Modular AUV for Routine Deep Water Science Operations
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Abstract – Needs a rewrite! The Monterey Bay Aquarium Research Institute (MBARI) has developed an autonomous underwater vehicle (AUV) specifically designed to address science community requirements from shallow to deep water. The vehicle architecture uses modular technologies to accommodate a wide range of science missions, ranging from the upper water column physical oceanographic missions to deep sea high resolution mapping. The system consists of propulsion, payload, and power elements that can be arranged in a variety of configurations to accommodate specific payload needs.  

There are very few truly deep water AUV systems that are purposely built for science. The upper water column and littoral sea have a number of systems that do well, but few can be easily reconfigured at sea on the same cruise to work in a range of depths between 5 meters to 4500 meters or deeper if required. The MBARI modular AUV, named Dorado, does address this need. Furthermore, Dorado has been designed and constructed to do this on a routine basis with high reliability. Science operations are carried out by a trained AUV operational staff and do not require the engineering staff as many AUVs still do.  

Dorado is a mid size class AUV, which is intended to operate routinely from a dedicated ship but is also designed to work from ships of opportunity. This paper outlines the various science drivers that contributed to the technical trade studies and architectural choices which became Dorado. The modular systems are explained in detail and show how they address the requirements derived from science. Power, structure, computing, control, internal vehicle communications, external vehicle communications, navigation, and fault tolerance trades studies, along with their capabilities, are described. Included within the paper we also, with the appropriate reasoning, tie the solutions directly back to the concepts of operations which were used to extract the science requirements. The paper closes with sea-trails to date and outlined plans for the future with the Dorado system and the next generation thinking.
I. INTRODUCTION
This section needs more background on MOOS and ALTEX. We need to show the history of how MBARI got started in the AUV business and what the vision of the AUV program is. Define the name of Dorado.

(I wrote the following paragraph pretty quickly just to get started. I don’t even know if it is technically accurate.) MBARI is in its third year of building and operating AUVs. The engineers and scientists learned many lessons from the Atlantic Layer Tracking Experiment  (ALTEX) vehicle which was deployed in the Arctic Ocean near Spitzbergen in late 2001 to measure ice thickness and perform mid-water analysis and data collection. Looking into the future missions which MBARI scientists are proposing, concepts of operations were constructed which drove functional requirements. With the experience gained from the ALTEX vehicle, engineers realized where improvements needed to be made to MBARI’s line of AUVs. Trade studies on various topics like energy source, cabling/bus architecture, navigation solutions, etc., were performed to meet the functional requirements of the scientific missions.

II. DORADO SPECIFICATIONS
Show how the Con-Ops drove these specs. Also show that the Con-Ops came from science requirements and technical reasons. Make sure Deep Water Ops are referenced.

III. DORADO CONCEPT
This is where we show our solutions to the specifications. We need to explain the modular design of the sections with cartoon drawings. Give names to the modules. We should show the wiring backbone architecture.

IV. DORADO MODULAR DESIGN

Give exact specs for each of the modules. 

-TailCone: prop, duct, linear actuators, motion control electronics, oil compensator, foam. 

-Tail Section: tailcone, MVC, beacons, nav sensors, tether. Include comms and nav here.

-Battery Mid-Body: battery sphere, room for a couple science sensors with access to bus.

-Science Nose: ALTEX payload (dual CTDs, O​2, ISUS, IPS, OBS, Flow, etc.)

V. DORADO MISSIONS

Show results with MBARI AUVs so far.

-MUSE: Doroddysey test of code. 486 class computer on a PC/104 stack. Science collection.

-ALTEX: same computer and code as MUSE. improvements to behaviors and mission scripts and RF comms.

VI. DORADO PLANS

Show what we are doing with the DMO and Engineering vehicle builds.

-CTD Replacement section

-CANbus

-Docking

-Multibeam

-Li-Polymer batteries

VII. Conclusion

Show where we are today, what testing we are doing between now and November, and what results we expect to see. Talk about how we are transitioning from expert engineer operators to trained DMO every-day operators.
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  This is an old paper… Use what you want from it.
VIII. 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. 

IX. 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. 

[image: image1.jpg]



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. 

X. 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.

XI. ENERGY SECTION

XII. 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.

XIII. 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.

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. 

XIV. CONCLUSIONS
The new Dorado/ALTEX vehicle system will offer new capabilities to the science users at MBARI and other AUV 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. 






















