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MBARI engineers, scientists, and operations personnel went to sea on 37 days in the calendar year 2001, sending the prototype Dorado class AUV on 355 missions.  This document summarizes the schedule of testing for the year 2001, the vehicle configurations deployed, and the outcomes of the missions, with the goal of directing efforts towards improving the Dorado AUV class.

2001 AUV mission data resides in the database:  /dorado/ConOps2001/AUV Missions 2001.mdb

Schedule of testing

The AUV development effort at MBARI in 2001 was directed towards demonstrating proof of concept of long endurance high latitude autonomous operations during scheduled operations aboard the USCG Ice Breaker Healy in October and November.  Development and integration of an advanced power source (Fuel Cell Technologies semi fuel cell), remote data transfer system (Scientific Solutions International buoy launcher), high latitude capable navigation system, and a configurable data acquisition system were emphasized.  

A simplified schedule of operations for 2001 is shown below in Table 1.

Table 1.  Summary of 2001 AUV operations 

Month (2001)
Purpose of Testing

January
Dynamic control of 6 meter vehicle

March
Acoustic navigation

April
Fuel cell integration and test

June
Buoy launcher testing/high latitude navigation

July
Fuel cell testing/high latitude navigation/science payload integration

August
Tailcone controller revision/buoy launcher testing/science payload testing

October
Arctic operations

The prototype Dorado class AUV was deployed on 37 days during the course of 2001.  It was deployed in 12 different configurations.  The configurations in which the vehicle was deployed are summarized below in Table 2.

Table 2.  2001 AUV Configurations

Date
Vehicle Configuration
Purpose of Testing

1/29/01
Two empty midbodies
Dynamic control testing

1/30/01
Two empty midbodies
Dynamic control testing

2/26/01
Single midbody
LBL navigation testing

3/19/01
Single midbody, DVL
DVL/LBL navigation testing

3/20/01
Single midbody, DVL
DVL/LBL navigation testing

5/2/01
Fuel cell + 10 inch midbody 
Fuel cell testing

5/3/01
Fuel cell + 10 inch 
Fuel cell testing

6/4/01
Single midbody with Octans FOG
Navigation testing

6/5/01
Single midbody with Octans FOG
Navigation/Dynamic control

6/6/01
Single midbody with Octans FOG
Navigation/Dynamic control

6/25/01
Battery midbody + FOG, buoy launcher
Buoy launcher testing

6/26/01
Battery midbody + FOG, buoy launcher
Buoy launcher/dynamic control

6/29/01
Battery midbody + FOG, buoy launcher
Buoy launcher testing

7/4/01
Fuel cell + 10 inch midbody for flotation.
Fuel cell testing

7/9/01
Single midbody with Octans FOG and Kearfott INS
Navigation testing

7/12/01
Single midbody, Octans FOG, Kearfott INS, ALTEX payload.
Navigation/science payload testing

7/13/01
Single midbody, Octans FOG, Kearfott INS, ALTEX payload.
Navigation/science payload testing

7/18/01
Single midbody, Octans FOG, Kearfott INS, ALTEX payload.
Navigation/science payload testing

7/19/01
Single midbody, Octans FOG, Kearfott INS, ALTEX payload.
Navigation/science payload testing

7/20/01
Single midbody, Octans FOG, Kearfott INS, ALTEX payload.
Navigation/science payload testing

8/2/01
Octans FOG, Kearfott INS, Elmo based tailcone controller, no ALTEX payload.
Navigation/new tailcone controller testing

8/3/01
Octans FOG, Kearfott INS, Elmo based tailcone controller, no ALTEX payload.
Navigation/new tailcone controller testing

8/20/01
Octans FOG, buoy launcher,  ALTEX payload.
Buoy launcher/science payload testing

8/21/01
Octans FOG, buoy launcher,  ALTEX payload.
Buoy launcher/science payload testing

8/22/01
Octans FOG, buoy launcher,  ALTEX payload.
Buoy launcher/science payload testing

10/8/01
ALTEX complete
ALTEX operations

10/10/01
ALTEX Vehicle, no buoy launcher
ALTEX operations

10/13/01
ALTEX Vehicle, no buoy launcher
ALTEX operations

10/16/01
ALTEX Vehicle, no buoy launcher
ALTEX operations

10/17/01
ALTEX Vehicle, no buoy launcher
ALTEX operations

10/18/01
ALTEX complete
ALTEX operations

10/19/01
ALTEX complete
ALTEX operations

10/23/01
ALTEX complete
ALTEX operations

10/24/01
ALTEX complete
ALTEX operations

10/25/01
ALTEX complete
ALTEX operations

Mission Outcomes
During the 37 days of Dorado AUV operations in 2001, 355 missions were run.  Each missions was categorized by purpose and evaluated as successful or not successful.  Some judgement was employed in classifying missions as to outcome, as criteria for success is in many cases a function of the purpose of the mission.  In general a mission was considered successful if the mission script loaded, the vehicle submerged itself and completed the programmed flight pattern, and data were acquired from all sensors critical to the success of the mission.   The failure of an auxilliary science sensor during a mission whose purpose was to test dynamic control would not cause that mission to be considered unsuccessful; on the other hand the same sensor failing on a mission whose purpose was to acquire data from that sensor would cause the entire mission to be considered unsuccessful.

169 of 355 (47.6 %) missions run in 2001 were considered successful.  186 of 355 (52.4 %) missions were considered unsuccessful.  The 186 unsuccessful missions were divided into categories as displayed below in Table 3.

Table 3. 2001 AUV Mission failure modes, occurences, and severity. 

Failure Mode
Comments
N
Severity

Device driver failure
Pressure sensor/Ice sonar/dual CTD
31
Medium

Indeterminate
Unclear as to cause or not repeatable
24
N/A

Failed to dive
Some failures caused by improper ballasting
23
High

Sensor hardware failure
Primarily pressure sensor/different hardware selected
23
Medium

Software misconfigured
Primarily devices.cfg
23
Medium

Mission scripting failure
Syntax errors; operator training
20
Low

Other hardware failure
Buoy launcher/power conditioning board
17
Medium

Prop linkage failed
Rectified in new version of tailcone
11
Medium

Lost dynamic control
Some caused by improper ballasting
9
High

Fuel cell alarm/failure
Includes catastrophic failure
5
Medium

MVC Hardware 
Determined to be caused by overheating/rectified with fan
3
High

Wet connector failure
Cable b/w battery sphere and junction box
3
High

Other
Kelp entanglement
1
Medium

Device driver failures

Unambiguous device driver failures occurred with the Octans gyro (9 times), paroscientific pressure sensor (6 times), ice profiling sonar (4 times), buoy launcher (3 times), tailcone controller (3 times), ISUS nitrate sensor (once), and seabird CTD (once, when two systems were operated).  4 of the 9 Octans driver failures occurred during the course of initial testing and were rectified at once (sign error in body rate terms). Other failures with this driver seemed to be related to serial device buffer overflow, and this bears further investigation.  At any rate, that particular AHRS is only one possible choice.

Failures with the paroscientific pressure sensor are hypothesized to be a function of the relative susceptibility of the particular type of sensor to electromagnetic noise, and the attempts to mitigate through driver modifications. 

Resources required to develop and adequately test new device drivers should not be underestimated, and software developers must work closely with vehicle operators to ensure that testing is both appropriate in scope and context.  Additional devices and changes to existing devices should be of sufficiently high reward to warrant consideration.

Failed to dive/Lost dynamic control

We hypothesize that both of these failure modes are caused by improper ballasting.  Mitigation will be through the limitation of vehicle configurations being supported, a quantitative ballasting process (already developed but not always utilized) prior to a new configuration being deployed, and sufficient buoyancy (to be determined, estimate 3 kg per vehicle section) and useable volume (estimate 2 liters) in each vehicle section to allow for adjustment of ballast along the length of the vehicle.  

Failure Modes and Operational Modes

Failure modes experienced during the year 2001 were affected by the fact that the development of new vehicle subsystems was a year long priority.  Design choices were made to enhance configurability, allowing the consideration of multiple power and navigation systems.  The enhancement of vehicle operability, maintainability, and reliability was secondary to development, and this fact is reflected in the mission outcome statistics.  Inadequate attention to vehicle operability and maintainability, as well as the lack of complete staffing through the first 5 months of operations, also contributed to poor reliability.  Time consuming vehicle turnaround and inadequate access to the main pressure housing limited the troubleshooting opportunities between consecutive days of operations.  

Data acquisition missions using tested configurations on routine flight profiles can expect much higher reliability.

Failure Modes and Impact Upon Operations

Failure modes were not equal in their effect upon the ability of the vehicle to continue to operate.  This fact is captured in the column labelled “Severity” in Table 3.  Failure modes were classified in terms of severity according to whether they prevent a mission from starting (low), prevent a single mission from continuing (medium), or prevent a day’s sequence of missions from continuing (high).  The severity of failure modes is also a function of operational mode.  A failure which causes a single mission to abort in Monterey Bay or near an attending support vessel has different consequences than the same failure occuring in a remote location or in an unattended deployment.

Table 4 combines the number of occurences and severity for each of the failure modes.  This combination is captured in the column labelled “Impact”. A solution is proposed for each failure mode and the estimated resources required to implement each solution are ranked.  Note that some failure modes have been omitted as they are either not applicable or already rectified (Indeterminate, MVC hardware failure, Fuel cell alarm, Prop linkage failure) and others have been combined (Failure to dive, Lost dynamic control) as the root cause is believed to be the same.

Table 4.  Failure Mode Mitigation

Failure Mode
Impact
Mitigation
Resources 
Total
Rank

Device driver failure
2
Atm housing pressure sensor
4
6
2a

Failed to dive/dynamics
1
Quantitative ballasting/analysis
1
2
1

Sensor hardware failure
3
Atm housing pressure sensor
4
7
2b

Software misconfigured
4
Integrated configuration utility
6
10
4a

Mission scripting failure
5
Integrated configuration utility
6
11
4b

Other hardware failure
6
Power board analysis/design
5
11
5

Wet connector failure
7
Cable harness analysis/design
2
9
3

Other
8
Minimize external structures
8
16
6

Conclusions

Dorado AUV reliability will be enhanced by utilizing the information acquired during the course of 2001.  

· The vehicles built in 2002 will consist of subsystems proven reliable during the course of 2001.  The number of vehicle hardware configurations will be limited.  The core components of the engineering and operations vehicles will be identical and professionally documented.  

· Methods of vehicle preparation will be formalized, particularly in regard to vehicle ballast and trim.  Some payload will be sacrificed in order to maintain the ability to properly regulate ballast and trim.

· The vehicle wet cabling harness will be analyzed and optimized for reliability; it is accepted that some loss of configurability will result.

· An integrated vehicle configuration utility will enhance the efficiency of operations by eliminating some mission initialization failures.

