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DISCLAIMER

“This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor any
of their employees, makes any warranty, express or emplied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial produc, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of the authors expressed herein do not necessarily state or

reflect those of the United Sates Government or any agency thereof.”



ABSTRACT

This program is undertaken in order to condruct and fidd-demonstrate EXPLORER, a
modular, remotely controllable, sdf-powered, untethered robot system for the ingpection of
live gas didribution 150 mm (6- inch) to 200 mm (8-inch) diameter mains. The modular
desgn of the sysem dlows it to accommodate various components intended to accomplish
different ingpection, repar, sample retreva, and other in-pipe tasks. The prototype system
being built under this project will include dl the basc modules needed, i.e. the locomotor,
power storage, wirdess communication, and camera  The camera, a solid-date fisheye-type,
is used to transmit redl-time video to the operator that dlows for the live inspection of gas
digtribution pipes.

The sysem under deveopment dggnificantly advances the state of the art in ingpection
sysems for gas didribution mans, which presently consst of tethered sysems of limited
range (about 500 ft form the point of launch) and limited ingpection views. Also current
ingoection systems have no ability to incorporate additiond modules to expand their
functiondlity.

This development program is a joint effort among the Northeast Gas Association (formerly
New York Gas Group), the Jet Propulson Laboratory (JPL), the Johnson Space Center
(JSC), Canegie Mdlon Universty’'s (CMU) Nationa Robotics Engineering Consortium
(NREC), and the US Depatment of Energy (DOE) through the Nationd Energy Technology
Laboratory (NETL)

The present report summarizes the accomplishments of the project during its fourth Sx-
month period. The project has in generd achieved its gods for this period as outlined in the
report. The fabrication of the prototype is complete and is now been tested in the |aboratory
mainly focusng on endurance testing and tesing of launching procedures. Teding of the
prototype in the lab is expected to be completed by Fal 2003, to be followed by two fied
demondrationsin Winter 2003-2004.
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EXECUTIVE SUMMARY

During this reporting period the project has concentrated in the development of the fully
automated turning routines and the debugging of the robot's dectric sysem and software.
As reported previoudy the locomotor sysem met a mgor milestone in March 2003, when it
demongtrated its ability to perform a 45-deg and a 90-deg turn in a 6inch pipe, and a 90-deg
turn through a 6” tee. However, the speed of the turning routines was low and not meeting
the specifications set by the project’s Advisory Group. CMU concentrated its efforts during
the April to June, 2003, period in optimizing these tuning routines in order to minimize the
time needed to perform such maneuvers. The accelerated routines were demongtrated to the
funders in June 2003, during the Milestone VI meeting. The entire assembled robot is
undergoing extendve laboratory testing focusng on diminating problem aess and
improving performance. A new fitting for launching the robot in low pressure cagt-iron pipes
was adopted at the June 2003 meseting. At the end of this reporting period the robot has been
accumulaing operating hours without any operationd problems. Launchteding is 4ill to
occur based on the pending ddivery of the fittings Additional endurance testing is however
required prior to releasing the system for field demongtrations.



INTRODUCTION

This project concentrates on findizing the dedgn, condructing a prototype and
conducting laboratory and field demondrations of an autonomous inspection camera system.
This sysdem will be used for repar/rehabilitation planning and overdl maintenance purposes
of the naturd gas didribution infrastructure. Robotic systems tha provide ingpection and
repar have found substantid agpplication in the gas indudtry in the lat decade or so. Exiding
systems are tethered, thus limiting the range of these tools to approximately 200 m (500 feet)
of graght pipe from the launching point. As a result, in the case of ingpection/repair work in
long or less than Sraight pipes, excavations and subsequent pavement restorations are needed
every 200 meters, making the deployment of these systems very expensve. In addition, the
exiding robotic sysems do not offer any flexibility in operation. It is impracticd to add to

the features of these systemns because a mgjor redevel opment effort would be required.

The proposed program concentrates on the development of an advanced robotic system,
cdled EXPLORER, for use in the mantenance of gas didribution sysems. EXPLORER

has the following characteridtics:

1. Modular desgn. The system is built as a series of inter-connectable modules, that can be

asembled in a dedred fashion to achieve specific gods. The basc sysem, being
developed as pat of this effort, includes the core modules which are: locomotion, energy
dorage, and camera  Additiond modules will be developed in the future to provide for
more functiondity. Such modules could include repair tools (for conducting repair work

indde a pipe), sample retreiva tools (for retreiving liquids from insde the pipdine for



chemicd andyss), and sensors (for the measurement of a variety of properties of

interest, such as metd loss, flow rates, pressure, stresses on pipe elements, etc.).

. Deployment_under live conditions. The robotic system is desgned so tha it can be

inserted into the pipe in a way that minimizes deployment expenses. Operdion under
live conditions adlows the customer to continue to have gas service a dl times but

imposes drict safety design criteria

. Tether-free operation. The robotic system does not use a tether to provide power and

two-way communication for the sysem. Power is provided by a dack of high-
performance batteries stored ontboard in one of the modules. Two-way communication
is provided via a wirdess sysem based on commercidly avalable technology with a

transmitter/receiver module being part of the basic robot.

. Versdile locomotion sysem.  The locomotion system has low power requirements and is

able to negotiate 90 deg bends/tees in the piping system. It is dso able to ascend and
descend through inclined and/or verticd components of the piping network.  The
locomotion system is able to negotiate changes in the diameter of the pipe in the range of

150 to 200 mm (6" to 8"). Cruising speeds are about 6 m/min (20 ft/min).

. Fish-eye camera sysem EXPLORER fegtures a fisreye camera with a fiedd of view of

190-degrees (compared to 90-degrees for exigting ingoection sysems) in conjunction
with a picture dewarping fegture that alows detaled, high resolution view of the entire
forward and laterd fields. The result is an increased ability of the operator to determine
and identify any feaures in the fidd-of-view (FOV) without the need for any

panning/tilting camera mechanism which would dow down inspections.



The work conducted in this project is the continuation of work in progress, initited in
Janaury 2000. This earlier work concentraied in the preliminary design of the EXPLORER
robotic system, the complete design (on paper) of the resulting concept, and the construction
and testing of the camera system to be integrated in the EXPLORER in the proposed effort.
During the earlier phase a GO decison was made by NGA (former NYGAS), based on the
outcome of that effort. Following the successful completion of this onrgoing effort, another
find program will be needed in order to devdop the commercid unit as well as the auxiliary
equipment that supports fidd deployment. These include the launching mechanism as well
as keyhole access tools for the in-pipe recharging of EXPLORER and other keyhole tools for
the insation of wirdess communication antennas  into the piping network.  Additiona
funding will be required for this effort, however, it is anticipated that it will be subgtantidly

less expensive than the present one,

The man chdlenges of this project lie in the areas of (i) power-autonomy, (ii) wirdess
bi-directiond communications indde a pipe, i.e. cylindricd environment, (iii) adgpteble
locomation insde such environments and (iv) operationd issues reaed to reiability, safety

and falure-recovery.

Power -Autonomy

During the earlier effort JPL addressed the theoreticd issues related to the possbility of
utilizing turbines to haness the energy available in the flowing gas to produce dectricity to
propd the EXPLORER. In that case, the sysem would utilize a combination of stored
energy (batteries) and beatteries under re-charge via the turbines in order to provide a

completely autonomous power sysem. JPL conducted an andyss (based on flow daa



provided by Keyspan for its pipe network in Brooklyn and Staten Idand, and the state-of-the-
at in turbine and beattery technologies) in order to determine the proper turbine design and
the expected power-flow from such a re-charge sysem. It was determined that for most of
the time during the year, the vast mgority of pipes do not have the necessary minimum flow
rates to provide sufficient recharging power. As a result this option was diminated in a
meeting of the Project Advisory Group aa CMU in May 2000. It was decided that
EXPLORER would feature an expanded battery module able to provide more that one mile

of range within the pipe prior to requiring recharging.

Wireless Communication

The technology itsdf is dready commercidly avalable. However, antennas must be
adapted for pipe environments. The citicd dement is wha the range of the wirdess
communication sysem is going to be within the pipes. In addition, the effects of pipe
materid (cast iron, sted, and plagtic) as well as pipe condition (in the case of cast iron and
ged) and pipe-interna features (bends, dbows, Ts, etc.) on the range of the communications
system is not wel understood. JPL, usng materid provided by NGA (former NYGAS)
member companies, conducted preiminary studies with cast iron pipes (expected to offer the
word case scenario) during the earlier effort. It was determined by CMU in additiond
experimentation that exising technologies offer long enough ranges for the technology to be
visble today. It was dso detemined that upcoming technologies, expected to be
commercidly avaldble in the next three years will provide dramatic improvements in this
area thus greetly expanding the dready acceptable ranges. The Project Advisory Group
during the milestone meeting of May 2000 gave the green light to CMU to integrate this

syseminthe EXPLORER.



Adaptable Locomotion

The NREC team, drawing upon a description of interna pipelines from utilities and other
current/previous  project  knowledge, coupled with power and efficiency condrants,
developed severa locomotor concepts (legged, wheded, tracked, hydro/pneumo inchworms,
hybrids, etc.), which were analyzed, compared and rated. In order to reduce power con
sumption, the Project Advisory Group approved the implementation of a rolling-locomotion
sysem, which offered the best combination of speed as wel as minimum power
requirements for the particular pipe environment. NREC proceeded with findizing the
desgn of the EXPLORER based on this locomotor concept. This complete desgn was
reviewed by the the Project Advisory Group in late January 2001 and accepted with some
minor modifications.

Camera Imaging

The use of a miniaturized color-camera with embedded fisheye lens and lighting, coupled
with red-time dewarping and image mosaiquing has been demondrated by NASA’s Johnson
Space Center (JSC) in Houston. The same system will be ported to the miniaturized camera
sysem of the EXPLORER and the software ruggedized and outfitted with a user interface.
The hardware platform was built by NREC as part of the earlier effort, and a copy shipped to
JSC for software cdibration and porting. The finished software system was shipped to NREC
for integration and testing a the concluson of the ealier effort. Given the present
limitations of the system, it will not be integrated into the control console of Explorer, but it
will be avalable through a separate PC with dedicated andog video lines. The software was

reviewed and accepted by the Project Advisory Group in late January 2001.

Operations
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The issue of pipe-access and pipe-internad navigation and postioning during inective or
falure conditions was addressed as pat of the design. Severd options for live- access
dready exig (Mudler, IPSCO, etc). In terms of postioning and navigation internd to the
pipe, avalable sondes (for aboveground detection in falure-cases), odometry and INS
systems represent the span of options to design into the system, depending on what the
required accuracy is. In addition, the issues of recharging the batteries and introducing
antennas in the pipe network to mantan wirdess communication with the robot as
EXPLORER moves, ae being conddered. Actud hardware to accomplish these tasks will
not be built until successful completion of the present effort and the identification of a
commercidization patner. These issues ae being reviewed periodicdly by the Project

Advisory Group.

Safety

In order to operate in a safe mode indde the pipe, the syssem needs to be designed to
meet NFPA standards. EXPLORER will not have power-leves sufficiently low to qudify as
an intringcaly-safe sysem. The notion of desgning the system to be exploson-proof is dso
not redidic, as the required sizes, materid- thicknesses, etc. result in a design that is far too
large (diametricdly and/or longitudinaly), not to spesk of the weight of the sysem. The
adopted gpproach, akin to the one used in Neptune and GRISLEE (other products developed
for pressurized structures), is to evacuate the oxygen-containing atmosphere from the ingdes
of any enclosed bodies, purge these volumes with inert gas and then pressurize them with the
same inert gas to a pressure dightly above the ambient pressure in the gas-man with built-in
check-valves for pressure equdization.. Such an approach would suffice for Class I, Divison

1, Group D environments based on previous experience with other remote systems currently

1



in commercid use (Neptune and others). This gpproach was reviewed and approved by the

Project Advisory Group in May 2000.



EXPERIMENTAL

During the period of April 1, 2003 to September 30, 2003 the efforts of the project focused
on:

= Explorer robot electronics upgrade,
= Control software development, and

= Milestone VI meseting to review turning routine development

Each of these areas will be discussed in further detail next.

= Electronics Upgrade

The EXPLORER € ectronics team continues their debugging and upgrade cycle, primarily
focusing on issues related to eectrical noise, heat-gnking, and unwanted system interactions.
The main effort over the summer months was focused around the replacement of al feed-
through lines with new ones to enable the LVDS lines (carrying video) to be shielded and
grounded as the video system was not rdliable and noise-free enough for the eectronics to
decode them properly. The wireless drivers had to be re-written in order to optimize speed
and reduce overhead to improve on heat- generation and bandwidth throughput. The battery
monitoring and charge circuit was adso improved to dlow for no memory-10ss upon battery
power-cycling; inherent in this switchover was dso the logicd inversion of the on-off button
to avoid accidental short-circuiting (which caused a number of failures of boards in the past).

Control Software Development

Software development had been hampered in its output by the unrdiable hardware up until
late August 2003. As of this point though, the dectronic hardware is stable enough for
software development and debugging to be carried out with high intengity. T-turn and ebow
turns were demondtrated in fully automated fashion only by the end of the reporting period.

13



Before that, turning routines were carried out in semi-automated fashion and without the
needed religbility. Thiswas especidly the case in late June 2003, when DOE and NGA
representatives participated in the Milestone VI meeting at CMU and the system actudly
ceased to function mid-turn. Since then watchdogs and timers were implemented to alow the
system to reset itself and communications to be re-established to avoid system hang-ups. It
was aso discovered that operating off batteriesis very different to tethered operations, as the
voltage varies dramaicdly, with a substantia impact on drive-leg expansion and power,
which severdy impacts turning performance. A new user interface with cameravideo

overlay and camera- controls has been developed and isin use. The cameraworks well now,
abeit only a 1 frame per second, due to the fact that the cache on the SH4 CPU board is not
usesble with the old CAN-chipsats. Asaresult the SH4 design is being upgraded and should
have arevised board built, debugged and as a replacement by late 2003 - thiswill greatly
impact on-board throughput (increased video-rate, etc.) and limit heat generation in the
SDRAM. The main hurdles that remain are to address the issues related to turning under
redigtic and uncontrollable conditions - meaning without manua and visua assstanceingde
apipe usng only video and referencing pipe-internd featured Findly it was determined that
the white-blue LEDs on the robot do not generate as color-rich an image as naturd light.

CMU is exploring the option of false-coloring the image by adjusting the RGB- content of the
camera-sgnds (hopefully before fal 2003) to address the issue.

= Milestone VI Meeting for the Demonstration of the Turning and Launching Routines
(June 2003)

CMU demonstrated their EXPLORER robot prototype and steel-main launcher in ademo to
NGA and DoE on June 25th, 2003 at the REC indoor mock-up test facility. The review team
from DOE and NGA witnessed in red time awirdess salf-powered horizontal drive with a
T-turn. The system failed (loss of communication and hang-up) during the T-turn, requiring
delay of the demongration until the system was extracted and re-started. The rest of the
demondiration was shown with aremote video link to the conference room where discussons
on fidd-triads and other issues continued. The funders requested that alist of pre-
demongtration tests was developed. These tests would need to be passed prior to being

14



dlowed into trangtioning to field demongtrations. In addition, the prototype would have to

be tested under pressure (afew ps firdt, before going to 125 psig), and aso tested at a specia
test- pipe setup at Keyspan for operationsin natural gas. The Project Advisory Group agreed
to alow-pressure cast-iron pipe demondration in late fal of 2003, and a high-pressure sted!
pipe demongtration in late spring of 2004. The late-fall demondtration required CMU to have
an OEM design and ddiver asmpler lower-cost angled clamp-on fitting, which ConEd
volunteered to test and certify prior to alowing afield-demo on their system in NY
(Westchester county). Thesefittings and drills were ordered and are in the midst of being
produced and ddlivered. It islikdly that the larger-sized (8-inch) fitting will be used, which
requires the vaidation of turning-routines developed for 6-inch pipe in an 8-inch test setup.
Furthermore, new launching routines/scripts need to be developed and tested for this new
fitting, prior to going into the fidld for red-world testing.

Major Remaining I ssues

Major Remaining Issues - prior to Fall 2003 demonstration

- Deveopment and refinement of dl turning and driving routines, particularly vdidationin a

red sted/Cl main with red Tsand ebows (not clear pipe with cut-open fittings).
Refinement of the user interface display for more intuitive operator control.

Development and testing of the new low pressure cast iron (Cl) launcher fitting.

Setup and testing of 8-inch mains and fittings in highbay for 8-inch deployment.
Design/building and testing of the currently undevel oped launcher-tube - awaiting
drawings form manufacturer prior to proceeding.

- Deveopment of launching routines for the new Cl fitting(s).

- Teding and vdidation of driving/turning/launching routines for 8-inch CI mains (will be
the same for sted).

- Tedting of the entire robot under low pressures (afew psg; before low pressure Cl

demondtration) and higher pressures (125 psig for high pressure steed demonstration in 2004)
- Checking for full operability.

15



- Carting and tegting of full up system in atest-pipe at Keyspan under lower Cl-like
pressures for operation in NG-environment prior to late-fal demondration.

Major Remaining Issues - prior to Soring 2004 demo

- The capability of launching and recovery aswell as verticd climbing needs to be tested
and accomplished after the fal 2003 demongiration and during the winter 2004 period.

- Certain modifications to the launch-chamber and internal camera may need to be
implemented.

- Severa dectronic upgrades will need to be performed for the robot to operate properly for
full-fledged software devel opment.

- Software to alow the robot to be driven under complete computer-control off asmple
visud interface and GUI with unskilled buttor+ pushes will need to be implemented and
tested.

- Testing (purging and pressurization) of the launch-chamber will need to be accomplished
prior to fidd-trids.

Upcoming Events/Milestones
1. The CMU team expects to demongtrate the inclined-angle launching & retrievd
sequence as well as horizonta driving, turning (T, elbow & Y) in the indoor and
outdoor piping network, in late November 2003.
2. CMU expectsto carry out an acceptance demonstration for NGA and DoE in thelr
indoor and outdoor pipe network sometime in early to mid- December 2003, subject

to not being subjected to further delays due to technicd difficulties.

3. CMU expectsto carry out alow-pressure naturd gastest of the platform at Keyspan's
test-facility in Brentwood, NY, sometimein late November, immediately prior to
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4.

fidd-trids.

A fidd-demondtration, with the support of one or more NGA member utilities for live
gas testing and evauation of the prototype system, is expected to occur in December
2003 at the latest - if this date is missed due to ddays, etc., afidd-trid will not be
possible before May 2004 due to weather congtraints. A second field demonstration
is scheduled for May 2004.
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PROJECT STATUSBY TASK

As per September 30, 2003

Task 1. Research Management Plan

Task 2. Technology Status Assessment

Task 3. Design Extenson
Subtask 3.1: Mechanicd Power Charge Interface
Subtask 3.2: Wirdess Communication
Task 3.3: Power Re-charge Circuitry
Task 3.4: Miniaturized Fish-Eye Imager
Task 3.5 High-Tenson Design Issues

Task 4 Internd Design Review and Release

Task 5 Desgn Detailing

Task 6: Procurement

Task 7: Tedt-Circuit Establishment

Task 8: Fabrication

Task 9: Assembly

Task 10: Software Development

Task 11: Subsystem & Integration Testing

Task 12: Operational Lab-Tegting

Task 13: Acceptence Demonstration at NREC

Task 14: Field Trid Preparation

Task 15: Field Trid #1 in downstate New Y ork

Task 16: Evauation and Preparation for Field Trid #2

Task 17: Feld Trid #2 in upstate New Y ork

Task 18: Find Reporting

Bold indicates change of statusfrom last reporting period.

Completed
Completed

Completed
Completed
Completed
Completed
Completed
Completed
Completed
Completed
Completed
Completed
Completed
In-progress
Completed
In-progress
Not initiated

I n-progress

Not initiated
Not initiated
Not initiated
Not initiated
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RESULTSAND DISCUSSION

The project progressed well during this reporting period having completed many important
taks. The robot, operating usng the fisheye camera, wirdess link, and on-board batteries,
was demondrated to NGA and NETL/DoE in June 2003. While the turning routines were
performed as per specifications, the fact that the robot stalled during operation, demonstrated
the fact that additiond work is needed in debugging the system and ensuring proper levels of
reliability.

A new launcher fitting was adopted by the Advisory Group for low pressure applications, in

order to minimize cost of operations.

The robot has been operating during the month of September with minima problems and is
accumulating miles and hours of operations thus increesng our confidence in its ability to
trangtion by the end of the cdendar year to its firs fiedd demondration, hopefully by
December 2003.
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CONCLUSION

At the end of the firg twenty four months of this project, the desgn of EXPLORER has
been completed and findized, fabrication and assembly of the robot has been accomplished,
design and condruction of a verticd launcher has been completed, and endurance testing has
been initiated and is under way in the laboratory. In addition, fully automated routines have
been devel oped and successfully tested.

The efforts of the project ae now focused on find debugging of the system, the timey
devdlopment and testing of the newly adopted low-pressure fitting/launcher, and
optimizetion of the user interface. The acceptance demondration for the system is
anticipated in December 2003, assuming no magor technica issues surface during testing.
The fird fidd demondration is expected in December 2003, agan assuming no maor

technical issues surface during endurance testing.
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