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Abstract


The ships that will tend USCG floating aids to navigation in the next century are being built today.  The lead ship in the new class of sea-going buoy tenders, the USCG Cutter JUNIPER, underwent test and evaluation this past spring and summer.  Through the use of differential GPS and an integrated approach to the ship's navigation and control systems the ship is capable of transiting and positioning itself automatically at the assigned position to set and work on navigation buoys.  This capability along with other automation on the buoy deck and in the engine room allows for a reduction in manning for this vessel to 40 as opposed to 55 people on board its predecessor, the 180' seagoing buoy tender.





This paper describes the testing of the ship’s DGPS performance and the performance of the dynamic positioning system to ensure that the ship will meet its operational requirements.  The use of a real time kinematic DGPS as the truth system is detailed, along with the development and capabilities of the real time data collection and analysis program, SHIPTEST.  Results of the testing, static and dynamic DGPS accuracy, and ship’s station-keeping accuracy are presented.


Introduction


Beginning in 1979, the Coast Guard began a program to replace its aging fleet of buoy tenders.  In 1985 the Secretary of Transportation approved the Mission Needs statement and the program proceeded to eventual procurement of the USCGC JUNIPER, delivered to the Coast Guard in January 1996.  In March and July of 1996 the USCG R&D Center conducted an independent evaluation of the accuracy of the USCGC JUNIPER’s (WLB-201) differential GPS and dynamic positioning system.  This evaluation was done to support the Independent Operation Test (IOT) team located at R&D Center in their task of independent operational test and evaluation of the JUNIPER class.  The equipment and expertise developed at the R&D Center in its GPS research was ideal for this evaluation.  The testing was conducted in two separate sessions, March 26-27 in Lake Michigan near Milwaukee, Wisconsin and July 15 in Long Island Sound, New York.


Background


The Coast Guard maintains a system of short range visual aids-to-navigation consisting of lighted and unlighted buoys, lighthouses, ranges and other fixed structures.  Aids-to-navigation teams, construction tenders, and a variety of coastal and sea-going buoy tenders maintain this system to support maritime commerce and ensure marine safety in U.S. waters.  The Coast Guard currently uses approximately 40 Coast Guard cutters known as buoy tenders to service floating aids-to-navigation.  Six 133’ White class coastal buoy tenders (built in 1943), four 157’ Red class coastal buoy tenders (built from 1965-1972) and twenty six 180’ BALSAM class sea-going buoy tenders (built from 1942-1944) make up the majority of this fleet of aging but serviceable vessels.   





In January 1993 the Coast Guard awarded the first contract in more than 50 years for a sea-going buoy tender to Marionette Marine corporation of Marinette, Wisconsin[1].  The Coast Guard specified the performance of this vessel in the circular of requirements.  Along with requirements for Buoy Tending and Ship’s Characteristics was a section entitled Special Features.  Under Special Features was the requirement:  


“Hold ship’s position and heading within 2m accuracy using visual and differential electronic methods.  Allow the cutter to approach, maneuver, and automatically maintain position within a 10 m radius.”  


The JUNIPER is designed to accomplish this using its dynamic positioning system  (DPS).  The DPS, by Nautronix Inc., consists of a high speed central processor which manages the autopilot and joystick/dynamic positioning functions.  





The autopilot function is used for transiting and uses only steering and main propulsion.  Bow and stern thrusters are not operational in this mode.  The autopilot can be configured to steer a selected course based on the gyrocompass or magnetic compass, set to maintain a particular speed, or can maintain a desired navigation track between waypoints.   





Joystick/dynamic positioning mode is used for low speed maneuvering and was the subject of this testing.  In this mode, the DPS controls the main propulsion and bow and stern thrusters.  The rudder is placed amidships and the steering system placed on standby.  Three of the modes of DPS operation that provide positioning are full manual, hold heading, and hold position.  Full manual allows simple joystick control for the operator to manually position the vessel.  Hold heading automatically maintains the heading of the vessel.  Hold position automatically maintains the position of the vessel.  In hold position mode the vessel heading may be manually controlled or automatically controlled by engaging the hold heading simultaneously with the hold position function. 





USCGC JUNIPER (WLB-201)�Principal Characteristics


Length overall  ............................................. 225 ft-9( in.


Length between perpendiculars ....................    206 ft-0 in.


Beam ................................................................. 46 ft-0 in.


Draft .................................................................. 13 ft-0 in.


Displacement ....................................................... 2000 LT


Speed at 80% maximum continuous rating ......... 15 knots


Propeller ................ 4 bladed, controllable pitch, 10 ft dia.


Engines (2) ............................. 3100 bhp each, at 900 rpm


Bow thruster ............... 440 hp, tunnel type, 9300 lb thrust


Stern thruster ............ 550 hp, tunnel type, 11400 lb thrust


Test Equipment Description


The truth positioning system consists of an independent survey grade GPS equipment capable of achieving 3 centimeter level accuracy within 10 miles of its dedicated reference station.  For terminology purposes the system will be referred to as the "RTK-GPS" (Real-Time Kinematic) to differentiate it from the Coast Guard beacon-based DGPS service.  The shore system consists of an Ashtech Z-12 GPS configured as an RTK-GPS base station, Pacific Crest 35 watt VHF radiomodem transmitter, and antennas. The shipboard system consists of an Ashtech Z-12 GPS configured as the RTK-GPS rover station, Pacific Crest 2 watt VHF receiver, and data collection computer, a Compaq 486/66 Portable computer.





The system under test consists of the DGPS on board the USCGC JUNIPER, a Leica 9212 12 channel GPS receiver and an MX 50R differential beacon receiver.   The JUNIPER was using the Coast Guard DGPS broadcast from Milwaukee, Wisconsin during March tests and from Chatham, Massachusetts, during the July test.  In this configuration the positioning performance is specified to have 2 meters accuracy.  The other subject of the test is the ship’s Dynamic Positioning System (DPS), a collection of control and machinery systems specified to maintain the position of the vessel within 10 meters of the desired position.





The two systems are compared using a program developed by the R&D Center called Shiptest.  Shiptest was designed to take the two NMEA 0183[2] GPGGA inputs, synchronize them and compare the positions.  All position inputs were adjusted (moved) to a common location on the ship, identified as the master reference point (MRP) in order to compare the system under test with the truth system.  A file containing  precise measurements describing the locations of the GPS antennas relative to the MRP was used to initialize the Shiptest program.  The NMEA 0183 GPHDT (heading) input from the ship’s gyrocompass was applied to each position measurement to determine the proper adjustment (offset) necessary. 





Shiptest generates two spreadsheet compatible files for each type of test (accuracy and position holding).  A "raw" file containing all the NMEA inputs as received from the shipboard and truth system, and a "dif" or difference file containing the results of each measurement comparison.  The data fields stored in the accuracy test difference file are measurement time, delta X, delta Y, radial error,  and the GPS quality indicator, number of satellites, and HDOP for both the truth and shipboard systems.  The data fields in the holding position test difference file consisted of all those in the accuracy test difference file, along with the delta X, delta Y, and radial error relative to the desired position to be held, and the ship’s heading.  Shiptest provides a display of real-time statistics while a test is being conducted.  These statistics are updated at each measurement cycle and included maximum, minimum, mean, standard deviation, speed, radial error, and the time lag (if any) between reception of like timed measurements.  A tri�colored bar graph representation of the radial error is also displayed for quick assessment of a test in progress.  Shiptest is a 32 bit application written in the Ada programming language.  Ada's unique tasking capabilities were utilized to implement the high speed (38,400baud) serial I/O, statistical calculations, file storage, and graphical display functions.     �PRIVATE ��


DGPS Accuracy Test  


The objective of this series of tests is to determine the accuracy of the ship's DGPS.  For this test, data was collected directly from the RTK-GPS and from the ship's system via the Local Area Network (LAN).  LAN data was provided via a LAN Interface Unit with an RS-232 port.  LAN data consisted of ships NMEA data; GGA (GPS position) and HDT (true heading, gyro).  This data was compared to the RTK-GPS position in NMEA GGA format and the difference was computed in real time.  


Accuracy data was collected in three modes:


Dockside comparison, long term (overnight).


Underway transit to site of station-keeping tests.  The only specific maneuvers include 2 figure eight maneuvers to stress the dynamics of any possible GPS receiver filtering in the ship's system.


During DPS station-keeping tests to verify input to DPS during this test.


Accuracy tests


Accuracy was measured as the difference between the ship’s system and the RTK-GPS system. All tests are presented graphically with two types of plots, an XY scatter and for the dynamic maneuvers, a time series plot showing radial error. The XY scatter plots indicate northing and easting differences.  The XY scatter plot gives the viewer a feel for any systematic tendencies such as latitude or longitude biases. The time series plots indicate the instantaneous horizontal radial difference between the ship’s DGPS and RTK-GPS.  The time series plot clearly shows the performance of quantities of interest at any instant in time.  Achieved accuracy was evaluated by taking the 95th percentile of the entire data set for a given test.  


Dockside test


Dockside data was collected the night of March 26, 1996.  The data was recorded at a fifteen second update rate, that is, one point every fifteen seconds.   The ship was tied up at a container wharf in Port Milwaukee. There were several large cranes, stacks of containers, and other equipment on the wharf.  Some of these objects were quite high and caused some blockage of satellite signals and acted as reflective surfaces causing multipath of the GPS signals.  The RTK-GPS was used as truth for the dockside testing as the vessel was free to move up to one meter as normally secured at the dock. The shipboard RTK-GPS unit has quality control information displayed indicating the level of accuracy being achieved.  As the truth system was not being physically observed, its quality was uncertain.  � REF _Ref367087245 \* MERGEFORMAT �Figure 1� is the XY scatter plot that shows the results of this test. 





� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\HD086D02.XLS" "XY" \p ���Figure � SEQ Figure \* ARABIC �1� XY Dockside


We believe there were several contributors to this performance level.  The aforementioned multipath environment of the ship’s GPS is the major contributor to the poor statistic of 3.1 meters 95%.  Multipath errors generally are manifested as cyclical biases with a duration  of 5-15 minutes.    Because of the changing orientation of the ship to the satellite signals along with the lack of surrounding terrain, GPS multipath errors on moving vehicles have been proven to be smaller than those observed at stationary receivers. 


Figure Eight tests


Two figure eight maneuvers were conducted on March 27, 1996 to stress the navigation filters in dynamic conditions.  The RTK-GPS did not employ any navigation filter in calculating the truth positions.  Data was collected at a one second rate.  The results demonstrate excellent DGPS performance.  In the first maneuver, the ship’s DGPS achieved 1.8 meters 95% accuracy.  � REF _Ref366999334 \* MERGEFORMAT �Figure 2� is the XY Scatter plot showing the difference between the RTK-GPS and the ship’s DGPS. � REF _Ref366999346 \* MERGEFORMAT �Figure 3� gives the radial error plot for this same maneuver.  In the second maneuver the ship achieved 1.3 meters 95% accuracy.


 � LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\AC087D02.XLS" "XY" \p ���


Figure � SEQ Figure \* ARABIC �2�  First Figure Eight


� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\AC087D02.XLS" "RE" \p ���Figure � SEQ Figure \* ARABIC �3�  First Figure Eight


Summary Accuracy tests 


Throughout all of the testing we were able to log accuracy data.  In addition to the figure eight maneuvers, we logged and analyzed the transit from the pier to the test area, as well the station-keeping tests.  The data is presented below in � REF _Ref367087303 \* MERGEFORMAT �Figure 4� in a tabular format giving the 95% value for the accuracy of each test.  The average accuracy of 1.87 meters 95% was arrived at by weighting each individual test accuracy value by the duration of that test.





� LINK Excel.Sheet.5 "\\\\486pc\\jay$\\iot\\SUMM1.XLS" "" \p ���


Figure � SEQ Figure \* ARABIC �4�  Accuracy data for all tests 


DPS STATION-KEEPING TEST 


The purpose of this test is to determine the capability of the ship to perform station-keeping using the ship’s dynamic positioning system.  The ships data was then compared in real time to both the RTK-GPS position for accuracy evaluation and the manually entered assigned position that the ship was to hold.  The ship’s master reference point (0,0) was used as the point on the ship to be positioned at the assigned position for this test.   This was done to eliminate any possible disagreements over the use of position offsets to the buoy deck.  


Data was collected in two modes:


Station-keeping to an assigned position for the ship’s master reference point. Heading determined by DPS.


Station-keeping to an assigned position for the ship’s master reference point.  Desired heading entered by conning officer to expose the vessel to different wind, wave and current angles. 





For each test there are three plots: First the XY scatter plot with the ship’s position, based on RTK-GPS plotted relative to the desired hold position.  Next is a combination plot with latitude and longitude errors plotted on a time scale to show the dynamic positioning system’s ability to converge and settle out on arrival and after the heading changes.  The final plot for each test is the heading during each station-keeping exercise.


DPS Station-Keeping Tests, Milwaukee, Wisconsin


Station-keeping tests in Milwaukee, WI began with winds in a southerly direction at about 10 knots with a 1-2 foot sea running. The crew entered a three waypoint route into the Electronic Chart System and had the DPS maneuver the ship to the third point in the route and hold that position.  This waypoint was used as the assigned position for the station-keeping tests 1-3.  Hold test 1 shows the approach to the waypoint from 10 meters through station-keeping on that point.  The DPS usually had the wind and waves at about 45 degrees on the starboard bow.  However, heading varied about 50 degrees throughout this first test as the DPS controlled the heading.  We then tried hold heading mode to evaluate its performance in hold test 2.  The heading was set to 345 degrees true to put the stern to the wind and waves.  Toward the end of this test the stern was brought over an additional 5-7 degrees to put the wind and waves more directly on the stern.  Hold test 3, while still at this waypoint, was accomplished by adjusting the heading to 60 degrees true to put the wind and waves abeam.  





� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\HD087D06.XLS" "XY1" \p ���


Figure � SEQ Figure \* ARABIC �5�  Hold Test 1 XY Plot: Heading by DPS. 


� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\HD087D06.XLS" "LL1" \p ���


Figure � SEQ Figure \* ARABIC �6�  Hold Test 1 Lat. & Long Errors: Heading by DPS. � LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\HD087D06.XLS" "Heading1" \p ���


Figure � SEQ Figure \* ARABIC �7�  Hold Test 1 Ship's Heading: Heading by DPS.


Analysis Hold Test 1


The first station-keeping test showed the capabilities of the dynamic positioning system to move to a desired position and hold that position within 10 meters 95%.  Heading was controlled by the DPS and varied by 53( (130(-183() during the test (� REF _Ref367089558 \* MERGEFORMAT �Figure 7�).  The latitude and longitude error plot (� REF _Ref367089590 \* MERGEFORMAT �Figure 6�) shows the system overshooting the desired assigned position (AP) before going into a more stable mode of maintaining within 10 meters of AP.  Three to four minutes was required for the system to achieve this settling down. 





� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\HD087D06.XLS" "XY2" \p ���


Figure � SEQ Figure \* ARABIC �8�  Hold Test 2 XY Plot: Wind and waves astern.


� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\HD087D06.XLS" "LL2" \p ���


Figure � SEQ Figure \* ARABIC �9�  Hold Test 2 Lat. & Long Errors: Wind and waves astern.


� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\HD087D06.XLS" "Heading2" \p ���


Figure � SEQ Figure \* ARABIC �10�  Hold Test 2 Ship's Heading: Wind and waves astern. 


Analysis Hold Test 2


The second station-keeping test showed the capabilities of the dynamic positioning system to hold a desired position within 10 meters 95% while maintaining a desired heading with the wind and waves astern. The heading was set to 345 degrees true to put the stern to the wind and waves (� REF _Ref367089914 \* MERGEFORMAT �Figure 10�).  Toward the end of this test the stern was brought over an additional 5-7 degrees to put the wind and waves more directly on the stern.  The latitude and longitude error plot (� REF _Ref367089934 \* MERGEFORMAT �Figure 9�) shows the system quickly achieves stability and easily maintains position within 10 meters of AP.  The desired heading of 345( was achieved with small variations of ( 2(.


� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\HD087D06.XLS" "XY3" \p ���Figure � SEQ Figure \* ARABIC �11�  Hold Test 3 XY Plot: Wind and waves abeam.


� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\HD087D06.XLS" "LL3" \p ���Figure � SEQ Figure \* ARABIC �12�  Hold Test 3 Lat. & Long Errors: Wind and waves abeam.


� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\HD087D06.XLS" "Heading3" \p ���Figure � SEQ Figure \* ARABIC �13�  Hold Test 3 Ship's Heading: Wind and waves abeam. 


Analysis Hold Test 3 


The third station-keeping test showed the capabilities of the dynamic positioning system to hold a desired position within 10 meters 95% while maintaining a desired heading. The heading was set to 60( true to put the wind and waves abeam. The latitude and longitude error plot (� REF _Ref367089999 \* MERGEFORMAT �Figure 12�) shows the system gradually converging on the AP and reaching the AP after several minutes.  At this point the system appears stable and the position is held well within 10 meters of AP.  Heading (� REF _Ref367090052 \* MERGEFORMAT �Figure 13�) was cyclical, ( 3( back and forth across 60( for about two minutes and then settled out, producing small variations of ( 2(.


DPS Station-Keeping Tests, The Race, New York


To fully test the JUNIPER in dynamic positioning mode additional tests were conducted in the area known as The Race, the eastern entrance to Long Island Sound, well known for its formidable current.   For the duration of this series of tests the current was observed to be running at 3 knots from 265 degrees true.  This was the maximum ebb tide current for July 15, 1996.   There was a southerly cross-wind blowing at 15-25 knots throughout the afternoon.  Wave heights reached 2-3 feet from the direction of the wind.   � REF _Ref365859527 \* MERGEFORMAT �Figure 14� gives a general diagram of the current and wind forces relative to the ship’s heading.  To conduct these tests the current direction was assumed to be constant at 265(.  The heading of the ship was varied to change conditions for each test.





� EMBED Word.Picture.6  ���Figure � SEQ Figure \* ARABIC �14�  Station Keeping Tests 4&5





A sequence of tests was devised to evaluate the DPS performance relative to the circular of requirements. Under buoy tending the ship is required to tend buoys in currents up to 3 knots within 6( of the centerline.  First, a hold test was conducted directly into the current (Hold Test 4).  The second test put the current 6 degrees on the starboard bow, with the wind blowing from the port side (Hold Test 5). 


� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\JULY_OTE\\HD196D03.xls" "XY 4" \p ���


Figure � SEQ Figure \* ARABIC �15�  Hold Test 4 XY Plot: Wind and waves abeam, current dead ahead at 3 knots.


� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\JULY_OTE\\HD196D03.xls" "Lat & Lon 4" \p ���Figure � SEQ Figure \* ARABIC �16�  Hold Test 4 Lat. & Long. Errors: Wind and waves abeam, current dead ahead at 3 knots.


� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\JULY_OTE\\HD196D03.xls" "heading 4" \p ���


Figure � SEQ Figure \* ARABIC �17�  Hold Test 4 Ship's Heading: Wind and Waves abeam, current dead ahead at 3 knots.


Analysis Hold Test 4


The fourth station-keeping test showed the capabilities of the dynamic positioning system to hold a desired position within 10 meters 95% while maintaining a desired heading directly into a 3 knot current. The heading was set to 265( true to put the current directly ahead.  The wind and waves were on the port beam.  The latitude and longitude error plot (� REF _Ref367090166 \* MERGEFORMAT �Figure 16�) shows the system maintaining position within 10 meters of AP (4.5 meters 95%).  Heading was held to (1( for the entire test (� REF _Ref367090189 \* MERGEFORMAT �Figure 17�).  The system showed excellent performance in dealing with the current and the significant side forces from the wind and waves.


� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\JULY_OTE\\HD196D03.xls" "XY 5" \p ���


Figure � SEQ Figure \* ARABIC �18�  Hold Test 5 XY Plot: Wind and waves on port beam, current 6 ( on starboard bow at 3 knots. � LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\JULY_OTE\\HD196D03.xls" "Lat & Lon 5" \p ���


Figure � SEQ Figure \* ARABIC �19�  Lat. & Long. Errors: Wind and waves on port beam, current 6 ( on starboard bow at 3 knots.


� LINK Excel.Chart.5 "\\\\486pc\\jay$\\iot\\JULY_OTE\\HD196D03.xls" "heading 5" \p ���Figure � SEQ Figure \* ARABIC �20�  Hold Test 5 Ship's Heading: Wind and waves on port beam, current 6 ( on starboard bow at 3 knots.


Analysis Hold Test 5 


The fifth station-keeping test evaluated the capabilities of the dynamic positioning system to hold the ship within 10 meters 95% of a desired position, while maintaining a desired heading with a 3 knot current 6( on the starboard bow. The heading was set to 258( true to put the current (6( on the starboard bow.  The wind and waves were on the port beam, so the wind and current forces were counteracting each other to an unknown extent. The latitude and longitude error plot (� REF _Ref367090259 \* MERGEFORMAT �Figure 19�) shows the system achieving sub 10 meter performance at 18:06:43, 43 seconds into the test.  Maximum deviation at the beginning of the test was 11.36 meters.  The system maintains sub 10 meters for 10 minutes and then drifts outside of 10 meters at 18:17:37, to a maximum deviation of 12.87 meters.  The reason for drifting outside of 10 meters was unknown. The DPS did alarm when the error exceeded 10 meters, so the operators were aware the positioning was out of tolerance. Heading was held to 258( (1.5( for the entire test (� REF _Ref367090282 \* MERGEFORMAT �Figure 20�).  


Conclusions





From the two days of underway accuracy testing conducted March 27, 1996 and July 15, 1996 from two different USCG differential GPS reference stations at distances of 3 to 100 nautical miles we arrive at the conclusion that the USCGC JUNIPER Differential GPS achieves the required 2 meter accuracy with a 95% probability.    





Station-keeping tests revealed that the dynamic positioning system meets the 10 meter specification in moderate conditions. In most tests the DPS performance improved as the test proceeded.  This indicated the control system needed some time to settle and model the external forces on the ship.





A major positive attribute of the system was that on every occasion where positioning performance was outside of the 10 meter limit the DPS raised the proper alarm indicating to the crew that the ship was not positioned properly.  No false alarms were noted. 
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