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Abstract – A cabled observatory will be installed in the Monterey Bay in the summer if 2006.  One of the instruments on the cable will be an Auv dock.  We describe the dock design and the Auv homing and docking control loops.

I.  INTRODUCTION
The ability to carry out oceanographic surveys at will, without a ship, would 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) RCO will provide power and communications to the docking station that will be located 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.  

The present generation of propeller-driven AUVs can carry most 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 mooring or cabled instrumentation node.  Once on the mooring, the AUV can recharge its batteries, download data, uploading new missions, and safely park until the next mission.
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Low-speed gliders also offer extended endurance, but for most scientific missions an AUV is preferred because: 1) AUV coverage rates are typically more than six times higher than those of gliders, 2) AUVs support instrument power levels tens of times greater than those supported by gliders, 3) gliders are constrained to undulating flight paths, and are not suited for a variety of activities such as bottom following, and 4) AUVs can operate in higher currents.  Since gliders rely on GPS for position, and use comparatively low quality attitude-heading reference systems their positional accuracy deteriorates quickly once they leave the surface.

Thus there is a wide range of activities well suited for propeller-driven AUVs, including near-bottom surveys, operations with sensor suites drawing more than a few watts, surveys in ice-covered oceans, operations in intermediate-current environments.  This paper describes the design of the AUV docking system being built for MARS and the valuable science missions that will be enabled by combining AUVs with cabled observatories.

Researchers have developed many different dock designs.  Some of these require a hovering vehicle, such the intervention-style grappling system described in [Alive].  Another hovering vehicle [Kawasaki] has a tail hook and wire arrangement, where the vertical thrusters lower the vehicle into a cradle.  

Designs for flying vehicles, which rely on forward motion for control, generally are either a pole or funnel.  In the pole design, e.g. [Whoi/Mit],  the vehicle carries a latching mechanism that grabs on to a vertical moored pole.  This 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.  It suffers from requiring the vehicle to carry an external, complex, motorized latching device.  Also establishing the power and data connection will be problematic since the vehicle is not rigidly attached.

Cone, or funnel 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 would be possible to design an omni-directional 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 an underwater 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 algorithmic complexity of homing and terminal guidance.  Dock placement will be constrained to be in regions with more limited ocean currents than probably possible with an omni-direcional dock.

II.  MBARI DOCKING PROJECT

A.   MARS

The MARS cable will be 51 km long and will terminate in 900 meters of water, as shown in Fig xx.  It will provide 10kW, 100 Mb/s Ethernet, and video channels distributed among 8 ports at the termination, which is termed a Benthic Instrument Node (BIN).  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. 
 Science Missions

The near-permanent underwater presence of a mission-ready Auv facilitates many types of science experiments.  [Tarun].  Episodic event response missions will be possible, such as the effect of suspended particles on midwater animals due to canyon turbidity flows.  Also, regular time series will not be disrupted by the sea state.

III.  DESIGN DESCRIPTION

A.
The Dock

The basic concept of this design is to keep the dock as simple as possible and put the complexity on the vehicle, since it is easier to retrieve the vehicle for maintenance than the dock.  Consequently 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 xx 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.
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Power transfer and mechanical latching are both accomplished by inserting a peg into the dock from the Auv, as was done in a previous design [FAU].  The peg will have an inductor embedded in the tip, as will the receptacle.  The system then transfers power inductively without a metal-to-metal connection.  The prototype dock will contain the peg and drive it up into the vehicle, but the plan is to reverse these for the final version.  The entire 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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B.
 The AUV

The Auv is a Dorado type [ref], which has a Gertler body shape with an inserted cylindrical midsection, and a ring-wing tail.  The vehicle is 54 cm in diameter, has length 360 cm, and weighs 642 kg including entrained water.  The length may be extended up to 50 cm or more to accommodate new payloads.  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 a double gimbal 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 xx.

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.

C.
Homing and Docking Procedure

The Auv will home to the dock using a Usbl sonar transceiver mounted in the vehicle nose, as shown in Figure xx.  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 +/- xx 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.  The control loop needs bearing from the Usbl, but not range.  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 Ahrs output, a jump in the propagated position caused by the fix will not affect the vehicle control.

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.  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.  We may incorporate several terminal guidance maneuvers here if necessary.  The vehicle will probably slow to 1.0 m/s about 50 m from the dock.  If it has a significant crab angle the guidance may execute a flare maneuver to align the vehicle just as it reaches the dock.  The vehicle senses it has entered the dock and stopped based on velocity from the Dvl, accelerometer measurements from the AHRS, and inductive position sensor in the dock, and Ethernet contact.
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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 intended to transfer 500 Watts.  (Lance?)  The batteries can then be fully recharged in approximately 12 hours.  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 base, and be positively buoyant.  A support ship can then trigger the release and recover the vehicle and the dock.

D.
Homing Control Loop

Figure xx shows angle and reference frame definitions used in the homing analysis.  Angles are defined to positive clockwise.  The linearized sway/yaw state equations for the heading control are fourth order and consist of  heading deviation; y, cross-track displacement; v, lateral velocity component in the body frame; and finally r, which is heading rate.  See Eqn xx in [uust].

The state equation linearization assumes straight and level flight, which is a reasonable approximation, even though the bearing to the dock may slowly change due to ocean currents.

The Usbl measures the negative of  since it (the Usbl) is referred to the vehicle body frame.  

Figure xx shows the homing control loop.  It is a multi-rate Proportional-Integral-Derivative (PID) type, with the addition of feedback on the lateral speed state v.  The cross-track state y is unnecessary for homing and is therefore uncontrolled and ignored.  
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The integrator nulls the heading deviation, ensuring that the vehicle continuously points towards the dock.  Between Usbl sample periods, the 5 Hz heading loop maintains the last bearing determined by the Usbl and the compass.  At Usbl sample periods, the compass contribution is subtracted out so that the control loop directly nulls the heading deviation as measured by the Usbl.

In the event of Usbl dropouts or failure, the guidance algorithm estimates the dock location from the last good Usbl measurement and the propagated vehicle position.  The control loop then switches to a cross-track waypoint control loop and treats the last known dock position as a waypoint.  Navigation reverts to Dvl-aided dead reckoning.  Ocean currents are accounted for, in this, case, but the waypoint location will slowly drift due to Dvl bias and misalignment.  

The control gains are chosen to place a dominant pole pair with a damping of .84 and a time constant of 13.6 seconds.  The KV gain has so far been set to zero, resulting in a traditional PID control.  The 13.6-second time constant implies that at 1.5 m/s the vehicle will travel 61 meters before transient disturbances damp out.  This is acceptable for the homing phase, but the docking controller will need to have a much faster response.  

The numbers above were determined by substituting analytically-determined stability-derivative values into Eqn. Xx in [uust], and combining the result with the control loop shown in Fig.xx.  Appendix A contains numerical values for mass properties, stability derivatives, hydrodynamic coefficients, and control gains.

The smoothing filter has a time constant of 2.5 seconds, which is much faster than the closed loop system dynamics, and is therefore neglected in this analysis.

Figure xx shows a Bode plot of the homing control loop.  R is a heading-offset reference command, for defining an input-output transfer function.  In practice this will always be zero.  The input wV is ocean current in m/s.  Keep in mind that the output of this loop is , heading deviation from the dock.  The solid curves are a best case where the Usbl is assumed to sample at 5 Hz.  The dotted ones are with the outer loop at 1 Hz.  The proximity of the two sets of curves indicate that, with the given gains and sampling periods, there is not much penalty for running the outer loop at 1 Hz instead of 5.  This situation will change in the case of the docking controller, which requires a much faster transient response, and consequently higher control gains.  
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The closed-loop bandwidth is approximately .03 Hz.  The loop has about 2dB of gain at .01 to .015 Hz (or 100-66 seconds) implying that a 10 cm/second current at this frequency will cause a 7 degree heading error in steady-state, for example.  However, at the shallow-water test site, the dominant disturbance energy is from wave action.  This is at a much higher frequency, with a period of 8-20 seconds, shown in purple.  This is well above the control loop bandwidth ensuring that the vehicle will not react.  In deep water there will likely be tidally induced currents with a period of 6 hours, well within the bandwidth where the control loop can hold  near zero.

E. Docking Control Loop

Figure xx shows the docking control loop.   It differs from the homing control loop because now the cross-track error state is computed from the Usbl and fed back.  The vehicle will now fly down a fixed approach path and will not be blown downwind by ocean currents.  The docking controller will maintain a small cross-track error by commanding a crab angle if necessary to counteract any cross-current.  Also, the integrator has been moved to cross-track error. 

The docking controller is similar to the waypoint controller, which has been in service for several years and works reliably.  The main difference is that here the cross-track error is computed from the Usbl, rather than from the propagated position determined from Dvl-aided dead reckoning.  

IV.  HOMING TEST RESULTS

The Mbari Docking team conducted the first at-sea homing trials on xx, 2005.  Ten homing trials were conducted; all were successful with the vehicle surfacing very near the transponder buoy, as shown in Figure xx.  In each trial, the vehicle flew out to a waypoint between 500 and 2,000 meters distant, then turned around at 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.  
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Figure xx 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.  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 it didn’t matter.

V. 
CONCLUSION AND SCHEDULE
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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 by June of 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 August in shallow water off Monterey, because a pre-existing cable is available there for power, data, and video.  This site is only 10 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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