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ABSTRACT 

The Phoenix Autonomous Underwater Vehicle must be able to accurately determine 

its position at all times. Thls requires: 1) GPS and differential GPS for surface navigation, 

2) short baseline sonar ranging system for submerged navigation, and 3) mathematical 

modeling of position. 

This thesis describes a method of Kalman filtering to merge the GPS, differential GPS, 

short baseline sonar ranging, and the mathematical model to produce a single state vector of 

vehicle position and ocean currents. The filter operates in the extended mode for processing 

the non-linear sonar ranges, and in normal mode for the linear GPSDGPS data. This 

required installation of a GPS system and the determination of the different variances and 

errors between these systems. 

Phoenix now has a real time method of position determination using either position 

measuring system separately or combined. The results of this work have been validated by 

real world testing of the vehicle at sea, where position estimates accurate to within several 

meters were obtained. 
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I. INTRODUCTION 

For any vehicle to be truly autonomous requires that it have knowledge of its local 

world coordinate position. This thesis describes a method of discrete Kalman Filtering of 

short baseline sonar range data (DiveTracker) and satellite navigation data (GPS) to achieve 

accurate positioning of the NPS Phoenix AUV [MARC96]. 

A. BACKGROUND 

An inherent difficulty in any precision navigation system is the accuracy of the 

measurements. No measurement system is perfect, just the amount of error in the system 

varies. Kalman Filtering is a method of filtering measurement data based on the known or 

approximated variance of the measurements and vehicle movements. [GELB88] 

Previous and continuing related work in this area includes the Shallow-Water AUV 

Navigation System ( S A N S )  [MCGH95],[BACH96]. S A N S  utilizes a twelve state 

continuous Kalman (complementary) filter of inertial measurement unit (IMU) data with 

differential GPS updating. S A N S  provides highly accurate dead reckoning utilizing IMU 

data. The S A N S  position is updated using raw DGPS data as the "Truth". SANS has no 

method of position updating other than dead reckoning when submerged, and only takes GPS 

measurements when surfaced. This system was used as a background for the work of this 

thesis. 

Phoenix presently does not have an IMU, so all dead reckoning is performed using 

speeds developed via mass motion formulas, a vertical and heading gyro, and a water wheel 

speed measuring unit [MARC96]. Phoenix also has the DiveTracker system [FLAG941 

whch allows position measurements while submerged, and GPS for measurements while 

1 



surfaced. The work of this thesis utilizes filtered GPS and DiveTracker ranges for updating 

dead reckoned positions, versus using raw data as S A N S  does. 

B. THE PHOENIX AUV 

The Phoenix autonomous underwater vehicle is a shallow-water mine warfare test 

bed prototype (Figure 1). The vehicle is designed to act autonomously in searching for mine- 

like objects and accurately reporting their positions. This requires a complex software suite 

with a highly accurate method of navigation. The Phoenix runs on a unique three level 

software architecture, consisting of strategic, tactical and execution levels called the 

“Rational behavior Model” [BYRN96]. These levels are based on proven methods of actual 

U. S. Submarine control [HOLD95]. 

1. Strategic Level 

The strategic level acts‘ as the vehicle’s Commanding Officer. This level holds the 

mission logic and controls the mission by giving orders to the tactical level. The strategic 

level only gives commands and awaits reports that the commands are accepted or completed. 

The tactical level responds with either a command accepted, command complete, or 

command aborted message. The strategic level then takes actions depending upon the 

command report. This level was written in Prolog, and treats the tactical level as a function 

call [MARC96],[LEON96]. 

2. Tactical Level 

The tactical level acts as the vehicle’s Officer of the Deck (OOD). It receives orders 

from the strategic level and takes the actions required to compete these actions, if possible. 

The tactical level OOD runs in parallel with the Sonar [CAMP961 and Navigation sub-levels, 

2 
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and gives vehicle control commands to the execution level. Sonar and Navigation report 

directly to the tactical level OOD. The tactical level uses the sonar inputs to determine if an 

object has been encountered, and the navigation inputs to update the execution level’s 

estimate of the vehicle’s position. [LEON961 

3. Execution Level 

The execution level acts as the ships crew; ie., it drives the vehicle from point to 

point, controls all control surfaces, and takes emergency actions [BYRN96]. The execution 

level can hover at a given point, maintain ordered depth, and take all actions required to conn 

the vehicle from point to point. The execution level communicates with the tactical level, 

updating vehicle parameters and receiving new orders and vehicle positions [BURN96]. 

C. NAVIGATION MODULE 

The navigation module utilizes both discrete normal and extended Kalman Filtering 

of measured GPSDGPS, or short baseline sonar ranges (DiveTracker System), to produce 

the best estimate of the vehicle’s position. This level consists of four main functions: 

Navigator1 .C, Kalman-Filter.C, ReadGps.C, and Matrix.C. 

1. Navigator1.C 

Navigator1.C is the driver of the navigation module. This section of code 

communicates with the tactical level via piped communications. It receives basic 

initialization information, and subsequent updated vehicle parameters, and returns the best 

estimate of the vehcles current position and N/S, E N  (X,Y) current estimations. It calls the 

Kalman filter routine to return the updated position estimate. This process also records to 

data for later analysis. 
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2. Kalman-fi1ter.C 

This code performs “dead-reckoning” (movement step) and filters the input 

navigation data (measurement step) to create an updated vehicle position estimate. It filters 

either linear data (GPSDGPS) as a normal filter, or non-linear data (DiveTracker) as an 

extended filter. It also develops a combined estimate of “Ocean CurrentsErrors” and 

determines if the filter has possibly lost track or has a bad measurement. 

3. Readgps.C 

This code reads the data from the Motorola GPSDGPS receiver. It opens the Solaris 

serial port for comunications with the GPS unit and then decodes the GPS binary data. It 

also has the routine that determines the best type of fix information to use based on input 

data. 

4. Matrix.C 

This code performs the basic matrix operations required by the Kalman filter to 

include addition, subtraction, and multiplication. It also computes a matrix inverse using 

Gausian elimination and constructs the rotation matrices required for body speed 

transformation to earth coordinates. 

D. THESIS CHAPTER SUMMARY 

Chapter 11 overviews the Phoenix, GPS and Dive-Tracker hardware. Chapter JII 

provides an in-depth description of Kalman filtering, describing this implementation and 

variance determination. Chapter IV describes the navigation problem and its solutions. 

Chapter V covers pertinent factors of the developed software. Chapter VI summarizes the 

conclusions and results of this work and discusses possible future work to be performed. 
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