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Enabling Technologies for REMUS Docking:
An Integral Component of an Autonomous
Ocean-Sampling Network
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Abstract—A dock for an autonomous underwater vehicle Robotic systems such as AUVs succeed where they result in
(AUV) allows the vehicle to be left on station ready for deploy- decreased costs, improved safety, or better performance. In the

ment. However, it represents a significant engineering challenge, as 556 of AUV operations, all three aspects play a factor in their
docking requires an accurate navigation system so that the vehicle .

can find the dock, and complex mechanics to make the required increasing acceptance. Nonetheless, a significant cost of oper-

underwater power and data connections. This paper describes ations is the ship and personnel time required to get a vehicle
the docking system built for the REMUS AUV. It outlines the on station to begin a deployment and to recover it at the end of
basis for the design decisions, the as-built configuration, and its g mission. In addition, for AUV missions under a few hours, it
performance once deployed. It also delineates the lessons Iearneo|S effectively required that the operators linger in the vicinity
from the deployments, and the refinements in the vehicle that have during th . A docki t I t

been made since that time, that will improve the system'’s utility ur|-ng € m|s§|0n. Qc |ng_ §ys em aflows an au onornqus
and reliability. vehicle to remain at the site waiting for deployment, thus signif-
icantly lowering the cost, and increasing the efficiency of AUV
operations. Additionally, deploying vehicles in rough weather
unnecessarily risks personnel and equipment; however, often
those are precisely the situations when it is desirable to make
. INTRODUCTION measurements.

HE industrial revolution was largely powered (literallyand FOr these reasons, the Oceanographic Systems Laboratory
T figuratively) by the steam engine. This invention is ger\(_OSL) of the Woods Hole Oceanographic Institution developed
erally credited to Scottish engineer James Watt, but in fact fsdocking system for REMUS [1], [2], allowing it to remain
creation predates Watt. His contributions were a separate c8A-station ready for deployment under the command of shore-
denser that made steam engines vastly more efficient, and otsed operators. However, a dock alone is not sufficient to meet
improvements that made them practical. Like most complex sy§€ goal of long-term, on-station vehicle deployment. Advances
tems, it was not one single development that made steam #hthe state-of-the-art of dock and vehicle design as well as ve-
ginespossible but rather a series of advances: improvements ficle tracking are all necessary. Thus, it is not one single tech-
metallurgy, machining, and a deeper understanding of thernmilogy that allows a docking system to be successful, but many.
dynamics were all fundamental. It was a convergence of tech-An effective system requires careful design of a number of
nologies. different subsystems to meet the complex requirements. It must

In a similar vein, a series of advances have made autonomb@¥e:
underwater vehicles (AUVs) a practical alternative to other 1) an accurate navigation system that enables the vehicle to
types of systems, and these AUVs are fostering a revolution in  locate and navigate to the dock;
oceanographic data collection. To the uninitiated, it seems a2) a mechanical system that clamps the vehicle in place, pro-
remarkable act of faith to calmly watch an AUV slip beneath vides protection from storms, and allows power and data
the waves and vanish from sight for an extended period of time, ~ connections to be made while submerged,;
when it would seem entirely possible that this expensive piece3) a system for recharging batteries that optimizes power
of hardware will never be seen nor heard from again. However, transfer and avoids gas generation;
advances in systems and technologies have made these vehiclgg two-way communication with the vehicle while docked
extremely reliable and more cost effective than competing  to allow:
systems and have given them the ability to collect data simply » downloading of mission data;
not possible via other methods. « uploading of new instructions to the vehicle;
« real-time vehicle diagnostics;
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Odyssey vehicle [3] by a group from MIT and WHOI. [4] In

this design, the vehicle navigates to the dock using an ultre
short baseline (USBL) acoustic array to determine range ar
bearing to a transponder mounted on the dock. Once the vehic
reaches the dock, it latches on to a pole using scissor-shaped |
pendages added to the front end of the vehicle. The power al
data connections are made using an inductive link. The adva
tage of this technique is that it is omni-directional: the dock cai
be approached from any angle, thus problems with cross cu
rents can be avoided by aligning the approach with the curren

A different method was used by the SPAWARS (San Diego
CA) with their “Flying Plug” [5] and later with a modified
Odyssey vehicle [6]: the vehicle navigates to a conical doc
entry using an optical tracker for terminal guidance. Once
inside the dock, the vehicle is latched into place using movabl
pins. Data are transferred optically.

Still another approach used for homing is electromagneti
guidance [7].

The approach chosen for the REMUS dock was a combinz
tion of the first two methods described. REMUS already pos
sessed USBL navigation capability, so using acoustics for te
minal guidance required few modifications. Since the dock wa
to be installed in shallow water at LEO-15 (Long Term Envi-
ronmental Observatory15-m depth) [8] off of Tuckerton, NJ, it
was desired to shelter the vehicle from the grave risk of storn
and wave surge present in any shallow-water installation. Fc
this reason, a design based on a fixed cone leading into a tu
(effectively a horizontal funnel) was selected, thus providing a
protective garage for the vehicle. This garage also allows the e L
corporation of biocides, useful for minimizing marine growth
over long-term deployments (Fig. 1).

A benefit to the design is that it minimizes external modifica-
tions to the vehicle and requires no moving parts on the vehicl
thus the impact on acoustic navigation, stability, control, an
drag is negligible. Avoiding significant hardware additions alsc
eliminates the need to increase length to create additional buc
ancy and, since few alterations are required, more vehicles &
readily available for deployment in the dock.

The design also has its disadvantages. It presents a more di
cult navigational problem, since the vehicle cannot merely hee
toward the dock. It must orient itself on a proper glide path,
much as an airplane must align itself with a runway. HoweveFri,
because USBL is extremely accurate at short range this was not
considered a serious problem. Another difficulty is that this ap-
proach requires priori knowledge of the dock’s orientation. vehicle to stay on its three-dimensional (3-D) glide path, and
i.e., which way it is facing. This can be accomplished with ebver time, the wave surge can come from any direction, thus the
ther a compass on the dock and/or calibration at installatiadock cannot be oriented to minimize the cross-track component.
One approach is to simply install the dock with a vehicle inside A number of options were explored for making the
and determine the orientation from the vehicle’'s heading. Tipewer/data transfer between dock and vehicle. The use of
docking method also presents a greater challenge in high cimductive coupling was already being well researched by the
rent environments, which may move the vehicle off its desirgddyssey/MIT/WHOI team. There was a conscious desire to use
approach path. It is easy to overstate this problem, since itaiglissimilar method, so as to explore different alternatives and
generally easy to align the dock with the prevailing current dprovide an effective comparison. The weight of the inductor in
rection so as to avoid cross currents, and even so, by crabbimgmall vehicle such as REMUS (Fig. 2) was also a concern.
a vehicle can maintain a desired glide path, much as an airpl@gtical transfer was rejected as being susceptible to fouling
is able to land in a cross wind. and misalignment. Based on these concerns, it was decided to

Wave surge is a more significant problem, even at depth, hmirsue a direct electrical connection technique. The pin and
cause the waves'’ relatively short period make it difficult for theocket techniques used in commercially available underwater

The REMUS dock at Woods Hole.

2. REMUS and its case weigh less than 68 kg (FED-EX shippable).
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Fig. 3. Docking system components.

Fig. 4. REMUS in the docking tube.
mateable connectors were considered, but these require excel-
lent rotational alignment,' and the sogket, located on the Vehiﬁﬁwater. Only the center contact is sealed, thus simplifying the
Woul(_j be very susceptible to .foulllng. The se'e(_3ted des'%sign. Compression of a spring between the motor unit linear
consisted of one butted connection in a sealed environment afihe and the contact assembly closes a microswitch when the
one spring-loaded sliding connection in sea water. required sealing force is achieved, which turns off the motor.
This system will make a good contact if the vehicle forward face
I1l."H ARDWARE IMPLEMENTATION is within 2 cm of the docking tube end plate. A linear poten-
The dock consists of an entry cone, a docking tube, ti@meter provides feedback on contact motor position and pre-
clamping assembly, and control electronics. The most visiblents excessive travel. Once the mechanical connection is made,
component is the 1.0-m-diameter docking cone, used to guid&eries of electrical tests are performed to verify that the link is
the vehicle into the docking tube (Fig. 3). This size was basegoperly isolated before full power is applied to the vehicle, as
on the measured accuracy of the REMUS USBL navigatid@llows.
system in conjunction with the expected vehicle offsets due to 1) Reverse voltage is applied to the nose contact and the
surge. The docking tube holds the vehicle between missions leakage current is measured. All internal paths in the ve-
while it is being recharged. It is made from clear acrylic and hicle are blocked by open relays or reverse biased diodes.

has an inner diameter of 0.25 m, with openings for contact
assemblies. A coil of 16 AWG wire is spiraled around the
docking tube and forms the tuning element of an oscillator

circuit. As the vehicle moves in or out of the docking tube, 2)

the frequency of the oscillator varies in proportion to the
distance REMUS has moved into the coil. A Intel 87C51-based
frequency counter allows motions of less than 3 mm to be
resolved, thus vehicle entry into the dock can be automatically
detected and latching initiated.

The vehicle is held in the garage by the clamping unit. It con-
sists of a fixed two-part cradle mounted to the top of the docking
tube and a motor-driven cradle mounted to the bottom of the
docking tube. All of the cradle clamping components are fabri-
cated from PVC plastic. A clamping force of 333 N is effective
in holding the vehicle, but occasionally a good electrical con-
nection could not be made because the vehicle would slip. To
limit slippage, a keel-mounted retainer was added to the vehicle

If there is not a good seal, then leakage current will be
detected. A good seal of the elastomer ring is assumed if
there is less than 150A leakage with a 12-V bias.

A forward voltage is applied through a limiting resistor
to the nose contact and the current is measured. This test
verifies continuity to the vehicle and the absence of a short
circuit by looking for the expected resistance of the coils
of a pair of isolating relays.

After application of the full power to the vehicle, the cur-
rent is monitored for normal values. There are two return
current paths: one through the seawater exposed spring
contacts on the lower contact of the vehicle, and one
through a large zinc anode placed near the nose of the
vehicle. The current is measured for each of these paths,
and, if negligible current returns from the zinc, then the
spring contacts are determined to be making good con-
tact.

[9]. If at any time after full power is applied excessive leakage
The data and power connections are made via the contact unitrents are detected, power to the vehicle is automatically shut
(Fig.4), which consists of the contact assembly and a motor uddwn.

that drives it against the vehicle. Both the dock and vehicle con-The electronics hardware necessary to control and monitor
tacts are made from 316 stainless steel. The dock centerline cdoek performance are located in a pressure housing mounted
tact, a 1.9-cm-diameter disk, connects to the vehicle centerlitoethe docking tube frame. The core of the hardware system is a
contact in a sealed cavity created by pressing a polyurethd@-104 computer system with a flash disk, a four-channel serial
ring against the face of the navigation array. The required forcard, and a digital I/O board. The clamp and contact motors are
for a reliable seal is 130 N. The dock lower contact consists obntrolled with a 68HC11-based controller board. A dedicated
two torsion spring-mounted disks that are pressed against thgital signal processing system supports tracking of REMUS
vehicle lower contact surface. This outer connection takes plaggng USBL tracking. This allows remotely located observers to



490 IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 26, NO. 4, OCTOBER 2001

TABLE |
NAVIGATIONAL PERFORMANCE (NOTE: DOCKING VEHICLE
DID NOT HAVE DOPPLER

Navigational Performance with Respect to the Dock

Method Frror Primary

Sources

| Dead Reckon 10% distance | Currents,
f__ - traveled + Compass,
| e _ 1 to 5 degrees Propulsion
i__ ¥ il b L L . unknowns
—— s { | _— Doppler Assisted DR' | 0.2% distance Compass
|— T ZZ e (T[T ] traveled + 1 to 5
e B VRN FRW R N degrees
A g [ = 6] Long baseline 15 Meters Transponder
Positioning
Fig. 5. The REMUS dock control program. USBL +/-0.5 meters + | Compass
1 to 3 degrees
view the vehicle’s progress toward the dock during the dockir from endpoint

maneuver.
Data are transferred between the dock and vehicle on the
same connections as the charging power. A pair of short-haul
modems, one in the vehicle and one in the dock, modulate the
data to a 10-kHz—300-kHz band. LC power separation filters in
the dock and the vehicle isolate the high-impedance telemetry
circuit from the low-impedance power circuit. The dock status
is monitored from shore via the dock control program (Fig. 5),
which communicates with the dock electronics CPU via a dedi-
cated RS-232 link. This provides capability for round-the-clock
monitoring of dock status. Controlled subsystems include: cur-
rent, voltage, leak, and ground fault monitoring systems, com-
pass, and attitude sensors, “home” sensor, and clamp and con-

USBL Array

tact motor tracking systems. Fig. 6. USBL array with electrical.
A second serial link is used to monitor the vehicle, with its
own dedicated program [10]. [12]. REMUS uses this geo-referenced position information to
navigate to and remain on a trackline leading into the cone.
IV. NAVIGATION In the 20-30-kHz frequency range in which the REMUS

The REMUS vehicle is capable of navigating using deaLéSBL system operates, acquisition and tracking can occur_at
. . . ; . ranges of up to 2000 m from the dock. Absolute accuracy is
reckoning (with and without Doppler assist), long baseling . . : . ;
o ) . limited by static errors in the magnetic compass, typically 1-3
navigation (using two or more transponders), or using a focg'e rees. However, minor heading biases will not hinder the
ward-looking USBL array to home on a single transpond%r. grees. S 9 .
L . oming operation. Noise, and to a lesser extent, resolution,
The accuracy of these systems is indicated in Table I. For cona— e & more sianificant impact on performance
pleteness, this table shows the capability with Doppler-assis & g P P '
dead reckoning; however, this capability was not present on the
vehicle used in the docking experiments.

For docking, use of the USBL navigation is the most practical, A REMUS mission consists of a sequence of objectives,
as it is the most accurate at short ranges. Its errors are primaviflgich are high-level building blocks from which complex
angular in nature, and the relative accuracy increases as themgssions can be created. One such objective is “Dock.” When
hicle approaches the dock. the vehicle is instructed to dock, it first navigates to a point 50 m

While docking, REMUS acoustically interrogates an front of the docking cone. It then navigates toward the cone
transponder mounted at the dock. The USBL receiver computesing USBL. The docking objective requires REMUS to follow
the range based on the round-trip travel time and bearingthe trackline, so, if necessary, it will crab to stay on the line.
azimuth and elevation based on the relative phase differen€@sce REMUS has closed within 2 m of the dock, the vehicle
detected across a four-element planar array located in 8teaightens its fins and continues to drive itself toward the dock
vehicle’s nose (Fig. 6). Vehicle heading and attitude are also fior 10 s (Fig. 7). This procedure is designed to allow REMUS
cluded in the calculation, resulting in an actual geo-referenced,ignore the compass, which may be unreliable due to ferrous
acoustically determined position. Wide-band coded signals anetals in the vicinity and due to accelerations associated with

used to improve the range and resolution of the system [1f}e impact with the dock. It also forces the vehicle into the cone

V. DOCKING ALGORITHMS
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TABLE I
DOCKING RESULTS

LEQ-1% 2T 1% 204l 4T
Wonids Hele 139 s 134 Kt
Gulfport W30 fills 307 A%

As the software and hardware were improved, performance
also improved. During later testing back at WHOI, the vehicle
successfully docked in 87% of all missions, and at the final
testing off the R/V Gyre the vehicle successfully docked on 30
Fig. 7. REMUS entering the dock. of 33 missions, a 91% success rate. Table 1l shows the docking
results of these three tests. The attempts column indicates the

] . ] . number of times the vehicle successfully docked, compared
and docking tube. After this period has elapsed, the vehicle pyiSihe total number of approaches. The mission columns are

fche_ rudder hard over, while continuing to thrust. If the COMP3§Fe same number of successes divided by the total number of
gwdlcate_;s thehvehur:]le has tur(;we: 9d0 dkegredes, then thebvel?m%sions. This is the more meaningful figure of merit because
etermines that it has missed the dock and navigates back @it \epicle circles back around and makes another attempt at

to the starft p0|n.t for another attempt' If the veh|cle.d_oes n%cking when it misses, and docking is sometimes successful
turn, then it continues to thrust until the dock clamps it in plac n second, or later attempts. The number of attempts was
and applies external power. The presence of the higher VOItE%gSically Iim’ited to five per miss.ion

of external power is REMUS's cue that it can shut down th Since the dock rests on the seafloor, depth cannot always

thr‘ll'ﬁctaegock has its own procedure that it follows during thlcge used t.o determine the corre(.:t yertigal position for the ap-
docking sequence. Once the dock has been “armed.,” ré)ach. Tidal change causes variations in the depth of the dock.
. ; : . " For this reason, acoustics were sometimes used to determine
docking sequence is entirely automatic. : .
. the proper vertical approach. In tests, both direct depth control
1) The dock detects the entry of the vehicle by changes iy acoustic homing were used for controlling vehicle vertical
the tuning frequency of the oscillator formed by the coil§gition. At Gulfport, constant depth was successful in 24 of
around the tube. 36 approaches, and acoustic in 6 out of 14. While the constant
2) The clamping motor is started. _ depth results are better, it should be noted that five of the missed
3) The dock waits until clamping motor is closed. acoustic approaches occurred during one mission with a signif-
4) The probe motor is started. _ icant acoustic multipath problem. If this is discounted, the per-
5) The dock waits until probe motoris closed.  ¢ymance with the two techniques is comparable.
6) Electrical checks are performed as described in SeCyynen ysing acoustics to determine depth, the vehicle is given
tonfil. _ a maximum and minimum depth window, typically somewhat
7) Full power is applied. larger than the expected tidal range. This window size was typ-
Undocking is essentially the same process in reverse. Tigglly about 3 m. When the vehicle calculates an acoustic fix,
dock removes external vehicle power, backs away the prop@ses vertical bearing angle, vehicle pitch, vehicle depth, and
contact, and then releases the clamping motor, freeing the ¥gnge to estimate the depth of the transponder. From this, the
hicle. Meanwhile, the vehicle’s “Undock” objective requires th@iepth of the center of the cone could be determined. Results that
vehicle to thrust hard in reverse with the rudder hard over. Wh@gere outside the window were thrown out as being corrupted by
the vehicle detects that it has turned 90 degrees, it assumes #h@tipath off the surface or bottom.

it has backed out and cleared the dock, and executes the objegrhe docking vehicle was not equipped with an ADCP, how-

tives that form the rest of the mission. ever, recent reductions in size and cost of the REMUS ADCP
result in that item being essentially a part of the “standard”
VI. PERFORMANCE AND RESULTS vehicle configuration. The Doppler navigation capability made

ssible by this instrument improves navigational accuracy, and
lso serves as an altimeter, thus providing a much more accu-
fate method of vertical control while docking.

During the summer and fall of 1998, the OSL successfull
demonstrated the dock at Woods Hole, at the LEO-15 Obser
tory off of Tuckerton, NJ, for 17 days in July, and in Novembe
at the AUV-Fest off of Gulfport, MS [13]. During that time, it
developed a significant body of statistics regarding reliability.

During early testing at LEO-15, the vehicle docked success-Despite the system’s success, it was apparent that there
fully on only 21% of all approaches. However, because the wgas significant room for improvement. Clearly anything less
hicle retries after a missed approach, it may succeed in subgen near 100% mission reliability is unacceptable. However,
guent attempts. In this early testing, it succeeded in 47% of dibcking statistics alone are an insufficient metric. The vehicle,
missions. dock, and other hardware must provide a complete end-to-end

VII. | MPROVEMENTS
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improved reliability and reduced labor. Also, these new lithium
ion batteries have a projected life span of more than 500 cycles
(significantly greater longevity than lead acid), and the self dis-
charge rate of the battery is significantly lower than that of lead
acid.

The batteries in REMUS are interfaced to a “smart” battery
bus, a standardized data collection and control scheme for bat-
teries used on laptop computers and based of%iebus [15].

It permits the function and capacity of individual batteries to
be monitored. This is important for long-term deployment of an
AUV from a dock because batteries are historically low-relia-
Fig. 8. A 1000-Wh lithium ion pack with smart battery bus interface. bility devices, and yet their proper function is essential for the
return of a vehicle from a mission. While the ability of a vehicle
solution for long term deployments. Consequently, OSL info find and connect to a dock is critical, failure of the vehicle to
proved a number of subsystems to improve performance of tiggurn renders the dock superfluous. Thus, it is essential that a

entire docking system. vehicle be capable of accurately assessing its available power at
all times.
A. Battery Technology The Texas Instrument/Benchmarq bg2040 smart battery

Lead Acid batteries present significant limitations becau&&ip, builtinto the Saft batteries, is essentially a charge counter,
they vent hydrogen, which limits the number of recharge cycl@sclock, a voltmeter, and a thermister. The counter integrates
that can be safely accomplished, because of their limited véPulombs into and out of the battery, and the temperature
umetric efficiency (44 Wh/kg), and because even with carefand time data are used to estimate self discharge. Full and
maintenance they rapidly lose capacity over time. This loss ®Mpty voltage thresholds are programmed into the chip, and
capacity, combined with their large self-discharge rate, makeg&itfull-to-empty discharge cycle allows the chip to learn the
difficult to reliably estimate available power. battery capacity in milliampere-hours. Each new cycle allows

Tests have shown that the amount of hydrogen released durifrf§ relearn the capacity, thus as the battery ages, it updates the
a single charge of the REMUS lead acid batteries is significa@gtimates.
and may raise the hydrogen content in the enclosed 19-L freeThe IC prOVideS available milliampere-hours, relative to its
air volume of REMUS to the 4% Lower Explosive Limit (LEL) estimate of full charge milliampere-hours. Since watthours is a
of hydrogen in air. To alleviate this problem, a platinum cafar more useful unit, the typical discharge curve a0Q(percent
alyst was installed in REMUS. Laboratory experiments ha®f full capacity versus volts) was curve fitted to a cubic equation.
shown that these devices reliably combine hydrogen and oxyd@nintegration, this can be used to derive available power, using
to make water, even at concentrations well below the 4% LEthe following equation:

A desiccant was used to trap the water and thus avoid condensa- ) n 3 ) N

tion inside the vehicle. Since the vented hydrogen is primarily POWer avail= (3.8C" —8.25C% + 7.8C +22.1C)" AH
reacting with the ambient oxygen both the oxygen content and WhereC =normalized available chargé.0-1.0)

internal pressure decrease. Data from tests with one battery sug- AH =battery ampere-hours at full charge.

gest that REMUS can be recharged 4-6 times before all the

oxygen is consumed. REMUS uses temperature and presstine increased energy capacity of the lithium ion batteries al-
sensors to measure the total gas content of the vehicle, and tlouss longer missions. The typical REMUS lead acid packs pro-
track the approximate amount of oxygen available. Other teakided about 380 Wh of energy when new and a range of about
nologies, such as nickel cadmium and silver—zinc also exhiit km at top speed. However, they degraded fairly quickly and,
problems with gas venting. at the end of two years, had about 75% of their original capacity

One of the most significant improvements in REMUS is theemaining. Some packs that were not properly maintained by
development of rechargeable medium capacity lithium ion batgular charge and discharge cycles had even less capacity re-
tery cells for the vehicle by Saft America, Inc. (Cockeysvillemaining. The newest lithium ion packs delivered from Saft are
MD) (Fig. 8). While lithium ion technology is reasonably en+ated at 1000 Wh, but exceed that value by about 10 percent,
ergy efficient at 140 Wh/kg, its real benefit for AUVs is that thesince that rating is the estimate of available capaaitgr 500
cells are hermetically sealed, so no gas is transferred betwegales.
the cell and the atmosphere during charge or discharge. Thid.onger mission times fundamentally change the potential
means there is no limit on the number of charge/discharge eyission profile for a docking vehicle. It takes REMUS a little
cles that can be achieved without opening the vehicle housimgder 3 h at 2.5 m/s to achieve 100% insonification of a one
[14]. The nongassing characteristic of the batteries is essentiglare kilometer area at 30-m sidescan range. Thus, the 4-h
for any battery-powered vehicle that will recharge at a dockattery life provided by lead acid batteries essentially restricted
Without this capability, the vehicle/dock system cannot be deehicle operations to the immediate vicinity of the dock. The
ployed for extended periods or in remote areas, as frequent digium-ion battery life of eight hours at 2.5 m/s allows for a
vice will be required to vent gas buildup. Not only does lithiun2-h transit to and from the survey area, meaning the vehicle
ion technology enable long-term deployments, it also resultsdould effectively perform these surveys anywhere along a
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35-km beach front. Alternatively, REMUS could do a very TABLE Il
low-resolution patrol of a large area, then dynamically alter its PROPELLERPRINCIPAL CHARACTERISTICS

mission to do a local high-resolution survey when it detects an m

anomaly, afterwards resuming its original mission. REMUS

. . N [¥ist g b 14 em
has already demonstrated this redirect capability via an external sumber of Hisdes 3
command sent by acoustic modem. Expandid Area Ratio 0304

Blade Pitch/D i@ . TH a7Is
- Blnde Vax. ThickmeseD & TR ool
B. More Efficient Prop and Reduced Drag Propeler 1525 RPM
o . o ) ) W ehick Speed 23 i
Mission duration was also limited by high vehicle drag and  Thmast 16 0 Meswtisn
low prop efficiency of the vehicle. Improving efficiency in this ~ Targee N
area is more effective than increasing battery energy because Crreeped r"“;' ::’ I'E‘::‘Lr
AL telicancy

power consumption increases as velocity is cubed.

An extensive study of the vehicle hydrodynamics was under-
taken, including tow tank tests. These were necessary because
it is not possible to determine the difference between the ef-
fects of hull drag coefficient and propeller efficiency in open
water vehicle tests when neither the actual vehicle drag coeffi-
cient nor propeller efficiencies are known. Therefore, the first
step in the design process entailed quantifying the sources of
drag in a tow-tank on an existing vehicle, and then determining
what improvements were possible.

Based on these tests, the following changes were made: the
sensor pockets in the nose cap were removed; the blunt nose
was extended to a full ellipse; the long baseline (LBL) transig. 9. Tail section with improved prop.
ducer was cast into a foil section potting (NACA 0024), and the
sidescan sonar transducers were streamlined to reduce drag. The TABLE IV
effect of all these changes reduced the drag coefficient of the ex- BATTERY/PROPULSION COMPARISON
isting vehicle with sidescan sonar and ADCP from 0.42 down to
an estimated 0.20 for the new vehicle similarly configured [16].

The second step was to maximize the efficiency in delivery of Batieries new 380 vait-hrs 1100 wall-h,
power to the propeller shaft by selecting a more efficient motor ;:at;.'z}'"" ELL"L:';’:'M :'::":_1;:1""“'
and by eliminating as many power losses as possible. REMUS  ¥alumeiric eificlency 48 sainheky 140 wati bk

Yo D

operates over a range of speeds from 1 to 2.5 m/s. A source  Muximum speed 1.7 misec 1% mfaoc
of friction at low speeds, and hence power loss, are the wear ~ Frupslin atmas = 8w RUE .

. . . . . Ramge ai man spead 16-21 km T5-82 km
surfaces associated with a rotating shaft seal. This dynamic shaft Duraiion st maxspeed’ 245330 T00.7.85
seal is also a challenging seal to maintain and keep reliable for  Fropulsien at 1.5 m/see B0 waits L5 wils
extended periods of time in turbid coastal waters. Hangs 8 1.5 M -0 R 1261349 km

Dwration st 1.8 misec' 3204 15 12 45-25:00

A primary power loss on the existing design is the brushed
dc motor which operates in an air filled compartment at anNotes: 1. Estimate based on experience with average maintenance.
estimated 65% efficiency at 80 W. Other sources of powe@rBased on SAFT estimates of capacity after 500 cycles.
losses include the coupling and bearings of a conventional drielotel load includes ADCP and Sidescan power.
system. Therefore, the main propulsion system was modifiédBased on both new and used batteries.
to use a brushless dc motor with magnetic torque transfer

through a plastic clzol.lar asa mechanism to eliminate a rotatingrnese data were used to develop a propeller geometry which
shaft seal. The elimination of the shaft seal means that long@ts manufactured, installed, and tested to determine the final
deployments in the dock are possible without maintenance. improvements in efficiency.

After drag was reduced and the propulsion system modifi- with these improvements, the vehicle consumes 15 W of
cations were in place, a propeller design tradeoff analysis Wggpulsion power at 1.5 m/s while the previous design consumed
conducted based on the results of tow tank tests and motor pfout 65 W at 1.6 m/s. The improved vehicle has a top speed of
formance values. This analysis led to the selection of input pa9 m/s drawing 110 W of propulsion power, while the previous
rameters for a final design for a propeller for REMUS. The defesign had a top speed of 1.7 m/s drawing 80 W of power.
sign selected from this study was a 14-cm-diameter 3-bladedrhe performance improvements combined with a battery
propeller based on NSMB B-series propeller modified with irehange from a 380 Wh lead-acid pack to a 1000-Wh lithium-ion
creased chords toward the hub and reduced chords between (pd&k bring the maximum endurance of this design up to more
and 0.8R with an expended area ratio of 0.307. The princighln 22 h at 1.5 m/s. The results of these improvements are
characteristics are shown in Table III. outlined in Table IV.
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Fig. 10. Schematic of the Ethernet interface.

Fig. 11. PARADIGM tracking system and radio buoy.
C. Network Interface g g5y y

In its original design, the REMUS vehicle used a simple

RS-232 interface to allow the vehicle to communicate witho@Xial cableR1 provides one termination; but, as the termina-

its laptop based host program for mission programming afg" at the other end is ac coupled 64, an additional dc ter-

data download. For connection while docked, a simple Sh&w’nation atthe local end is provided tiyt and 2.

haul modem was used to modulate the serial stream up toThe 10base?2 signaling alternately drives the center conductor

10-300-kHz band, while the dc portion carried the power. Thllrgegative with respect to the shield, anq then allpws .it to. float
approach allowed direct connection with the main vehicle CP%‘:;ZK ;o zero. To 'restlore the dch Ievel_mherent in this s||.gnal,
but not other CPU based subsystems, for example the sides charge orC'l is altered by the 6!0“0“ D1 af_“?' ampli-

sonar. Also, the design was limited to 38 400 baud, which whi r ©2/3 to prevent pulses from going more positive than the
not a serious limitation did slow the transfer of data. shield. D1 borrows charge from the first few pulses of the pre-

REMUS has now been upgraded to support an Ethernet ﬁ{pble (the Ie_ading pulse tr.ain in a packet, p_r!or _to the stgrt of
terface, which allows the vehicle to carry power and data [ al data) whlle a stgady bias from the am.pl|f|er IS estabhshed
a simple two-wire interface. Ethernet is faster than the ser (oggh the filter action oL.1. Q1 provides bias for22. While .
link and allows multiple CPUs to be connected. For a sidesc f'_rSt few pulses of the preamble may be a_ttenuated by this
equipped system, with its separate CPU and hard disk, it allofEcuilt and not detected by the transceiver, this does not cause

a single connection to serve both the main CPU and the sidesé&l, problem for the Etht_arnet protocol: )
IThe amplifier can be implemented in a variety of ways, but

The two-wire power/network interface is based on the coaxi%_ di ; ol M th ional
implementation of Ethernet (10base2/10base5). This hardw e _|_screte version was simpler to apply t. an an operatlong
8 nplifier due to common-mode range requirements and avail-

was chosen because it is already configured to send bi-dir 4
gfle power supplies. The restorer can operate from any supply

tional data on a single medium, standard hardware is availa e th 5 Vand d it h hatwh
to supportit, and its signaling rate of 10 MHz is compatible wit ore negat|\_/e.t an—s vanddraws lttle enoug poyvert atwhen
e network is idle, it can stand by for weeks on a single 9-V bat-

the short span of uncontrolled-impedance wiring that exists §
the docking apparatus. tery (MN1604,)' . . .
Due to the coding of the standard Ethernet signal, all of theThe dock will see a similar upgrade in the near future so that it

information content is contained in the ac portion of the signa\’f',i" also communicate via network protocols to the dock control

generally above 5 MHz. However, the standard signal is dc cdgfogram. l\_letwork—ready cameras, used-to o-bserve the vehicle
le docking, can also be connected via this same interface.

pled and the dc component is required by the collision detecti ! . ) ) LT
scheme. Because the dc and low-frequency components of result is a much simpler interface with significantly reduced
[te count.

docking connection are reserved for the power transfer, the'd
component of the Ethernet signal must be stripped from the con- .
nection and restored at each end, prior to connection to standdrgMechanical Improvements
10base?2 transceivers. During a docking event, REMUS effectively crashes into the
The circuit in Fig. 10 implements the mixing of the powedocking cone. Early testing identified areas of weakness in the
and network signals for one end of the interface; the other eREMUS vehicle design. These included the internal chassis,
is identical.L2 andC'3 form a lowpass “pi” filter (when paired mounting of some internal circuit cards, which loosened, and the
with the other end) for the power connection with a cutoff frefin shafts, which were bent. The chassis has been strengthened
qguency of 340 HzL2 andC1 form a highpass “T" filter (when significantly and the REMUS motherboard and daughter boards
paired with the other end) for the data connection with a cutattdesigned to provide a solid mounting for all cards and com-
frequency of 200 kHz. ponents. The fin shaft diameter has been increased from 0.25 to
The remainder of the circuit, within the dashed box, is a pa38 in. The latest REMUS vehicle design has been subjected to
of terminators and a dc restorer to make the whole arrangemexitensive shock and vibration testing at a commercial lab. The
appear to the 10base2 transceiver as if it were connected to aelicle was tested with a 6G RMS random input from 20 to
coupled coaxial cable. The transceiver expects to drive a 25-0B600 Hz, as well as 1800, 4G, 40 ms shock pulses. Also, inside
load, consisting, in general, of two lengths of terminated 50-ohits shipping case, it was repeatedly dropped from a height of 60
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Fig. 12. Heading estimator block diagram. filter with the inverse response results. The sum of these two

outputs results in a heading output with the advantages of both

cm onto all of its axes. The performance in these severe testsS¥Stems. .
dicate that with these improvements, the vehicle will withstand Because REMUS carries only a yaw rate sensor, and not a

impacts associated with docking without problems. pitch or roll rate sensor, it is not possible to correct the vehicle
referenced yaw sensor to yaw in an inertial frame of reference.
E. PARADIGM System for Vehicle Tracking Therefore, the yaw response is treated as if the vehicle does

The docking system was originally designed with a usg[ot pitch or roll, which is a gqod .ap'proximation in the mission
system for tracking the vehicle. This used a planar arr£9°des where acfcf:urat.e hﬁadlng IS |mportant.l i ¢
mounted on the front of the dock to determine vehicle location Because dc offset in the rate sensor results in a ramp after

as it approached the dock. This was adequate when the vehifijggration, the rate sensor high-pass filter does not completely

was inside a 45 degree cone up to 1500 m in front of the dodkmove the offset. However, over a long period of time, any dit-

but outside that area tracking was degraded or unavailable. ference in the heading delta of the rate sensors integrated output

The Portable Acoustic/RADIo Geo-referenced Monitoringnd the heading delta of the compass will be due primarily to
(PARADIGM) system [17] uses multiple radio buoys to trackate sensor offset, and thus the offset can be computed and sub-
the vehicle and is significantly more accurate (Fig. 11). ThEaCte(_j from subsequent rate Sensor measurements. )
system has been routinely used to track the vehicle as it rarPuring closure to the doc_:k W'thQUt the rate sensor, there is
20-km transects at the LEO-15 site. The reality with ang°0ut 1.0 degree rms of noise, which means that, even at 5 m,
complex system is that malfunctions do occur. Remote trackifyf "ange where REMUS typically obtains the final fix, there is

of the vehicle is essential, unless possible loss of the vehicle?{s &1ror of qearly 20% of the cone radius. The addition of thg
considered an acceptable risk. rate sensor improves the rms noise to 0.3 degrees, thus reducing

the error in that final fix to about 3 centimeters. This may allow
F. Quartz Rate Sensor a smaller cone on the dock, while increasing docking reliability.
. . ig. 13 shows a plot of USBL bearing error as a function of

RI.EML.JS has suffered. from redgced heading accuracy in (gé'nge when using the rate sensor, in water about 6 m deep.
namic situations due to its sole reliance on a magnetic compass.
These are susceptible both to magnetic anomalies and the@f-Trackline Following

fects of acceleration during turns. Ironically, the dock itself is The ability to t it bet . int dst th
one potential source of these anomalies, although it is made € ability fo transit between two waypoints and stay on the

from largely nonmagnetic materials where possible. Also, as t %evcc:/r\}ﬂecr:]tmg trhc;]Siﬁ Mrcr)lirr)1 ?rll?|t28|rl15 atrr: esdsietnt:]al C?f?ﬁ"ltﬁi' olfi r::my
vehicle navigates to the dock, the accelerations of the turn'%Al S'S traeckseer?o(r; isgr,lecessar I% orezjerstg eCr?su:)e 100‘2 g c?)v
makes to get on a proper glide path themselves cause errors. 19 ) y 0

minimize these heading error sources, a Systron Donner qufr@ge of the search area. While docking, itis necessary in order

rate sensor aligned with the yaw axis was combined with the régvr-nalntaln a proper glide path toward th.e cone. USBL navi- .
on presents a problem because heading noise translates di-

compass output to provide a heading reference that has greg t . )
immunity to short term interference. rectly into cross track error noise, and thus the latter (measured

This is accomplished by low pass filtering the raw compagg meters) grows in proportion to the range from the dock. To

. S : . avoid instability at longer ranges, REMUS formerly used an al-
output using a recursive filter with the transfer function of gorithm that aimed the vehicle at the track line some user-de-
(ATT)Z—l fined percentage toward the final destination. For docking, this
(2) = 10— (1 0— (g)) o1 value was 40%. This approach, while having the advantage of
' ' T stability, also had the disadvantage that in a cross current there
The heading rate output of the rate sensor is digitized, int@ould always be some residual error.
grated, and also low-passed, using an identical filter. By sub-The improvements in the heading sensor now allow the

tracting this output from the integrated heading rate, a high-pagstem used for long baseline navigation to also be used for
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USBL. The technique determines the cross track error and R

offsets the heading goal (nominally the bearing between the Sarnzls Courd (13 kikssdars)

two waypoints) based on that error. When the error drops below

ten meters, an integrator is applied that drives the residual tefrigy 15.  Fluorometer data collected July 2000 at LEO-15.

to zero. This integrator is zeroed for each new leg because the

effect of a cross current (the primary cause of static cross trad€nained on shore, only returning when PARADIGM indicated
error) is typically opposite on each leg of a survey. A derivatiiéat the vehicle was approaching the recovery point. Fig. 15
term is not used because acoustic fixes may cause minor st8pws the fluorometer output, grayscale indicating intensity,
changes in the cross track error and a rapid response to tH&geX axis depth, and th¥ axis the distance along the transect.

errors is not desired so as to avoid corrupting sidescan data.Other data collected included temperature, salinity, radiance,
and irradiance data, as well as ADCP water current data (using

H. Acoustic Modem an up- and down-looking ADCP). For these tests, the profiling

For the 1999 AUV Fest and then in June of 2000 in FoFf'Ode allowed the gap around the immediate vicinity of the
Lauderdale, the utility acoustic modem (UAM) was integrateYFh'hc,le_to f'"%d ”: by avelraglfng agla-centhensen]glgs [19]f. J
into the REMUS [18]. In these demonstrations, the vehicle sent' 'S 'f";f ani lea e.xamﬁ eg alimsspn t hat zou o € pl?jr olrlme
back in real-ime position, bathymetry, and CTD informatiof'°"€ €fficiently using the dock. Using the dock would allow

A vast reduction of operator and boat support, since the twice-

two-way communication was demonstrated. The transmissigﬁ'ly' 1-h r(_)und-tnp transit to the Iaun_ch_ and recovery point
to the vehicle was used to dynamically instruct the vehic}gou'd be eliminated. Unfortunately, logistics made this impos-

to temporarily alter its mission and perform a high—resolutioﬁbli’ _:Ot‘;lvg\]ﬁe:' :Zere Is no technical reason this could not be
i uture.

survey over an assigned area. For longer surveys, the abilit
redirect the vehicle is a powerful feature because conditions
may change during the course of a mission, thus requiring mod-
ification of the mission plan. Real-time data from the vehicle Additional deployments are required to demonstrate the re-
also enable operators to verify that the vehicle is functionirglts of these improvements in an integrated manner with the
correctly and provide information that the operators may usedock; however, further improvements to the dock are also antic-
modify the mission plan. Lastly, by equipping the vehicle witlipated.
a modem, the dock could be allowed to pivot so as to be alwaysTo decrease the possibility of the vehicle getting hung up un-
aligned with the current. The dock would then telemeter itéerneath the dock, the next-generation dock will use a single
orientation to the vehicle, which would navigate accordingly. pedestal for support. The dock will also incorporate the latest
UAM, allowing the vehicle to telemeter back data in real time,
VIIl. TESTS AND DEMONSTRATIONS and modification of the mission plan. The two-motor system

Many of these subsystem improvements were demonstra%ig be replaced by a single motor that both clamps the vehicle
in the summer of 2000 at LEO-15 during the ONR-spo and makes the electrical contacts. These contacts will be moved

sored Hyperspectral Coastal Ocean Dynamics Experim m the nose of the vehicle to make them less susceptible to

(HyCODE). During these operations, the REMUS vehicl amage during collisions with the dock or other objects.
conducted a daily 40-km mission. Each day the vehicle wa Eventually a battery-powered dock that can be deployed any-

launched at about 9 a.m. near node B at LEO-15. and heaa\ébere will also be built, equipped with both an acoustic modem

20 km out to sea, along a line of six low-frequency PARADIG nd a \_/e_rtical profiler. The latter will have a radio antenna for
radio buoys. As the vehicle conducted its transect, it ascen&é%r'sm'ttmg data back to a central source.

and descended through the water column (yo—yo), effectively
performing about 80 profiles during the course of the outbound
leg. At the end of that leg, the vehicle turned around and Autonomous docking of an AUV presents significant engi-
returned to its launch point, again profiling, and was pickedkeering challenges. For this reason there are very few successful
up and returned to shore for recharge. This was done with@xamples. However, the benefits to be achieved by this tech-
opening the housing. For the duration of the mission operatarsiogy are enormous and will enable AUVs to play an even

IX. FUTURE IMPROVEMENTS

X. CONCLUSION
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greater role in an autonomous ocean sampling network. Cofts] System Management Bus Specification, Revision 1.1, Benchmarg
tinued incremental improvements are vital, and bring the day Microelectronics, Duracell, Energizer Power Systems, Intel, Linear

Technology, Maxim Integrated Products, Mitsubishi Electric, National

Clos_er when a dock can be permanently deployed for AUV op- Semiconductor, Toshiba Battery. (1998, Dec. 11). [Online]. Available:
erations. http://www.smbus.org/specs/smbus 110.pdf
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