user interface or controller.

Such a system can comprise one or more of an absolute or incremental optical
digital position encoder, a magnetic or capacitive-based digital position encoder, or a
resolver for determining a position of a movable element of the motor actuator (e.g., a
thrust tube). One or more of the sensors configured to acquire the data may connect into
the positional feedback device, where the device is operable as one or more of a
computing platform for executing the algorithms, a data storage platform for storing an
operational history for the device and application parameters of the motor actuator, or a
communication device to send messages communicating the status to the user interface

or controller.

Suitable systems may include a motor configured to operate an actuator, one or
more sensors configured to determine one or more of a component temperature, motor
current, vibrational state, component position, and component loading for the actuator,
and a processor configured to generate a status indicator for the actuator based on data
from the one or more sensors, as described herein. Such a system may include memory
configured for storing an operational model of the actuator, the operational model
including specifications for the actuator and component-level statistics as a function of
the data from the one or more sensors. In some examples, the processor is further
configured to generate the status indicator based on comparison of the data from the one

or more sensors to the operational model.

23—



CA 02997770 2018-03-06

WO 2017/048788 PCT/US2016/051647

10

15

20

25

30

Such a processor can be configured to estimate cumulative work done by actuator
from the motor current, and to generate the status indicator as an estimated interval to a
recommended service operation, based on the cumulative work and the operational
model of the actuator. The processor can further be configured to modify the estimated

interval, based on the component temperature.

The processor can be configured generate the status indicator as prognostic of
component [ailure, based on a frequency or amplitude of the vibrational state ol the
component. In some of these examples, the processor may be further configured to
generate the prognostic as an indicator of component failure based on a change in the

frequency or amplitude of the vibrational state of the component.

The motor can be configured to drive a screw shaft and nut assembly into relative
rotation about an axis of the actuator, where the actuator is configured to drive a thrust
tube in reciprocal motion along the axis in response Lo the relative rotation of the screw
shaft and nut assembly. One or more of the sensors can include at least one current
sensor configured to determine the motor current provided to the motor in operating the
actuator to cycle the thrust tube in the reciprocal motion along the axis if the actuator,
e.g., where the at least one current sensor is selected from an inductive sensor or a Hall

Sensor.

One or more of the sensors may include at least one position sensor configured to
determine a position of the thrust tube along the axis of the actuator, where the position
sensor is selected from an optical encoder, an optical digital encoder, a magnetic encoder
and a capacitive encoder. One or more of the sensors may include at least one load cell
configured to determine torque or force loading on the actuator, where the processor is
configured to generate the status indicator based on a time integral of the torque or force

loading.

One or more of the sensors may include at least one temperature sensor
proximate one or more of the nut and a thrust bearing at a distal end of the screw shaft,
opposite the thrust tube, with the at least one temperature sensor selected from a
thermocouple, a thermistor, a resistance temperature detector and an infrared sensor.
One or more of the sensors can also include at least one vibration sensor proximate one

or more of the nut, the processor, and a housing of the actuator, the at least one vibration
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sensor being selected from an accelerometer, an optical motion sensor and an acoustic

SENSsor.

Memory can be provided in signal communication with the one or more sensors,
and configured for storing software modules or algorithms for execution on the processor
to generate the status indicator. In some such examples, the processor and memory are
provided in modular form and coupled to a housing of the actuator or motor.
Alternatively the motor and actuator can be provided as an integrated motor actuator
with the processor and memory provided within a housing of the integrated motor
actuator, or the actuator may comprise an encoder with the processor and memory

integrated or combined with the encoder in a common housing.

Suitable methods of operating such systems include one or more steps of sensing
operational conditions of an actuator system, storing sensor data representing the
operational conditions, integrating the sensor data over time, generating a diagnostic
indicator based on the integrated sensor data in comparison to an operational model of
the actuator system, generating a prognostic indicator based on changes in the integrated
sensor data in comparison to a set of condition-based criteria in the operational model,
and communicating at least one of the diagnostic and prognostic indicators to a user
interface or process control device configured to operate the actuator system. The steps
may also include communicating a recommended maintenance action for the actuator
system based on at least one of the diagnostic and prognostic indicators, as described

herein.

A diagnostic system utilizing such methods typically includes a plurality of
sensors configured for acquiring data related to operational conditions of a motor
actuator, a processor configured for analy zing the data to determine a status of the motor
actuator, and memory for storing software executable on the processor to determine the
status. The software can be executed to represent system capabilities, normal operating
modes, and failure modes of the motor actuator, and the system can be configured to
communicate a corresponding status indicator to a user interface or higher-level

controller.

While this invention has been described with reference to exemplary
embodiments, it will be understood by those skilled in the art that various changes can be

made and equivalents may be substituted without departing from the scope
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and to particular problems, technologies, and materials, without departing from the
essential scope thereof. The invention is thus not limited to the particular examples that
are disclosed, but encompasses all embodiments falling within the scope of the appended

5  claims.
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CLAIMS:

1. A motor actuator system comprising:
a motor configured to drive a screw shaft and nut assembly into relative rotation
about an axis;
5 a thrust rod coupled to the nut assembly, the thrust rod configured to execute
reciprocal motion along the axis in response to the relative rotation;
one or more sensors configured to acquire sensor data characterizing operational
conditions of the motor actuator, wherein at least one of the sensors is
configured to acquire sensor data characterizing a component temperature
10 of the motor actuator, at least one of the sensors is configured to acquire
sensor data characterizing a motor current delivered to the motor, and at
least one of the sensors is configured to acquire sensor data characterizing
a position of the thrust rod;
memory configured for storing model data representative of the operational
15 conditions for normal operating modes and failure modes of the motor
actuator system;
a processor configured to generate a status indicator based on analysis of the
operational conditions characterized by the sensor data with respect to the
model data, wherein the processor is further configured to determine a
20 travel distance of the thrust rod based on the position, work done by the
actuator system based on the travel distance and the motor current, and
velocity or acceleration of the thrust rod based on the position in
combination with corresponding timing data; and
an interface configured to communicate the status indicator to a control device
25 configured for operating the motor actuator, wherein the status indicator is
representative of wear on a component of the motor actuator based on at
least one of the travel distance, the work done, the velocity and the
acceleration, the status indicator being further representative of the
component temperature in relation to at least one of the normal operating
30 modes and alternately predictive of component failure based on the

component temperature in relation to at least one of the failure modes.

2. The system of claim 1, wherein the processor is configured to estimate one or

more of
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the travel distance of the thrust rod based on a count of cycles of the motor
current,

torque or thrust produced by the actuator system based on an amplitude of the
motor current; and

speed of the thrust rod based on a frequency of the motor current.

3. The system of claim 2, wherein the status indicator is representative of stress on
the actuator system based on the motor current in relation to at least one of the normal
operational modes and alternately predictive of component failure based on the motor

current in relation to at least one of the failure modes.

4. The system of claim 1, wherein at least one of the sensors is configured to
acquire sensor data characterizing mechanical vibration of a component of the motor
actuator, the status indicator being representative of wear on the component based on a
frequency or amplitude of the vibration in relation to at least one of the normal
operational modes and alternately predictive of failure of the mechanical component
based a change in the frequency or amplitude of the vibration in relation to at least one of

the failure modes.

5. The system of claim 4, wherein the at least one of the sensors comprises an
acoustic sensor configured to acquire an audio signal characterizing the mechanical

vibration.

6. The system of claim 1, wherein the processor and memory are integrated with the
motor actuator system and the memory is configured to store a record of operation
thereof, the record comprising:
histogram data for time periods the motor actuator operates at various motor
current levels and temperatures; and
at least a portion of the sensor data acquired by the sensors with associated timing
data and information used to determine the status indicator;
wherein the status indicator is representative of an estimated remaining service
life of the motor actuator system and alternately predictive of a failure

event for the motor actuator system.

7. The system of claim 1, wherein the processor is configured to analyze the sensor

data acquired by the sensors using one or more algorithms selected to generate the model
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data and track health of the motor actuator system over time, the processor further
configured to generate specific health and status warnings or critical component-level
fault information selected from:

aremaining usable service life of the motor actuator system;

alubrication interval for the motor actuator system;

overheating of the motor actuator system due to high time average speed of the

motor; and
overheating of the motor actuator system due to high time average current

delivered to the motor.

8. The system of claim 1, wherein the status indicator further comprises health or
prognostic information based on application data used to configure the system for
diagnostic and prognostic calculations, the application data comprising specifications for
the motor actuator and component-level statistics used to generate the status indicator
and for one or more of:

diagnosing component or system failures of the motor actuator system;

predicting failure of components within the motor actuator system; and

estimating a remaining useable service life of the motor actuator system.

9. The system of claim 1, further comprising a positional feedback device having
electrical input connections for one or more of the sensors configured to acquire the
sensor data characterizing the operational conditions based on physical parameters
selected from component temperatures, motor currents, mechanical vibrations and

sounds emitted by the motor actuator system.

10. The system of claim 9, wherein the positional feedback device comprises an
encoder comprising the processor and configured to execute one or more algorithms
stored in the memory to generate the status indicator communicated to the control

device.

11. The system of claim 9, further comprising one or more of an absolute or
incremental optical digital position encoder, a magnetic or capacitive-based digital
position encoder, and a resolver connected to the positional feedback device for
determining the position of the thrust rod, the positional feedback device being operable

as a computing platform for executing the algorithms, a data storage platform for storing
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an operational history with device and application parameters for the motor actuator
system, and a communication interface to send messages communicating the status

indicator to the control device.

12. The system of claim 1, further comprising an encoder comprising the processor
5 and configured to execute one or more algorithms stored in the memory to generate the

status indicator communicated to the control device.

13. A system comprising:
a motor configured to operate an actuator;
one or more sensors configured to generate sensor data to determine a motor
10 current and one or more of a component temperature, vibrational state,
component position, and component loading of the actuator;
memory configured for storing an operational model of the actuator, the
operational model including specifications for the actuator and
component-level statistics as a function of the sensor data generated by
15 the one or more sensors; and
a processor configured to generate a status indicator for the actuator based on
comparison of the sensor data generated by the one or more sensors to the
operational model of the actuator;
wherein the processor is configured to estimate cumulative work done by actuator
20 from the motor current and to generate the status indicator as an estimated
interval to a recommended service operation based on the cumulative
work and the operational model of the actuator; and
wherein the processor is further configured to modify the estimated interval based

on the component temperature.

25 14 The system of claim 13, wherein the processor is configured generate the status
indicator based on a frequency or amplitude of the vibrational state in comparison to the

operational model of the actuator.

15. The system of claim 14, wherein the processor is further configured to generate
the status indicator as a prognostic of component failure based on a change in the
30  frequency or amplitude of the vibrational state in comparison to the operational model of

the actuator.
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16. The system of claim 13, further comprising a screw shaft and nut assembly
configured for relative rotation about an axis of the actuator, wherein the motor is
configured to cycle a thrust tube in reciprocal motion along the axis in response to the

relative rotation of the screw shaft and nut assembly.

5 17.  The system of claim 16, wherein at least one of the sensors comprises a current
transducer configured to determine the motor current as provided to the motor in
operating the actuator to cycle the thrust tube in the reciprocal motion along the axis, the

at least one current sensor selected from an inductive sensor or a Hall sensor.

18. The system of claim 16, wherein at least one of the sensors comprises a position
10 transducer configured to determine a position of the thrust tube along the axis of the
actuator, the position sensor selected from an optical encoder, an optical digital encoder,

a magnetic encoder and a capacitive encoder.

19.  The system of claim 16, wherein at least one of the sensors comprises a load cell
configured to determine a torque or force component of the loading, the processor being
15  configured to generate the status indicator based on a time integral of the torque or force

component.

20.  The system of claim 16, wherein at least one of the sensors the sensors comprises
a temperature transducer proximate one or more of the nut and a thrust bearing at a distal
end of the screw shaft opposite the thrust tube, the temperature sensor selected from a
20  thermocouple, a thermistor, a resistance temperature detector and an infrared temperature

SENSsor.

21.  The system of claim 16, wherein at least one of the sensors comprises a vibration
detector proximate one or more of the nut, the processor, and a housing of the actuator,
the vibration detector selected from an accelerometer, an optical motion sensor and an

25  acoustic sensor.

22. The system of claim 13, further comprising one or more software algorithms
stored in the memory for execution on the processor to generate the status indicator

based on the comparison of the sensor data to the operational model of the actuator.
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23.  The system of claim 13, wherein the processor and memory are provided in

modular form and coupled to a housing of the actuator or motor.

24, The system of claim 13, wherein the motor and actuator are provided as an
integrated motor actuator and the processor and memory are provided within a housing

of the integrated motor actuator.

25.  The system of claim 13, wherein the actuator comprises an encoder and the
processor and memory are integrated or combined with the encoder, in a common

housing therewith.

26. A method comprising:

sensing operational conditions of an actuator system;

storing sensor data representing the operational conditions, wherein the sensor
data comprise motor current and positional data;

integrating the sensor data over time;

estimating cumulative work delivered by the actuator system as a function of the
integrated motor current and positional data;

generating a diagnostic indicator based on the integrated sensor data in
comparison to an operational model of the actuator system;

generating a prognostic indicator based on changes in the integrated sensor data
in comparison to a set of condition-based criteria in the operational
model, the condition-based criteria characterizing a vibration signature
and component temperature and loading profiles for the actuator system;

communicating at least one of the diagnostic and prognostic indicators to a user
interface or process control device configured to operate the actuator
system;

wherein the prognostic indicator comprises a recommended maintenance interval
for the actuator system based on the cumulative work delivered by the
actuator system; and

further comprising modifying the recommended maintenance interval responsive

to at least one of the component temperature and loading profiles.

27. The method of claim 26, wherein the diagnostic indicator is responsive to the

cumulative work delivered by the actuator system.
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28. The method of claim 26, further comprising determining a change or shift in the
temperature profile responsive to the cumulative work delivered by the actuator system,
wherein the diagnostic indicator is indicative of the change or shift in the temperature

profile.

5 29.  The method of claim 28, wherein the prognostic indicator is indicative of the

change or shift in the temperature profile with respect to the loading profile.

30. The method of claim 26, wherein the sensor data comprise mechanical vibration
data for a component of the actuator and further comprising determining a change or

shift in the vibration signature based on the vibration data.

10 31. The method of claim 30, wherein the prognostic indicator comprises a
recommended maintenance action or failure warning responsive to the change or shift in
the vibration signature with respect to one or both of the component temperature and

loading profiles.
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