View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Calhoun, Institutional Archive of the Naval Postgraduate School

alhoun

Institutional Archive of the Naval Pastgraduate School

Calhoun: The NPS Institutional Archive

Faculty and Researcher Publications Faculty and Researcher Publications

1999-07

Testing and Evaluation of an Integrated
GPS/INS System for Small AUV Navigation

Bachmann, E.R.

Bachmann, E.R., Healey, A.J., Knapp, R.G., McGhee, R.B., Roberts, R.L., Whalen, R.H., Yun,
X., Zyda, M.J., "Testing and Evaluation of an Integrated GPS/INS System for Small AUV

‘: D U DLEY Calhoun is a project of the Dudley Knox Library at MPS, furthering the precepts and
uﬁm goals of open government and government transparency. All information contained

m‘ KNOX herein has been approved for release by the NPS Public Affairs Officer.

LIBRARY Dudley Knox Library / MNaval Postgraduate School
411 Dyer Road / 1 University Circle
Monterey, California USA 93943

hitp://www.nps.edu/library


https://core.ac.uk/display/36728568?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

396 IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 24, NO. 3, JULY 1999

Testing and Evaluation of an Integrated GPS/INS
System for Small AUV Navigation

X. Yun, Senior Member, IEEEE. R. Bachmann, R. B. McGheegellow, IEEE R. H. Whalen,
R. L. Roberts, R. G. Knapp, A. J. Healeyiember, IEEE and M. J. ZydaMember, IEEE

Abstract—A Small Autonomous Underwater Vehicle Nnavi- installation target for the SANS is the Naval Postgraduate
gation System (SANS) is being developed at the Naval Post-School “Phoenix” AUV [11], [12].
graduate School. The SANS is an integrated Global Positioning The development of a prototype or “proof of concept’

System/Inertial Navigation System (GPS/INS) navigation system ) . ) .
composed of low-cost and small-size components. It is designed toS’/'\I\IS was described in [13] and [14]. Experiments with the

demonstrate the feasibility of using a low-cost strap-down inertial  SANS and a similar system [15] support the belief that it
measurement unit (IMU) to navigate between intermittent GPS is possible to navigate with 10-m rms accuracy for periods
fixes. The present hardware consists of a GPS/DGPS receiver,of up to several minutes between DGPS position fixes using

IMU, compass, water speed sensor, water depth sensor, and a, |4,y cost IMU. The system reported in [13] was separated
data processing computer. The software is based on a 12-state.

complementary filter that combines measurement data from all into two subsystems to enable e_xpe_nments using _a towfish
sensors to derive a vehicle position/orientation estimate. This (Small tow body) and was larger in size than that given as a
paper describes hardware and software design and testing results SANS goal in [16]. The low data rate of this system appeared
of the SANS. It is shown that results from tilt table testing o pe its major limitation. Replacement of the majority of

and bench testing provide an effective means for tuning filter o harqvare components used in that prototype resulted in
gains. Ground vehicle testing verifies the overall functioning of

the SANS and exhibits an encouraging degree of accuracy. a compact single-unit system with a data rate ten times higher
than that of the prototype [17].

Throughout the development of the SANS system, incre-
mental improvements have been made to the 12-state constant
gain complementary filter on which the software is based. The
I. INTRODUCTION purpose of the filter is to utilize IMU, heading, and water-

. , speed information to implement an INS and then integrate this
AUTONOMOUS.underwater vehicles (AU\./ S) aré Cayith GPS information into a single system which produces
pable of a variety of overt and clandestine mission

Such vehicles h b q for i " . éontinuously accurate navigation information in real time.
uch vehicles have been used for inspection, min€ COUNK oo ometer data is used as a low-frequency data comple-

measures, survey, and observation [1]. Accurate navigat nt to high-frequency angular rate sensor data for orientation

IS a .cru.mal aspect of each of these mISsIons. Th? Glo timation and as high-frequency linear acceleration data.
Posmo_nmg System. (GPS) is papablg Of. providing this aCC\'i5'roper tuning of the filter gains has proved to be a key element
racy if integrated with an Inertial Navigation System (INS) t h system accuracy. An improved understanding of angular
compensate for intermittent reception caused by either Wate sensor bias estimation has led to the development of an
action or deliberate submergence. Integrated GPS/INS systeéﬂ ctive calibration procedure for the filter [18].

havg bgen applied to aircraft .and. space s.hu'FtIe guidance an xtensive tilt table and bench testing was conducted to
navigation [2]-[4], balloon navigation [5], missile systems [6]

g : roperly tune the filter gains. Bench testing results with dif-
[71, !anq vehicles [8], and mob|le'robots (4, [.10]' In.thes$erent gain values are presented to show the effect of the filter
applications, GPS data are continuously available in sh

it . . :
. . ns on the estimation accuracy. Ground vehicle testing was
intervals, and INS data are used to navigate between G % y 9

fixes. The Small AUV Navigation System (SANS) is designe%lso.condUCtEd in which the SANS systgm was mounted'on a
o g moving golf cart. Data were collected while the cart was driven

to demonstrate the feasibility of using a low-cost strap-down . .

N . o over a surveyed course. Results from ground vehicle testing

inertial measurement unit (IMU) for AUV navigation where S
. . demonstrate the feasibility of the current SANS system. Future

GPS data may not be available for an extended period \ork will involve at-sea testing using the Phoenix AUV

time when an AUV is submerged. The goal of the SANS is 9 9 '

a self-contained internally or externally mountable package Il. SYSTEM DESCRIPTION
which can be easily carried by a small AUV. The initial
A. Hardware
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by the Defense Advanced Research Project Agency under ARPA Orddn earlier version of the SANS system reported in [13]

C309/06. , was separated into two subsystems. The IMU, water-speed
The authors are with the Naval Postgraduate School, Monterey, CA 93943- .
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Fig. 1. Block diagram of the new SANS hardware configuration.

GPS receiver, DGPS antenna, and data processing computer TABLE |

were placed in a towing vessel. The data collected by the STATE VARIABLES OF THE COMPLEMENTARY FILTER
towfish subsystem were transmitted to the data processing Euler Angles 6.0,
computer through a modem connection. It was found in these  north & East Velocity de. i
experiments that wave splash on the GPS antenna had no North & East Position Te, Ye
serious effect on GPS signal reception during time periods Apparent Current Te, Yo

when the towfish was surfaced [13]. Angular Rate Bias Estimates Phs b T

The current hardware configuration of the SANS system
is shown in Fig. 1. All the components in this configuration . . - .
are physically gpackaged in a sFi)ngIe self-contained %ox with In the filter depicted in Fig. 2, all gains are constant and are
dimensionsé x 17 x 3 in [17]. Supplying it with a 12-V dc initially determined by bandwidth considerations, followed by

ower source (e 2 12-V .dc bpaptt)érg)] is all that is needeeéfperimental tuning. Since all gain matrices have thus far been
P 9 Y c%mstrained to be diagonal, the approach taken to date is based

to make the system operational. The on-board processor R the concept of “complementary filtering” [21], [13], [14].

an Extremely Small Package (ESP) Cyrix 486SLC DX2 5 . . . .
MHz computer running the DOS operating system. Wit%he results presented in this paper indicate that this approach

this processor alone, a sampling rate of about 4 Hz W\évgrks well.

achieved [17]. In the current configuration, a floating point

math coprocessor was integrated, resulting in a tenfold increase

in sampling rate from 4 to 40 Hz [18]. The current SANS Filter gainsK, K-, K3, and K4 are initially assigned based

system is also equipped with an Ethernet card that allowsoit bandwidth considerations and subsequently tuned based

to be connected to another computer(s) via a TCP/IP netwark component experimental testing. Tilt table testing was

during development phase. This Ethernet interface has prowshducted to tund{;. Bench testing was carried out to adjust

to be an extremely useful tool for transferring programd{s and K. A calibration of the magnetic compass resulted

logging data, monitoring the system status, etc. in better tuning ofi(>. Each of these experiments is described
To improve the performance and reliability of the SAN®elow in more detail.

system, the ESP on-board processor is to be replaced by an

Ill. SYSTEM COMPONENTS TESTING

AMD 586DX133 based PC/104 module computer. A. Tilt Table Testing Results
Due to the aperiodic nature of the SANS filter and a
B. Software lack of statistical data on errors in the data sensed by the

The current SANS navigation software is based aiowfish, analytic determination of satisfactory values for the
a 12-state complementary filter shown in Fig. 2. Thgain matrices and proper scale factors for the input data has
12 state variables are the outputs of each of the thrpeoved difficult [22]. Consequently, in order to be able to
integrator blocks, estimated current in north and eagtecisely control input to the filter, the SANS unit was placed
directions, and the bias estimates for the angular rate a Haas rotary tilt table, Model TRT-7 [23]. The table has
readings. The state variables are shown in Table I. In Fig.t®0 degrees of freedom (DOF) and is capable of positioning
R(¢,0,) is a rotation matrix [19] andT(¢,0,v) is a to an accuracy of 0.001 degrees at rates ranging from 0.001
body-rate-to-Euler-rate transformation matrix [20]. to 80 degrees/s.
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Fig. 2. Diagram of the SANS navigation filter.

Tuning data for the SANS was obtained by moving th&he cart was parked throughout bench testing. The DGPS
SANS unit through each DOF at varying rates within & 45receiver was programmed to provide a GPS fix every 2 s.
range. The attitude as determined by the SANS was then plStnce water speed is obviously unavailable in bench testing,
ted and compared with the actual motion of the unit. Througin artificial constant water speed was entered in the filter
this comparison, it was possible to determine initial gain valugsogram in place of water speed data. In what follows, results
and scale factors. The tilt table data was then postprocesfmdconstant speed inputs of 0.0 and 10.0 ft/s will be presented.
using these initial values and once again compared to the actudfigs. 4 and 5 depict the testing results with water speed
motion of the SANS unit. This process was repeated sevebaling set to zero. In this test, the filter gains were chosen to be:
times until the attitude determined by the filter “matched” th&; = 0.1, K> = 0.5, K3 = 2.0, and K4 = 0.01. Fig. 4 shows
true motion of the unit. Angular rate biases are estimated kye estimated position in the northeast coordinates. Since the
a low-pass filter with a time constant of 1000 s. test is conducted on a stationary bench, the position trajectories

Fig. 3 shows an example of the results obtained during tbhould stay at the origin in an ideal case. The SANS estimate
tuning process. The slight overshoots following each moti@f position is within an area of %010 ft2. The drift in the
may indicate that the scale factor for theaxis angular rate position estimate is due mainly to GPS errors. The estimated
sensor is slightly high. However, this effect may also be due tairrents in the north and east directions are shown in Fig. 5.
undersampling problems. The flatness of the curve followindeally they should be zero. The small amount of estimated
stabilization after each motion indicates that a reasonable gainrents is due to the drift in the position estimate caused by
value has been determined as does the distance betweenGRS errors.
tails of each step. In the next series of tests, water speed is setto 10.0 ft/s in the

As exemplified by Fig. 3, tilt table tests of the SANS systerfilter program.K is varied from 0.01 to 1.0 while keeping all
show that attitude sensing is achieved to an accuracy of one dther gain values constant. Since the SANS system remains
gree or better under the most demanding of circumstances [I&htionary on a heading of true north, a current estimate of
This is in agreement with the findings of other investigations10.0 ft/s is expected if the SANS filter works correctly. Fig. 6
[24]. shows the current estimate féaf, = 0.1. Just as expected, the

. estimated current in the north direction converges 18.0 and
B. Bench Testing Results that in the east direction is about zero. A smaliér makes

To tune filter gaingk; and K4, a series of bench tests werehe filter slower and less responsive for the estimation of the

conducted. The SANS system was mounted on a golflcaurrent. For example, fak, = 0.01, the filter takes about 400

1See Section IV on ground vehicle testing for the purpose of using a g(ﬁfto 'jeaCh the steady-sFate estimated Yalue' A !a‘i@emgkes
cart. the filter more responsive but results in a noisier estimate.
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Fig. 4. Position plot of bench testing with water speed being set to zefeig. 5. Estimated current for bench testing with water speed being set to
K1 =0.1, Ko = 0.5, K3 = 2.0, and K4 = 0.01 for a duration of 160 s. zero,K; = 0.1, Ko = 0.5, K3 = 2.0, and K’y = 0.01.

Similar testing was conducted for tunidgs. The estimated pjodel TCM2) is used as a low-frequency data source. In
current of one typical experiment is presented in Fig. 7. 19 series of ground vehicle tests (see Section IV for more
this particular caseK is reduced from 2.0 (the value thatyetajls), it was noted that the SANS heading was off by a
was used in all the previous tests) to 0/, is set t0 0.5 ey degrees. Fig. 8 shows a typical run of ground vehicle
as well. Comparing Fig. 7 with Fig. 6, it is evident that |argefesting with a GPS update every 10 s. The solid line is
X3 values produce a better performance. This is not Surprisigig fitered vehicle track with continuous GPS data and is
since a largess places more confidence on water speed thglken as a reference. The dotted line is the filtered vehicle
is constant and free of noise during bench testing. The propg{ck when GPS information is provided to the filter every

value for K3 must be determined again with real water speegy s The vehicle starts from th@,0) coordinate, moves
westward, continues northward after a right turn, and returns

data when at-sea testing is performed.
to the starting location after making a U-turn. It is evident,
particularly from the northerly run, that the filter is not

C. Compass Calibration Results
To obtain the heading information in the SANS, the angulaeceiving accurate directional information. A comparison of

rate sensor is used as a high-frequency input source andrid® compass data and the filtered heading points to the
digital compass (Precision Navigation Electronic Compassympass as the source of heading error.
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Fig. 7. Estimated current for bench testing with water speed being set':ti(g]' 9. Effect of the golf cart motor on compass measurements.
10.0 ft/s, Ky = 0.1, Ko = 0.5, K3 = 0.5, and K4 = 0.5.
(with the vehicle facing east) is depicted in Fig. 9. Testing
The investigation of compass deviation was focused @@sults indicate that there is interference, but its magnitude
three areas: possible interference produced by the golf cappears to be limited to approximately a half of a degree.
electric motor, vibration, and the deviation of the compadde figure also indicates that the noise is at a relatively high
itself. The TCM-2 compass has a self calibration routine whidrequency which can be compensated for with an appropriate
is supposed to remove the effects of static magnetic fieldglue for K,. Similar results were obtained with a full load
caused by ferrous materials in the vicinity of the compasapplied to the motor.
The calibration routine is not capable of compensating for The effect of vibration was tested by lightly tapping the
dynamic magnetic field distortions like those caused by aoempass board with a screwdriver and a finger. Fig. 10 shows
electric motor. To find the qualitative effect of the electri@ compass reading obtained in this experiment. It is seen that
motor on the compass, a series of tests were performed. vibration clearly plays a much greater role in compass error
The tests were performed by jacking up the rear wheels thfan the electric motor. However, these deviations are mostly
the golf cart so that they could spin freely while the motor was a high-frequency range and can be filtered out with an
on. The motors were turned on for 30-s intervals followed gppropriate choice of,.
a 30-s off time. During the off time, the wheels continued to In ground vehicle testing, it was noticed that the head-
rotate for approximately 10-15 s until they came to a stop. Thigg error during east-west runs was not as large as during
test allowed changes in heading due to motor engagementtwth—south runs. A final test was conducted to determine if
be observed. The same test was performed four times rotatamgnpass deviations that are heading-dependent are present.
the cart through the cardinal points. The result of one such t@ste test was performed by swinging the compass and com-
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lot.

paring the compass reading with a reference. The instrument _ ) )
used as the reference was a transit manufactured by 9{0-5-0.1. This corresponds to a time constant of 10 s, which
and L. E. Gurley with an accuracy of 0.5 degrees. It hd8akes the filter less responsive to high-frequency transients
a calibrated balanced magnetic compass mounted within ¢&Used by dc motors and vibration.

body. By mounting the transit in line with the TCM-2 compass,

a comparison is made between the two indicated headings. IV. GROUND VEHICLE TESTING

The compass was swung through the entire°3€king mea-  |n addition to tilt table testing and bench testing, a series
surements every 20 Fig. 11 shows the difference betweerpf ground vehicle tests were performed in preparation for
measurements of the transit and those of the TCM-2 compagssea testing. In ground vehicle testing, the SANS system
Fig. 11 is qualitatively in agreement with the observation madgas installed on a golf cart, as shown in Fig. 12. The cart
during ground vehicle testing where north—south runs shamas driven around a surveyed course in a moderately sloped
greater heading errors than east-west runs. Using this dgtaking lot. Due to a lack of speed measurements in the initial
a lookup table and linear interpolating function was added tests, the cart was driven in the parking lot for a number of
the SANS filter code to compensate for the heading-dependesinplete turns with constant accelerator foot pedal position,
deviation. It is noted that both TCM-2 compass and transihd the total traveling time was measured. An average speed
measure magnetic heading, while DGPS provides the gewas calculated based on the observed time and length of the
graphic North. As shown in Fig. 2, the magnetic declinatiocourse and hand coded into the software.
of 15° in Monterey, CA, is compensated for in software. Results from one representative ground vehicle test are
To eliminate high-frequency effects of dc motors and vibragresented in Figs. 13—17. During this test, the filter gains were
tion, the value ofK>; was decreased from its previous valuset to: K; = 0.1, K, = 0.5, K3 = 2.0, and K, = 0.01.
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The calculated average cart speed is 11.6 ft/s. Continudtishe cart moves faster than the assumed average speed, the
DGPS data was available throughout this test. Fig. 13 shofilter will attribute the difference to current. Since the parking
the estimated position trajectory of the cart. The cart starttat has a downward slope from the south (starting) end to the
from the (0,0) position and traveled westward for about 12@orth end, the cart moves faster northward (out bound leg),
ft before making the first right turn. The cart then travelednd slower southward (return leg). This is evident from the
northward for about 450 ft, made a U-turn, and returned to tldenseness of dots in Fig. 13 since data were collected at equal
starting point along the other leg of the parking lot drivewayime intervals. The dots along the left leg of the plot are visibly
The parking lot is flat with a slight downward slope toward theparser than those along the right leg. From the heading plots,
north end. All data were collected at 1-s intervals. The effeittis seen that the cart started making the U-turn at about
of this slope on cart speed can be observed by comparing 8tes. Prior to the U-turn, the filter estimated a positive north
fix spacing on the northbound and southbound legs. current of 3.2 ft/s, as shown in Fig. 17. From the first right
Fig. 14 shows the heading from raw compass data, whilérn until the U-turn, the cart traveled some 450 ft in about 30
Fig. 15 shows the heading produced by the navigation filter (from 20 to 50 s in time). The actual average speed along this
Similarity is clearly observed in these two plots. It can be sesegment of path is thus 15.0 ft/s, which is 3.4 ft/s faster than
that, as expected, the filter output is smoother than the raéwe speed (11.6 ft/s) programmed into the filter. Therefore, the
compass data. The heading is in agreement with the positfidter successfully estimated the current. After the U-turn, the
plot. filter qualitatively predicted the slowdown of the cart speed,
The estimated current is plotted in Figs. 16 and 17. Asut was not able to converge prior to the end of the test. This
mentioned earlier, the average speed of the cart was compugebecausd(, was set to 0.01 in this test. The corresponding
and input into the program in place of speed through the watéme constant is 100 s. It will thus take about 400 s for the
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500 < ad hocimplementation of this function shown in Fig. 2 [26].
At-sea testing will be conducted when hardware and software

100k upgrades are completed.

1 VI. CONCLUSIONS

This technical communication reports on research progress
| in the development of the SANS system. The new hardware
configuration of the system allows all the components to
be packaged in a single self-contained box. The sampling
rate of the system is ten times faster than the previous
prototype. Laboratory testing and ground vehicle testing on a
4 golf cart were conducted to validate proper working of the new
configuration, to tune filter gains, and to confirm the feasibility
of the SANS concept. Test results indicate that filter gains, for
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together with tilt-table and ground vehicle testing. Evaluation

Fig. 18. Ground vehicle test result with a calibrated compass and bicygl¢ GPS muItipath effects and other wave-induced errors awaits
wheel speed measurement. Dotted line: with GPS; solid line: without GP% .
uture at-sea testing.

filter to converge. That is, the experiment duration was too
short for the filter to converge. More ground vehicle testing
is planned with a largek, (thus smaller time constant) and [1] J. Yuh, Underwater Robotic Vehicles: Design and ControAlbu-
Ionger testing duration. querque, NM: TSI Press, 1995.

. . 2] R. A. Gray and P. S. Maybeck, “An integrated GPS/INS/BARO and
The ground vehicle tests described above were CondUCtéd radar altimeter system for aircraft precision approach landing$tde.

with continuous DGPS data. The vehicle speed was crudely [EEE 1995 National Aerospace and Electronics Cpbfyton, OH, May

; ; _ 1995, pp. 161-168.
estimated based on the length of the traveling course and tr ] K. Braden, C. Browing, H. Gelderloos, and F. Smith, “Integrated inertial

eling time and assumed a constant value throughout testing. navigation system/global positioning system INS/GPS for manned return
To better estimate the vehicle speed, a bicycle wheel was vehicle autoland application,” iRroc. IEEE 1990 Position Location and

; ; ; ; Navigation Symp.Mar. 1990, pp. 74-82.
instrumented and trailed behind the gO|f cart. The bICyCI 4] G. Barnes, “INS/GPS space application for all flight dynamics—Boost

wheel was provided with a reed switch and a magnet that" through landing,” inProc. IEEE 1996 Position Location and Navigation
generates a pulse upon every revolution. Counting the elapsed Symp. Apr. 1996, pp. 457-463.

. . h | C. Jekeli, “Balloon gravimetry using GPS and INSEEE Aerosp.
time between two pulses provides a better estimate of the' gio ion 'syst. Magvol. 7, no. 6, pp. 9-15, June 1992.

average speed [25]. [6] R. S. Ornedo and K. A. Farnsworth, “GPS and radar aided inertial
After implementing the bicycle wheel speed measurement hagivation system for missile system applications,Pioc. IEEE 1998

. . - Position Location and Navigation Sym@alm Springs, CA, Apr. 1998,
and compensating for heading-dependent compass deviation ,,"g14_g21.

(based on Fig. 11), another ground vehicle test was conductéd M. K. Martin, “New low cost avionics with INS/GPS for a variety

over a different course. The result of this test is depicted in gggshic'esg 3"‘1':’ foc. Q'AA"EEE Digital Avionics Systems Cor@ct.
. ; . . . , pp. 8.3-1-8.3-8.
Fig. 18. The dotted line represents the vehicle trajectory witlg] r. Tranfield, “INS/GPS navigation systems for land applications,” in

continuous GPS data. The solid line is the trajectory of the Proc. IEEE 1996 Position Location and Navigation Syympr. 1996,

; ; ; ; pp. 391-398.
vehicle following the same path without GPS data during th ] B. Barshan and H. F. Durrant-Whyte, “Inertial navigation systems for

entire run of 3.2 min. Taking the dotted line as the reference,” mobile robots, IEEE Trans. Rob. Automatvol. 11, pp. 328-342, June
it is seen that the result of dead reckoning navigation without = 1995.

. L . - [1P] S. Sukkarieh, E. M. Nebot, and H. F. Durrant-Whyte, “Achieving
GPS is accurate to within 10 m or better throughout this peri integrity in an INS/GPS navigation loop for autonomous land vehicle

of operation. This is encouraging and it is hoped that this applications,” inProc. 1998 IEEE Int. Conf. Robotics and Automation
accuracy can also be demonstrated in submerged navigation Leuven, Belgium, May 1998, pp. 3437-3442.

. . [11] D. B. Marco, A. J. Healey, and R. B. McGhee, “Autonomous underwater
during at-sea testing. vehicle: Hybrid control of mission and motionAutonomous Robats
vol. 3, nos. 2/3, pp. 169-186, June 1996.

V. CURRENT AND FUTURE WORK [12] D. Brutzman, T. Healey, D. Marco, and B. McGhee, “The Phoenix
autonomous underwater vehicle,” in D. Kortenkamp, R. P. Bonasso, and

This technical communication presents the current status of R.Murphy, Eds.Artificial Intelligence and Mobile Robots: Case Studies

the continuing SANS research and development effort. More ‘Igsuccesszséu';ggbm System€ambridge, MA: MIT Press, 1998, ch.
: , pp. 323-360.

hardware/software upgrades and experiments are in progréss. R. B. McGhee, J. R. Clynch, A. J. Healey, S. H. Kwak, D. P. Brutzman,
In particular, the onboard ESP computer is being replaced by X. P. Yun, N. A. Norton, R. H. Whalen, E. R. Bachmann, D. L. Gay,

. . and W. R. Schubert, “An experimental study of an integrated GPS/INS
an industrial standard PC/104 computer. The paddle-wheel system for shallow-water AUV navigation (SANS),” Broc. 9th Int.

water speed sensor used in earlier experiments [13] will Symp. Unmanned Untethered Submersible Technology (UD&Tam,
be replaced by a more accurate ultrasonic water velocity NH, Sept. 1995.

A ight-stat hronous Kalman filter is bei E. R. Bachmann, R. B. McGhee, R. H. Whalen, R. Steven, R. G. Walker,
§ensor. n egnt-s ae async u ) ‘ ! ! ng- 5 Rr. Clynch, A. J. Healey, and X. P. Yun, “Evaluation of an integrated
implemented for position and current estimation to replace the GPS/INS system for shallow water AUV navigation,” 1996 IEEE
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