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Docking Systems

Below find an informal review of docking as gained both from first hand experience and from discussions with other groups attempting docking.  The intent was to get as much on paper as possible, so the first round of this was written from memory.  This means there may be inaccuracies.

Organizations which have experience with docking of AUVs are listed below.  

	
	Vehicle/System
	Status

	WHOI:  Hanumat Singh and Dana Yoerger PIs
	Odyssey/AOSN dock
	

	WHOI:    Chris von Alt
	REMUS/
	Demonstrated in field tests in 1998.  No knowledge of any further activity

	EDC:  Mike Feezor
	Odyssey/Electromagentic homing

Odyssey/Inductive power transer and communication
	

	NRaD:  Steve Cowen
	Odyssey/Optical Homing

Flying Plug/?
	

	MIT Sea Grant:  Jim Bellingham
	Odyssey/
	Supported WHOI, NRaD, and EDC 


1.1 Dock Designs

Between the dock and the vehicle, there are a number of simple functions which must be achieved to realize a docking system.  Those are:

· AUV capture of/by the dock to achieve mechanical linkage.  

· Constraint of the AUV by the dock, usually in all 6 dof.

· Connection of the AUV to the dock for power and communication.

· Release of the AUV by the dock.

1.1.1 Directional Docks:  Cones 

Here the vehicle is captured by a cone.  The cone can either be so large as to completely envelope (and protect) the vehicle, or it can be a little receptacle that just captures the vehicle nose.  Examples of cone docks include the REMUS docking system, and the docking system made by Mike Feezor in early AOSN work (this was used with an Odyssey).  

Attractive features of cones include:

· Since cones usually result in a highly constrained AUV after capture, the subsequent problem of making connection between the AUV and dock for power and communications is typically simpler.

· If the dock completely envelopes the AUV, then the AUV is better protected while it is docked.

Problems with cone docks include:

· Size:  cones have to be big, especially if they are going to envelope the entire vehicle.  Size effects both hardware and logistical costs.

· Capture aperture:  cone docks typically force a trade-off between capture aperture and dock size.  The more accurate the AUV approach, the smaller the cone can be while still ensuring capture of the AUV.  Thus cone docks require a fairly accurate AUV approach

· Approach direction:  cones impose a requirement that the vehicle approach from a particular direction.  If the orientation of the dock cannot be controlled, then the orientation of the dock must be communicated to the vehicle.  This creates another failure mode.

· To weathervane or not to weathevane?  The approach of the AUV is made more complex if it needs to hit and enter the cone in a cross-current.  

· Electrical connection to mooring:  If the dock weather-vanes severe electrical cabling problems must be solved.  Current direction in the ocean often rotates around the compass rather than oscillating between two headings - this means that the electrical connections from a cone to a mooring must be capable of accommodating the 'wind up' of the dock on the mooring.

· Fouling:  apparently the LEO 15 experience is that fish live in the cones.  I do not have this information first hand.

1.1.2 Omni-Directional Docks:  Poles 

Here the vehicle captures a pole or vertical mooring segment.

Attractive features of pole docks include:

· The AUV can approach from any direction, eliminating the need to fix the dock orientation or communicate the orientation to an AUV

· Currents need not be cross currents, provided the vehicle can detect or infer their direction and approach 'up-wind'.  It is also worth noting, that missed-approach retry techniques, if constructed carefully, can have the effect of 'walking' the vehicle down-wind.

·  Pole docks do not make natural fish homes.

Problems with pole docks include:

· The vehicle must carry some sort of mechanism for attaching itself to the pole, thus adding to vehicle size, weight, and drag.

· While capturing the pole has been made easy, making power and communications links between the dock and the vehicle is harder, as compared to a cone dock.

· Most homing systems work best when one homes directly in on the homing signal.  The portion of the dock emitting the homing signal is typically not simple to place in the middle of a pole, and therefore is placed above or below the actual depth at which the vehicle will home.  For the pole dock, the AUV must home on a location offset from the homing signal emitter.  This creates a surprisingly difficult homing problem in the vertical plane.  For the WHOI docking system, the relatively small vertical aperture of the dock, combined with the mechnically complex hardware above and below the dock, has created a very significant challenge.  In particular, with this dock design the consequences of a vehicle homing at the wrong depth can be a vehicle entangles with the dock mechanism.

· It is not completely true that the pole-type dock is orientation independent.  If the pole is part of a mooring, then a current will introduce a tilt into the mooring and therefore tilt the dock.  This introduces a host of complications with homing and attachment.  Consider the problem already introduced previously:  the AUV is homing on a system which is mounted above or below the center of the docking pole by a distance d.  If the dock is tilted some angle , and the vehicle does a perfect job of homing in the horizontal plane, but from a direction orthogonal to the direction of the mooring tilt, the vehicle will miss the pole by a distance d sin().  

· The wind-up problem is more manageable…but does not necessarily go away.  Consider an AUV attached to a pole dock, coupled to the mooring by communication and power connections.  The docked AUV is potentially subject to rotating currents imposing a winding motion of the AUV around the mooring axis.  If a physical electrical connection has been made between the AUV and the dock, then the wind-up problem still exists, for example, one could allow the AUV to twist the entire mooring, or put some sort of electrical slip-ring somewhere between the mooring and the AUV.

· Hydrostatic forces on the vehicle could create problems for the pole dock.  For example, a buoyant vehicle will want to float, but if the attachment of the vehicle to the pole has significant friction, then the vehicle will take a tail-up position.  This non-level attitude of the vehicle in turn can cause the latch to bind on the pole.  While the current dock pushes the vehicle down with a movable upper hoop, which minimizes this problem, the original dock design had a movable lower hoop, which could actually make the problem worse.

· Hydrodynamic forces on the vehicle, caused by currents flowing by the dock, can also complicate the process of fully capturing the AUV and achieving a satisfactory 

· Undocking proved surprisingly difficult for the WHOI pole dock.  Hydrostatic (e.g. AUV buoyancy) or hydrodynamic (e.g. current) can pin vehicle on/into dock.  Also, we had timing problems where release mechanism firing and reverse thrust had to be timed carefully, or the reverse thrust could prevent the release mechanism from releasing! 

1.1.3 Alternative Docking Arrangements: 

Is it possible to come up with alternatives to the cone and pole-type docks which capture the advantages, but not the disadvantages?  Are there lessons we can learn from work on spacecraft docking, work with the DSRV's, or some other field that has had to grapple with similar problems?  Here are some random pieces of information which might be useful:

· The FAU docking design has a 'tailhook' type arrangement, in which a stinger extending below the AUV can be captured by the 

· Airborne refueling of aircraft requires inserting a stinger into a cone.  These folks must have thought long and hard about the shape of the drogue.  This analysis, if we can find it, might be useful for determining the appropriate shape for a cone-type dock.

1.1.4 Mounting of Dock

The two types of mounting arrangements which have been used for docks are:  fixed to the seafloor, or mounted on a mooring cable.  

seafloor mounting can provide directional stability - useful for a cone dock

mooring mounting means the dock will weathervane

seafloor mounting means the dock can be made to be rigid in a current - the mooring will tilt over

seafloor mounting means the dock depth is fixed relative to the seafloor - the mooring dock depth has an additional level of uncertainty because of current effects on the mooring

position of the seafloor-mounted dock will stay fixed - a dock on a mooring will have a watch circle that might be many hundreds of meters for a dock mounted high in the water column and thus its position will be uncertain

a seafloor mounted dock requires the vehicle be able to operate near bottom, as such a structure is unlikely to be too large - this can be hazardous in rough terrain

2 Finding the Dock

Homing on the dock can be broken into a number of phases:  acquisition of dock signal, homing, and engagement.  For the purposes of the discussion below, we will consider the problem of navigating to the dock right up to the point of physical attachment.

While the AUV know the rough location of the dock in world coordinates, this knowledge is unlikely to be good enough for docking.  Consequently, most schemes involve the dock emitting some signal by which the AUV can somehow locate the dock.  Note that virtually all of these systems are designed to provide information to the vehicle rather than the dock.  Critical issues here include:

· Acquisition distance:  how far away can the AUV detect the docking signal and beginning homing?  Navigation accuracy underwater could be anything from a meter to a kilometer.

· Update rate:  how often does the system provide information to the vehicle?  Update rates faster than the AUV control cycle frequency (5-10 Hz) are not useful.  Update rates which are too slow can create problems when the AUV is in its terminal homing phase.  

· Latency:  when the vehicle gets the homing information, how old is it?  

· Power:  how much power does it use - note that power on the dock is only marginally less dear if the dock operates off batteries.

· Type of information provided:  some systems provide the AUV a range, bearing, and elevation to the dock, other just a right/left indication.  Other system provide a local measurements of a more complex field (e.g. the dipole homing technique described below).

· Information location:  some techniques provide homing information directly to the vehicle, while others provide navigation information to the dock, which must be communicated to the dock.  

· Docking confirmation:  does the homing system provide any indication which will allow the vehicle to distinguish between a successful and unsuccessful docking run?

· Accuracy:  Usually gain errors are not as important as bias errors.  This is because most techniques operate by nulling the homing signal.  However, techniques which operate with some offset signal (for example the vertical plane homing of the pole dock) require accurate gains as well.

· Any gotchas?

2.1 Acoustic Homing

Acoustic signals propagate over very long distances underwater, and consequently have been used for a number of homing systems.  Typically homing systems provide range, bearing, and elevation from the AUV to the dock.  

The update rate of an acoustic system can be limited due to the relatively slow speed of sound in water.  Consider the situation where the AUV interrogates the dock, and the dock replies, allowing the AUV to determine range.  The update rate of such a system is limited 2r/c where r is the range between the dock and the AUV, and c is the speed of sound (assuming only one pulse in the water at a time).  For a vehicle at 1.5 km, the update rate is 2 seconds.  Since the update rate is typically fixed, this becomes important when the vehicle gets close to the dock, and is in final approach.  In this phase, a vehicle traveling 1.5 m/s traverses 3 m between updates, which means that the vehicle had better be able to hit the dock when its last measurement of dock position is 3 m out.  Under ideal conditions, this might not be a problem, however any cross-currents, dock motion, or errors in the USBL measurement can make docking a crap shoot.

The update rate problem is not insolvable, and one can imagine a range of solutions, some of which have been employed.  One technique is to accelerate the update rate as the vehicle gets closer to the dock.  Another technique is to have the dock emit a number of replies for each interrogate.  The second technique is used with the WHOI Odyssey docking system.  

2.1.1 Ultra-short Baseline Systems

Ultra-short Baseline (USBL) systems have been widely used for homing of AUVs on docks and other recovery systems.  The typical arrangement  is to put a transponder on the dock, and interrogate it with a USBL equipped AUV.  The  Examples of systems which have been employed include:

	Vehicle/Organization
	Purpose
	USBL System
	Dock System

	UARTS/APL UW
	Under-ice recovery into net
	Custom?
	Custom?

	Seashuttle/APL UW
	Under-ice recovery into net
	Custom - simple mono frequency pulse providing bearing only - (Russel Light)
	?

	Odyssey II/MIT
	Under-ice recovery into net
	LXT, providing range, bearing, and elevation (ORE)
	ORE Transponder

	Odyssey IIb/MIT
	Docking to pole (WHOI dock)
	Acoustic modem providing bearing, elevation, and range rate (Josko Catipovid) 
	Benthos transponder, modified to do spread sprectrum pulse string

	Odyssey IIb/MIT
	Docking to pole (WHOI dock)
	Combination of UAM and Edgetech boards providing bearing, elevation, range, and range rate (Mark Johnson)
	Benthos transponder, modified to do single mono frequency pulse followed by spread sprectrum pulse string

	REMUS/WHOI
	Docking to cone
	RATS (Tom Austin)
	Custom

	Theseus/ISE
	Under-ice recovery to location
	LXT, ORE
	?


Ultra-short Baseline (USBL) techniques allow one to determine direction of propagation of a sound wave, and therefore the offer a straight-forward method for homing on a dock.  The big attraction of USBL homing systems is that they allow acquisition of a homing signal a long way from a dock (up to kilometers) and use comparatively little power.

2.1.1.1 Seashuttle USBL Homing System

The Seashuttle homing system was used to bring the Seashuttle AUV back to its recovery point under-ice in the Arctic.  

2.1.1.2 Odyssey II Arctic USBL Homing System

In 1994, Odyssey II was used for operations under ice in the Beaufort Sea.  Perhaps the principle technical challenge of this deployment was making sure that the vehicle found its way back to the recovery point.  A technique very similar to the Sea Shuttle approach was employed, in which the AUV used a USBL system to home on a transponder deployed in the center of a net.  However, the approach differed from the Sea Shuttle in that a commercial USBL system, a ORE LXT, was employed on the AUV for homing.

The LXT is a low-cost tracking system manufactured by ORE, as a ‘little brother’ to the Trackpoint II USBL tracking systems.  It uses many of the same electrical components at the Trackpoint II, and is strictly a mono-frequency pulse system.  The LXT is completely compatible with the Trackpoint II transponders, and is capable of tracking several transponders at a time, which it accomplishes by sequentially interrogating them.  It is completely configurable via a serial interface, and therefore did not require any re-engineering to interface with an Odyssey.  The board required no modification to be mounted inside a 17” Benthos glass sphere, although because the mother board was relatively large, it was necessary to mount the electronics at the mid-plane of the sphere.  In Odyssey II, the LXT was mounted over the LR-12 silver-zinc battery pack, in the aft sphere.  The transducer was mounted in the nose, and because of its length, actually extended about a six inches in front of the vehicle.  My recollection is that the LXT we used consumed about 15 W.  This relatively high power consumption was a consequence of the system being being built with electronics which were vintage 1980 (or earlier – recall the Trackpoint II heritage) and there being effectively no economic driver for redesigning the system with low power electronics.  

For the Arctic operations, the vehicle was launched and recovered from an ice hole, which had been drilled in two meter thick ice.  A square net was suspended from the ice hole, and a transponder suspended in the center of the net.  For recovery, the AUV instructed the LXT to interrogate the transponder, and received range, bearing, and elevation from the LXT.  My recollection is that the update rate was typically 2 seconds.  Because the net had a particular orientation (which we knew when the vehicle was launched) the vehicle had to home from a direction orthogonal to the net.  As a result, a multi-step homing process was developed, which proceeded as follows:

1. To start homing, the vehicle commanded the LXT to start pinging, and simultaneously headed towards its best estimate of the recovery location.  Because the LXT has a range typically less than a kilometer, it was considered highly likely that the AUV would be too distant from the ice hole to successfully interrogate the homing transponder at the initiation of homing.  Consequently navigation would either be by dead-reckoning or, if available, via LBL.  As it turned out, we were evacuated from the ice camp before we operated at any significant distance from the ice hole. 

2. Once the vehicle obtained consistant hits from the USBL system, it would begin the process of setting itself up for a homing run.  This consisted of creating two ‘markers,’ one on each side of the homing net at a distance of 10 or 20 meters (I don’t remember which).  The vehicle would home on the closer marker, using the USBL sytem on the AUV as the primary navigation system.  

3. Upon arriving at the marker, the vehicle would initiate its final homing run, heading directly at the net.  Because the depth of the net was known, vertical plane homing was not necessary.  

4. A successful homing run was detected by the vehicle via two techniques:  a sudden deceleration of the vehicle, or consistent LXT ranges less than a certain distance.  The first was made possible by the fact that the vehicle already contained accelerometers in its Systron-Donner motion pack.  However, the decceleration technique for detecting net capture was not reliable.  The observation of 

5. An unsuccessful homing run was immediately followed by a missed-approach manuever, which consisted of having the vehicle continue on the approach heading out to about the distance of the approach marker.  This process of having the vehicle drive well clear of the net before attempting another homing run was critical, as otherwise the vehicle would circle around the transponder attempting to make turns too tight for the vehicle to achieve.  After clearing out to the marker opposite the one from which the unsuccessful approach was attempted, the vehicle would then go to step 3 and try again.  As it turned out, after the homing algorithms were perfected, the vehicle never missed the net and the missed approach never utilized.

One useful lesson learned in the Arctic had to do with homing near obstacles.  The Arctic homing 

2.1.1.3 WHOI Acoustic Modem-Based System

In the WHOI docking system, a number of arrangements were tested.  These were:

1. The AUV interrogates the dock via a standard industry mono-frequency pulse system (Edgetech deck unit installed in Odyssey).  The dock replies with string of pulses, which are spread-spectrum Barker codes.   

2. The AUV interrogates the dock via a standard industry mono-frequency pulse system (Edgetech deck unit installed in Odyssey).  The dock replies with a mono-frequency pulse, followed by a st

3. Another…

There are a number of issues with such systems:

· There is not much in the way of commercial hardware for USBL systems appropriate for installation in an AUV.  Systems used in Odyssey include the LXT and the various versions of the WHOI acoustic modem.  The first system is attractive in that is off-the-shelf, and it worked quite well for homing on a net in the Arctic.  

· Obtaining an acoustic head for a USBL system appropriate for an AUV can be difficult.  The acoustic head contains the hydrophones which are the ultra-shot baseline array.  To be able to relate the phase difference of the signal at the various hydrophones to a direction of propagation of an acoustic wave, one must understand the properties of the hydrophone head quite well.  For example, what sort of refraction occurs when an incident sound wave moves from the water into the medium (usually epoxy) containing the hydrophones?  What are the effects of acoustic reflections from the mounting of backing material of the hydrophone head?  These problems are annoying for mono-frequency pulse systems, but can really make spread-spectrum based USBL systems difficult to use.  Commercial USBL heads, which are usually intended to be mounted on a ship or boat for tracking an underwater vehicle are usually calibrated rather carefully, and the Trackpoint II requires a look-up table be employed to understand the 

· Deep-rated acoustic heads do not exist commercially, to the best of my knowledge.  The LXT hydrophone head was reportedly tested to an equivalent depth of 1500 feet before failing.  The hydrophone heads used on Odyssey for deep-water homing gave mixed results, although it is possible that the problems encountered had nothing to do with the hydrophone heads.  The USBL head used on TOSS (a towed system which tracks a surface vessel overhead) also manifested problems (verbal communication from Tom Austin some years ago - I don't remember the details).

· One problem with USBL homing, which turned out not to be a issue, is the so-called ambiguity problem.  This problem arises from the fact that most USBL arrays have three hydrophones, or if they use more hydrophones, confine all those hydrophones to a plane.  This means that it is impossible for a vehicle to tell wether a source is in front or behind the vehicle.

2.1.2 Acoustic Homing - Inverted SBL Systems

An inverted short-baseline (SBL) system was developed for the Navy Flying Plug program, in which an array of hydrophones on the dock measures the bearing to the vehicle.  This system was intended provide homing for the first of a two-step process of bringing a small vehicle into a cone type dock.  The SBL system provided a long-range acquisition capability (approximately 1000 feet) which was used to position the vehicle in front of the dock.  Once the vehicle was positioned in front of the dock, a short-range optical homing system would be used for final approach to the dock (see section XXXX below).  

For the SBL system, the sequence was as follows:

1. Vehicle interrogates the dock with a 170 kHz pulse.

2. The dock detects the interrogation, and measured the bearing to the vehicle from the interrogation pulse with its array of three hydrophones.

3. The dock replies to the vehicle with two pulses, with the timing difference between the pulses being proportional to the bearing to the vehicle (zero direction is defined as the direction the dock is pointing).

4. The vehicle detects the reply, thus obtaining range (from time-of-flight) and bearing to the dock in dock coordinates.  

5. Assuming the vehicle knows the orientation of the dock, it can then compute its trajectory to position itself in front of the dock.

6. Once the vehicle is in front of the dock, the idea is that the optical homing system will detect the lamp on the dock and take over.

An SBL system uses a difference in time-of-arrival of a signal from the vehicle to measure the bearing to the vehicle.  A USBL array is typically on order half a wavelength in size, while a SBL must be many wavelengths in size to provide a decent bearing estimate.  

2.1.3 Acoustic Homing - Tracking - Communication Based Systems

One approach to homing is to have the dock track the AUV, and communicate to the AUV its position.  The FAU dock originally planned to use this approach employing a Desert Start high frequency system for both tracking and communication.  Sam Smith discussed this system at MIT, during an AOSN review several years ago.  The idea was that the Desert Star transponders would be fixed relative to the dock on an array of horizontally deployed arms.  The arms would be held rigid by a set of struts installed by divers after the system had been deployed on the bottom.  

In the FAU system, the Desert Star system would both track the AUV, and communicate the resulting measurement to the AUV.  In conversations with FAU folks a year or two ago, they reported that the latencies in the system made it impractical for docking.  

2.2 Electromagnetic homing Systems

2.2.1 Optical Homing

Here, optical homing refers to techniques in which the dock signal is a light, which the vehicle detects and on which it homes.  More sophisticated techniques, in which the vehicle images a dock, and interprets that image to achieve docking have not been used.

Optical homing techniques, although intrinsically short range, provide a simple yet robust solution for homing.  The problem was getting the vehicle to the right place, pointing in the right direction.  Given a good settup, the optical homing system never failed.

2.2.2 Magnetic Dipole Homing

A rather clever system for docking was developed by Mike Feezor and tested on an Odyssey IIb and a cone-type dock five years ago.  This system involved putting two magnetic coils on the dock, and generating oscillating magnetic dipole fields.  A three axis magnetic sensor on the AUV was employed to detect the magnetic signals generated by the dock, and use them for homing.  The attractive feature of this system is that it provided the necessary information so that the AUV could approach a cone-type dock from the correct direction.

Of the two coils on the dock, one coil was oriented vertically, while the second was oriented so that its axis aligned with the axis of the docking cone.  The vertical coil was used to generate a timing signal for the AUV at 1 kHz, while the second provided the actual homing signal at 2 kHz.  The two signals were synchronized such that a frequency doubled signal generated by the timing field would be phase-locked to the homing field.

On the AUV, a vertical coil was used to detect the timing field, and a phased-lock-loop to capture the phase information in the signal.  The output of the phase-locked-loop was a square wave, which when frequency doubled, provided a reference for a lock-in amplifier style detection of the homing signal.  The provision of a reference signal, generated from the timing signal, allowed determining both the amplitude and direction of the homing field.  Because the AUV had a three axis sensor, the homing field could be completely resolved in the coordinate frame of the AUV.

The way the system worked was that the AUV followed the field lines into the dock.  It was tested repeatedly in Buzzards Bay in 1994.  

Magnetic dipole homing had several advantages, most notably it provided a signal providing information both about the direction of the AUV to the dock, and the orientation of the dock.  However, this information was provided in a form which did NOT allow one to compute the direction and distance to the dock.  If we confine the problem to the horizontal plane (i.e. we assume that we know the depth) then we have three measurements (horizontal homing field direction, and The complications are as follows:  the intensity of the magnetic dipole field varies not only with distance, but also with orientation.  The dipole field on the axis of the dipole, is twice the intensity of the field on the equator of the dipole at the same distance.  Thus range has some ambiguity unless one can determine the AUV position relative to the dipole orientation.  

The dipole homing system worked very well provided the vehicle approach was aligned with the dock.  For vehicle approaches from the side, we had a few misses.

2.3 Trade-offs:

· Accuracy of AUV navigation systems & homing signal acquisition range 

· Dock position knowledge & homing signal acquisition range

· Communication of dock orientation information vs simplicity of homing system

· update rate vs. range of acquisition
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Electromagnetic homing system:  two dipole fields are generated, the timing field, shown in yellow and the homing field, shown in red.  In the vehicle, the timing field is detected by a single coil with a vertical axis, while the homing field is detected with three orthogonal coils.





An early version of the WHOI pole dock.  For the dock shown here, after AUV latches on the pole, the lower 'hoop' moves up the dock, trapping the vehicle against the upper hoop.  Figure courtesy of Hanumat Singh, WHOI
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Two cone-type docks used with the Odyssey Program.  On the left is a system developed by Mike Feezor, which incorporated a magnetic dipole homing system.  On the right is a system developed by NRaD which used an optical homing system for terminal guidance.
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