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Abstract - The Monterey Bay Aquarium Research Institute (MBARI) has teamed with Fuel Cell Technologies, Scientific Solutions, the NOAA Pacific Marine Environmental Laboratory, and the Massachusetts Institute of Technology to develop an autonomous underwater vehicle (AUV) for Arctic research with unprecedented endurance and the ability to relay data through the ice to satellites. The purpose built vehicle, currently in development, is called the ALTEX AUV. ALTEX is an acronym for the Atlantic Layer Tracking EXperiment that initiated the  development of the new AUV systems. 

The ALTEX AUV is being designed to increase access to the Arctic Ocean by creating and demonstrating a safe and economical platform capable of basin-scale surveys. This dramatic increase in AUV capabilities and presence will provide a means of monitoring the Arctic Ocean and investigation of the changes taking place and their potential impacts on global warming. The extended endurance nature of the system also allows seafloor surveys throughout the Arctic basin as well as being adaptable to many other tasks. 

In addition, MBARI has in-house vehicle development efforts to create a general purpose AUV system named Dorado. Working in conjunction with academic and industrial partners, MBARI AUV technologies are being made available through licensing and other collaborative means. Together the Dorado and ALTEX efforts are creating AUV systems that will provide low cost, long endurance, and highly reliable platforms for the user communities in science, industry, and the military. 

I. INTRODUCTION
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MBARI and the ALTEX team members are currently developing a new autonomous underwater vehicle (AUV) for the ALTEX program †. ALTEX is an acronym for Atlantic Layer Tracking EXperiment, 

         Fig.1 - ALTEX Mission Concept

an experiment designed to track a specific layer of Atlantic Ocean water that enters into the Arctic Ocean along the coast of Spitzbergen and then follows the edge of the Nansin basin.

The Arctic Ocean poses unique requirements for physical oceanography because of the ice coverage. Much of the understanding science has about the Arctic Ocean comes from using nuclear submarines as research platforms. In the United States these submarines are active U.S. Naval vessels, and access to them has been provided via a highly successful multi-agency agreement called the Scientific Ice Expeditions (SCICEX) program. The SCICEX program however is expected to end as the Sturgeon class submarines that have been used are removed from service. Most other bservations are generally limited to point measurements below the ice with few exceptions. 

The challenge posed to the ALTEX team, by the lead science member, is to map the water volume coming in from the Atlantic Ocean, follow along it as far as possible, and map it. Mapping it accurately enough for the ALTEX science mission requires data in three dimensions using dual CTD sets, an O2 sensor, Optical Backscatter, Nitrate sensor, flow sensors, pressure, accurate navigation, and then to send the data back each day for processing. The distance requirement for this data set comes from measuring the changes in the water mass until it is essentially indistinguishable from the surrounding water. The products from this effort are expected to enhance understanding of Atlantic and Arctic water interactions while providing better inputs for modeling global warming and other issues of significant science interest. 
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The concept of using AUVs for Arctic science is not new and AUVs have been employed since the 1970s [1]. However, operations are typically limited to short excursions of a few kilometers from ice holes or at the edge of the ice pack. Perhaps the longest under-ice run was achieved in the deployment of a fiber optic cable from Ellesmere Island to an ice camp 175km offshore by a very large AUV [2]. The AUV operations to date have been shallow, never exceeding depths of a few hundred meters. In contrast, for AUVs to address the large-scale climate issues of the Arctic basin, ranges on the order of a 1,000km and depths of 4,920 feet (1,500m) must be achieved, thus providing the depth requirement for the ALTEX vehicle. While the developmental effort is presently focused on Arctic Ocean hydrography, this advanced vehicle can be used for a range of oceanographic applications, including seafloor mapping.

 The stated ALTEX hydrography requirement demands a vehicle capable of traveling an approximate 1000 kilometers or more under the ice. One goal of the ALTEX vehicle effort is to develop, demonstrate, and deliver the next generation power system to enable accomplishment of the science goals. The development of a cost-effective and easy to use energy system for ALTEX is the task of collaborator Fuel Cell Technologies (FCT).  FCT has taken the approach of a novel pressure tolerant semi-fuel cell. 
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The data recovery system was tasked to another collaborator, Scientific Solutions Inc., who were tasked with building ice-penetrating buoys. The buoys are carried in a special purpose modular section of the vehicle and provide a means of both transmitting data from the AUV to shore and obtaining GPS position fixes along the vehicle track. The buoys function as follows: On release from the vehicle, a buoy will ascend to the surface, penetrate through the ice, and deploy GPS and ARGOS antennae. The GPS system will provide the location of the buoy, which will be used later to correct the track of the vehicle in post processing of data. The ARGOS antenna will be used to transmit data transferred to the buoy prior to its launch from the vehicle. Similar to all other sections of the vehicle, the design of the buoy section is modular to allow complete flexibility of vehicle configuration.

The final vehicle section is the nose of the vehicle and contains the Science Payload. This section carries a suite of instruments specified by the science users of the system. In addition to the outlined instruments the science payload can be reconfigured. During the upcoming engineering test cruise (Fall of 2001) an additional set of experiments will be done to test out thin ice algorithms and to compare ice draft measurements from the new AUV with SCICEX data to establish other areas the AUV can be useful for science in the arctic. 

II. VEHICLE DESIGN

The components outlined in the previous section are well along in the development cycle and all have been tested in sea trials. The first engineering test configuration of the ALTEX is being readied for an arctic expedition at the time of this writing. Based on test results to date, some of the new vehicle class components are sufficiently developed to the point they are now commercially available. Other components are still in development but moving quickly towards advanced sea trails with the goal of commercialization. However, many of the systems are still in test and require further development. Important factors such as mission-level fault detection and recovery, along with improved electronics and power management, are still in engineering development working towards meeting the full Dorado/ALTEX specifications. 

General Capabilities

· Vehicle speed : 3 knots (1.5 m/sec) 

· Depth rating : 4500 meters (6600 psi)

· Max. Wet Weight: 2200lbs. (1000 Kg).  

· Size: 21 " dia. (53.3. cm) and variable length  88”– 220” ( 223 cm – 558 cm)

· Fuel Cell: Baseline 80 Kwh capacity @ 28 Volts – Endurance 260 Hours minimum

The overall vehicle specification is an extension of work previously conducted at the MIT Sea Grant AUV Lab combined with technology development on MBARI’s  remotely operated vehicle (ROV) Tiburon and Dorado AUV[3]  efforts. Other specifications were formed in conjunction with the collaborators on the ALTEX/NOPP proposal. Additionally, the new vehicle also draws upon elements that can be readily purchased as Commercially Off-the-Shelf (COTS) components whenever applicable. 

The MBARI general use AUV, Dorado, is designed to support a number of proposed long endurance science activities including. Drawing on some of the technology advancements under ALTEX the new vehicle can carry a large array of payloads that previously would have shortened missions such that cost effective data collection was doubtful. 

· Multibeam mapping 

· CTD Time-series and cross sections 

· Video transect sections 

· Docking (in development) 

· Ocean Observatory AUV operations

The forward section can also be configured to carry a 17" sphere that houses Silver-Zinc batteries, with adequate capacity to power the vehicle for approximately 10 to 12 hours. 

The modular AUV design uses parallel mid-body sections for vehicle reconfiguration. All vehicles use a tail section and nose section.  The general AUV design minimizes the use of pressure housings, putting as many systems as possible in smaller, lighter oil-filled (pressure compensated) enclosures resulting in a small, deep rated system.

The external skin hull sections are fabricated from Acrylonitrile-Butadiene-Styrene (ABS) as the baseline material for external skins. The hull is a 1/4" thick ABS skin that is attached to internal structural members and linked together using bayonet style joining rings at body segment boundaries. The material was selected for the ability to survive extended duration in the cold seawater environment under arctic conditions. Experience has also shown that materials used need to withstand collisions with floating debris, ship hulls (or floating ice packs), and at freezing temperatures. Being capable of diving to 4500 meters requires that the materials cannot absorb moisture or experience significant mechanical property breakdown in the presence of approximately 10,000 psi. hydrostatic pressure. The joining rings are comprised of aluminum and delrin sandwiches and use a marmon clamp to secure the individual sections to each other. Structurally, the vehicle hull is designed and built to withstand the extreme loading seen during launch, recovery and transport, and a maximum acceleration of 2g's. The entire vehicle hull structure provides rigidity along the central axis, in torsion and in bending. The design intent was that the vehicle not be lifted vertically by the bow, however structurally it can be and the bow is regularly used to pull the vehicle up an inclined ramp as part of launch and recovery. 

Individual segments of the vehicle are designed and fabricated to be structurally consistent with the remaining vehicle elements. For example, the fuel cell segment is built so that it provides adequate stiffness longitudinally and torsionaly to transfer loading appropriately. In addition, using the fuel cell segment example again, the fuel cell provides cable-ways and junction box access as required by adjacent segments to comply the modular requirement of sections being interchangeable. Generally, each section of the vehicle is built and maintained to be neutral buoyant, including the wet weight of the cables that pass through. This requirement is not an absolute, but enforcing to the extent possible greatly assists in ballasting and the adjustment of trim, factors that effect closed loop control. The fuel cell section has one additional buoyancy concern, the loss of mass that the cell will experience as it discharges, perhaps as much as 3kg. The current working plan is for the vehicle to compensate for the positive buoyancy through hydrodynamic lift, avoiding the added complication of a variable ballast system. 

III. DUCTED PROPELLER TAILCONE
The Tail Section is identical in every vehicle configuration with the exception of navigation options and equipment carried internally. It houses the MBARI Tailcone, the Main Vehicle Computer, power distribution, network and serial communications, and the options for navigation components. This allows for spares and rapid turn around times in the field. The tailcone is a unique component in the tail section when compared to other AUVs in general. The vehicle is maneuvered by the articulated tailcone, a ducted propeller, in contrast with the more traditional control surfaces of previous vehicles.  This approach has proven to be more robust to impacts (usually occurring at launch and recovery) and has improved propulsion efficiency as well. Also worth noting is the fact that the tailcone system stays inside the 21" diameter of the overall vehicle.

The duct of the tailcone, Fig. 3, has eight equally spaced stators that add pre-swirl and anti-roll forces on the vehicle. The stators also increase the amount of control surface available while the ring wing minimizes the drag of the control surfaces. The combined properties and hydrodynamic design maximize efficiency while minimizing the torque roll usually associated with single propeller type AUVs. 
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Fig. 3 Tailcone Hydrodynamic Duct

The propulsion system consists of an embedded servo-controller, brushless motor amplifier, 3-phase 1 hp brushless motor, 10:1 gear-box, and propeller. The rudder and elevator motions are accomplished by use of stepper motors and embedded system controllers. Closed loop control is enabled by use of feedback potentiometers that measure the absolute position of the output shafts.

The motor specified for the tailcone is designed to allow for easy upgrade, to higher power ranges, allowing a maximum speed of 4 knots for shorter duration missions The motor is designed to operate at 24 volts dc, and the complete tailcone uses approximately 150 watts.. The ducted thruster provides lift as a high efficiency control surface and, as stated previously, acts as a protective shroud around the propeller that protects against collision and miss-handling damage. The drag produced by this duct is minimized by design as a ring wing and offers a very high strength to weight ratio. The vehicle also is neutrally stable at 1.5 m/sec. The actuator mechanisms are self-zeroing (during a power cycling also) and do not allow back driving of fin. The theoretical design specification indicates approximately 100 watts of propulsive power at 1.5 m/sec (approx. 3 knots) at the propeller. The tailcone has shown to be highly reliable and has proven the output shaft power calculations to be reasonably accurate. The estimated 300rpm is actually about 280 rpm to maintain speed for the vehicles at the designed velocity of 3 knots. Of course the design is optimized for three knots and a clean hull configuration, this is subject to change as the vehicle is altered or external appendages are added. 

The articulated tailcone design is capable of +/- 20 degrees motions, which is 5 degrees greater control authority than demanded by mission specifications. 

IV. VEHICLE SOFTWARE 
The new vehicle’s main software architecture is an enhanced version of the code originally developed for the MIT Odyssey AUVs[4,5] and proven on nearly two dozen field experiments over half a decade.  The new vehicle’s core software is object-oriented, running under the real-time operating system QNX™, on industry-standard PC 104 hardware.  Critical design requirements for the new code were that the software be robust, expandable, and maintainable for years to come. 

Fault detection and recovery are also key software technologies that enable routine long duration autonomous missions such as ALTEX.  Once mission lengths and complexity increase, the difficulty of handling mission exceptions can greatly complicate mission configurations. These mission plans also add significant opportunity for operator error.  Augmentation of the highly versatile and field-proven Layered Control[6] architecture employed in the MIT Odyssey AUVs and ported to the new vehicles greatly simplifies mission exception handling, and will provide limited re-planning capabilities.

The Doardo/ALTEX software architecture is based on a distributed-object multi-tasking concept and is implemented in C++. The system is partitioned into subsystem "objects" (Navigation, Dynamic Control, Layered Control, Tailcone, etc); each subsystem object contains one or more separate threads of control. Each subsystem object has a well-defined "public interface", which is cleanly separated from the actual implementation code of the object. Subsystem objects communicate with each other through their public interfaces. Thus the overall vehicle system consists of multiple cooperating subsystem objects and their threads. 

There are many advantages to this design approach. The multi-tasking architecture is more suited to long-duration fault-tolerant operations than is a single-threaded system. In the single-threaded case, a fatal exception in any section of code causes the entire system to halt, necessitating a reboot. In the Dorado/ALTEX multi-threaded approach, an errant subsystem can potentially be restarted while the rest of the system continues to run. Properly applied and executed, object-oriented design this implementation has resulted in systems which are highly reliable, maintainable, and extensible. The clean separation between subsystem interface and implementation results in subsystems whose implementation can be improved or even totally re-vamped, without requiring changes to other subsystems. The vehicle software has proven to be extremely reliable in sea-trials thus far.


The current software implementation has been successfully tested in short-duration missions at sea and tested in the lab for extended periods lasting a few days. At present several enhancements for fault tolerance and some additional capabilities are still required for a truly robust multi-week operation, including implementation of modules for subsystem restart and recovery, multi-state (state configured) layered control. While doing the software improvements mentioned we are also adding attributes to propulsion, dynamic control, and navigation subsystems for improved performance and power management.

V. FUEL CELL SECTION
The ALTEX program is revolutionary in its long endurance goal for an autonomous underwater vehicle. The goal as outlined is largely enabled by the development of a unique semi-fuel cell system.  Current AUV state of the art power sources support relatively short missions.  While some systems have operated for periods in excess of a day, these systems are typically large and require large amounts of logistical support in terms of manpower and equipment[2]. Systems comparable to the ALTEX vehicle (21" diameter) are normally operated for periods on the order of a day using a set of batteries. Turn around times can be many hours, in the case of Silver-Zinc batteries and often involve partial disassembly of the AUV for venting gases created during the charging process. 

Fuel Cell Technologies (FCT) has created fuel cell energy systems[8,9,10,11] have been developed for marine applications previously, none have been pressure tolerant. FCT has designed and developed a novel pressure tolerant Aluminum/Hydrogen-Peroxide semi-fuel cell system to deliver the 80 KWh at 300 W for the ALTEX vehicle, schematically shown in Fig. 4 and the first sea trials hardware in Fig. 5.  Several variants have been designed allowing for 40 to 66 KWh cells that are neutrally buoyant in water within the 66 inch (170 cm) by 21 inch (53 cm) diameter.  
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The fuel cell vehicle section utilizes the high energy density of aluminum, and the oxygen content of 50% peroxide to produce a depth independent refuelable energy source.  The complete system for 80 KWh of net energy is packaged as a near neutrally buoyant section designed to fit in a 1.7 meter long by 0.53 meter diameter (21 inch) hull section.  For the ALTEX vehicle, the 80 KWh net allows the 1000 Km plus range at 3 knots for 260 hours. Depth independence is achieved through storage of only solid or liquid reactants and wastes.

Efficient use of reactants is achieved by using a two flow-loop system consisting of a KOH anolyte and a controlled concentration peroxide catholyte.  Fuel cell reactants are stored in two removable flexible storage tanks.  Turn-around time for a complete refueling is calculated to be 2 hours or less.  Liquid reactants are low cost and significant portions of the cell stack will be reuseable, keeping total refueling costs low compared to replacement of primary batteries.

Since the fuel cell section is a key development it must be "plug and play" compatible with the other vehicle systems by using the same basic 21" modular hull section and interface specification. The fuel cell does add some requirements for the vehicle system, taking into account the ALTEX mission and the chemical fuel in the cell system, they are as follows:

· Temperature




Arctic operation 
-2°C to 5°C



Shipboard  
-20°C to 10°C



Shipping
-40°C to 30°C

· Vehicle Orientation



                         Pitch        Roll



Launch
    +/- 60°     +/- 90°




Operation   +/- 30°    +/- 18°


Specific capabilities in the fuel cell system include monitoring individual cells during missions and the ability to remove or shunt around those cells to prevent mission termination. Also, a 24-volt buffer battery is part of the fuel cell for start-up, bus fluctuation control, and shutdown. With the battery in place any problems in the health and status of the system are always reported to the main vehicle computer and used as inputs about the vehicle status to constantly determine and allow for modified mission decisions. The system has been built and tested in spring of 2001. The as built configuration prior to testing can be seen in Fig. 5. 
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Fig. 5 - Fuel Cell Assembly

VI. BUOY SECTION
Communication from the ALTEX vehicle to shore is provided by 12 expendable buoys, launched individually from the vehicle. The Buoy Section is a complex mechanism of hardware, electronics, and software particular to the ALTEX mission, however a host of uses have been discussed and the collaborative partner (SSI Inc.) is working on further developments beyond the ALTEX mission[10]. 

Each buoy is capable of melting through a meter of 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 vehicle then reduces its speed, while maintaining a minimum depth of 50-meters to avoid obstacles such as ice keels.  The launcher then releases the designated buoy from the AUV.  In its launch configuration, the buoy is slightly buoyant to limit its ascent rate to 1 m/s.  The launcher also releases a weight simultaneously with each buoy in order to maintain neutral buoyancy of the AUV.

Subsystems related to extension of the buoy, ice-penetration, and aspects of the GPS and ARGOS antennae deployment mechanism have been designed, built, and successfully tested. Tests for ice penetration were carried out during the APLIS ice camp operated by ONR in early April 1999. In order to test hydrodynamic stability of the buoy, these tests were conducted during windy days with water currents greater than 10 cm/s were present.  The penetration system performed as designed.

The buoy balloons, required to raise the antennae after melt through, have undergone extensive testing. After initial difficulties finding a suitable material, a successful material and balloon design combination has been found. Testing has shown the balloon can maintain full inflation with a more than satisfactory safety margin. The buoy launcher is being integrated, tested, and readied for the arctic cruise at the time of this writing. 

VI. SCIENCE PAYLOAD SECTION

The payload section carries selected science instruments based on the specific requirements outlined by the science user(s). In the case of the ALTEX experiment the team members, from the Pacific Marine Environmental Laboratory (Dr. James Overland, PMEL), designated the mission requirements and supporting instruments. During the arctic engineering tests MBARI has also included an under ice sonar test to examine the AUVs capabilities as a platform for ice draft measurements[13]. 

The basic engineering requirements of the payload section are flexibility, including support of all the standard and necessary communications common to a wide variety of ocean science instruments. For the ALTEX mission this section carries a the following host of instruments:

· Forward looking sonar - Datasonics PSA-916

· Dual CT sensor - Sea Bird SBE  

· Oxygen sensor – Sea Bird

· ISUS – An MBARI designed and built nitrate sensor

· Altimeter (upward looking)

· Pressure (located in the main vehicle computer housing)

· Pump and flow meter for CT system

· Optical Backscatter Sensor-Wetlabs (Seatech)

It is possible to carry other instruments on AUV missions including bio-luminescence sensors, fluorometers, acoustic arrays, side scan sonars, magnetometers, and sub-bottom profilers. 
Based on a survey of products available, it was decided to purchase and modify the Ice Profiler commercially available from ASL Environmental Sciences Inc. to perform the ice draft measurements. 

VII. NAVIGATION
Several navigation options are under test at MBARI for the long endurance vehicle system. The primary navigation system for ALTEX is an inertial navigation system (INS). The Dorado vehicle uses a less expensive attitude heading and reference system (AHRS) in conjunction with a doppler velocity log (DVL). 

The INS system will be augmented with the available measurements or estimates of vehicle speed, and geophysical measurements (e.g. seafloor bathymetry, and magnetic field direction and strength) through the use of instruments like a Doppler Velocity Logs (DVL) or instruments of opportunity. The original candidate INS was selected and recently delivered at the time of this writing. The other option is a laser gyro heading reference integrated with all of the other instruments available. An additional unit has to on the market and is also being evaluated at the time of this writing. Simulations have been carried out to evaluate the heading gyro performance in high-latitude missions due to the late delivery of the INS systems.  Additional testing was conducted at Barrow, Alaska to confirm error growth rates predicted in lab tests and simulations. While results are promising, more high latitude testing of the system is expected to be necessary during the arctic cruise in October 2001. Although this approach isn’t applicable to long endurance high-latitude missions it has acceptable performance for lower latitude applications in missions with traditional AUV deployments of a day or less such as mapping. 

To accomplish the endurance goals two INS units are currently under evaluation for the long-term missions. The initial order mentioned previously was for the Litton™ LN-250 INS device which has been specified as the baseline unit. Bluefin Robotics, Inc., an AUV original equipment manufacturer, has currently established the Litton unit as a baseline component for their new navigation system under development in Cambridge, Massachusetts. The ALTEX project has plans to take advantage of that navigation project if it meets specifications and schedule.
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A competitive INS unit recently became available from Kearfott™. This unit comes packaged with a Doppler Velocity Log (DVL) already integrated and it is currently in testing on the MBARI AUV Dorado. The Kearfott™ unit has already been on a series of at sea tests and has been performing very well for over a variety of courses and deployment lengths. The testing to date has shown this unit to be remarkably accurate meeting the specifications as stated. The current plan is to take the Kearfott™ unit and test it as the baseline unit during MBARI engineering tests on the arctic cruise this fall. Results of these tests are expected to influence the final configuration of the ALTEX AUV. 
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VIII. CONCLUSIONS
The new Dorado/ALTEX vehicle system will offer new capabilities to the science users at MBARI and other UAV users in general. The modular vehicle is easily assembled and transported while providing flexibility in a cost-effective package. This modular design also allows for easy maintenance in the field and the ability to work on the vehicle sections while on the deck of a supporting vessel at sea. Each module can be rolled into place for quick assembly or replacement / reconfiguration. The vehicle design also has a shore power mode for system check out and mission planning purposes. Operators can execute test missions to confirm the functionality and communications of all the subsystems prior to launch, giving confidence in the vehicles reliability and mission settings. 


The Tail Section, with the MBARI Tailcone,  is mechanically and electrically complete. The core vehicle software is also in place, but as previously mentioned there are still some modules needing to be put in place to fully implement all of the features outlined for fault tolerance. Also, the Tailcone has been licensed to Bluefin Robotics of Cambridge, Mass. and is commercially available along with the basic vehicle sections. Parallel mid-bodies are also available to construct customized payloads for science or other users. 


The fuel cell and buoy sections are continuing to progress. The buoy section will be tested in its complete form during the arctic cruiser in October 2001. The fuel cell for the ALTEX system completed the first set of sea trials during Apr-May 2001, running for 56 hours in the pool and 78 hours in accumulated time at sea trials down to 120 meters depth. During testing of the prototype fuel cell many things have been learned. With those lessons a modified fuel cell and new design plans are currently underway to carry on development to the next iteration. 


The Dorado/ALTEX science payload is also completed and ready for arctic testing. The current ALTEX payload section for the arctic has successfully been integrated and the ice-thickness sonar is scheduled to perform separate experiments as a second configuration. While on the cruise and in post data processing, our plan is to compare results of this new vehicle system with previously used ice measurement systems and gain better knowledge about vehicle performance, suitability, and potential modifications  needed for future ice experiments. 

 The tail section, fuel cell, buoy section, and science payload that form the Dorado/ALTEX vehicle have been making advances in AUV technology and working towards regular deployments of AUVs for science. MBARI plans to build two Dorado vehicles and put them into operation next year as part of the regular MBARI operational equipment pool. A high-resolution mapping payload is already in development at MBARI that uses a hull conforming acoustic array. Field experiments for the payload are scheduled for the Sea of Cortez in early 2003. The ALTEX mission is currently planned to be in Spring of 2003. Proposals are in to use the new systems on a regular basis to replace CTD castings in the Monterey bay as well as follow-on efforts from the highly successfully MUSE experiment in August of 2000 (www.mbari.org/muse/). Based on these and the other internal and external proposals at MBARI, modular AUV demand is increasing and the Dorado/ALTEX system design is proving flexible enough to fit into many applications. 
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Fig. 6 – Dorado minimum configuration and ALTEX at the maximum length configuration
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Fig. 2 - Dorado / ALTEX AUV (ALTEX configuration)
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Fig. 1 - The Dorado/ALTEX AUV (ALTEX configuration)
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Figure 4: Fuel Cell Schematic












