RESEARCH AND EDUCATION ACTIVITIES:  

Our goal has been to greatly increase access to the Arctic Ocean by creating and demonstrating a safe and economical Autonomous Underwater Vehicle (AUV) platform capable of basin-scale surveys. AUV development work is focused on an initial experiment, which is to track the Atlantic layer intrusion into Arctic basin. We refer to the experiment as ALTEX for Atlantic Layer Tracking Experiment.  To create the desired Arctic survey capability, a number of technical challenges must be mastered.  These include developing:

1) An AUV capable of reliable, fully autonomous operations for periods in excess of one week.  

2) A power source capable of driving a small vehicle at least 1000 km.

3) Communication systems capable of being deployed from a small AUV, melting through the ice, and transmitting data back via satellite.

4) Navigation systems capable of supporting extended high latitude AUV operations under ice.

While the ALTEX mission requires only a 1500 m depth rating, the depth rating for core vehicle systems has been established at 4500m, to enable future AUV access to most of the Arctic Ocean basin.

Work in 2000 and 2001 focused on the development and integration of core vehicle systems. These efforts culminated in an Arctic cruise in October/November of 2001. This cruise focused on testing of the ALTEX AUV and its sub-systems, and hydrographic survey in the ALTEX operational area to refine possible vehicle trajectories. During the cruise, 46 AUV missions were performed, featuring over four hours of under-ice operations as well as a 22km transect crossing the Atlantic inflow. Other cruise achievements include six shipboard CTD sections; autonomous operation of data telemetry buoys left behind in single year ice floes; and successful operation of inertial navigation systems at highest cruise latitudes (82 degrees North). 

Project efforts in 2002 through the present have focused on data reduction and analysis, communication of results via publications and workshops, and developing reliable methods for extended deployments.  In particular, a ‘next generation’ ALTEX vehicle was built under separate funding (from the Packard Foundation) and employed for routine water column observations.  Well over 2000 km of survey operations have now been achieved, and a database of failure modes and component wear is being developed.  These statistics are being used to plan modification for the ALTEX vehicle that would be allow of extended deployments in the Arctic.

The major activity in 2004 and 2005 has been to develop an AUV docking system that allows an AUV to autonomously offload data, recharge batteries, and receive new mission scripts.  Such a docking system will significantly enhance the capability to perform long-term underwater operations, and allow for prompt deployments and prolonged operations of AUV that avoid frequent deployment and recovery. Such an AUV docking system will also find application as part of the MBARI MOOS/MARS systems and, in the future, the technology and experiences will be made available to the NEPTUNE community.
ACTIVITIES/ACCOMPLISHMENTS TO DATE

Arctic Instrumentation Workshop

A workshop focusing on the development of observation instrumentation for the Arctic was held on the 16th through the 18th of October 2002 at MBARI. This workshop was attended by academic researchers, commercial instrument developers, military systems designers, as well as community representatives from stakeholder arctic communities. Complete details on the workshop are available at 

http://www.mbari.org/rd/ArcticInstrumentationWorkshop/WorkshopAnnouncement.htm
An executive summary and the final report can be found on the same web site. The following is a link for the final report http://www.mbari.org/rd/ArcticInstrumentationWorkshop/workshop_report_final.pdf 

Data Buoys

Communication from the vehicle to shore is provided by a battery of 12 expendable buoys, launched from the vehicle, capable of melting through the ice and transmitting stored data files via Argos.  The pre-launch activity of the AUV consists of downloading the data into the next buoy in the launch sequence, and locating a suitable launch site with an ice cover of up to one meter thick.  The launcher then releases the designated buoy from the AUV.  Upon its release, the buoy ascends towards the surface where it comes to rest against the bottom surface of the ice.  After a preset ascent time, the buoy is extended by means of pressurized nitrogen, which increases the separation between its heavy tail and buoyant nose.  In this configuration, the buoy becomes stable in an upright orientation against the ice in cross currents of up to 15 cm/s.  A pump brings seawater in contact with Pyrosolve-Z, generating steam which melts the ice.  When the Pyrosolve-Z is expended, a balloon containing GPS and Argos antennae is inflated. After the antenna deployment, the buoy obtains a GPS fix, and initiates its data telemetry via Argos.  

Scientific Solutions Incorporated has continued to improve the buoy design and operation, as well as test in realistic Arctic settings. Tests during our Healy cruise in October 2001 illustrated several shortcomings in the previous buoy design. The latest improvements to the design of the buoy, implemented within the last year include:

· A more stable Argos antenna, which minimizes power spikes during data transmission.  Though this system is now functional, it requires twice the specified power to operate due to a design problem within the Wild Cat PTT.  This issue should be resolved with Seimac’s new PTT, the Xcat, which is scheduled for release before the year’s end.  The Xcat is smaller and lighter than the Wild Cat, thus mechanical integration within the current pressure housing should not pose any problems.  The Buoy control circuit board will require minimal changes to accommodate interface and power requirements of the Xcat.

· A redesigned GPS antenna and the pre-amplifier board to resolve the GPS reception problem.  The antenna is now of a “patch” design as opposed to a dipole, which minimizes interference with the Argos antenna, as well as eliminate the cable bulk within the antenna balloon.

· A more rigid tubing to contain the hydrochloric acid needed to start the melting process.  This tubing does not collapse when it is subjected to external pressure exerted by the Nitrogen gas utilized for extending the buoy.  Therefore, the flow of seawater remains unaffected, which reduces the load on the pump.

· An improved “pump-priming valve” to ensure proper priming of the seawater pump.  The valve allows air bubbles to be purged from the pump head, so that it can generate full pressure.

The final version of the buoy was tested at the APLIS ice camp in April 2003.  The buoy was armed at the surface as it would within the AUV, and deployed into the ocean.  It was deployed at an area with approximately 3-4 feet of slush and loose ice- a typical site as it might be identified by the AUV.  The buoy successfully proceeded through its entire sequence, and after melting through the ice and ejecting the melter section, it deployed the antennae balloon.  It then obtained a GPS fix and transmitted the data to shore via an ARGOS satellite link.

The link below shows the actual footage from the tests at the APLIS 2003 ice camp.  Note that the buoy appears to be slanted to one side after its extension, however, this is due to the camera angle in water, and the buoy is in fact perpendicular to the bottom surface of the ice.  The view of the computer screen at the end of the movie is of data output from the Argos uplink receiver confirming that data transmission is underway.

http://www.scisol.com/buoy_movie.htm
Fuel Cell Development

To achieve the desired range capability, ALTEX has developed a fuel cell energy system constructed by Fuel Cell Technologies, Ltd. The system is unique in that it is pressure compensated and deep-ocean rated. During the winter and spring of 2001, the fuel cell system was extensively tested in tank tests, demonstrating the ability to operate autonomously for over 170 hours 

During the reporting period, FCT continued to improve the stack technology using internal funding and partial funding from the Canadian Department of Defense - DIR.  Much progress was made up to December 2002, when work was stopped due to funding constraints.  Progress made included:

· Redesign of cell frames to reduce costs, increase performance & reliability, and eliminate stack leakage

· Increase of Stack Volumetric Energy Density from 1200 to 1600 Whr/liter, an increase of 33%

· Increase of Stack Gravimetric Energy Density from 1000 to 1400 Whr/kg, an increase of 40%

· Increase of maximum current density by 84%

· Anode Efficiencies up to 92%

· H2O2 Efficiencies up to 79%

These improvements will allow us to engineer a system with a neutrally buoyant energy density of 290 Whr/kg, almost a factor of 4 over what is achievable with high performance secondary batteries.
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Figure 1: DIR Cell Stack
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Figure 3: 363 Watts output from only 4 Cells!

Vehicle Development

MIT, in collaboration with MBARI, has undertaken development of a detailed hydrodynamic simulation of the ALTEX vehicle, as well as refinements to the vehicle’s dynamic control. The design approach  was based on system identification and classical control techniques.  A paper model of the body inertial characteristics and hydrodynamic effects was augmented by a detailed laboratory analysis and model of the tailcone assembly.  A baseline controller was developed from the paper model and implemented at sea to obtain specific system identification data.  The system model was adjusted to reflect the new information, and new controllers were designed.  In terms of steady-state flight conditions, the new controllers achieved about a five-fold improvement in limit cycle behavior, with the depth control notably at the level of sensor resolution, around 5-10cm.

Other improvements to the ALTEX vehicle implemented in the last year include:

· Improved on-board GPS capability, allowing quick-look acquisition

· Improved combination GPS/RF Modem antenna

· Higher performance, lower power on-board computing

· Higher resolution pressure sensor

· Pressure-tolerant Lithium-Polymer batteries

· Improved cabling to handle higher data rates

Work is on-going this year to completely refurbish the vehicle to bring it up to date with MBARI’s other vehicles. Reliability testing will be occurring with the ALTEX vehicle once the refurbishment is complete. A docking system is also in the design stage for the vehicle.

High Latitude Navigation

Much work was done to reprocess the AUV missions from the Arctic cruise, correcting for the INS initialization errors. The vendor worked with MBARI to fix problems with the unit and helped with reprocessing the raw data. 

A paper on the navigation performance in the Arctic was written and presented at the MTS/IEEE Oceans 2003 Conference in San Diego, CA. Since the data from the Arctic was reprocessed, an IEEE Journal of Oceanic Engineering paper on the Arctic navigation testing is being submitted now.

MBARI decided to buy the same INS unit used in the ALTEX vehicle for a high precision seafloor mapping vehicle. Because of the test and integration time spent with the ALTEX system, the new INS integrated without too many problems. The same unit would be used again for future Arctic missions.

AUV Science

The science payload consisted of two components: an upward-looking sonar (ULS) for ice draft characterization, and water column sensors for tracking water masses.  The goal of the ice sonar was to field an instrument that provided SCICEX equivalent ice draft data.  The water column measurements included conductivity, temperature, depth, nitrate, oxygen, and optical backscatter intensity. CTD data from the shipboard CTD and AUV has been processed. Data reduction from the AUV science payload is complete, and all plumbing and response lags have been corrected in the physical data. Correction of the pressure data still remains to be done. PMEL has worked with the data and has written a paper for publication.

Reliability

One of the most important qualities for a successful Arctic mission is a reliable platform that meets the requirements of the project. Reliability issues were the major cause of failed missions during the Arctic experiments. Systems such as the GPS, energy storage, and INS did not work perfectly. They were simply not very reliable. One way to prove reliability is to test it in all possible conditions, but since that is impossible, a systematic approach must be taken.

Key to the development of more reliable vehicles is the development of understanding of failure modes and probabilities for AUVs.  The Dorado vehicle, which is a next generation ALTEX vehicle, provides the source of such statistics.  Dorado current has rum much more that 1000 km of survey lines.  Detailed notes of failures, mistakes, and general operational issues have been kept.  Periodic teardowns and inspections of the vehicle components provide valuable insight into wear of mechanical components.  This insight is being used to develop reliability models for our AUVs, which will in turn be used to guide development of reliable long-endurance vehicles. 

During the past year, many reliability analysis approaches of the ALTEX vehicle have been taken. A framework was prepared and preliminary analyses were performed from the design and specifications of the ALTEX vehicle. They specific types of analyses are: (a) Reliability Block Diagram (RBD), (b) Fault Tree Analysis (FTA), and (c) Failure Mode, Effect, and Criticality Analysis (FMECA). These results were being written into a paper that will be presented at the MTS/IEEE Oceans 2004 Conference in Kobe, Japan.

AUV Docking
MBARI is leading the effort in designing a docking system for an ALTEX sized vehicle that will be able to recharge batteries, download data, and upload new mission scripts. The challenge is to create a class of propeller driven Autonomous Underwater Vehicles capable of operating for extended periods (weeks or months) independent of a supporting surface vessel. The present generation of AUVs has endurances on the order of one day. Docking systems provide a method to obtain an extended deployment. Such a system would allow a vehicle to attach to a mooring or cabled instrumentation node for the purposes of recharging batteries, dumping data, uploading missions, and generally parking until the next mission.

The initial application of our docking system will likely be survey operations in the upper Monterey Canyon to depths of 900m, in preparation for future Arctic operations. The system is being designed to be capable of supporting operational ranges of 60 km per mission and 1000 km per deployment.  Deployment intervals up to 3 months should be possible.  

While achieving the reliability necessary for extended deployment will be challenging, a docking AUV could be simpler than vehicles in routine operation today. The current ALTEX AUV with batteries is designed to operate for up to 20 hours, and for some activities relies upon sophisticated and expensive navigation techniques such as inertial navigation. In contrast, endurances of several hours and standard acoustic navigation methods are sufficient for many event response scenarios. The current ALTEX vehicle is also designed to be modular. However, modularity is a significant driver in vehicle size, cost, and complexity. Because the objective of a docking vehicle is to be deployed as long as possible, reconfiguration of the vehicle between missions will not be possible (at least in the near future). Consequently, docking vehicles can be thought of as single-use platforms, relaxing the demands of modularity, and allowing smaller, less expensive vehicles to be constructed. Therefore, the ALTEX vehicle is being re-designed as a minimal baseline vehicle for AUV docking.

The docking vehicle's mechanical structure is being modeled to simulate the internal stresses that all internal components would experience in worst-case docking scenarios.  The internal electronics are also being revised to take advantage of advances in low power, rugged, general purpose computers that are now capable of running the Linux operating system, as well as advances in sold state data storage.  The revised design will also incorporate an innovate battery charging system that will allow the AUV to be re-charged from a variety of sources, such as the MBARI MOOS moorings, which can provide 20 watts for weeks at a time; or the MARS cabled observatory, which could potentially deliver kilowatts of power for recharging.
For power and data transfer between the AUV and the dock, non-contact means are the preferred technology.  Florida Atlantic University has designed and tested an electromagnetic power transfer "probe" that can transfer up to 1000 watts at 85% efficiency, and has agreed to allow the use of the same technology in the ALTEX docking system.  Several researchers have demonstrated the feasibility of using high-speed COTS radio-frequency communications across very short distances in salt water. 
The ALTEX vehicle dock design will continue with MBARI funding through 2005, with field testing expected in 2006. The system will be implemented incrementally, the intent being to provide a scientifically useful platform with a subset of the docking capabilities in order to demonstrate the importance and usefulness of docking.
Figure 2: ALTEX Cell Stack








Figure 4: Aluminum Utilization








