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IN SITU GAP INSPECTION ROBOT SYSTEM AND METHOD
BACKGROUND OF THE INVENTION

18061} The disclosure relates to mspection of machinery and, more specifically, inspection using a
robot inserted into an annular gap space, such as an air gap, 1in a generator, electric motor, or

turbomachine, including turbo-generators.

16062} The disclosure is related to concurrently filed U.S. patent application Serial No. 15/652730,
entitled “MODULAR CRAWLER ROBOT FOR IN SITU GAP INSPECTION” filed July 18, 2017, the
entire contents of which are incorporated herein by reference. The disclosure is related to concurrently
filed U.S. patent application Serial No. 15/652,771, entitled “END REGION INSPECTION MODULE
AND METHOD FOR IN SITU GAP INSPECTION ROBOT SYSTEM” filed July 18, 2017, the entire
contents of which are incorporated herein by reference. The disclosure is related to concurrently filed
U.S. patent application Serial No. 15/652859, entitled “OMNIDIRECTIONAL TRACTION MODULE
FOR A ROBOT” filed July 18, 2017, the entire contents of which are incorporated herein by reference.
The disclosure 1s related to concurrently filed U S. patent application Serial No. 15/652805, entitled
“ACTUATED SENSOR MODULE AND METHOD FOR IN SITU GAP INSPECTION ROBOTS”
filed July 18, 2017, the entire contents of which are incorporated herein by reference.

(6003} A visual, mechanical, and/or electrical inspection and testing of a generator, electric motor,
or turbomachine should be performed on a periodic basis. For example, generators may be inspected
and tested periodically in the field for stator wedge tightness, visual surface anomalies, electromagnetic
core imperfections, etc. Generator/stator inspection and testing procedures may require complete
disassermbly of the stator and removal of the generator rotor from the stator before any mspections or
tests can be performed on the unit. The cost of disassembly and removal of the rotor, the time 1t takes

for this process, and the dangers of rotor removal may impact the frequency of such inspections.

6004} In situ inspection of generators has been performed employing poles, trolleys, scopes, and
rotor turning techniques. These procedures may not accomplish the mspection task 1n a complete,
timely, or safe manner.

[6005] Use of a robotic crawler capable of insertion through the radial air gap between the core ron
and the retamning ring permits in situ mspection of the rotor and the stator core. The crawler may be
mserted m a collapsed position into the gap and expanded by spring return pneumatic rams to the width

of the air gap. The crawler may be remotely controlled by a technician and provides video cameras and
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other mspection tools to perform generator rotor and stator inspections within the air gap as the crawler
1s driven to selected locations. The crawler may be maneuvered by the technician within the air gap

using video for both navigation and visual inspection.
BRIEF DESCRIPTION OF THE INVENTION

[8606] A first aspect of this disclosure provides a system for in situ gap inspection. A robotic crawler
has a plurality of multidirectional traction modules, an expandable body connected to the
multidirectional traction modules, and a plurality of sensor modules positioned by the plurality of
multidirectional traction modules. A control system is in communication with the robotic crawler. The
control system provides a control signal to the robotic crawler to navigate an inspection path within an
annular gap of a machine. Navigating the inspection path includes axial movement and radial
movement of the plurality of multidirectional traction modules to inspect the annular gap using the

plurality of sensor modules.

[8007f A second aspect of the disclosure provides a method for in situ gap inspection. A robotic
crawler 1s inserted into an annular gap of a machine. An expandable body of the robotic crawler is
expanded such that a plurality of multidirectional traction modules on the robotic crawler engage
opposed surfaces in the annular gap. The robotic crawler traverses an inspection path within the annular
gap using axial movements and radial movements. A plurality of inspection tests are performed along

the imspection path using a plurality of sensor modules on the robotic crawler.

[0008] A third aspect of the disclosure provides a robot control system for in situ gap inspection. A
crawler configuration module provides operating instructions for a robotic crawler having a plurality of
multidirectional traction modules, an expandable body connected to the muitidirectional traction
modules, and a plurality of sensor modules. At least one inspection path definttion correlates to an
mspection path within an annular gap of a machine. The machine 15 selected from a generator, an
electric motor, or a turbomachine. An autonomous navigation module is in communication with the
robotic crawler to provide a control signal for the robotic crawler o traverse the inspection path using
axial movements and radial movements of the plurality of multidirectional traction modules to inspect

the annular gap using the plurahity of sensor modules.

180697  The illustrative aspects of the present disclosure are arranged to solve the problems herein

described and/or other problems not discussed.
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BRIEF DESCRIPTION OF THE DRAWINGS

[8010]  These and other features of this disclosure will be more readily understood from the following
detailed description of the various aspects of the disclosure taken in conjunction with the accompanying

drawings that depict various embodiments of the disclosure, in which:

18011} FIG. 1 shows a diagram of an example system for in situ gap inspection according to various

embodiments of the disclosure.
[8612] FIG. 2 shows a side section view of gap insertion of a robotic crawler into a machine.

10013}  FIG. 3 shows a side section view of an expanded robotic crawler in the annular gap of a

machine.

[0014] FIG. 4 shows a perspective cutaway view of an expanded robotic crawler in the annular gap of

a machine.

[0015] FIGS. 5A and 5B shows example inspection paths of a robotic crawler in the annular gap of a

machine according to various embodiments of the disclosure,

[0016]  FIG. 6 shows a perspective view of a robotic crawler in its expanded state according to

varigus embodiments of the disclosure.
19017}  FIG. 7 shows a top view of the robotic crawler of FIG. 6 in1ts collapsed state.
16618} FIG. 8 shows an end view of the robotic crawler of FIG. 6 in its collapsed state.

[0019]  FIG. 9 shows a perspective view of a multidirectional traction module according to various

embodiments of the disclosure.

[0028] FIG 10 shows a side section view of a traction assembly in #ts flat mode according to various

embodiments of the disclosure.
10021} FIG 11 shows a side section view of the traction assembly of FIG. 10 in its clearance mode.
186227 FIG. 12 shows a side section view of a position lock for the traction assembly of FIGS. 10-11.

19023}  FIG. 13 shows a side cross-sectional view of an expansion link according to various
embodiments of the disclosure.

[0024]  FIG. 14 shows a side view of a robotic crawler with example visual inspection and navigation
fields of view.

10025  FIG. 15 shows top perspective view of an example navigation sensor module.
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18026] FIG. 16 shows a bottom perspective view of an example visual inspection sensor module.

190271  FIG 17 shows a top perspective view of the example visual inspection sensor module of FIG.
16.
[0028]  FIG. 18 shows a top perspective view of an example wedge tightness test sensor module.

186297 FIG. 19 shows a top perspective view of an example electromagnetic imperfection detection

test sensor module.

18636} FIG. 20 shows a top perspective view of an example end region visual mspection sensor

module.

18031} FIG. 21 shows a close-up top perspective of the connector assembly of the end region visual

mspection sensor module of FIG. 20,

180321 FIG. 22 shows a side cutaway view of an example deployment of an end region visual

mspection sensor module in the annular gap of a2 machine.
18033} FIG. 23 shows a top perspeciive view of an example series of stacked modules.

[0034] 1t 1s noted that the drawings of the disclosure are not necessarily to scale. The drawings are
mtended to depict only typical aspects of the disclosure, and therefore should not be considered as
limiting the scope of the disclosure. In the drawings, like numbering represents like elements between
the drawings.

DETAILED DESCRIPTION OF THE INVENTION
0035} in the following description, reference is made to the accompanying drawings that form a
part thereof, and in which 1s shown by way of illustration specific exemplary embodiments in which the
present teachings may be practiced. These embodiments are described in sufficient detail to enable
those skilled in the art to practice the present teachings and it is to be understood that other embodiments

may be used and that changes may be made without departing from the scope of the present teachings.

The following description is, therefore, merely lustrative.

(6036} Where an element or layer is referred to as being “on,” “engaged to,” “disengaged from,”
“connected t0” or “coupled 10” another element or layer, it may be directly on, engaged, connected or
coupled to the other element or layer, or intervening elements or layers may be present. In contrast,

2% Cs

when an element 1s referred to as being “directly on,” “directly engaged to,” “directly connected to” or

“directly coupled to” another element or layer, there may be no mtervening elements or layers present.
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Other words used to describe the relationship between elements should be interpreted in a like fashion
{.g., “between” versus “directly between,” “adjacent” versus “directly adjacent,” etc.}. As used herein,

the term “and/or” includes any and all combinations of one or more of the associated listed items.

19037}  Referring to FIG 1, an example system 100 for in situ gap inspection is shown. System 100
may include a robotic crawler 110, a tether reel 130, and a control unit 150. Robotic crawler 110 may
be configured to be inserted through an entrance gap into an annular gap in a machine to conduct
autonomous or semi-autonomous inspection of the machine. For example, robotic crawler 110 may be a
collapsible robot that can operate in a collapsed or expanded state and may be inserted through a narrow
entrance gap in its collapsed state and expand to a wider gap width such that it engages the opposed
surfaces of the annular gap. Robotic crawler 110 1s shown in its expanded state in FIG. 1. Once in the
annular gap, robotic crawler 110 may navigate the annular gap and use one or more sensor modules to
conduct various inspection tests during ifs movements or at various desired crawler positions in the
annular gap. Robotic crawler 110 may be configured for multidirectional movement, including forward
and reverse movement in the axial direction and bi-durectional lateral movement m the radial direction.
In some embodiments, robotic crawler 110 may be configured for ommidirectional movement that
mcludes bi-directional movement in any orientation between the axial and radial directions, in addition
to the axial and radial directions. For example, robotic crawler 110 may be configured to move in any
direction in a 360 degree arc and freely change its direction of travel to any ortentation in the 360 degree
arc, mcluding 8 plurality of directions between and angled from the axial and radial directions. In some
embodiments, robotic crawler 110 may mclude a tether 132 connected to robotic crawler 110 and
extending out of the machine during operation. For example, tether 132 may be a cable connected to
robotic crawler 110 and enable retrieval of robotic crawler 110 in the event that robotic crawler 110
cannot navigate out of the annular gap under 1s own power. In some embodiments, tether 132 may
provide a physical connection from robotic crawler 110 for a wired communication channel and/or a
remote power source and/or prneumatic or hydraulic lines o support test systems or robotic operation.
Tether reel 130 may be automated to adjust the tension and/or slack on tether 132 during operation of
robotic crawler 110 within the annular gap, enabling robotic crawler 110 to navigate various navigation
paths and perform inspection routines without a user manually managing the position of the tether.
Control unit 150 may be in communication with robotic crawler 110 to provide control signals to robotic
crawler 110 and receive sensor, navigation, and/or other operational data from robotic crawler 110, In
some embodiments, control unit 150 may be electrically connected to tether 132 directly or through

tether reel 130 and the electrical connection may include one or both of a power channel and a
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communication channel. Control unit 150 may provide a user interface for a user to monitor, evaluate,
supplement, and/or control robotic crawler 110 during an inspection deployment within the annular gap

of the machine.

[0038]  In some embodiments, robotic crawler 110 is a modular robot that may be reconfigured for
different inspection tasks and enabling efficient maintenance, replacement, and/or upgrade of individual
modules. Robotic crawler 110 may include a body frame, such as an expandable body 112, for
recelving, positioning, and connecting various modules relative to one another. In some embodiments,
expandable body 112 accommodates a plurality of traction modules 114, 116, 118, For example, robotic
crawler 110 may include three traction modules 114, 116, 118, a forward traction module 114, a middle
traction module 116, and a rear traction module 118, where forward traction module 114 and rear
traction module 118 are configured to engage a first surface m the annular gap and the middle traction
module 116 1s configured to engage an opposed second surface in the annular gap. Traction modules
i14, 116, 118 may be multidirectional traction module capable of moving robotic crawler 110 in
multiple directions, including both axial and radial movement within the annular gap. Robotic crawler
110 may further include a plurality of sensor modules 120, 122, such as visual sensors for navigation
and/or visual inspection. For example, sensor modules 120, 122 may be attached via sensor interfaces
on the forward and rear sides of middie traction module 116 and may provide both forward and rear
facing navigation cameras, as well as one or more upward facing cameras for inspecting the adjacent
surface of the annular gap. Robotic crawler 110 may also include one or more tether connectors 124,
126 for detachably receiving tether 132, generally with a compatible end connector 134 and fasteners

136, 138.

186391  Insome embodiments, tether reel 130 15 an automated tether reel that may receive, release,
and spool tether 132 to adjust tension as needed during operation of robotic crawler 110, For example,
tether reel 130 may include a servo motor 142 and tension management logic 144, For example, servo
motor 142 operating 1n a torque/current control mode may detect changes in tension on tether 132 as it
enters tether reel 130 and tension management logic 144 may provide an algorithm for maintaining an
acceptable tension range using servo motor 142 to reel 1in or reel out tether 132 under closed loop
control. In some embodiments, tether 132 may have a fixed connection 146 to tether reel 130 and a
separate wire 148 may connect to conirol unit 150. For example, wire 148 may provide communication
and/or power channels without providing the mechanical characteristics desired for tethering robotic
crawler 110. In some embodiments, tether reel 130 may provide an interface for receiving control

signals for tether reel 130 from control unit 150, For example, control unit 150 may be able to adjust
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tension control or motor parameters and/or manually override operation of tether reel 130, In some
embodiments, robotic crawler 110 may operate without a tether, carry its own power {e.g. batteries},

and/or use wireless communication with control unit 150

[00408]  In some embodiments, control unit 150 may include a computing system 152, Computing
system 152 may provide a plurality of programmatic controls and user interface for operating robotic
crawler 110. In some embodiments, computing system 152 is a general purpose computing devices,
such as a personal computer, work station, mobile device, or an embedded system in an industrial
control system (using general purpose computing components and operating systems}. In some
embodiments, computing system 152 may be a specialized data processing system for the task of
controlling operation of system 100. Computing system 152 may include at least one memory 154,
processor 136, and wput/output (/0) interface 158 interconnected by a bus. Further, computing system
152 may include communication with external /0O device/resources and/or storage systems, including
connected system, such as robotic crawler 110, tether reel 130, and network resources. In general,
processor 156 executes computer program code, such as inspection control module 160, that 1s stored in
memory 154 and/or a storage system. While executing computer program code, processor 156 can read
and/or write data to/from memory 154, storage systems, and VO devices (through 1/0 interface 158).
The bus provides a communication link between each of the components within computing systermn 152,
I/O devices may comprise any device that enables a user to interact with computing system 152 (e.g.,
keyboard, pointing device, display, etc.}. Computing system 152 1s only representative of various
possible combinations of hardware and software. For example, the processor may comprise a single
processing unit, or be distributed across one or more processing units in one or more locations, e.g., ona
client and server. Simularly, memory and/or storage systems may reside at one or more physical
focations. Memory and/or storage systems can comprise any combination of various types of non-
transitory computer readable storage medium including magnetic media, optical media, random access
memory (RAM), read only memory (ROM), etc. In some embodiments, computing system 152 15 a
laptop computer in communication with robotic crawler 110 via a wired (serial, USB, Ethernet, etc.} or
wireless (802.11, Bluetooth, etc.) connection and running application software for system 100. In some
embodiments, some or all of the functions of computing system 152 may be on board robotic crawler
110 using an integrated computing system, such as an on board control module, with or without wireless

conumunication to one or more user interfaces and/or remote data storage.

[0041]  In some embodiments, computing system 152 may include one or more application programs,
data sources, and/or functional modules for controlling robotic crawler 110. For example, computing
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system 152 may include inspection control module 160 that operates in conjunction with data sources
162, 164, 166, 168 to provide control signals to and receive data from robotic crawler 110, Inspection
control module 160 may provide a visual display module 170. For example, visual data coliected by
cameras on robotic crawler 110 may be displayed by visual display module 170, such as a graphical user
mterface for one or more video feeds. In some embodiments, visual data from robotic crawler 110 may
be stored in visual data source 264 for use by visual display module 170 and/or selective, temporary,
and/or archival storage of visual data for later use, including use by other users or systems. Data display
module 172 may provide display, including visual display, of other test data, including processed visual
data and resulting calculations or analysis. For example, data display module 172 may mclude a
graphical user interface for test results from one or more test protocols using sensor and navigation data
from robotic crawler 110, In some embodiments, test data from robotic crawler 110 may be stored in
test data source 166 for use by data displav module 172 and/or selective, temporary, and/or archival
storage of test data for later use, including use by other users or systems. Data display module 172 may
mclude a real-time display of test data as it 1s collected by robotic crawler 110 and/or one or more
functions for viewing, aggregating, analyzing, visualizing, selecting, and/or reporting test data from test
data source 166, Autonomous navigation module 174 may provide a protocol or series of commands for
navigation of robotic crawler 110 within the annular gap of the machine. In some embodiments,
autonomous navigation module 174 enables a user to select an inspection path from a plurality of
mspection paths stored in inspection path data source 162. For example, inspection paths may be
defined as physical paths robotic crawler 110 should follow within the annular gap to complete one or
more mspection tasks in one or more locations within the annular gap. Inspection paths may be based
on a physical schematic or parameters of one or more machines defining axial and radial distances.
Inspection paths may also include parameters and locations related to specific features of interest for
either navigation {g.g., surface features to be avoided) or for testing {e.g., locations or corresponding
crawler positions for conducting specific tests). In some embodiments, inspection paths may be stored
and defined in terms of a sequence of crawler commands. Autonomous navigation module 174 may
enable autonomous navigation by robotic crawler 110 recetving and executing a sequence of crawler
comumands without user intervention once the autonomous operation mitiated. In some embodiments,
autonomous navigation module 174 may have completely autonomous imspection routines that require
no user intervention once initiated or may include a plurality of inspection subroutines, such as specific
movement patterns, position changes, or test protocols, that are imtiated in a desired sequence by a user,

potentially based on navigational, visual, or test data feedback. Maoual navigation module 176 may
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provide a user with the ability to pilot or otherwise control robotic crawler 110, In some embodiments,
manual navigation module 176 may be provided for establishing an initial position for initiating
automated control and/or allow a user to override automated control in response to problems,
exceptions, or specific test protocols (such as an mitial test result that requires further data gathering).
In some embodiments, control unit 150 may include one or more user VO interfaces for manually
controliing robotic crawler 110, such as joysticks and other tactile controls, for navigation, deploying
sensors, and conducting various test protocols. Inspection module 178 may provide a plurality of
routines for various inspection protocols using one or more sensor modules. In some embodiments, one
or more sensor protocols are stored in sensor protocol data source 168 for use by mnspection module 178,
For example, a visual inspection protocol may include activating and capturing visual data from one or
more sensor modules on robotic crawler 110 along a defined navigation path to enable mapping of
captured visual data to location information with the machine. In some embodiments, a plurality of
cameras with varying facings and/or positionable cameras may be present in one or more sensor
modules and a visual inspection module may mclude selective activation and positioning of robotic
crawler 110 and 1ts various cameras. An inspection protocol executed by inspection module 178 may
mclude a combmation of navigational elements (navigation path, autonomous positioning, and/or
manual positioning) and sensor protocols {position requirements, deployment, activation,
timing/sampling, parameters, etc.). In some embodiments, tnspection module 178 may define the
storage of visual data and test data in visual data source 164 and test data source 166 and/or the display
of visual data by visual display module 170 and test data by data display module 172. Crawler
configuration module 180 may provide data regarding the configuration of modules and related
capabilities and protocols for any given configuration of robotic crawler 110, In some embodiments,
crawler configuration module 180 may map crawler configurations to machine specifications and sensor
protocols to assist a user in matching mspection protocols with the resources available for a given test
deployment. For example, a given configuration of sensor modules may define the test capabilities of
robotic crawler 110 and recommend specific inspection protocols to utilize those sensor modules. In
some embodiments, crawler configuration module 180 may include a library of sensor modules and
related capabilities and support user reconfiguration of robotic crawler 110 for a desired inspection
protocol. Crawler configuration module 180 may also define the set of crawler commands 184 that may
be used to control robotic crawler 110, Crawler coordination module 182 may enable inspection control
module 160 to control more than one robotic crawler 110 simultaneously. In some embodiments,

crawler coordination module 182 may maintan a plurality of communication channels for control
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signals and data signals with a plurality of robotic crawlers. For example, crawler coordination 180 may
manage a plurality of instances of visual display module 170, data display module 172, autonomous
navigation module 174, manual navigation module 176, mnspection module 178, and crawler
configuration module 180 for parallel management of the plurality of robotic crawlers. In some
embodiments, crawler coordination module 182 may include interference protection for tracking the
current crawler positions, navigation paths, and timing of various movements and sensor protocols to

prevent collisions or other interference within the annular gap.

[0042]  In some embodiments, visual display module 170, data display module 172, autonomous
navigation module 174, manual navigation module 176, and inspection module 178 may include issuing
one or more crawler commands 184 to robotic crawler 110 to complete some aspect of their function.
Crawler commands 134 may then be translated into messages or control signals from control unit 150 to
robotic crawler 110, In some embodiments, crawler configuration module 180 may define the set of
crawler commands avatlable to the other modules based on the configuration of robotic crawler 110, An
example set of crawler commands 184 are provided, but will be understood to be neither exclusive nor
exhaustive of the possible crawler commands that could be used to control robotic crawler 110 and
various configurations of traction modules, sensor modules, and body frame mechanics possible.
Robotic crawler 110 may receive expand/contract commands 186 to expand or contract expandable
body 112 between a collapsed state and one or more expanded states, such as a control signal to one or
more motors that drive the body position. In some embodiments, expand or contract may be based on
feedback from sensors within robotic crawler 110 when the traction modules are i a planar position (for
collapsed state) or have contacted opposed surfaces in the annular gap (for expanded state). In other
embodiments, expand or contract may be based on time {e.g. activate motor for x seconds of expansion
or contraction} or distance {e.g., set crawler width to v inches). Robotic crawler 110 may receive move
commands 188 to drive its traction modules forward or backwards (based on the present alignment of
the traction modules in the case of multidirectional traction modules). Robotic crawler 110 may receive
change direction commands 190 to reorient its traction modules and direction of travel. For example,
change direction commands 190 may allow multidirectional traction modules to rotate 90 degrees and
change from axial orientation and directions of travel to radial orientation and directions of travel. In
some embodiments, change direction commands 190 may include orientation changes of greater or less
than 90 degrees and include a feedback signal for confirming orientation or traction modules and
communicating orientation back to control unit 150, Robotic crawler 110 may receive traction mode

commands 192 to drive changes in the configuration of the traction modules for different traction
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modes. For example, traction modules may include a flat mode for robot insertion and/or low profile
and smooth surface travel and a clearance mode for providing clearance between the body of robotic
crawler 110 and the surfaces it is moving along and/or traversing obstacles or uneven surfaces. Traction
mode commands 192 may include control signals to change from flat mode to clearance mode or from
clearance mode to flat mode. Robotic crawler 110 may receive position sensor commands 194 for
sensor modules that include deployment and/or positioning features. For example, some sensor modules
may include electromechanical features for extending, raising, lowering, rotating, or otherwise
positioning one or more elements of the sensor module before, during, or after data collection. Position
sensor commands 194 may include a control signal to activate a motor for extending or otherwise
repositioning a sensor from robotic crawler 110 to position it for data collection or for moving a sensor
{such as by rotation} independent of changing crawler position during data collection. Robotic crawler
110 may receive acquire data commands 196 for mitiating data collection through a sensor module using
whatever modality 1s present in that sensor module. Acquire data commands 196 may provide a start or
stop signal for a continuous data collection mode, such as a video feed from the camera(s) of a visual
sensor, of a specific test sequence for a more discrete sensor test, such as a mechanical wedge tightness
test. It will be understood that some robotic crawlers and control units may be able to communicate and
manage multiple commands o parallel, as overlapping sequences, or as sertal command series. Crawler
coordination module 182 may enable control umit 150 to issue commands to and acquire data from

multiple robotic crawlers in paraliel.

80431 Referning to FIG. 2, an m situ gap imnspection system 200 ts shown with a robotic crawler 210,
such as robotic crawler 110 in FIG. 1, being inserted into a machine 220, Machine 220 may be any
machine with an annular gap 220 accessible through an entrance gap 222 and, more specifically, a
variety of machine configurations of generators, electric motors, or turbomachines. For example, a
generator may allow insertion through the radial air gap between the core iron and the retaining ring
permits in sity inspection of the rotor and the stator core. Annular gap 220 may be defined between a
cylindrical central member 226 and a surrounding cylindrical member 224 with generally
complementary curvature. In some embodiments, annular gap 220 may be an air gap generally defined
by: (the inner diameter of the stator minus the outer diameter of the rotor) divided by two. Annular gap
220 has an axial length from a first end to a second end of cylindrical central member 226 and a
circumference measured radially around the circumference of cylindrical central member 226, Annular
gap 220 has an annular gap width 228 measured from outer surface 236 of cylindrical central member

226 to the nearest opposite surface (inner surface 234) of surrounding cvlindrical member 224, In some
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embodiments, entrance gap 222 may be an air gap at an end of the central cylindrical member 226 and
have the same entrance width as annular gap width 228. In other embodiments, entrance gap 222 may
imclude additional features, such as a retaining member 230, that further constrain entrance gap 222 and
define an entrance gap width 232 1s that is less than annular gap width 228, In some embodiments,
additional features or obstacles may reduce annular gap width 228, such entrance baffies used to direct

cooling air flow.

(8044} In FIG. 2, robotic crawler 210 13 1n a collapsed state, where 1ts traction modules are aligned in
a single plane. Robotic crawler 210 1s shown outside entrance gap 222 before insertion and inside
annular gap 220 after insertion. Robotic crawler 210 may define a collapsed crawler width 212
Collapsed crawler width 212 may be less than both entrance gap width 232 and annular gap width 228
In its collapsed state, robotic crawler 210 engages only outer surface 236 of central cylindrical member

226 nside annular gap 220.

[8045]  FIGS. 3-4 show two views of robotic crawler 210 10 an expanded state within annular gap
220. When robotic crawler 210 is in its expanded state, it may engage opposed surfaces 234, 236, In
an expanded state, robotic crawler 210 may define an expanded crawler width 214, Expanded crawler
width 214 may be larger than collapsed crawler width 212 and entrance gap width 232, and equal to
annular gap width 228 such that surface contact may be maintained with opposed surfaces 234, 236. In
some embodiments, robotic crawler 210 comprises a plurality of traction modules 240, 242, 244
mounted i an expandable body 246, Traction modules 240, 244 may engage only outer surface 236 of
central cylindrical member 226 and traction module 242 may engage only inner surface 234 of
surrounding cylindrical member 236, In some embodiments, the configuration of traction modules 240,
242, 244 may be reversed and traction modules 240, 244 may engage only nner surface 234 of
surrounding cylindrical member 236 and traction module 242 may engage only outer surface 236 of
central cylindrical member 226, Traction modules 240, 242, 244 may include rollers, including wheels,
balls, or tracks, to move robotic crawler 210 through annular gap 220 based on moving surface contact
with opposed surfaces 234, 236, Traction modules 240, 242, 244 may move robotic crawler 210 ona
desired navigation path through annular gap 220.

[8046] Referring to FIGS. 5A and 5B, ancther embodiment of a robotic crawler 510 is shown m an
annular gap 520 with lines 530, 532 showing example navigation paths for inspecting annular gap 520.
Robotic crawler 510 1s shown in an expanded state in a starting crawler position just inside entrance gap

522 adjacent an entrance end portion 524 of the machine 502 Following line 530, robotic crawler 510
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moves 1n a forward axial direction along a gap length 526 of annular gap 520 from the entrance end
portion 524 to the closed end portion 528, In some embodiments, robotic crawler 510 may reach a step
or other obstacle representing the end of the navigable gap length 526 of annular gap 520. For example,
closed end portion 528 may include a step created by a retaining ring or other feature and may include
another air gap mto an enclosed end region of the machine. Robotic crawler 510 may include
multidirectional traction modules that enable it to change tts travel direction from the axial direction to
the radial direction. Line 530 shows a number of radial steps along the circumference of annular gap
520. The length of the radial step may depend on a variety of factors related to sensor range/area {or
field of view for visual sensors), test locations, desired test coverage or sampling, and/or specific
machine features to be mcluded 1n the navigation path to support desired test protocols using the sensor
modules on robotic crawler S10. After a new radial position 18 achieved, line 530 shows a return path in
the reverse axial direction along gap length 526. Robotic crawler 510 may reorient its movement
direction back to an axial orientation and move o the opposite direction down the length of annular gap
520. In some embodiments, robotic crawler 510 may reach a step or other obstacle associated with
entrance gap 522 and representing the end of the navigable gap length 526 of annular gap 520, Robotic
crawler S10 may again reorient its travel direction for radial movement and make another radial step.
Robotic crawler 510 may continue stepping through these axial passes at various radial positions along
the circumference for the area of annular gap 520 to be mspected with the selected sensor modules and
mspection protocol. In some embodiments, robotic crawler 510 may traverse gap length 236 in radial
posttions providing overlapping coverage for visual inspection around the entire circumference of
annular gap 520 to provide a complete visual inspection of the surfaces of annular gap 520, Following
hine 532 shows an alternate inspection path and 1s provided to demonsirate that a plurality of mmspection
paths may be enabled by multidirectional and ommidirectional movement. Line 532 takes robotic
crawler 510 along an inspection path that includes axial travel, radial travel, and travel along
mtermediate orientations between the axial and radial directions. More complex and less repetitious
mspection paths may be used for inspection of specific areas or features, as well as to navigate around

known obstacles.

[8047f Referring to FIGS. 6-8, an additional embodiment of a robotic crawler 600 1s shown in several
views and including an expanded state in FIG. 6 and a collapsed state in FIGS. 7-8. In some
embodiments, robotic crawler 600 i1s a modular robot with an expandable body 610 including plurality
of frames 612, 614, 616 for accommodating removable modules. Removable modules may include

traction modules 660, 662, 664 that provide rollers, such as wheels, tracks, or balls, or another form of
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locomotion for moving robotic crawler 600 along the surfaces within a gap. Robotic crawler 600 may
also accommodate a plurality of sensor modules, such as navigation sensors, visual inspection sensors,
structural test sensors, or electrical test sensors, using sensor interfaces that provide mechanical and/or
electrical/communication/control between robotic crawler 600 and the sensor modules. For example,
one or more module frames may include sensor interfaces and/or the traction modules or other sensor
modules may include sensor interfaces for chaining multiple modules from a single frame. The plurality
of sensor interfaces may be provided at several positions on robotic crawler 600 to provide different
operating positions for various sensors. For example, each of traction modules 660, 662, 664 may
mclude one or more sensor interfaces and related sensor positions. In some embodiments, there may be
multiple configurations of sensor interfaces. For example, sensor interfaces for attachment to traction
modules 660, 662, 664 may be different than sensor interfaces between serial sensor nterfaces. Other

modules may also be provided for other functions, such as a tether connector module 602,

[0048]  In some embodiments, expandable body 610 includes generally rectangular base frame and
mcludes lateral members 618, 620 on the long sides of the rectangle, connected to front frame 612 and
rear frame 616 providing the short sides of the rectangle. Lateral members 618, 620 may include frame
attachments 622, 624, 626, 628 proximate their respective distal ends. Frame attachments 622, 624 may
connect to front frame 612 and frame attachments 626, 628 may connect to rear frame 616, In some
embodiments, middle frame 614 may be configured to be displaced from the plane of front frame 612
and rear frame 616 to expand the width of expandable body 010 1n its expanded state. Middle frame 614
may be attached to extension hink members 630, 632, which are connected to the rectangular base frame.
For example, extension hink members 630, 632 may include pivoting attachments 634, 636, 638, 640
with front frame 612 and rear frame 616 or, alternately, with lateral members 618, 620 proximate their
distal ends. Extension link members 630, 632 may be articulated link members with first links 642, 644
and second links 646, 648 having pivoting attachments 650, 652 to middie frame 614, Pivoting
attachments 650, 652 may act as an articelated joint in extension Hink members 630, 632 and move
middle frame 614 perpendicular to the plane of the rectangular base frame. Expandable body 610 may
include a motor or other actuator for moving nuddle frame 614, For example, lateral members 618, 620
may include linear actuators 654, 656 for moving front frame 612 relative to rear frame 616, changing
the lengths of lateral members 618, 620 and the distance between front frame 612 and rear frame 616.
When lateral members 618, 620 are in their fully extended positions, front frame 612, nuddle frame 614,
and rear frame 616 may be in the same plane and expandable body 610 is in 1ts narrowest or collapsed

state. As lateral members 618, 620 are shortened by linear actuators 654, 656 and rear frame 616 moves
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toward front frame 612, extension link members 630, 632 articulate at pivoting attachments 650, 652
and first links 642, 644, second links 646, 648, and lateral members 618, 620 form an isosceles triangle
with middle frame 614 moving n a direction perpendicular to the direction of movement between front
frame 612 and rear frame 616. Other configurations of expandable bodies are possible, such as one or
more frames being mounted on lever arms, scissor jacks, telescoping members, or other displacement
mechanisms. In some embodiments, expandable body 610 may incorporate shock absorbers between
front frame 612 and rear frame 616 and middle frame 614 to assist in navigating uneven gap spaces. For
example, extension link members 630, 632 may incorporate telescoping links with an internal spring to
assist with traction on opposed gap surfaces and compensate for some obstacles and/or changes i gap
spacing. In some embodiments, lateral members 618, 620 may include emergency releases 627, 629 1o
disengage lateral members 618, 620 manually in the event of power loss or other failure that prevents
control of linear actuators 654, 636. For example, frame attachments 626, 628 may incorporate
mechanical fasteners that attach lateral members 618, 620 to frame attachments 626, 628 and these
mechanical fasteners may act as emergency releases 627, 629 by enabling a user to release the
mechantcal fasteners and thereby disengage lateral members 618, 620 to cause expandable body 610 to
collapse nto its collapsed state. In some embodiments, emergency releases 627, 629 may be screws,
bolts, or pins through frame attachments 626, 628 and into lateral members 618, 620 that may be
removed to collapse expandable body 610, In some embodiments, expandable body 610 has a lateral
shape that 1s an arc based on the configuration of frames 612, 614, 616 and lateral members 618, 620,
most visible in FIG. & The arc of expandable body 610 may be configured to complement the curvature
of an annular gap in which robotic crawler 600 s intended to operate. For example, the arc or curvature
may be stmilar to the arc of the cuter surface of the central cylindrical member or the inner surface of

the surrounding cylindrical member that define the annular gap.

18049}  In some embodiments, each of frames 612, 614, 616 are configured to receive, position, and
retain traction modules 660, 662, 664, For example, traction modules 660, 662, 664 may each be
multidirectional traction modules with fixed outer frames 666, 668, 670 to removably attach to frames
612, 614, 616. Traction modules 660, 662, 664 may include rotating inner frames 672, 674, 676 that
enable robotic crawler 600 to change the orientation of rollers 678, 680, 682 and direction of movement.
Each of traction modules 660, 662, 664 may also include one or more interfaces 684, 686, 688, 690 that
may be used to attach sensor modules or other functional modules, directly or in series. For example,
traction module 660 may include interface 684 and is shown with a visual sensor module 692. Traction

module 662 may include interfaces 686, 688 and visual sensor modules 694, 696, Traction module 664
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may include interface 670, visual sensor module 698, and tether connector module 602,

[0058]  FIG. 9 shows an example multidirectional traction module 800 according to various
embodiments. Traction module 800 may be configured for use in a robotic crawler, such as robotic
crawlers 110, 210, 510, 600. Traction module 800 enables the direction and orientaiion of travel of a
robotic crawler to be changed without changing the orientation of the robotic crawler itself. Traction
module 800 may include a fixed outer frame 810 with one or more attachment features 812, 814
configured for attachment to a robotic crawler, such as insertion into a body frame. In some
embodiments, traction module 800 may also include an electrical interconnect 816 for power and/or
control signals from the robotic crawler to traction module 800, Traction module 800 may include a
rotating trame 820 seated within fixed outer frame 810 and capable of rotational movement relative to
fixed outer frame 810, For example, rotating frame 820 or fixed outer frame 810 may include an
actuator 822, such as a motor and worm gear from for moving rotating frame 820. In some
embodiments, rotating frame 820 may rotate 90 degrees to change the orientation and direction of travel.
In some embodiments, rotating frame 820 may traverse or be stopped i various positions or orientations
along at least a 90 degree arc and/or up to a 360 degree arc. In some embodiments, the worm gear or
other drive mechanism incorporates an encoder to measure the angular position or orientation of rotating
frame 820, For example, reference arcs 824, 826 may provide visual reference through reflective and
non-reflective coatings to allow and optical sensor to ascertain the ortentation of traction module 800
Rotating frame 320 may provide a first position corresponding to forward and/or reverse {which may
generally correspond to the axaal direction within an annular gap). In some embodiments, roller
assembly 830 is disposed within rotating frame 820 and includes a configuration of rollers 832, 834 for
providing rotating traction to move the robotic crawler in a direction of rotation. Roller assembly 830
may also include a motor or other actuator for rotating rollers €32, 834, In some embodiments, roller
assembly 830 may be driven in a forward or reverse direction in addition to changes in onientation from
rotation of rotating frame 820, In some embodiments, roliers 832, 34 may engage and rotate belts 836,
838 to provide traction for traction module 800, For example, belts 836, 838 may substantially cover the
length of rollers 832, 834 to provide a large contact area with adjacent machine surfaces. In some
embodiments, belts 836, 838 may include surface features or freatments to improve traction, such as a
textured surface for providing grip on oily surfaces. In some embodiments, roller assembly 830 may
mmclude a roller configuration actuator 860 to support multiple traction configurations and mechanisms
for changing between configurations and locking the selected configuration in place. For example,

roller assembly 830 may be capable of switching between a flat mode to provide a lower profile and an
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obstacle or clearance mode with angled belt paths for increasing the clearance between the robotic
crawler and the surfaces it is traveling on. Roller configuration acteator 870 may actuate the change
between the two modes and provide a locking mechanism for holding each configuration. In some
embodiments, roller configuration actuator 870 may incorporate emergency releases 890, 892 that may
be actuated to return roller assembly 830 to the flat mode in the event of a power failure or other loss of

control of roller configuration actuator 870

[80531]  FIGS. 10-12 show roller assembly 830 1in flat mode (FIG. 10) and clearance mode (FIG, 11)
and roller configuration actuator 870 (FIG. 12) for maintaining the two modes. Roller assembly 830
may have rollers 832, 834, 840, 842 in paired axel assemblies 844, 846, Axel assemblies 844, 846 may
be rotatable around central pivot attachments 848, 850 to adjust between flat mode and clearance mode.
In flat mode, each axis of rotation of rollers 832, 834, 840, 842 may be aligned in a single plane 852, In
clearance mode, axel assernblies 844, 846 rotate rollers 832, 834, 840, 842 out of the shared plane and
define at least two distinct planes 854, 856, 8538, 8§60 of operation. For example, plane 834 aligns with
the axis of rotation of rollers 832, 834 which support a paraliel return path for belis 836, 838, Plane 856
aligns with axis of rotation of rollers 840, 842, which support a primary traction path for belts 836, 838,
Plane 854 is distinct from plane 856. Plane 838 aligns with axis of rotation of rollers 832, 840 {on axel
assembly 8443 which supports a first chimbing traction surface or return path {depending on the direction
of travel}. Plane 860 aligns with axis of rotation of rollers 834, 842 {on axel assembly 846) which
supports a second chmbing traction surface or return path {depending on the direction of travel). Once
rollers 832, 834, 840, 842 are rotated out of commeon plane 852, a reaction force between the adjacent
machine surface and primary traction surface may encourage reverse rotation to return to flat mode and
a locking mechanism 871 may be included within roller configuration actuator 870 to counteract this
tendency. In some embodiments, locking mechanism 871 may include raichet ends 872, 874 on pivot
attachments 848, 850 with claw members 876, 878 to engage ratchet ends 872, 874 and hold them in
place in clearance mode under tensioning force from spring 880, A powered release mechanism 882
may be provided to controllably supply an opposing force to the tensioning force from spring 880, For
example, a shape memory alloy wire 884 between two lever arms 886, 888 may contract when heated to
release ratchet ends 872, 874 and allow roller assembly 830 to return to flat mode. An electric solenoid
or other actuator may provide a similar powered release mechanism 882, Locking mechanism 871 may
mclude manual emergency releases 890, 892, For example, emergency releases 890, 892 may be
openings that provide access to manual release levers 894, 8§96 incorporated into locking mechanism

871 for holding roller assembly 830 in obstacle or clearance mode. In some embodiments, a pin or
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similar tool 1s guided manually into the openings of emergency releases 890, €92 to actuate manual
release levers 894, 896, Other configurations for manually actuating emergency releases 890, 892 may

mclude spring loaded buttons, spring pins, levers, or similar actuator members.

[0052]  Referring to FIG 13, a cross-section view of an example connecting link 1200, such as may
be used for first links 642, 644 or second links 646, 648, and incorporating a shock absorber 1s shown.
Connecting link 1200 may include a first telescoping member portion 1210 and a second telescoping
member portion 1212 held in movable relation to one another by a spring 1214, Note that other
configurations of compactible but resistive link members are possible, including the use of pneumatic,
fluid, or magnetic resistance between rigid members and/or the use of one or more flexible members.
The force necessary to compact spring 1214 and shorten connecting link from its resting or maximum
length to a compacted length may be configured by adjusting the spring constant and/or frictional forces
resisting such displacement. In some embodiments, connecting link 1200 may include a displacement
transducer 1220 or other sensor for detecting the change 1o length of connecting link 1200,
Displacement transducer 1220 may generate a signal indicative of the length change and communicate
that signal to the robotic crawler or a control unit for the robotic crawler. In some embodiments,
displacement transducer 1220 will be mated with a wireless communication subsystem for providing
sensor data. In some embodiments, displacement transducer 1220 will have a wired connection to a data
bus for sensor and other operational data within a robotic crawler. In some embodiments, displacement
data from displacement transducer 1220 may be used to adjust the distance of the expanded state of the

robotic crawler to compensate for changes in gap width or particular obstacles.

[0053]  Referning to FIGS. 14-17, an example configuration of visual sensor modules, including
navigation modules, visual mspection modules, and combinations thereof, is shown on a robotic crawler
1310 in a gap 1302 between opposed machine surfaces 1304, 1306, Robotic crawler 1310 may include
a front traction module 1312, a muddle iraciion module 1314, and a rear traction module 1316 that
provide positioning and a sensor interface for the visual sensor modules. In FIG. 13, a combination of
four sensor modules 1320, 1322, 1324, 1326 15 shown. Sensor module 1320 may be a visual inspection
module including a plurality of cameras and connected to front traction module 1312, Sensor module
1320 may have a first surface field of view 1330, a second surface field of view 1332, and a gap field of
view 1334, Sensor modules 1322, 1324 may be navigation sensor modules including single cameras
ortented in the direction of travel, both being connected to middle traction module 1314, Sensor module
1322 may have a gap field of view 1336 1n one (axial) direction and sensor module 1324 may have a gap

field of view 1338 in an opposite (axial} direction. Sensor module 1326 may be an auxtliary sensor
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module with a single camera connected to rear traction module 1316, An auxiliary sensor module may
accommodate another function, such as tether attachment or another type of test sensor, while still
mcorporating at least one camera for collecting visual data. Sensor module 1326 may have a gap field
of view 1340 to the rear of the robotic crawler. In an alternate embodiment, sensor module 1326 18
another visual inspection module including a plurality of cameras, but only one camera 1s active for

auxiliary navigation while sensor module 1320 is being used for the primary inspection protocol.

[8054] Referning to FIG. 15, an example navigation sensor module 1400 is shown. In some
embodiments, navigation sensor module 1400 may include a module housing 1410 defining a mounting
mterface 1412 and accommodating fasteners 1414, 1416 for removably attaching navigation sensor
module 1400 to a robotic crawler. For example, mounting interface 1412 may be configured for
removable attachment to a sensor interface on a robotic crawler, such as a sensor interface on a module
mounting frame or a previously installed module, including a traction module with a sensor interface. In
some embodiments, module housing 1410 may include electronics, power source, communication
channels, and/or optics for one or more visual sensors or cameras. In some embodiments, mounting
mterface 1412 may include a connector for power and/or communication channels for control and/or
data signals to and from navigation sensor module 1400, Navigation sensor module 1400 may include a
visual sensor for providing navigation data to a robotic crawler and/or control unit. In some
embodiments, navigation sensor module 1400 mcludes a camera 1420 mounted to or embedded in
module housing 1410, For example, camera 1420 may be a forward mounted video camera with a
single aperture to gather visual data in the direction it 15 aligned with (such as forward or backward ina
gap space). In some embodiments, camera 1420 may incorporate a protective housing and/or include
one or more components mounted inside module housing 1410, In some embodiments, camera 1420
may be mounted on a movable mounting that enables the field of view direction of camera 1420 to be
adjusted relative to the position of navigation sensor module 1400 and the robotic crawler to which it 13
attached. For example, a movable mount may provide one or more pivoting adjustments that enable a
user to change and set the direction of camera 1420 prior to msertion in a gap. Another movable mount
may include powered adjustments that are configured for remote control through a sensor control bus in
the robotic crawler or wireless communication with the robotic crawler and/or control unit, enabling the
field of view to be changed during operation of the robotic crawler within the gap of the machine.
Camera 1420 may mclude other adjustable parameters, such as focus, aperture size, frame rates, and
other settings for controlling visual data quality {or quantity). In some embodiments, navigation sensor

module 1400 may include on or more light sources to improve visibility with camera 1420, In some
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embodiments, alternate navigation sensors may be used, including cameras with sensors for ultraviolet

or infrared spectrums or other location technologies (e.g. sonar, RF beacons, magnetic imaging, eic.).

[8655] Referring to FIGS. 16-17, bottom and top views of an example visual inspection module 1500
are shown. In some embodiments, visual inspection module 15060 may include a module housing 1510
defining a mounting interface 1512 and accommodating fasteners 1514, 1516 for removably attaching
visual inspection module 1500 to a robotic crawler. For example, mounting interface 1512 may be
configured for removable attachment to a sensor interface on a robotic crawler, such as a sensor
interface on a module mounting frame or a previously installed module, including a traction module
with a sensor interface. In some embodiments, module housing 1510 may include electronics, power
source, communication channels, and/or optics for one or more visual sensors or cameras. In some
embodiments, mounting interface 1512 may include a connector for power and/or communication
channels for control and/or data signals to and from visual inspection module 1300, Visual inspection
module 1500 may mclude a plurality of visual sensors for providing visual data to a robotic crawler
and/or control unut. In some embodiments, visual inspection module 1500 mcludes cameras 1520, 1522,
1524 mounted to or embedded i module housing 1510, For example, camera 1520 may be a video
camera oriented toward a first surface within a machine gap to gather visual data from the first surface
as the robotic crawler moves along that surface. Cameras 1522, 1524 may be video cameras oriented
toward a second surface opposite the first surface within the machine gap to gather visual data from the
second surface as the robotic crawler moves along that surface. In some embodiments, cameras 1520,
1522, 1524 may be recessed inside module housing 1510 to prevent clearance 1ssues with an adjacent
machine surface. In some embodiments, cameras 1520, 1522, 1524 may include a variety of controls for
posttion/direction of view, focus, field width, aperture size, frame rates, and other settings for
controliing visual data quality {or quantity). Some or all of these adjustments may be manually set
outside of the machine and/or are configured for remote control through a sensor control bus in the
robotic crawler or wireless communication with the robotic crawler and/or control unit, enabling
dynamic adjustments during operation of the robotic crawler within the gap of the machine. In some
embodiments, visual inspection module 1500 may include light sources 1530, 1532, 1534, 1536, 1538 to
mmprove visibility with cameras 1520, 1522, 1524, For example, light sources 1530, 1532, 1534, 1536,
1538 may be LED lights with diffusers recessed into module housing 1510, In some embodiments,
alternate inspection sensors may be used, including cameras with sensors for ultraviolet or infrared
spectrums or other imaging technologies. In some embodiments, visual inspection module 1500 may

mclude a sensor interface 1540 opposite mounting interface 1512, For example sensor interface 1540
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may provide a mounting surface and/or power or signal interfaces for receiving the mounting iterface
of another sensor module to enable chaining of sensor modules. In some embodiments, sensor interface
1540 includes a mounting surface 1542, fastener receptacie 1544, and connectors 1546, 1548 for
establishing a power, signal, and/or communication path between visual inspection module 1500 and a

sensor module attached to sensor interface 1540,

[0056]  Referring to FIGS. 18-19, example sensor modules are shown for removable attachment to
sensor interfaces on a robotic crawler. These sensor modules are shown as examples of different types

of sensor or test modules that may be created or adapted for use on a modular robotic crawler.

[8057f  Wedge tightness assessment module 1700 may be an example of a mechanical test module.
Wedge tightness assessment module 1700 may include a mechanical test assembly 1702 that may be
deploved by the robotic crawler at a desired crawler positioning based on control signals from the
robotic crawler or control unit. Mechanical test assembly 1702 may provide test data back to the robotic
crawler or control unit. Mechanical test assembly 1702 may be connected to a module housing 1710
defining a mounting interface 1712 and accommodating fasteners 1714, 1716 for removably attaching
wedge tightness assessment module 1700 to a robotic crawler. For example, mounting interface 1712
may be configured for removable attachment to a sensor mterface on a robotic crawler, such as a sensor
mterface on a module mounting frame or a previously installed module, including a traction module
with a sensor interface. In some embodiments, module housing 1710 may include electronics, power
source, communication channels, and/or test components to support and/or mterface with mechanical
test assembly 1702, In some embodiments, mounting interface 1712 may include a connector for power
and/or communication channels for control and/or data signals to and from wedge tightness assessment
module 1700, In some embodiments, wedge tightness assessment module 1700 may nclude visual
sensors, light sources, or other subsystems to assist in conducting the relevant test protocol. In the
embodiments shown, wedge tightness assessment module 1700 may be a terminal sensor module

because 1t does not include a sensor intertace for receiving another sensor module.

[8658]  Electromagnetic core imperfection detector module 1800 may be an example of an electrical
test module. Electromagnetic core imperfection detector modele 1800 may include an electrical test
assembly 1802 that may be activated by the robotic crawler at a desired crawler positioning based on
control signals from the robotic crawler or control unit. Electrical test assembly 1802 may provide test
data back to the robotic crawler or control unit. Electrical test assembly 1802 may be connected to or

embedded in a module housing 1810 defining a mounting interface 1812 and accommodating fasteners
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1814, 1816 for removably attaching wedge tightness assessment modude 1800 to a robotic crawler. For
example, mounting interface 1812 may be configured for removable attachment {o a sensor interface on
a robotic crawler, such as a sensor interface on a module mounting frame or a previously installed
module, including a traction module with a sensor interface. In some embodiments, module housing
1810 may include electronics, power source, communication channels, and/or test components to
support and/or interface with electrical test assembly 1802, In some embodiments, mounting interface
1812 may include a connector for power and/or communication channels for control and/or data signals
to and from electromagnetic core imperfection detector module 1800. In some embodiments,
electromagnetic core imperfection detector module 1800 may include visual sensors, light sources, or
other subsystems to assist in conducting the relevant test protocol. In some embodiments,
electromagnetic core imperfection detector module 1800 may mclude a sensor interface 1840 opposite
mounting interface 1812, For example sensor nterface 1840 may provide a mounting surface and/or
power or signal interfaces for receiving the mounting interface of ancther sensor module to enable
chaining of sensor modules. In some embodiments, sensor interface 1840 includes a mounting surface
1842, fastener receptacie 1344, and connectors 1846, 1848 for establishing a power, signal, and/or
communication path between visual inspection module 1800 and a sensor module attached to sensor

mterface 1840,

(86591 Referning to FIGS. 20-21, another configuration of a visual inspection sensor 1s shown as end
region mspection module 1900, according to various embodiments. End region 1nspection module 1900
may be configured to extend mte a region of a machine that a robotic crawler may not otherwise be able
to reach and enable visual mspection of that region, such as an obstructed end region accessible through
an mspection gap that is too narrow for the robotic crawler and/or inaccessible to the traction modules
{or any other form of locomotion} of the robotic crawler. End region inspection module 1900 may
mclude a module housing 1910 defining a mounting interface 1912 and accommodating fasteners 1914,
1916 for removably attaching end region mnspection module 1900 to a robotic crawler. For example,
mounting interface 1912 may be configured for removable attachment to a sensor interface on a robotic
crawler, such as a sensor interface on a module mounting frame or a previously installed module,
mcluding a traction module with a sensor mterface. In some embodiments, module housing 1910 may
include electronics, power source, communication channels, and/or test components to support and/or
mterface with other test components of end region inspection module 1900. In some embodiments,
mounting interface 1912 may include a connectors 1918, 1920 for power and/or commumnication

channels for control and/or data signals to and from end region mspection module 1900, In some
f=l &
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embodiments, end region inspection module 1900 may include a fixed camera 1922 and light sources
1924, 1926, 1928 mounted on or in module housing 1910, In some embodiments, end region inspection
module 1900 includes an extension member 1930 connected to module housing 1910, For example,
extension member 1930 may have a fixed mount 1932 to module housing 1910 and comprise a
telescoping member with a fixed portion 1934, a telescoping portion 1936, and a slidably positionable
joint 1938 between fixed portion 1934 and telescoping portion 1936. In some embodiments, the
telescoping member may include an actuator in communication with the robotic crawler or the control
unit to adjust the length of the telescoping member during operation of the robotic crawler within the
gap. Insome embodiments, extension member 1930 further comprises one or more slidable supports
that assist with positioning extension member 1930, For example, extension member 1930 may include
shidable magnetic pads 1940, 1942, 1944, 1946 n laterally spaced pairs supported by brackets 1948,
1950, Slidable magnetic pads 1940, 1942, 1944, 1946 may combine a magnetic core configured to
provide an attachment force to one or more magnetic surfaces of the machine with a non-stick pad
surface configured to move along the magnetic surface. Shdable magnetic pads 1940, 1942, 1944, 1946
may be shidable on and detachable from the surface of the machine under the motive force of the robotic
crawler, the telescoping member, or another positioning element. Shdable magnetic pads 1940, 1942,
1944, 1946 may be spaced laterally from extension member 1930 and thewr pad surfaces may define a
plane for engaging with the surface of the machine. In one embodiment, one pawr of slidable magnetic
pads 1940, 1942 may be attached to telescoping portion 1936 and the other pair of slidable magnetic
pads 1944, 1946 may be attached to fixed portion 1934, Note that while the example 15 shown with a
configuration of four pads, other configurations with any number of pads may also be feasible.
Extension member 1930 may connect to and support a rotatable camera assembly 1950 at the distal end
of extension member 1930, In some embodiments, rotating camera assembly 1960 may include a
rotating housing 1962 with a camera 1964, such as a digital video camera, and a light source 1966, such
as an LED with diffuser. In some embodiments, rotating camera assembly 1960 may further include an
electronics module 1968 and a motor module 1970, For example, electronics module 1968 may include
electronics for processing visual data collected by camera 1964 and communicating that visual data to
the robotic crawler or control unit, such as by wired or wireless video streaming, and motor module
1970 may provide a motor, position index, and control interface for controllably moving rotating

housing 1962, camera 1964, and light source 1966 during an inspection protocol.

[0060] Referring to FIG. 22, a mechanical positioning module 2100 1s shown according to various

embodiments. Mechanical positioning module 2100 may be used to position a sensor module within the
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gap and relative to a crawler position of a robotic crawler. For example, mechanical positioning module
may include one or more positionable joints to move a sensor interface (and an attached sensor module)
to a desired height between the machine surfaces that define the gap. Mechanical positioning module
2100 1s shown n a gap 2102 between a first surface 2104 and a second surface 2106 and attached toa
robotic crawler 2110 positioning a sensor interface housing 2140 to clear a lip 2108, In some
embodiments, mechanical positioning module 2100 includes a mounting interface housing 2120 that
connects to a sensor interface of robotic crawler 2110, a mechanical positioning assembly 2130
connected to mounting interface housing 2120 at one end, and sensor interface housing 2140 connected
to the other end of mechanical positioning assembly 2130, For example, mounting interface housing
2120 may include a mounting interface similar to those described above for sensor modules and
compatible with one or more sensor interfaces oo robotic crawler 2110, Mounting mterface housing
2120 may include a motor and other components for receiving control signals and controlling the
position of mechanical positioning assembly 2130, Mechanical positioning assembly 2130 may include
a variety of positionable joints, members, and actuators for performing the desired positioning
operations, such as a parallel hift capable of raising and lowering sensor interface housing 2140 while
mamntaming it on plane parallel to the base of robotic crawler 2110, Sensor interface housing 2140 may
provide a sensor mterface similar to those described above for receiving, positioning, and connecting a
sensor module. In some embodiments, sensor interface housing 2140 may be replaced with a sensor

housing for an integrated sensor module with a positioning assembly.

(80611 Referning to FIG. 23, a stacked configuration 2300 of sensor modules 2310, 2320, 2330 15
shown according to various embodiments. For example, sensor module 2310 may be an electrical test
module similar to eleciromagnetic core imperfection detector module 1800 in FIG. 19, Sensor module
2320 may be a visual inspection module similar to visual inspection module 1500 in FIG. 17, Sensor
module 2330 may be a mechanical test module similar to wedge tightness assessment module 1700 in
FIG. 18, Sensor modules 2310, 2320, 2330 may be connected to a crawler sensor interface 2302
supported by a traction module 2304, providing electrical, mechanical, and communication connections
to the robotic crawler. Sensor modules 2310, 2320, 2330 may each be activated and controlled by the
robotic crawler independently at desired crawler posttions based on control signals from the robotic
crawler or control unit. Any number of sensor modules 2310, 2320, 2330 may be stacked and controlled
in this fashion to the limits of the mechanical strength of modules and interfaces, as well as robotic
crawler balance and the limits of whatever power and communication paths the interface architecture

supports. Sensor modules 2310, 2320, 2330 may each provide data back to the robotic crawler or
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control unit independently. Each of sensor modules 2310, 2320, 2330 may be connected to or
embedded in module housings 2312, 2322, 2332 defining mounting interfaces 2314, 2324, 2334 for
removably attaching to the preceding sensor module or crawler sensor interface 2302, In some
embodiments, mounting interfaces 2314, 2324, 2334 may provide robust mechanical interfaces to
adjacent sensor interfaces, such that 2-5 sensor modules may be stacked. In some embodiments, module
housings 2312, 2322, 2332 may include electronics, power sources or channels, communication
channels, and/or test components to support and/or interface with their respective sensors. In some
embodiments, mounting interfaces 2314, 2324, 2334 may include connectors for power and/or
communication channels for control and/or data signals to and from sensor modules 2310, 2320, 2330,
Sensor modules 2310, 2320 may include sensor interfaces 2316, 2326 opposite mounting interfaces
2314, 2324, For example, each mated pair of crawler sensor interface 2302 and sensor interfaces 2316,
2326 with mounting interfaces 2314, 2324, 2334 may include built in pins on one side and mating
receptacles on the other side to establish operative electrical and/or signal contact between adjacent
sensor madules 2310, 2320, 2330, Interconnected sensor modules 2310, 2320, 2330 may provide one or
more continuous channels through their respective module housings 2312, 2322 2332 to enable power
and signals to pass through. In some embodiments, these continuous channels may mclude parallel
channels enabling separate pathways to each of sensor modules 2310, 2320, 2330 and 0 some
embodiments senal and/or multiplexed channels may be used. Sensor module 2330 may be a terminal
sensor module that does not include a sensor mierface and may only be used at the distal end of stacked
configuration 2300. In stacked configuration 2300, sensor module 2310 may be connected to crawler
sensor interface 2302 by mounting interface 2314 and to sensor module 2320 by sensor interface 2316
Sensor module 2320 may be connected to sensor module 2310 by mounting interface 2324 and to sensor
module 2330 by sensor interface 2326, Sensor module 2330 may be connected to sensor module 2320
by mounting interface 2334 and may terminate the stack or chain of sensor modules 2310, 2320, 2330
extending from crawler sensor interface 2302 In some embodiments, sensor modules 2310, 2320, 233
may be operated simultanecusly to perform simultaneous inspections or tests independently or based on
relationships between sensor modules 2310, 2320, 2330, the robotic crawler, and or other sensor

modules mounted elsewhere on the robotic crawler.

[0062]  The terminology used herein is for the purpose of describing particular embodiments only and
is not intended to be limiting of the disclosure. As used herein, the singular forms "a", "an" and "the"
are intended to include the plural forms as well, unless the context clearly indicates otherwise. It will be

¢

further understood that the terms "comprises” and/or "comprising," when used in this specification,
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specify the presence of stated features, integers, steps, operations, elements, and/or components, but do
not preclude the presence or addition of one or more other features, integers, steps, operations, elements,

components, and/or groups thereof.

[9063]  The corresponding structures, materials, acts, and equivalents of all means or step plus
function elements in the claims below are intended to include any structure, material, or act for
performing the function i combination with other claimed elements as specifically claimed. The
description of the present disclosure has been presented for purposes of tHustration and description, but
is not intended to be exhaustive or limited to the disclosure in the form disclosed. Many modifications
and variations will be apparent to those of ordinary skill in the art without departing from the scope and
spirit of the disclosure. The embodiment was chosen and described in order to best explain the
principles of the disclosure and the practical application, and to enable others of ordinary skill in the art
to understand the disclosure for various embodiments with various modifications as are suited to the

particular use contemplated.
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CLAIMS
What 1s claimed 1s:
1. A system comprising:

a robotic crawler having a phurality of multaidirectional traction modules, an expandable
body connected to the multidirectional traction modules, and a plurality of sensor modules positioned by

the plurality of multidirectional traction modules; and

a control system in communication with the robotic crawler, the control system providing
a control signal to the robotic crawler to navigate an inspection path within an annular gap of a machine,
wherein navigating the inspection path includes axial movement and radial movement of the plurality of

multidirectional traction modules to inspect the annular gap using the plurality of sensor modules.

2. The system of claim 1, wherein the robotic crawler has a collapsed state and an expanded
state, the collapsed state providing the robotic crawler with a first thickness less than an entrance gap
width for the annular gap of the machine and the expanded state providing the robotic crawler with a
second thickness greater than the entrance gap width and not greater than a working gap width for the

annular gap of the machine, the machine selected from a generator, an electric motor, or a turbomachine.

3. The system of claim 2, wherein the robotic crawler includes at least one manual
emergency release that transforms the robotic crawler from the expanded state to the collapsed state

without a control signal from the control system.

4. The system of claim 1, wherein the plurality of multidirectional traction modules include
a traction roller disposed within a rotatable frame, wherein the rotatable frame s controllably moved

between a first posttion for axial movement and a second position for radial movement.

5 The system of claim 4, wherein the rotatable frame is controllably moved around a 360
degree arc for travel between the first position for axial movement and the second position for radial

movement.

6. The system of claim 1, wherein the robotic crawler includes a communication channel in
communication with the control system and a plurality of sensor interfaces disposed in physically
separated portions of the robotic crawler, the plurality of sensor interfaces connected to the
communication channel and each of the plurality of sensor interfaces providing a sensor data channel for

at least one of the plurality of sensor modules.
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The system of claim 1, wherein the plurality of sensor modules include a plurality of
sensor types selected from navigation sensors, visual inspection sensors, structural test sensors, or

electrical test sensors.

8. The system of claim 7, wherein the plurality of sensor modules include a first sensor
module having a first sensor type and a second sensor module having a second sensor type different
from the first sensor type, the first sensor module having a first mounting interface connected to a first
sensor inferface on the robotic crawler and a second sensor interface connected to a second mounting

interface on the second sensor module.

9. The system of claim 1, wherein the control system provides fully automated inspection of
substantially all machine surfaces within the annular gap using the robotic crawler to follow a selected

inspection path.

10. The system of claim 1, wherein the control system comprises a user interface displaying
sensor data from the plurality of sensor modules and enables manual override of automated inspection

navigation of the robotic crawler.

11 The system of claim 1, wherein the robotic crawler is one of a plurality of robotic
crawlers operating within the annular gap of the machine and the control system is configured to
communicate with the plurality of robotic crawlers and guide the plurahity of robotic crawlers ona

plurality of inspection paths.

12. The system of claim 1, further comprising a tether reel that manages a cable connected to
the robotic crawler, wherein the tether reel includes a tension management function that automatically

adjusts a cable tension during operation of the robotic crawler.
13. A method comprising:
inserting a robotic crawler into an annular gap of a machine;

expanding an expandable body of the robotic crawler such that a plurality of

multidirectional traction modules on the robotic crawler engage opposed surfaces i the annular gap;

traversing an mspection path within the annular gap using axial movements and radial

movementis of the robotic crawler; and
performing a plurality of inspection tests along the inspection path using a plurality of
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sensor modules on the robotic crawler.

14. The method of claim 13, further comprising providing at least one control signal to the
robotic crawler from a control system to control at least one of the expanding, traversing, and
performing,

15. The method of claim 14, wherein the control system provides fully automated inspection
of substantially all machine surfaces within the annular gap using the robotic crawler to follow a

selected inspection path, the machine selected from a generator, an electric motor, or a turbomachine.

16. The method of claim 14, further comprising displaying sensor data from the plurality of
sensor modules through a user interface of the control system and manually overriding an automated

navigation of the robotic crawler along the mnspection path.

17. The method of claim 14, wherein the robotic crawler is one of a plurality of robotic
crawlers operating within the annular gap of the machine and the at least one control signal includes a
plurality of control signals to the plurality of robotic crawlers to simultaneously traverse a plurality of

inspection paths within the annular gap.
18, The method of claim 13, further comprising:

collapsing the expandable body of the robotic crawler such that the plurality of
multidirectional traction modules on the robotic crawler disengage at least one surface in the annular

gap; and

removing the robotic crawler from the annular gap of the machine through an entrance
gap, wherein the entrance gap has an entrance gap width that 1s less than an annular gap width of the

annular gap.

19, The method of claim 18, wherein collapsing the expandable body of the robotic crawler
mcludes actuating a manual emergency release without recetving a control signal from a control system

to control the collapsing.

20. The method of claim 13, wherein traversing the inspection path includes controllably
rotating traction rollers in the plurality of multidirectional traction modules between a first position for

axial movement and a second position for radial movement.

21 The method of claim 20, wherein traversing the inspection path includes controllably

rotating traction rollers in the plurality of multidirectional traction modules around a 360 degree arc for
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travel between the first position for axial movement and the second position for radial movement.

22. The method of claim 13, wherein the robotic crawler includes a plurality of sensor
mterfaces disposed in physically separated portions of the robotic crawler, the phurality of sensor
mierfaces connected to a commumication channel and each of the plurality of sensor interfaces providing
a sensor data channel for at least one of the plurality of sensor modules, the method further comprising
removing a first sensor module from a selected sensor interface and connecting a second sensor module

to the elected sensor mterface.

3. The method of claim 13, wherein the plurality of sensor modules include a plurality of
sensor types selected from navigation sensors, visual inspection sensors, structural test sensors, or
electrical test sensors, wherein performing the plurality of inspection tests uses the plurality of sensor

types.
24. The method of claim 13, further comprising automatically adjusting a cable tension of a
cable connected to the robotic crawler during operation of the robotic crawler using a tether reel.

25. A robot control system comprising:

a crawler configuration module providing operating instructions for a robotic crawler
having a plurality of multidirectional traction modules, an expandable body connected to the

multidirectional traction modules, and a plurality of sensor modules;

at least one inspection path definition correlating to an inspection path within an annular

gap of a machine, the machine selected from a generator, an electric motor, or a turbomachine, and

an autonomous navigation module in communication with the robotic crawler to provide
a control signal for the robotic crawler to traverse the inspection path using axial movements and racial
movements of the plurality of multidirectional traction modules to inspect the annular gap using the

plurality of sensor modules.
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