Vehicle Design Concept: (from Oceans 2002 Paper)

I. DORADO CONCEPT

MBARI’s AUV development focuses on building a modular, easily reconfigurable vehicle that can be modified out at sea for different missions. The vehicle has a power and communications backbone that allows sections and payloads to tap off of it as long as bandwidths and power consumption values are within the specification. Every vehicle has a Tailcone section that contains the main vehicle computer and propulsion system, and various sensors and beacons. These items will be explained in detail in the next section of this paper. The next vehicle section forward of the Tailcone could be a Nosecone with batteries or any parallel mid-body with instrumentation or energy storage. The modular sections attach to each other by means of 0.5334 m (21”) bicycle rims, which provide the structural support for joining the vehicle together. Bandclamps are then clasped around the rims to hold the sections together.
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Fig. 1. Joining Ring and Two Bottom Hull Sections
In each section payloads need to conform to the vehicle specification of deep water operation. This includes providing enough flotation to provide adequate buoyancy for its own section to the specified depth, which is currently 4500 m. Interfacing to the bus is done through the standard bus connector, a Seacon MIN-K-10. This connector has raw DC power from the energy source, 100 Base-T Ethernet, and 1 Mbps CANbus. Each section must pass these signals on to the sections joining to it.

Fig. 2 depicts the vehicle bus and main housings for a typical mid-water vehicle. A tether can be attached to the power/comms tether whip for data transfer at speeds up to 100 Mbps and for shore power. When in situ rechargeable batteries are installed (September 2002) the tether will also act as the charging means for a medium-rate charge.
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Fig. 2. Typical Dorado Configuration
A standard bus cable and interconnect, plus proper ballasting, make the sections modular. Some software reconfiguration is also required. Ballasting is first performed in the MBARI seawater test tank. The software is easily modified by editing configuration text files which describe the sensors attached to the vehicle bus. While testing in the summer of 2001 for the upcoming ALTEX trials, the AUV was reconfigured multiple times to test a semi-fuel cell section, a buoy section, a science payload, and battery sections. In the arctic on the ALTEX mission in October 2001, the vehicle was reconfigured shipboard multiple times to attach the buoy section for testing from the USCGC Healy. A block diagram of the ALTEX vehicle is shown in Fig. 3. This vehicle was built with the older style bus cables which actually broke out the power and communications conductors over two connectors.
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Fig. 3. ALTEX Vehicle Configuration

Future Work: (from 2002 Oceans paper)

DORADO PLANS

With the success of the MUSE and ALTEX experiments, plans for future Dorado vehicles include missions that will require new and improved capabilities and infrastructure. These experiments will generally require more autonomy, longer duration missions, and increased usability.

Expanding Dorado Mission Objectives

MBARI is currently outfitting the ALTEX Dorado vehicle with new science sensors for the Spokes cruise in August, 2002.  The sensors are located in the nose, with the exception of the LISST and the Bathyphotometer, which are in the midbody section, and the ADCP, which resides in the tail section.

The sensor set for the Spokes cruise consists of:

· LISST: Laser In-Situ Scattering Transmissometer.  Measures particle size distribution.

· Hydroscat: Optical backscattering, measures excitation-emission fluorescence.  

· Bathyphotometer: measures bioluminescence distri​bution.

· CTD – Conductivity, Temperature, Depth

· ISUS - Nitrate sensor

· O2 - Oxygen sensor

· ADCP - measures water velocity as a function of depth. This sensor has been present previously, but has provided only velocity over the bottom for navi​gation.

MBARI is working to build an Ocean Observation System in Monterey Bay, CA., where Dorado AUVs will be deployed at docking stations [6]. From there, the AUVs can run routine observation missions as well as provide scientists timely response to periodic or unusual events detected by benthic devices or moorings. The docking stations will provide communication and power services for the AUVs to remain deployed far longer than before.

MBARI scientists are planning for seafloor mapping missions that will employ a Dorado integrated with a multibeam sonar imaging system. The AUV will survey around 20 km2 areas of the seafloor to depths of 4500m. For this mission, the Dorado will have to push the envelope of navigation capabilities to obtain the required data precision. 

AOSN II (Autonomous Ocean Sampling Network) is a program that will demonstrate an adaptive coupled observation/modeling system by integrating multiple observation components such as AUVs, gliders, drifters, and moorings [7]. Scheduled for the summer of 2003 in Monterey Bay, CA., the experiment will use multiple Dorado AUVs for quick event response and surveying tasks. The AUVs will have to communicate acoustically with the other components of the experiments to accomplish the missions.

In 2004 the Dorado/ALTEX vehicle is expected to return to the arctic to run the proposed 1000km, 10 day mission.  The vehicle will collect CTD, nitrate, and ice-draft data.

Expanding Dorado Capabilities

MBARI plans on incorporating a docking capability to the Dorado AUVs where the vehicles will navigate and attach itself to a docking station. The docking station could be part of a mooring, a benthic node, or simply a pole lowered from a surface vessel. Once safely docked to a station, the AUV can recharge batteries, offload data, receive new mission instructions, run diagnostic tests, etc. A docking capability will greatly enhance the usability of Dorado by eliminating the need for a surface vessel to launch and recover the vehicle after a mission to recharge batteries, etc.

The Dorado vehicle is currently transitioning from an engineering prototype to a routinely operable vehicle.  Design changes to improve reliability include:

· Mechanical design improvements to the tailcone structure by Bluefin Robotics - This design is now supported by Bluefin and is employed on many different vehicles.  MBARI is able to incorporate improvements resulting from many users' experience.

· Improved tailcone electronics - Dorado uses electronics specifically designed for pressure-tolerant under-sea applications. 

· Reduction of underwater connectors and junction boxes - Elimination of the oil filled junction boxes is being done in an effort to increase overall reliability. As can be seen in the differences between Figs. 2 and 3, the vehicle architecture is simpler without the junction boxes. Instruments simply “tap” off of the main bus by means of a molded junction. The dual communications and power cables are being married into one cable to also cut down on the number of O-rings and other connector hardware which is prone to failure.

These design improvements are the result of experience gained from many AUV missions over the past several years.

MBARI is taking steps to upgrade the standard CTD science payload in the nose section of the Dorado vehicle. In addition to modernizing the sensor payload, the objective is to increase the extensibility of the science payload to allow more flexibility in sensor deployment and mission capability.

MBARI is also planning to integrate software developed by Bluefin Robotics which enables mission planning to proceed more quickly and with less error. Other Bluefin software will be used to graphically display vehicle status in real-time whether the vehicle is in the lab (Ethernet), on the surface (wireless Ethernet), or submerged (acoustic modem).

Upgrading Dorado Infrastructure

Dorado vehicles are designed for easy reconfiguring to meet the needs of specific science missions, now and in the future. Reconfiguring for science missions usually means swapping various instruments and sensors to and from the sections of the Dorado vehicle. An effort was made recently to study the tradeoffs of speed, cabling, volume, etc. between a number of communication technologies, including RS-232, Ethernet, CAN 2.0B, and LonTalk. From that study, MBARI decided to employ CANbus for most of the instrument communications in future Dorado vehicles. CANbus offers a multi-drop capability with a low power profile that can handle the relatively small data packets from science sensors.

Most of the interesting tasks for AUVs last longer than a few hours, sometimes more than 24 hours. In order to support missions of that duration MBARI is planning upgrades in battery technology and power management. Dorados will soon transition to Lithium Polymer batteries with power budgets approaching 6 KW-hr. The new batteries are able to be recharged in-situ which will decrease the turnaround time between missions as well as support the docking capability mentioned earlier.

Transitions:

The ALTEX project included collaborations with many institutes including MBARI, WHOI, MIT, SSI, FCT, PMEL, USCG, and the NSF. MBARI was chosen to initially develop a new controller tailcone to control and propel the AUV. After the design was proven at MBARI and a patent was granted, Bluefin Robotics commercialized the design and is now selling vehicles with the MBARI designed tailcone to outside commercial customers.

MBARI was also on the forefront of architecting a modular, object oriented framework for the vehicle control and logging software. This software development was also commercialized and extended by Bluefin Robotics in their Odyssey III (Dorado) line of vehicles.
Through Bluefin Robotics, MBARI’s ALTEX funded technology is making its way into the commercial and science research world. Orders for Dorado style vehicles are were made by Oregon State University, Scripps, MIT, WHOI, and a German research institute.

Field/Testing Results: (from 2002 Oceans Paper)
DORADO MISSIONS

The Dorado AUV development effort at MBARI in 2000-2001 was directed towards long endurance high latitude under-ice operations during the ALTEX cruise aboard the USCG Ice Breaker Healy in October and November of 2001.  Integration of an advanced power source (Fuel Cell Technologies semi fuel cell), remote data transfer system (Scientific Solutions International buoy launcher), high latitude capable navigation system, and a configurable data acquisition system were emphasized [5]. Fig. 6 shows the full length vehicle being deployed in the icy waters of the Arctic.

[image: image4.wmf]
Fig. 6. Full Length ALTEX Configuration

Initial testing in the year 2000 was conducted using Odyssey IIb hardware from the MIT Sea Grant Laboratory, shown in Fig. 7.  The Odyssey IIb vehicle was controlled with new software in an object-oriented framework running on a PC-104 based main vehicle computer.  The new software was qualified in sea trials during January 2000 aboard the NOAA ship MacArthur in Monterey Bay.  An additional Odyssey vehicle was converted and in August of 2000 10 days of hydrographic survey missions were run with the two vehicles during MUSE cruise. 

[image: image5.wmf]
Fig. 7. Odyssey IIb AUV

The prototype Dorado class AUV was deployed at sea on 35 days in 12 different configurations during the course of 2001.  The bulk of the testing was carried out in Monterey Bay in water depths less than 100 meters but the vehicle was operated on several occasions to a depth of 500 meters.  10 days of operations were conducted at latitudes as high as 82 degrees North.  Several kilometers of under-ice data were acquired in the arctic.  

Dynamic control testing was successful in 5 different vehicle lengths ranging from 2.36 m to 5.56 m, with a majority of the operations conducted with the vehicle in a 3.89 m configuration.  Five different navigation suites were deployed using combinations of GPS, magnetic based compass, Doppler velocimeter log, long baseline navigation system, fiber-optic gyro, and ring laser gyro based inertial navigation system.  The vehicle was powered during two sets of sea trials with a semi-fuel cell built by Fuel Cell Technologies and at all other times by a 3 KW-hr silver-zinc battery pack.

Mission statistics and outcomes for the set of operations to date have been compiled in a database and analyzed for trends.  Resources in 2002 have been targeted towards high return areas in order to enhance system performance and reliability.  The two vehicles currently in production are designed to be working science assets supporting MBARI scientists and the broader community.

Operational Issues:
MBARI performed field trials of the ALTEX vehicle in the Arctic in October 2001. The USCGC Icebreaker Healy (WAGB-20) supported operations to the north of Norway up to latitudes of 84°N. The sun slipped under the horizon permanently after the first week of operations. Cold and windy weather seemed to follow shortly afterwards. Operations were halted when temperatures fell below -20°F with winds above 20 knots.
Launching of the ALTEX AUV was accomplished by using the port crane on the stern. Quick-release latches were used to divorce the AUV from the lifting bar and straps. Recovery of the AUV involved more human support. A small RHIB with 4 personnel was launched in the water to assist attaching lifting hardware onto the AUV. Because of this requirement, sea state, weather, and RHIB functionality limited operations in the dark Arctic.

The Icebreaker had amazing capabilities to plow through ice up to 10 feet thick. Although a significant portion of the ice in the Arctic is multi-year ice thicker than 10 feet. MBARI and PMEL scientists took advantage of the ALTEX AUV’s autonomous capability and sent it under the thicker multi-year ice to collect CTD, nitrate, particle, and ice draft data on multiple hour long missions, at speeds up to 3 knots. There were times when the AUV traveled over a kilometer away from the Healy out of tracking range. The reliable operation and navigation brought it right back to the aft quarter every time.
High latitude heading estimation and under ice navigation capability was also tested with multiple sensors on the ALTEX AUV. A Kearfott SeaDeViL integrated ring laser gyro/inertial navigation sensor/Doppler velocimeter logger sensor provided the best heading estimate and position estimation. The sensor was “aligned” on the deck of the ship with the help of GPS, then lauched in the water. Since the AUV was operated in water depths of around 3000m, the onboard DVL could not provide relative velocities until the vehicle was under the ice. The DVL aided the INS by sending its sonar beams towards the ice and calculating velocities from the Doppler shifts received back.

ALTEX Summary: (from AGU abstract)

An Autonomous Underwater Vehicle designed for operation at high latitudes and under ice completed its first Arctic field tests from the USCGC Healy in fall of 2001.  The ALTEX AUV has been under development since 1998, and is being created to provide:  unprecedented endurance, ability to navigate at high latitudes, a depth rating of 1500 to 4500 meters depending on payload, and the capability to relay data through the ice to satellites via data buoys.   The AUV's initial applications are focused on tracking the warm Atlantic Layer inflow - the primary source of seawater to the Arctic Ocean. Consequently the primary payloads are twin pumped CTD systems.  Oxygen and nitrate sensors provide the ability to use NO as a tracer.  An ice profiling sonar allows the AUV to estimate the ice thickness in real-time and is designed to generate high quality post-processed ice draft data comparable to that collected through the SCICEX program.  The experiments in October aboard the USCGC Healy generated numerous water column and under-ice data sets.  Traditional ship-based CTD operations were used to provide a comparison data set for AUV water column measurements.  The post-processed ice draft results show reasonable ice profiles and have the potential, when combined with other science data collected, to shed some additional light on upper water column processes in ice-covered regions.  Cruise results include: operating the AUV from the USCGC Healy in the ice pack, demonstrating inertial navigation system performance, obtaining oceanographic sections with the AUV, obtaining ice draft measurements with an AUV born sonar, and testing the data-buoy system.  
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Functional/User Requirements: (from Oceanology Paper)

We propose to obtain critical observations on the fate of Atlantic water as it penetrates the Arctic basin, and in so doing, demonstrate a powerful new AUV survey capability for Arctic oceanography.  Our science objectives are motivated by the need to understand heat exchange between the Arctic basin and other ocean basins, and in many respect are the logical follow-on to Surface Heat Budget of the Arctic Ocean (SHEBA) program, which examined heat flux between the Arctic ocean and air mass.  Our technological objectives are motivated by the general need to develop economic access to the Arctic ocean, although added urgency is lent by the immanent termination of the highly successful SCICEX cruises.  The technology which makes this possible, a new long-range AUV, is being developed under a National Ocean Partnership Program (NOPP) effort, which started in June 1998.

Consistent with these observations the following sampling strategy will be adopted.

· The vehicle will on launch descend to a depth of 400 m and do saw-tooth operation travelling between 200 to 600 m.  The temperature and salinity values will be measured every 2 minutes.

· The vehicle will navigate itself vertically, so as to remain within the Atlantic layer, by sensing the change in the temperature of the water surrounding the vehicle.  The vehicle will additionally stay above the 1300 m isobath as we believe that the core of the Atlantic layer lies here.  

· The vehicle will search for the lateral extent of the Atlantic layer every third day in the North-South direction.

· The vehicle will descend to maximum depth (1100 m) once a day and make a measurement of the temperature and salinity.

· Once in a day the vehicle will come up to a depth of 50 m in search of a suitable place for launching the ice-penetrating buoy.

· Upon reaching St. Ann Trough, the vehicle will continue on a eastward trajectory and make N-S excursions.

· At the eastern slope of the trough, the vehicle will head south for recovery

The design of the ALTEX AUV was guided by a set of needs distilled from both the specifics of the Atlantic Layer Tracking Experiment, and from more general observations of Arctic science.  The primary requirement is for an AUV with a range that enables basin scale observations.  The vehicle must have at least a 1500 m depth rating for Arctic hydrography, but ideally should be capable operating through the entire range of depths of the Arctic basin.  Furthermore, the vehicle must be small enough to be logistically manageable, and must be cost effective.  Finally, the system must be reconfigurable to satisfy a wide range of science objectives.

ALTEX Cruise





Arctic Basin Survey 


 Autonomy - 2 weeks


 Range - 1500 km


 Depth rating - 		1500 m (w buoys)	4500 m (wo)


 Satellite reporting 


 Modular/reconfigurable


 Dorado AUV


 Ice Thickness


 Physical Oceanography








[image: image1.wmf]_1090329705.doc


Main







Vehicle







Computer







Power/







Comms







Tether







Prop







Batt







 3







Batt







 2







Batt







 1











Fast Charge�Tether







Payload







Data-Con







CTD







O







2







ISUS







OBS
















_1090329699.doc


Main







Vehicle







Computer







Motion







Control







Science







Sensors







Data Buoy







Data Buoy







Data Buoy







Data Buoy







Data Buoy







Data Buoy







Data Buoy Control







Junction Box







J-Box







J-Box







INS/



DVL/



AHRS







Fuel Cell







Stack







Backup







Battery







Fuel Cell







Control







Junction Box







AgZn







Battery












