To: Doug Au
From: Jim Bellingham and Brett Hobson
Re: Daphne Operational Incidents Sept 12 and Oct 12, 2012
October 23, 2012

Dear Doug, 

At your request, please find below a summary of the two incidents involving Daphne this fall. In large part, this document is assembled from emails exchanged documenting the incident by the LRAUV team. 

One question that should be addressed immediately is: why, after 3000 hrs of Tethys operations at sea, have we encountered two significant problems in as many months? A substantial contributing factor is that these deployments involve a much more complex version of LRAUV than has been operated earlier. The changes include:

1) Integration of the NPS turbulence sensor, which increases faired vehicle length, and which adds a large structure extending forward of the faired nose. The hydrodynamic effect is to make the vehicle less stable, especially the guard for the turbulence probes. 
2) The turbulence sensor is also extremely verbose, imposing a substantial new load on the vehicle processor which must both interface with the instrument and log the resulting data.
3) The DVLs on Daphne and Tethys have been modified to operate in ADCP mode, reporting both velocities and return intensities. The Linkquest system is particularly verbose, and capturing both velocities and intensity of the four acoustic beams creates yet another significant load on the vehicle processor.

Although these might not sound like significant changes, the LRAUV achieves its extremely high performance characteristics by being very tightly integrated and optimized. Further, Daphne represents the first major augmentations of the vehicle.
September Communication Loss:
On September 12, Daphne was deployed by Zephyr as part of the fall CANON experiment. Zephyr had been used to transport Daphne offshore because the turbulence sensor is highly susceptible to fouling, and it was feared that a transit through the inner Bay would have a high probability of making the turbulence probes inoperable. The Daphne mission was to orbit the ESP, providing both vertical profiles of water/chemistry/particle properties and directly measuring the turbulent diffusion coefficient. This last parameter was key to bounding vertical transport and was the motivation for the turbulence sensor on this deployment.

Summary: 
Immediately on deployment Daphne reported a fault in the elevator servo. Brief consideration was given to recovering the vehicle, but the vehicle has redundant vertical control: the combination of mass shifter and buoyancy engine allows vertical control much as with a glider. No other problems were detected. Further, two ships were scheduled to be in the general operational area for the next several days (the Flyer and the Zephyr). So the vehicle was left in the water and the Zephyr cleared to leave its location. 

Operations through that evening failed to clear the elevator servo. Consequently, attention shifted to incrementally testing vertical control with the mass shifter . This met with success, and the vehicle was ordered to transit to take up its station orbiting the ESP drifter. After a successful transit, the vehicle was ordered to start a reduced depth version of the science mission. After receiving this command, communication with the vehicle ceased. This corresponded with Iridium system outages that were causing problems communicating with Tethys. On the 13th, after communications with Tethys resumed and Daphne remained silent, shore operators requested that the two ships search for Daphne. Zephyr found the vehicle within 2km from its last reported position floating in an extreme nose down position and recovered the vehicle.

Once the vehicle was on shore, we determined the following:

1) The elevator servo had been damaged by a blow to the aft edge of one of the elevators. This rendered the elevator inoperable. When this occurred cannot be stated with certainty, but during deployment is the most likely candidate. This was the reason for the failure of the elevator immediately on deployment.
2) The indexing sensor for the mass shifting system was also damaged by a significant but unknown sideways force to the main housing of the vehicle. Accelerometer records from the deployment show that the vehicle entered the ocean on its side, but do not show undue acceleration.  However, the sample rate is so slow (2.5 Hz) that any impact would be unlikely to be captured.
3) The damaged mass shift index did not prevent the mass shift system from working, but eventually caused the mass shift index to be undetectable. The mass shift index is only used for initialization of the system. 
4) Other systems of the vehicle were undamaged.
5) While the vehicle was running the Science mission, a watchdog timer reset occurred and the system rebooted underwater.  During startup, the Mass Shifter was unable to index and the mass parked at the forward end of travel.  The position of the mass shifter end-stops were chosen on Tethys to ensure the antenna could never become submerged.  Unfortunately, with the turbulence sensor fitted to the nose, the vehicle assumed a nose down attitude that submerged the antenna mast and backup argos beacon and rendered the vehicle unable to call for help.  After a two hour period of failed communicaitons, the vehicle released its drop weight, but since the weight is directly below the antenna mast, it didn’t help upright the mast.

Immediate fixes included:
1) Limit the range of the mass shifter to ensure the antenna mast remains dry for every vehicle configuration.
2) Add compliance to the mass indexing system to minimize sensitivity to side impact.
3) Avoid impacts to the vehicle.

Long term fixes:

1) Add absolute position feedback to mass shift system to eliminate need for index.
2) Implement as a backup, a method that uses the overcurrent on the motor controller to find the extreme position of the mass shift in the event of failure of the positioning system.
3) Identify elements of the vehicle susceptible to impact damage and strengthen if possible.
October Bottoming:
In the month of October, the LRAUV team has been participating in a field program to measure mixing processes near the seafloor. The LRAUV missions are coupled with MLML, NPS, and USGS deployments of bottom instrumentation which complement the spatial maps created by the AUVs with point measurements of ocean properties. The NPS and MLML instrumentation was deployed at the beginning of the month and is being recovered at the end of the month, and is the last deployment in the NSF funded series of activities, and the only one in which the turbulence sensor is installed on the AUV. Our interest in this program is both for its own sake, and because the turbulence sensor is integral to measurements we want to make in the CANON program (e.g. diffusive fluxes vertical fluxes of physical & chemical parameters). The longer, more complex turbulence payload is also providing valuable experience applicable to the upcoming ESP integration.

Summary: 
Daphne was launched October 11. It transited to the operational location without incident, and completed its first lap (a section to shore, and a bottom following mission back out). However, after starting on the second survey transect, early on the 12th, communications ceased. On the afternoon of the 12th, Hobson and Kieft located the vehicle acoustically very near the outer turn point of the survey line. On the 14th??, Hoover, Klimov, and Bellingham confirmed that the vehicle was still on the bottom. On the 16th the Carson and Ventana recovered Daphne and brought her home. Once on shore the vehicle logs were examined, and the following was determined:

1) Daphne was trimmed front heavy, most likely due to entrained bubbles in the nose during ballast and trim. Under normal operations, the vehicle was able to function despite a nose-down moment.
2) However, a critical failure in the buoyancy subsystem ended the mission and the vehicle reverted to the Default surface behavior, which uses a recovery speed of 0.5 m/s (which is half the usual operating speed of 1 m/s). 
3) At 0.5 m/s the forces on the control surfaces are ¼ what they are at the operating speed. The elevator was correctly set at -15 degrees, however because of the reduced speed the elevator forces were unable to overcome the pitching moment created by the less buoyant nose. So the vehicle assumed a nose down attitude.
4) Buoyancy created by the buoyancy engine was enough to almost overcome both the heavy nose and the downward force of the prop, but not quite. So the vehicle very slowly sank below the depth of which the buoyancy system can add buoyancy. 
5) Because the moving mass was disabled at the time, the buoyancy created by the buoyancy engine compounded the pitch moment problem. If the movable mass was enabled, it would have been shifted aft and the vehicle would have likely been fine, or the prop was turned off, or the buoyancy system could pump, or the prop was run at 1m/s the vehicle would have likely been fine. We were approximately 150-200 grams positively buoyant at the time.
6) As the vehicle slowly sank below 65 meters, the buoyancy engine was unable to pump and the vehicle sank and landed on the bottom.  Note that the buoyancy pump was only indented to operate in the near-surface region.
7) After coming to rest on the bottom, the pitch reached a steady-state value of about -25 degrees. At this stage the turbulence sensor acted like a lawn dart and balanced against the low thrust of the turning prop (still trying to get the vehicle to the surface) holding the vehicle in place.
8) Although commanded to fire, the drop weight did not release. The weight didn’t release because a loose trim ballast weight slid down and wedged itself between the fairing and the drop weight.
9) The buoyancy engine was not able to completely re-inflate the bladder until depth reached 65 meters on the ROV-assisted ascent. 

Changes before re-deploying Tethys or Daphne:

1) We always enable the MassServo for its use by the Default mission. We must set reasonable to set its max and min limits within a mission, but once that mission ends, it needs to be able to act to overcome anomalous pitch moments. This alone would have mitigated the bottoming.
2) We increase surface speed in the default mission to 1 m/s. This alone would have mitigated the bottoming.
3) We run ballast_and_trim deeper, at 50 meters. This would have discovered the entrained air, compensated for it, and mitigated the bottoming.
4) After one cycle of turbulence_daphne, we run ballast_and_trim again, to see if the vehicle trim has changed after some deep diving. Just to be sure.
5) [bookmark: _GoBack]We reduce VerticalControl.buoyancyPumpDepth to 65 meters and disable routine buoyancy position checks while underwater. This would have prevented the critical failure that started the chain of events. This would not have mitigated the bottoming, but it ensures the buoyancy engine valve is closed, mitigating other known failure modes.
6) Fixed drop weight. Proper operation of the drop weight would not have mitigated bottoming, but would have resulted in vehicle coming to the surface after the bottoming.

None of these changes require modifying code. However, long-term activities include:

1) We should work out the logic for reversing the prop when the vehicle is stuck nose-down. This is for a time when we are not in the heat of a field program.
2) We might need to implement onboard state estimate for the vehicle to inform safety behaviors. This is a tractable problem, although it borders research activity - several theses focused on this topic in Bellingham’s lab at MIT
3) We need a table of dependencies which informs operators how vehicle characteristics effect the performance of safety behaviors under different circumstances. This will be a valuable tool for informing improved automation of safety behaviors. This is a development activity.

At the conclusion of the field program we will have our usual hot wash, and accumulate lessons learned (as always there are many) and prioritize development/research activity.
