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Abstract – We are creating a practical Autonomous Underwater Vehicle (AUV) docking system to enable the use of multiple AUVs as elements of future cabled observatories.  Our objective is to make this capability available to the entire oceanographic community. The docking AUV has been built, and homing from distances up to two kilometers demonstrated.  Deployment of the docking system on the MBARI MARS cabled observatory is anticipated shortly after MARS commissioning in 2007. The system will support extended deployments of an AUV, initially using the cabled observatory for power and communications.  MARS compatibility should ensure the system is well suited to being deployed on future Regional-scale Cabled Observatories (RCOs).  
I.  INTRODUCTION
[image: image1.jpg]


The ability to carry out oceanographic surveys on demand, without a ship, will revolutionize oceanography.  Monterey Bay Aquarium Research Institute, MBARI, is creating such a capability by developing an AUV docking system that is going to be deployable on a Regional Cabled Observatory (RCO).  The Monterey Accelerated Research System (MARS) testbed cabled observatory provides an early opportunity to develop and demonstrate the AUV docking capability in a logistically friendly environment. MARS provides power and communications to a node in 900 meters of water adjacent to the Monterey Canyon.  The AUV operating from the docking station will be capable of surveying out to a radius of 30 km, throughout the entire water column down to 4000 meters, every day for months, regardless of the sea state.  

Figure 1:  MARS cabled observatory, near Monterey Canyon, with AUV docking system attached.  The cable originates in Moss Landing, where MBARI is located.


Realizing the full power of future cabled observatories demands realizing the synergies between systems fixed to the seafloor and mobile platforms.  Seafloor cabled systems distribute power and communication to the interior of the ocean, while multi-platform observation networks provide dense, flexible coverage.  Consequently, the ability to dock AUVs is an important need of next-generation seafloor observatories [NRC, 2000]. The docking system addresses the desire for extended deployment by providing a method for the AUV to dock with the seafloor observatory to recharge batteries and establish high-bandwidth communications.  Most seafloor observatory studies, starting with the ‘Illuminating the Hidden Planets’ report, identify docking capabilities and autonomous underwater vehicles as essential to enabling a wide range of observatory science. 
Docking systems open a new window into the ocean.  AUV provide a capability for establishing the spatial context of measurements made from fixed sites. Sequential spatial snapshots of a given environment can be obtained to trace the evolution of small-scale oceanographic features.  The present generation of propeller-driven AUVs can carry a wide variety of oceanographic sensors and can operate for up to 24 hours.  AUV docking stations can extend this deployment by allowing the vehicle to attach to a cabled instrumentation node.  Once connected to the cable, the AUV can recharge its batteries, download data, upload new missions, and safely park until the next mission.

Docking creates a powerful new capability for studying episodic ocean processes such as weather driven events, biological blooms, or volcanic eruptions. For a wide variety of operations, the fundamental utility of the AUV is limited by ship support requirements.  In some cases, the requirement of ship support is an issue of cost.  In other cases, the requirement of ship support makes observations impossible, for example in high sea states or winter in ice-covered oceans.  The chance of observing events like an eruption on the Juan de Fuca ridge will be greatly increased by the availability of AUVs operating from docking stations attached to a cabled observatory.
As AUVs have matured, and the variety of AUVs has proliferated, operating AUVs for extended periods and in large numbers has become a realisty.  For example, the 2003 field program fielded over 20 mobile platforms in Monterey Bay, and tied those observations to real-time atmospheric and oceanographic models.  Future AOSN-like programs would be vastly improved by a cabled infrastructure that would leverage power and communications to realize sustainability and flexibility.  As MARS becomes a functional NSF facility in 2006, the hope is that the practical experience gained will inform the successful creation of the much larger observatories planned under NSF's Ocean Observing Initiative.
II. OBSERVATORY USE OF DOCKING
A.   MARS
The MARS cabled observatory, funded by NSF, will functional as a testbed for instrumentation, technology, and operational procedures for the next generation of cabled observatories. MARS will be deployed in late 2006, and will consist of a node in 900 m of water at the end of a 62 km cable in Monterey Bay, just a few hours transit from the staging and test facilities at MBARI.  A large part of the charter for MARS is to 'prime the pump' for subsequent, larger cabled observatories, by providing a venue for instrument developers to develop systems that will take full advantage of the coming ocean observing infrastructure.  
MARS will provide 10kW of power to the eight science port at the termination, which is termed a Benthic Instrument Node (BIN).  Each of the ports also provides a 10/100 base T IP connection.  The ports will be underwater mate-able connectors that can be plugged and unplugged by an ROV.  Each port will be able to support a separate science instrument package, which can be on an extension cable up to 4 km long.  The system has a 30-year design life.  Thus the AUV dock will have a permanent, extremely high power and high bandwidth, real-time connection to shore.

B. 
Mobile Platform-based Observation Systems
AUV docking provides link connecting the seafloor observatory movement to mobile platform-base observations sytems like the Autonomous Ocean Sampling Network (AOSN) [Curtin, 1993]. The Autonomous Ocean Sampling Network (AOSN) paradyme couples distributed remote sensing capability with operational modeling to provide a real-time ocean modeling and prediction capability.  Small, low cost AUVs supported by a communication infrastructure comprise the basic observation system.  
To provide the dynamic range for observing the spatial and temporal scales of ocean processes, AOSN has encouraged the development of a variety of vehicle capabilities have been developed.  Slow-moving buoyancy driven vehicles are employed for monitoring large scale, slowly evolving processes.  Faster, propeller driven vehicles enable observation of rapidly evolving processes, and also carry much more comprehensive sensor suites..  While propeller driven vehicles have been proven in numerous field experiments, and have matured to the point of commercial availability, thus far they have required ship support for extended operations.  The advent of seafloor observatories will provide a power infrastructure greatly increasingly the flexibility of propellor-driven AUVs.
III.  DESIGN DRIVERS AND STATE OF ART
A. 
 Economic Drivers

While the most compelling uses of AUV docking systems involve scenarios in which the docked AUV obtains observations that would be otherwise impossible, a docking system also offers economic advantages for routine AUV operations.  A simple analysis of AUV operational costs for operations in Monterey Bay provided the surprising result that the AUV and docking system do not have be particularly reliable to provide significant cost savings over ship-based AUV operations, provided a failed vehicle can be recovered with high reliability.  For example an AUV-docking system with a rather high failure rate of 0.05 per mission will achieve on average 19 missions, at a cost of about 27% of the ship-operated AUV rate, including the cost of rescuring a failed vehicle.  Improving the reliability to 0.01 failures per mission could lead to savings on order twice the capital cost of the AUV.  Given that MBARI is at the beginning of its AUV time series, and that other MBARI time series activity has lasted over a decade with no indication of terminating, AUV docking could be a sensible investment on economic grounds alone. 
B. 
 Dock Design Trade-offs

In past years, research groups have designed, developed and tested different elements of underwater docking systems for AUVs. These systems include the following: (1) a pole dock built at WHOI as part of the Autonomous Ocean Sampling Network Project [Singh, 1998; Singh 2001]; (2) docks employing an electromagnetic homing systems [Feezor, 2001; Feezor, 1997], (3) a dock designed for use at the LEO-15 cabled observatory [Stokey, 1997, 2001; Purcell, 1998], (4) a dock employing an optical homing system for final approach [Cowen, 1997], (5) a dock which engaged an AUV via a tail-hook [Lambiotte, 2002], (6) EURODOCKER [Brighenti, 1998], (7) ALIVE dock [Evans, 2003], (8) KRISO-KORDI dock [Lee, 2003], and (9) Kawasaki docking system [Fukasawa, 2003]. 

Three types of dock design were considered for our type of vehicle; the pole, the fixed cone, and a weathervane cone.  The pole dock is omni-directional, which simplifies homing and control, since the vehicle can always approach upwind and dock from any direction.  It also allows a generous variation in depth control.  The pole suffers from requiring the vehicle to carry an external, complex, motorized latching device.  Also establishing the power and data connection has proven more difficult since engaging the vehicle rigidly with the pole is a challenge.

Cone docks fixed to the bottom tend to alleviate these disadvantages, but introduce others.  The vehicle is aligned and physically constrained, which simplifies the power and data connection.  The vehicle need not carry an external latching mechanism.  But the vehicle must approach on a pre-determined heading in the presence of cross currents.  The dock is also constrained to be benthic, requiring the vehicle to fly an approach close to the bottom at a precise altitude.  

It is possible to move the cone up on a mooring, and allow it to weathervane by virtue of the mooring cable twisting.  This would be a very a challenging docking problem because the cone would also be able to move in the other 5 degrees of freedom.  The other option is to develop a benthic cone dock that weathervanes.  However, this places a considerable complexity burden on both the vehicle and the dock for several reasons.  The dock must transfer power and data across a rotating slip-ring type connection.  The dock must also now be able to transmit its heading to the vehicle, and the vehicle must have the means to communicate with the dock.  The MBARI team decided that the reduction in mechanical and electrical complexity of a fixed cone dock justifies the added risk and algorithmic complexity of a fixed-bearing approach and near-bottom flight.  Dock placement will be constrained to be in regions with more limited ocean currents than probably possible with an omni-direcional dock.
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IV. DESIGN DESCRIPTION

A.
 The AUV
Our docking vehicle is a Dorado class AUV [Sibenac, 2002].  Dorado has a Gertler body shape with a cylindrical midsection, and a ring-wing tail.  Developed originally for Arctic applications [Bellingham, 200o], Dorados are used routinely at MBARI for both water-column and seafloor mapping.  The water-column vehicle has been operated by MBARI’s Division of Marine Operations for four years, and in 2005 completed 66 days of operations with 3 days lost due to failures.  The multibeam mapping AUV is just completing engineering trials and will become an operational platform in 2006.
Dorado is 54 cm in diameter, has length from 300 to 640 cm depending on its configuration.  The docking vehicle is presently 360 cm long and weighs 642 kg including entrained water.  The vehicle is modular, with the ability to insert one or more parallel mid-body sections between the nose and tail.  The vehicle will have the capacity to carry three batteries, each having 2 kWhr of energy, giving a maximum range of approximately 70 km at 1.5 meters/second.  The ring-wing propulsor generates 52 N of thrust, and has double gimbals for rudder and elevator actuation.  The vehicle is controlled in depth and heading, and must have a minimum speed of approximately 0.8 meters/second to maintain controllability and to counteract the static buoyancy.  See Figure 2.

The vehicle navigation system is essentially DVL-aided dead reckoning, with periodic GPS updates, which require surfacing.  The expected accuracy is 2% of Distance Traveled (DT), CEP.  The navigation and control sampling rate is 5 Hz.

B.
The Dock

A central objective of our approach is to keep the dock design as simple as possible and put the complexity on the vehicle, since it is easier to retrieve the vehicle for maintenance than the dock.  The dock will be a fixed cone mounted 2 to 3 meters above the sea floor.  It will contain a pressure housing with the minimum electronics necessary to support power and data transfer between the vehicle and the cable.  The dock will also have a sonar beacon that the AUV uses for homing.  It may have a second beacon so that the AUV can measure the dock heading.  Although the intention is for the heading to remain constant, experience shows that ocean currents and an uncertain bottom may cause it to shift from time to time.  The body of the dock will be a tube of diameter approximately 3 cm greater than the vehicle.  Figure 3 shows a diagram of the dock and the vehicle.

The entry will be conical with an aperture diameter of approximately two meters.  This value may be modified based on upcoming docking tests; however, the vehicle was passing well under 2 meters from the transponder during previous homing tests.  Also the conical entry shape may be changed to a higher order revolved polynomial if it is necessary to improve the collision dynamics based on subsequent testing.

Figure 2:  The docking vehicle.  The homing system is the large cylindrical object in the bow.

The dock entry staves will be made of UHML plastic, and the body will be of fiberglass.  The base will likely be a metal framework. It is desirable to keep the amount of metal in the dock to a minimum to avoid causing the vehicle’s compass to distort its reading up close.

Power transfer and mechanical latching are both accomplished using a system developed by Florida Atlantic University [Coulson, 2005].  The system transfers power inductively without a metal-to-metal connection.  A peg with an inductor embedded in the tip is driven into a receptacle with a matching inductor.  In the prototype design, the dock will drive the peg into the vehicle.  In the final system, the peg will be mounted on the vehicle. The entire prototype docking system has only one moving part with an associated drive motor.  

The system will transfer data using slightly modified off-the-shelf wireless Ethernet antennas.  One will be embedded in the skin of the vehicle at the top, with its mate correspondingly located in the top of the docking tube.  The static vehicle buoyancy will hold the antennas nearly in contact, with the peg aligning the vehicle fore and aft.  Tank tests conducted at MBARI are very promising and have achieved a transfer rate of 10 Mb/second in seawater with a 2.5 cm antenna separation.
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Figure 3:  The AUV and dock.

C.
Homing and Docking Procedure

The AUV will home to the dock using an ultra-short baseline (USBL) sonar transceiver mounted in the vehicle nose, as shown in Figure 2.  The USBL provides a bearing to its beacon in both the horizontal and vertical planes with a specified accuracy of .28 degrees RMS.  The maximum sampling rate of the USBL is 1 Hz due to mostly to the beacon turn-around time and subsequent beacon lockout, which are 300 and 600 ms respectively.  A faster beacon firmware design is under consideration, which assumes a single vehicle that is close by.  This sampling rate may go as high as 3 Hz.  

The homing and docking procedure consists of the following phases:

1. Locate and home to the dock.  The vehicle will use its on-board navigation to transit within a 1 km radius of the dock, which brings the USBL within range of the beacon.  Since the USBL is directional with a +/- 40 degree field-of-view, it may be necessary to turn a circle to detect the beacon.  The vehicle will then home to the dock using pure pursuit guidance, where the heading control system simply keeps the vehicle pointed at the beacon.  This guidance strategy does not attempt to compensate for ocean current and thus the vehicle can be blown downwind while approaching.  Pursuit guidance has the advantage of keeping the USBL pointed right at the beacon for maximum signal strength.  
2. Compute a position fix.  When the USBL achieves good signal strength, the vehicle will use its compass heading and the USBL bearing and range to compute a position fix.  Based on previous testing this will happen between 1000 and 200 meters away from the dock.  Since the homing control uses only the USBL and attitude-heading reference system (AHRS) output, a jump in the propagated position caused by the fix will not affect the vehicle control.  The fix will likely be determined by filtering many USBL measurements.  A Luenberger observer may be implemented if the simple filtering approach proves inadequate.

3. Fly to the start of the final approach path.  After updating its propagated position, the vehicle will turn and fly to a final approach waypoint, which is along the cone centerline and about 100 meters out.  This may require the vehicle to turn away from the dock and temporarily lose USBL contact.

4. Execute final approach.  The vehicle now approaches along the cone centerline using a cross-track controller instead of pure pursuit.  This means that the vehicle will track the approach path to the cone, and acquire a crab angle if the ocean current has a lateral component (see Figure 4).  This type of control uses both range and bearing from the USBL at 1 Hz, and uses the DVL and compass to dead-reckon between USBL updates.  The terminal guidance maneuvers will determined in tests in the coming year.  
5. Latch.  The inductive position sensor will trigger the latching peg extension when the vehicle is in position.  The peg extends upward into a hole in the vehicle.  The peg and the receptacle both have embedded inductors that are expected to transfer 500 Watts.  The batteries can then be fully recharged in 12 hours or less.  If the vehicle enters the dock, but cannot achieve acceptable fore/aft alignment, it will execute an undocking maneuver, fly out to the waypoint, and retry.
6. Undock.  The vehicle undocks by lowering the peg and then reversing the thruster.  The DVL will detect a successful undock by measuring nonzero speed over the bottom.  If the vehicle has difficulty backing out, the undocking behavior will likely have the ability to pulse the thruster forward and back to break loose.  Should the vehicle become permanently stuck, the dock will contain an acoustic release at the top of the base, and be positively buoyant.  A support ship can then trigger the release and recover the vehicle and the dock.
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Figure 4:  AUV in final approach to dock.
IV.  HOMING TEST RESULTS

The MBARI Docking team conducted the first at-sea homing trials on 11 December, 2005.  Ten homing trials were conducted; all were successful with the vehicle surfacing very near the transponder buoy, as shown in Figure 5  In each trial, the vehicle flew out to a waypoint between 500 and 2,000 meters distant, then turned around and flew towards a waypoint 200 meters south of the transponder.  The homing algorithm had no knowledge of the transponder location, and was able to locate it strictly with the USBL.  
Figure 6 shows transponder location as measured by the USBL during the last 20 seconds of a homing approach.  X, Y and Z are the components of the transponder location in the vehicle frame, in meters.  The vehicle began its run from 2km out, and passed within 31 cm of the transponder, as determined from DVL-aided dead reckoning.  The raw USBL data in the Figure shows a miss distance of 1.2 meters due to the one Hz sampling rate.  The USBL dropped into range-only mode 4 seconds out, causing the control loop to revert to DVL-aided dead reckoning for the last few meters.  The bottom strip shows that the USBL was achieving an erroneous good-data signal (All Good) when it was just past the transponder because it was so close.  But the guidance had already terminated the homing control loop and switched to a rudder-fixed ascent at 2719 seconds, so this did not effect homing.
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Figure 6:  Dorado on surface near float marking homing transponder.
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Figure 7:  USBL performance during an example homing run.  Top graph shows range and cartesian components of transponder position relative to AUV.  Homing complete at 2719 seconds.

V. 
CONCLUSION AND SCHEDULE

A docking vehicle has been built and tested, including the homing sonar in the nose.  The next test will be of the docking controller, which flies the vehicle down a fixed approach path, using a crab angle to counteract cross current.  A prototype dock will be built later this spring (2006), and pool testing will begin of the inductive power transfer, Ethernet connection, and mechanical latching and entry/exit of the vehicle.  The first at-sea docking trials are planned for summer in shallow water off Monterey, because a pre-existing cable is available there for power, data, and video.  This site is only 14 meters deep, and the wave disturbance will be significant.  The wave motion will act as a worst-case test of the system.  The project will culminate with a dock placed at the end of the MARS cable on Smooth Ridge in about 900 meters of water in the spring of 2007.
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