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Power Systems for Autonomous Underwater Vehicles

Albert M. Bradley, Michael D. FeezpMember, IEEEHanumant Singh, and F. Yates Sorrell

Abstract—in this paper, we examine the issues involved in de- variety of high-power sensors that have been or are being pro-
signing battery systems and power-transfer (charging) techniques posed for AUVs. Battery technologies themselves are the sub-
for Autonomous Underwater Vehicles (AUVs) operating within an et of intense research driven by consumer-based demand for
Autonomous Ocean Sampling Network (AOSN). We focus on three licati di lectri Il oh d tabl
different aspects of the problem, battery chemistry, pack manage- app 'Ca_'ons as_ IVErse as electric cars, cell pnones, and portable
ment and in situ charging. We look at a number of choices for computing devices. Unfortunately, these market forces do not
battery chemistry and evaluate these based on the requirements directly overlap with the specific needs of the relatively small
of maximizing power density and low temperature operation par- - AUV community. Our philosophy has been to leverage available
ticular to AUVs. We look at the issues involved in combining in- battery technologies while critically and independently evalu-

dividual cells into large battery packs and at the problems associ- _ . . oo
ated with battery monitoring, and the charging and discharging of ating the choices as they specifically relate to the AUV commu-

packs ina typ|ca| AUV app||cat|on |:|r‘|a||y7 we present a method- n|ty In Order to aCh'eVe our SC|ent|f|C goaIS Of |Ong term mOﬂI—
ology for charging an AUV battery pack in situ in support of long  toring, in situ recharging will be required.

term deployments at remote sites. We first examine the issues related to power systems for the
Index Terms—AUVs, batteries, underwater mobile robots. current and future generations of AUVs operating within the

context of an AOSN. In succeeding sections, we elaborate on

the relationship between power, range and speed (Section I-A);

the factors that are crucial for AUV applications from the stand-
UVs IN the service of science have been around for mapgpint of battery chemistry (Section Il); systems for battery main-
decades, but they have mostly served relatively narra@anance, monitoring and charging (Section Il1); and systems for

niche applications. In the past few years however, advancesrirsitu power and data transfer suitable for long term operations

technology have led to AUVs invading mainstream sciencéSection 1V).

As we look forward to AOSN [1] systems, the role of AUVs

able to do autonomous docking with reliable power and data Power, Range and Speed

transfer becomes critical to the system’s success. Docking; would be useful to be able to quantify the efficiency of
methods, power transfer and data transfer are the focus 0farticular AUV design. Unfortunately, the multidimensional
much current AUV research. This paper focuses of the battety, e of mission characteristics, sensor configurations, size and

systems suitable for AOSN vehicles and presents one approgﬁged (Table 1) that goes into the design of an AUV make de-
to power transfer from the dock to the AUV. We briefly touch/eloping a useful figure of merit unproductive.

on the problem of data transfer when it is integrated with the g5, 4 particular implementation however, from a purely
power transfer system. _ . power standpoint, one can derive a useful relationship between
Power considerations dominate the design of small AUVs Bdwer, range, and speed [6], [7]. If we assume that power is

energy is usually the most limiting resource on these vehiclggyoted solely to propulsion and that the drag on the vehicle is
Although there are other options, (nuclear, closed cycle d'esﬁﬂoportional to the square of the speed then

fuel cell) we limit ourselves herein to the consideration of rela-

tively straightforward primary and secondary batteries as AUV R— < E ) o

power sources. The other possible options are either too costly “\Ky v

or are significant research projects in themselves to be acces-

sible to most AUV projects. Additionally, nuclear sources hav¥here .

environmental and legal concerns which make them inacces® ~ range in meters;

sible to most groups. E energy available in ._]oules;
Currently available battery technologies do not have the en-K«  effective drag coeff in wHm?;

ergy densities required to satisfy the range of operations and th& ~ Speed in m/s. _ . o
A more realistic range estimate can be derived by considering
_ _ , _ _ the hotel load, that is essentially all the other loads—naviga-
Manuscript received April 10, 2000; revised May 16, 2001. This work. . . .
was supported in part by the Office of Naval Research under Grant ONR3§9r_‘v sensor and CoerI_'nqependent of the prOpUIS'On load in
OM/AOSN N00014-95-1-1316 and in part by the National Science Foundatisihich case the range equation becomes
under grants OCE9216775 and OCE9730690.
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TABLE |
THE US ACADEMIC AUV FLEET AND ITS POWER CHARACTERISTICS
Battery
Name [Ref] Size Depth
Chemistry
Remus [2] Im Lead Acid 150m
Odyssey 1IB [3] 2m Silver Zinc 4500m
ABE [4] 2m x 3 hulls Lead Acid 5500m
FAU Explorer [5] 2m Ni Cad 300m
Autosub Tm Alkaline 300m
FAU Morpheus 1.5-3m NiCad ?

Range in Meters

103 - ; H ; ; A, ; ; ; ; HE
10 10" 10°
Speed, M/S
Fig. 1. Range versus speed curves for the ABE AUV.
Fig. 1 shows the form of this relation plotted on log—log axes. [I. BATTERY TECHNOLOGIES FORAUV S

The high-speed asymptote (slope-2) corresponds to the en-
ergy being dissipated in the turbulent water behind the AU¥C
while the low-speed asymptote (slogel) corresponds to the
sensors and other components of the hotel load burning up
power before the vehicle has gone very far. This relationship,

though admittgdly of limited app!icability, shows that f_orggive 'i'able Il lists the major battery chemistries of interest that we
energy capacity, ther(_a IS an optimum speed for maximizing t.@Snsider in this section. Our study is weighted more toward sec-
range of the AUV mission. For ABE, the optimum speed I8ndary (rechargeable) cells than primary cells due primarily to

about 25 cm/s which is often too close to the near bottom “Yhe current applications of these technologies in the AUV com-

rentiévlger: ; ; per;';\tes. We usually accept the loss in range %'ﬁinity, where the majority of the packs are rechargeable except
run a cmys. for very specific missions.

A complete discussion of battery technologies is beyond the
ope of this paper. Our emphasis is on the characteristics that
re specific to AUVs. Extensive references are available which
ﬂ%?ail the more generic issues associated with these technologies
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TABLE I
BATTERY CHEMISTRIES AND THEIR CHARACTERISTICS

Chemistry | Energy Pressure Outgassing | Cycles | Comments
Density Compensatable
(Whr/kg) (Whr/kg)

Alkaline 140 No Possible, at | 1 Inexpensive,
higher easy to work
temperatures with

Li Primary | 375 No 1 Very high

energy density

Lead Acid 315 Yes (46) Yes, even ~100 Well
with sealed established,
cells easy to work

with
technology

Ni Cad 33 No If ~100 | Very flat
overcharged discharge

curves

NiZn 58.5 Possibly (160) | None ~500 | Emerging

Technology

LiIon 144 No None ~500 In wide use in

small packs

Li Polymer | 193 Possibly None ~500 | Only “credit

card” form
factor currently
available

Silver zinc | 100 No Yes ~30 Can handle

very high

power spikes

A. Alkaline Cells suited for higher discharge rates particularly at low tempera-
tures. This graph also shows that the empirical rule of thumb,
These are the simplest batteries to use. They are cheap, sédeating the capacity of an alkaline pack by 20% for the effect of
and inexpensive, although they do tend to outgas hydrogen whemperature, is often not valid due to the effect of discharge rate.
stored for long periods of time. This can be a significant probleFor very large packs, self heating of the cells can be a concern
if they are in a sealed pressure housing for an extended peripl possibly an advantage if operating in cold water. Autosub
of time for the purposes of shipping or long-term deploymentf] uses an 80-kWh alkaline pack necessitating close attention to
The outgassing increases rapidly with temperature. In normhaé thermal modeling and management of their battery system.
operation the major problem with using these cells is the voltageln conclusion, we can state that if these cells are used at low
sag associated with discharge. They start at over 1.5 V with th&mperatures, in an AUV mission with a high discharge rate
end of life often arbitrarily defined as 0.8 V. With the high-efwhere cells are expended in less than a few days, they will only
ficiency-wide-input range inverters available today, this is nekeliver a fraction of their stored energy. Alkaline cells continue
much of a handicap. The internal resistance of these cells is ofteswever to be one of the cheapest and easiest chemistries to
significant at rapid discharge rates and is also higher at low tewerk with in the field.
peratures associated with deep oceanic waters. Fig. 2 summa-
rizes our experiments in quantifying these effects for standdfd LI Primary
D and AA size cells. When energy density is of paramountimportance, lithium pri-
We discharged a number of cells at constant power (as apary cells represent the best choice. Their major drawback is
posed to a purely resistive load) to the end of their life. Thesest although attention must also be paid to the variability of the
discharge tests were conducted at°ZDand 2°C. We see a load with these cells. If the load consists of high-power pulses
very large spread in the total energy delivered by each cellagh long rests in between, these cells can lose a significant frac-
a function of the time of discharge and temperature. AA celtion of their chemical energy due to the re-establishment of a
have better performance than D cells and thus are slightly betpassive layer over the lithium plate between pulses.
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Fig. 2. The effect of discharge rates and temperature on the available energy density of alkaline cells.

C. Lead Acid the batteries are in a dedicated housing and occupy most of its

) ) volume.
Lead acid cells are perhaps the easiest of the secondary Cellsag acid cells are easy to interface with a vehicle from a

to work with. For large systems lead acid wet cells can be presiy oy electrical standpoint. The state of charge can be gauged
sure compensated in an ail filled box, yielding considerable saygequately by measuring cell voltage alone and simple charging
ings in the expense and weight associated with pressure hQyssjits may be used. The exact voltages which indicate end of

ings. For smaller systems, gelled electrolyte, “sealed” cells §farqe and end of discharge vary slightly between cell types so

generally used. We should point out that these cells always 1§gK \ser is cautioned to study vendor specific data in using these
some hydrogen. This is generated internally during the final;q

stages of charging and eventually leaks out of the cell over a pe-

riod of hours to days. Inthe ABE AUV, which used gel cells, thigy ni_cad

hazard is dealt with by monitoring the internal pressure. Tem- ,

perature is also monitored to compensate for thermal expansiofNiCkel Cadmium cells are a mature and well understood
and the housing flushed with dried air whenever the pressureSyftem which are sometimes used in AUVs [5]. They offer only
enclosed gas rises by a few percent. As an additional safety gte3'9Nt improvement over lead acid in energy density. Their
caution, the endcap on the main housing is sealed with onlPdmary weaknesses lie in the difficulty of ascertaining the state
face seal and a partial internal vacuum of about half an atm@§.charge and the heat evolved near end of charge by the cell
phere. We do not use any bolts or clamps to hold the endcap®$fich can be inconvenient in a large pack.

the cylinder, so if the internal pressure rises, the endcap will just

fall off. If there is an internal hydrogen explosion, the interndf- Ni=Zn

pressure can’t rise much before it vents. (About 4% hydrogen inA relatively new and so far unknown entry in the area of bat-
air is an ignitable combination.) It would be better to flood theery technology is the nickel zinc system [10]. These cells are
housing with an inert gas like nitrogen to eliminate the oxygesealed but use a liquid electrolyte (potassium hydroxide—KOH)
but the difficulty of shipping large nitrogen tanks precludes suchith a small air space. These sealed cells may see a small and
a solution in practice. Another approach to eliminate the etemporary overpressure if overcharged but a secondary reaction
plosion hazard would to fill the spaces between the cells witecombines the evolved gas. These cells are aimed at the light
sand to prevent an explosion from propagating. This, howevelectromotive industry (electric bicycles and scooters) and out-
adds weight to the housing and further is only reasonable wheerform lead acid in terms of both energy density and cycle life.
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Isolating

vehicle bus Inverter Load

sea water
ground
SAAAY
Fig. 3. Ground fault detection for a battery pack.
From an AUV perspective, these cells hold out the possibility Ill. BATTERY SUPERVISORSYSTEMS

that they can be used at ambient ocean pressures with an ojl _ b . d .
layer above the electrolyte. Some cycle life will probably be lost W& NOW turn our atte_ntmg tk()) ittery supervisory ?nh rrrl:_)nrl]-
in such a situation, but the overall specific gravity of these cef{@"N9 Systems necessitated by the requirements of the higher

is much lower than that of lead acid and thus they could yie rformance battery chemistries. In this context we examine
an enticing power density at a modest cost the role of bus voltage, power distribution, and ground fault

detection before we present three examples of battery supervi-
. sory systems being used or developed for the ABE and Odyssey
F. Li—lon AUVs.

Lithium lon cells have been used extensively in cell phones
and laptop computers for several years and are an attractivepl-Bus Voltage
ternative for the AUV designer because of their high energy den- , . ,
sity and long cycle life. These cells have a liquid electrolyte and BUS voltage for an AUV usually varies with the size of the ve-
a stainless steel case with a small gas pocket to allow for therrpigle- Small radio controlled submarines are often powered by
expansion. The presence of this void precludes their use at d8épOr 12 V battery; the REMUS AUV~1 m in length) has a
ambient ocean pressures. The disadvantages of these cell€fi.Y Pattery; Odyssey and ABE-3 m in length) use a 48-V
clude high costs, modest sizes, and complexity of the circuithy'S: the manned submersible AlvinTm in length), while not

required to operate them in a system. While on charge thaff AUV, uses a 120 -V bus. The choice of bus voltage is usu-

voltage must be limited (typically to 4.1 V) failing which thedlly based on the power levels required and the rule of thumb

cell will be damaged. Similarly, on discharge the cell cannot & €l€ctromotive design that “volts are cheaper then amps.” In
allowed to go below about 3 V. practice, this rule may be viewed as a methodology for limiting

the weight of the power wires in a vehicle.

G. Lithium Polymer o
B. Power Distribution

The term lithium polymer refers to lithium ion chemistry with i o .
the electrolyte trapped in a gel or other absorbing material. Pro-1 "€r€ are two basic approaches to power distribution with

totype cells are a sandwich structure in a sealed plastic enVB[ations in between. At one extreme, the bus powers several

lope and in our initial tests have survived hydrostatic pressure/@yerters that generate the voltages needed by all the system
ponents. These voltages are then distributed around the ve-

10000 psi several times without apparent damage. They ha/eq" : . :
very low density and if operated in an oil bath at ambient oce&'\cle' At the other extreme every load has its own inverter which

pressure could become a very attractive alternative to Li—idf.Powered directly from the main bus. The thrusters are usually
Several manufacturers [11], [12] are working to produce theBgwered directly from the bus although they might need addi-

cells in commercial quantities and they are currently undergoifign@! voltages for their control circuitry. The easy availability
extensive evaluation at pressure for use in AUVs by Bluef inexpensive and efficient inverters in different power ranges
Robotics [13]. usually makes the latter method preferable. The inverters can

be sized to their loads for optimum efficiency. Individual in-
. . verters can also provide valuable ground isolation which can
H. Silver Zinc be critical in many subsystems. A disadvantage is that they also
Odyssey originally used wet Ag—Zn cells to meet their vegenerate electrical (and sometimes acoustic) noise, commonly
hicle’s target specifications. These cells are expensive and havéhe 50-500-kHz range. Inverters may be modeled as noise
a very limited cycle life. They are orientation sensitive (spillingources equivalent to a square wave generator at the bus voltage
the electrolyte) and require close attention when charging aimdseries with several hundred pico-Farads between the “iso-
discharging to avoid cell damage. Except for very short mitated” grounds. We should point out that commercially avail-
sions where the battery must deliver its energy in a few hoursaisle inverters, while being extremely efficient at peak power,
less, Li—ion cells are a more attractive option. are usually quite inefficient at lower power outputs. Thus, if the
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Fig. 4. Measuring charge in and out of battery.

load the AUV presents to an inverter is expected to vary ovep-amp to produce a voltage signal that is proportional to charge
a wide range or spend most of its time at a fraction of its pe@k or out of the string. A microcomputer reads the op-amp’s
power, then the overall efficiency will suffer. For example, a typsutput and injects calibrated pulses into the integrator’s sum-
ical PC104 computer stack with a flash disk requires about 6 k¥Mng junction to prevent it from approaching its limits.

when running, but requires more then double that when startingThese pulses are then counted and used as a “fuel gauge” for

up. each string. This count is a direct measurement of the coulombs
in or out of the string. Combining a microcomputer with an
C. Ground Fault Detection analog integrator gives the system adequate dynamic range

S . o while ensuring that there is enough bandwidth to correctly
Using individual inverters for each load facilitates ground . ;
sense loads that are fluctuating rapidly. (One example of such a

fault isolation. .If the mverters are of the dc-isolating type, .eaqc{ad would be the chopper drive to a thruster motor.) The offset
load can have its own independent ground fault detection circuft. . . L
fift rate of the op-amp is the practical limit to the accuracy

One method for accomplishing this is shown in Fig. 3. On thoef the system. We have found that offsets equivalent to a drift

load side, a resistive divider generates an intermediate voltage of one full battery charge in several years are easy to

which is grounded to seawater. This voltage is monitored and, . .

| : o : chieve and the overall accuracy is about one percent. Careful
if there is no leakage this intermediate voltage should be tfl,lglibration and compensation could significantly improve this
voltage expected on the divider. If there is a fault, this voltage P 9 y 1mp

will generally be pulled high or low. erformance if required.
9 ybep g ’ The vehicle measures the voltage on the three-battery stacks

. o and shuts down the AUV, aborting the dive when they reach a

D. Charge/Discharge Circuitry for Battery Packs—Three Casgeqet |imit. There is a tradeoff between battery life and cycle
Studies depth and this cutoff can and has been adjusted based on the

Circuitry associated with the battery pack in an AUV is usumission at hand. Charging is controlled by three programmable
ally required for dealing with the higher performance secondacyrrent sources in the vehicle, one for each stack. The voltages
cells. Such circuitry ranges from the trivial (for example a series the individual stacks are monitored by firmware in the vehicle
voltage regulator on an alkaline pack) to the complex systemsd charging is stopped when each stack reaches a preset value.
required for use with Silver Zinc or Li—lon cells. In this subsecFhis system has been reliable and is extremely easy to work
tion we present three examples and discuss their strengths anitth. Pack maintenance involves the occasional testing of each
weaknesses. cell in the series strings with a individual cell being replaced as

1) ABE’s Lead Acid Gel Cell PackThe ABE AUV origi- required. The current pack has been used for eight years and has
nally used lead acid gel cells. We made this conservative cho@medured a lengthy testing program plus over forty science dives
for cost and reliability. The pack is wired as three series stringgically lasting between six to twelve hours.
of 24-12.5 Ah cells. The three strings are diode isolated and2) Odyssey:For MIT's Odyssey vehicle, which needs much
used in parallel to produce a nominal 48-V bus. As illustratddgher performance than lead acid batteries can provide, the de-
in Fig. 4, each of the strings has a 0.Q5current monitoring sign team choose silver zinc cells manufactured by Yardney.
resistor at the negative end which goes to vehicle ground. Thige vehicle specification includes a need to recharge in situ
voltage across each of these spy resistors is integrated withfraam a docking fixture to realize long term deployments. We
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Fig. 5. The bidirectional inverter topology.

Current From Bus the inverter starts delivering current. The inverter pulse rate is

charging proportional to the voltage drop below 50 V, thus the current
voltage variation as a function of voltage mimics a Thévenin equivalent
limit source. If an external source of power is available to charge the
T1A vehicle, it delivers current into the bus, pulling it above 52 V
Ch""}’ and causing the inverter to charge the cells.
48v 50v . e
; , ]- ; B bus voltage For vehicle reliability, it is advantageous to have several bat-
5v  5dv tery packs, each with its own inverter. This redundancy allows
LA the AUV to continue with a mission in the event of a single
— ' pack failure. The stability of multiple packs requires a dead-
discharge band between 50 and 52 V. Without this deadband, slight varia-
T2 tions in each pack’s voltage calibration might lead to one pack
attempting to charge another, thereby wasting energy. The fi-
nite slope of the charge and discharge sections ensures that all
v packs will carry an approximately equal share of the load. Some
packs will invariably have less energy than others, yet all need
Fig. 6. The current versus voltage characteristic for the AUV bus. to be depleted at the same time. The Thévenin voltage or re-
sistance can be dynamically adjusted depending on the pack’s
have developed a battery management subsystem to supersiate of charge to ensure that the cells are used in an optimum
the charge and discharge of these cells with minimal overatlanner. Our design measures integrated current in and out of
system interaction. In particular, the vehicle’s main computéne silver zinc cells in addition to measuring each cell voltage
does not have to deal with the details of the battery systemtasdetermine approximate state of charge and adjust the effec-
the power system is designed to be autonomous. This systira Thévenin values accordingly. As each pack discharges, it
has been tested extensively on the bench but not used in ithereases its equivalent series resistance (or decreases its open
water as of this writing. Our approach seeks to synthesize eircuit voltage) slightly so it is always taking its optimum share
idealized battery by adding an intelligent inverter between tlodthe load. Charge behavior is similar, with the Thévenin equiv-
batteries and the vehicle bus. The inverter is bidirectional aatént resistance going to infinity (charging shut off) as the cells
can both charge or discharge the cells efficiently. Over all reeeach maximum charge.
sonable ranges of voltages, this inverter can be commanded tdhese silver zinc cells had a strict limit of 1.85 V maximum
deliver current (up to a specified maximum) either into or out afnder charge and 1.45 V minimum under discharge. They have
the vehicle bus. Fig. 5 shows the topology of the inverter whike relatively short cycle life and when used in a series string
Fig. 6 plots the artificially synthesizedv characteristic that the quickly become unbalanced as some cells deteriorate faster then
battery system presents to the vehicle bus. If the vehicle stasthers. Thus it is necessary to monitor the voltage on each cell
to draw energy from the bus, the voltage falls below 50 V artd make sure it is within safe operating limits. Our battery su-

T -3A
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Fig. 7. The isolated transfer for individual cell voltage measurements.
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pervisor design achieves this with a transformer isolated circbittery subsystem regularly to determine the state of charge and
which allows a true differential voltage measurement to be madeailable energy, and to log the performance of the cells if re-
even in the presence of considerable common mode noise. Figuited.
shows the circuit that was designed for this purpose. The trans3) Li—lon Design: We recently built a 6-kWh Li—lon
former secondary voltage is clamped by the cell voltage plusattery based on cells from Eagle Pitcher as a replacement for
diode drop for a positive pulse, and by a diode drop alone fotlee 1.5 -kWh lead acid pack previously used in ABE. This
negative pulse. These voltages are reflected to the primary sidethodogy is also being used to design a replacement pack for
and can be measured by a fast analog to digital converter, wiitle Odyssey AUV due to the short cycle life of silver zinc cells
the difference being the cell voltage alone. This circuit is repland safety concerns with that chemistry. Our Li—lon design is
cated for each cell in the system and connected to a single tm&sed on “D” sized cells and a bus voltage range of 45 V to
crocontroller. This controller shuts off the inverter whenever &0 V.
individual cell voltage exceeds the preset limits. The basic problem in designing such a pack is that most
The Odyssey system was made of four series strings of siN@OTS Li—lon pack designs only use a single string of one
zinc cells each with its own inverter sized to handle 150 W. If the four cells, and hence circuits to control these are aimed
bus is pulled below 46 V, the system reverts to a constant cat- this relatively small configuration. Unfortunately, these
rent supply. At this juncture the main computer recognizes thatcuit methodologies do not scale for higher voltages and
the bus voltage is low and sheds load to recover. The metabaapacities. In order to reduce the complexity of dealing with
drain of the inverters is of the order of 5-10 mW and its effi~400 cells, our design operates modest groups of cells in
ciency in transferring power in or out of the battery is betwegrarallel. The voltage—charge curve for Li—lon cells appears to
90% and 95%. In this design the required interaction with thee strictly monotonic, suggesting that after initial equalization
vehicle’s main computer is minimal. The battery system algbere should be no parasitic circulating currents between cells
includes a serial communication bus to the main computer ttw@innected in parallel. Vendors believe that this may be an
is used to view the state of charge of the cells and all individuatceptable and safe mode of operation, but have not done
cell voltages. Ideally, the main computer simply interrogates tlegtensive testing. To evaluate the feasibility of this concept
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Fig. 9. The voltage and current plots for a complete charge—discharge cycle of two Li—lon cells in parallel. The top graph shows the voltage o fhectwo ce
while the bottom graph shows the magnitude of the current for each of the two cells.

we built a test rig to cycle sample cells and monitor their pecell, 6-kWH battery for ABE. For Odyssey, we used a single
formance when operated in parallel groups. The test circuiti26-cell pack with a capacity of 2 kWH. In order to charge each
shown in Fig. 8. Two cells are initially balanced by connectingeries string without allowing an individual parallel group to ex-
them together with a 12 resistor and waiting until the currentceed 4.2 V, voltage clamps were added to each group of nine
between the cells drops to zero. Then, they are connecfetalleled cells. The voltage clamp is made of active devices,
directly in parallel. Finally, the two cells are cycled in parallelput is equivalent to an ideal zener diode of 4.15 V in series
in the test circuit between 3.6 V and 4.2 V while the individualith 0.012 resistance. When the string is charged at an exter-
current from each cell is monitored with a Q2spy resistor nally limited current of 5 A, each pack will accept current until
monitoring each branch current. We eventually worked up tbreaches 4.15 V, and then as the cell voltage rises, the clamp
cycling eight cells in parallel, while monitoring the currents itwill shunt excess current around the pack until at 4.20 V all
each of the two groups of four. Our results from this exercidbe current is being bypassed. Slight variations cause some cell
are plotted in Fig. 9. The upper half of Fig. 9 shows the cefiroups to reach this bypass range before the others. Charging
voltage during a cycle. A clear i-R drop from cell internals complete when all groups in the series string are bypassing
resistance is evident at the transitions from charge to dischartje full charge current. This method does suffer from the draw-
The voltage—charge relation while monotonic is not very linedrack that the heat generated by the voltage clamps near end of
We found in testing over 400 cells that the exact shape of tlibarge is considerable and must be dissipated. The voltage on
curve could vary slightly from cell to cell. These differences areach group of nine cells is monitored by a similar technique to
evident in the lower half the figure which shows the charge anlat used in the Odyssey silver zinc packs to check the health of
discharge current magnitudes. Although the current is shartbe cells and to prevent discharge below a settable cutoff point.
between the cells reasonably well, they differ by up to 12% Atsingle series power FET disconnects each string when the first
some points due to their different capacity and variability afroup reaches this cutoff on discharge. A charge measuring cir-
the voltage—charge curves of the two cells. When more cetisit as in Fig. 4 is included as a fuel gauge to monitor pack per-
are operated in parallel, these variations tend to average outformance although only voltage monitoring is used to warn the
To meet the voltage, capacity and packaging requiremenishicle controller when power is running low.
we wired groups of nine cells in parallel and wired fourteen This battery system has been used at sea in ABE for a series of
of these groups in series, delivering 50.4 —58.8 V. These 1@&asurements on the Juan de Fuca spreading center in August
cell assemblies along with monitoring and protection circuitr®000. It increased ABE’s powered range from 12 km with the
formed a convenient pack. Three such packs make up the 3@Bginal lead acid cells to 60 km. The longest dive lasted 34 h
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with 30 of these hours, driving the assigned survey patternteansfer, but it remains to be seen if simple mating means can
depth. The dive was terminated when one of the three padiesdeveloped to provide and maintain reliable and repeated in-
sensed one of its parallel cell groups drop below the assignedestion.
volt limit.

The controller then stopped the thrusters and dropped the Bs-Automatic Replacement of the Battery Pack

cent weight. As the propulsion load was removed, the battery ;1o matic replacement of the battery pack has the advantage
voItage recqvered, gving ABE a comfortable energy margin fRat the AUV immediately obtains a renewed energy supply,
szstam bzra]sm (;unctlodns unt!l 't(;N:S obr?l_decr.hCharlge t'mf’ WaRd, except for the requirement of mission data and command
about 10 h and was determined by ability of the voltage Clamps ster and has in principle an efficiency of power transfer of
to dissipate the heat they generated as the cells approached M88%. The discharged pack can then be evaluated and recharged
imum voltage. We found that the increase in cell internal resigf the dock, and replaced if it is deemed to have become mar-
tance when operating at depth af@ was about a factor of i1 one obvious disadvantage is the need for a battery inser-

two. At ABE's discharge rate, this represented an energy lo%(‘?n and retrieval mechanism which is likely to be complex. In

of about 2%. At higher discharge rates this effect would Beyqition, a connection still needs to be established from the bat-
more S|gn|f|.cant. We care'fully monitored tht_a internal pressu'{gry pack to the AUV, which is likely to be a wet connection.

in '([jhe housing that cogtalnedblABEZ batteries an_t(dj electrofnu];ﬁe size of the battery pack used in the Odyssey Il vehicle was
and were, as expected, unable to detect any evidence of oy, 5 factor, seeming to require a fairly hefty and robust ex-

gassing. These batteries are now undergoing cycle testing ‘ﬁ'?;mge mechanism. Finally, the battery pack would have to be
the bench. After over 100 cycles at typical ABE rates they still

) ; : O ealed against sea water, as well as provide a means for venting
retain over 95% of their capacity. These tests are continuing lved gasses
the results will be presented in a future paper. '

C. Optical Transfer

IV. POWER/DATA TRANSFER Optical power transfer was considered too inefficient using
- o ) available devices, in spite of recent improvements in solar cell
To be used for repetitive missions in a long-term deploygchnology. Optical data transfer however has the advantage that
ment, a truly autonomous AUV and its dock must incorporate gy sjing between the power and data path could be eliminated.
means of transferring power from the dock to the AUV. Sulpprical data transfer was therefore attempted using infrared leds
ficient power must be available to simultaneously supply thg,q yisible laser diodes as sources and PIN diodes as receivers.
AUV hotel load and to charge the batteries. In addition, da{gjth the devices available to us, the receiver bandwidth nec-
transfer must be available to download the results of the P®ssary for 10 MBd ethernet could only be achieved by a laser
vious mission, and to upload commands for the succeeding 0ff,de and even then the performance was marginal. Alignment
Due consideration must be given to the practical problems gf,ed more critical than anticipated for a unidirectional link.
unattended long-term deployment such as bio-fouling, impefre optics necessary for a misalignment tolerant bidirectional

fect mating, reliability, and efficiency. link were more complex than was considered practical. In addi-

~Several means of power/data transfer were given serious g susceptibility to bio-fouling and other sources of attenua-
sideration for use with the Odyssey in the context of an AOSKon, and dispersion ruled out optical data transfer for this project.
These included direct electrical contact; automatic replacement

of the battery pack; optical transfer; and inductive transfer. WS Inductive Transfer

now look at each of these methods in turn. i )
Inductive power and data transfer has the advantage of being

extremely tolerant to inaccurate mating while providing accept-
ably high efficiency. This method effectively eliminates the need
Direct electrical contact has the advantage that, once an fefr physical contact of electrical contacts, and in fact does not re-
fective connection has been established, the power transfequsre physical contact of the connection devices at all (although
potentially very efficient. Mating is also straightforward if onlyintimate contact generally results in better operation).
power transfer is required. Disadvantages include susceptibilitySignificant biofouling can be tolerated since it does not af-
to biofouling, need for sealing the connection electrodes frofact the magnetic fields, and a physical electric circuit is not re-
sea water, necessity for precision mating if more than one ajjuired. Careful design of the magnetic mating components can
cuit is to be established, and the difficulty of accommodatinmgsultin an inductive connection that is tolerant of 360 deg of ro-
variations of vehicle attitude, which may result in both axightion, as well as providing tolerance for poor mating, including
and rotational missalignment of the electrodes. Direct contdmith axial separation and axial misalignment. More than one cir-
electrical power transmission might seem to eliminate the neeuit can be established, making possible the integration of power
for inverter/rectifier components required by other methods, rand data transfer into a single coupling. Finally, careful design
sulting in an improvement in efficiency. Alternating current hasan resultin mating components which provide adequate induc-
the advantage, however, of minimizing the electrolytic corrosidive coupling while permitting passive mating in many dock de-
of electrical contacts if sea water were to leak into the couplirgigns. Passive mating obviates the design of a mechanism for
and establish a parasitic link. The recent availability of multiplserting or mating the power transfer components. The disad-
connection hot-mateable connectors may facilitate direct powemtages of this technique include the need for an inverter and

A. Direct Electrical Contact
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Fig. 10. The components of the power-transfer system.

a rectifier with attendant losses that these imply. This is a disine wave inverters. The first synthesized a sine wave using eight
advantage that is likely to be shared with other transmissiswitching devices each of which selected a tap on the primary of
methods as mentioned above. Inverters may be designed whadhansformer. The switching devices were switched in sequence
have very high efficiencies near their maximum power capatw produce an output which was a stepwise approximation to a
ities, but switching losses and other losses limit the efficiengyne wave.
at lower power levels. Inductive transfer also has the disadvan-Several problems arose with this design. First, the switching
tage that the leakage inductance of the magnetic coupling is gignsients still required snubbers as in the case of the square
nificantly greater than for a conventional transformer, and isveave inverter. Second, this topology proved unable to accept the
function of the separation of the transformer halves. The asseactive components of output current produced by leakage in-
ciated electronics must accommodate this variation and addpttance and the nonlinear load imposed by the rectifier. Third,
to maintain efficient power transfer in the event of poor physhe use of eight power switching devices produced at least eight
ical alignment. Poor alignment also results in crosstalk betwetimes the switching losses than the case of the square wave in-
power and data channels, particularly under conditions of higbrter.
power transfer. For this reason, misalignment may limit the si- The final inverter used a push—pull resonant mode. Two
multaneous transfer of power and data. power FETs drive a center tapped resonant circuit. An inductor
The perception that the inductive power/data transfer methodnnected to the center tap supplies dc power to the output
solved a number of problems led us to choose this technigdevices while relieving the output stage of the switching
In addition, the likelihood that the circuits could be establishdtarmonic currents. Since essentially no harmonic energy is
passively, or probably with an extremely simple mechanism wgenerated, no snubbers are required. Full power efficiency is
additional incentive as designing a dock to capture the Odyssmod. Low power efficiency suffers from losses in the resonator
Il vehicle in deep water on a mooring was deemed sufficientig addition to switching losses, however. The circuit employs
difficult without additional mechanisms. a phase-locked loop configured to facilitate inverter startup,
An inductive power-transfer system consists of the followingnd to maintain the frequency of operation very close to the
components (Fig. 10): 1) An inverter to convert the dc poweesonant frequency of the coupling transformer primary circuit.
to ac which can pass through a coupling transformer, sinceA drawing of the coupling transformer is shown in Fig. 11.
only dc is ordinarily available at the dock. The inverter shoul@ihe transformer is composed primarily of encapsulated ferrite.
adaptively maintain an efficient transfer as coupling param&he primary half has a conical ferrite section mounted on a fer-
ters change; 2) A transformer having separable primary aritt disk. The secondary is the complementary shape designed
secondary elements to accomplish the dock/AUV link; 3) £o have a close fit with the primary. The power windings are
rectifier to convert the ac back to dc; and 4) A power conditionéwcated ont he conical surface of the primary half, and on the
to accommodate the large variations in output voltage of tineatching concave conical surface of the secondary half. An-
rectifier, and supply a voltage/current characteristic requiredlary windings are included for full duplex 10-Mbs ethernet.
by the AUV battery charging/power management systerAn opening of about 2,5 in extendg through the center of both
Each element of the power-transfer system entails unavoidabh&dves and may be used to accomodate a capture mechanism for
losses. Careful design was required to minimize the loss adrtain docking configurations. Conductive and magnetically
each component and to achieve a high overall efficiency.  permeable materials may be used in this region since the mag-
1) System Component Desigithe first inverter converts netic fields do not normally extend into these areas.
the 48-V dc available at the dock to a high frequency ac which The shunt inductance of the secondary power winding of the
can efficiently pass through the coupling transformer. coupling transfer has an inductance which is very close to that of
Initially a square wave inverter was designed. This invertéine primary. The secondary is resonated to the same frequency
had the advantage of good efficiency over a range of powas the primary using an identical value of capacitance. Since the
levels, but harmonics of the square wave proved difficult to sufgakage inductance of the transformer is common to both halves,
press. Snubbers were required to reduce switching transiethis resonant frequency of both halves is the same, regardless
which imposed electrical stress on the switching devices. Thesfadhe degree of mating misalignment. The secondary therefore
switching transients were aggravated by leakage inductanceésists the generation of harmonics by the nonlinearities of the
the coupling transformer. This leakage inductance is inevitakigctifier circuit.
higher than in a more conventional transformer design. DataThe rectifier circuit is a straightforward inductive input full
transfer was generally impossible when power was being tramgave bridge rectifier. High-voltage Shottky rectifiers were re-
ferred. Attempts to convert the square wave into a sine wagiaired to permit efficient operation at the relatively high fre-
using filters were not successful. We then designed two newency of operation, and to accommodate the relatively large
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the basic cell characteristics seem stable. Cells that can be oper-
ated at ambient pressure will be the biggest improvement for the
AUV community in the near future. As our packs grow and the
energy contained increases, safety becomes a greater concern.
Elimination of the pressure housing will reduce the impact of a
possible pack failure. Our work dn-situ power transfer com-
bined with our Li—ion battery system provides a solid basis for
a power system suitable for long term, untended deployments at
remote sites anywhere in the world oceans.
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Fig. 11. The inductive cores used for data and power transfer. The male core
(top) is mounted on the AUV while the female core (below) is mounted on the

dock. [5]

output voltage variations produced by the combination of dock
power supply variations, variations transformer coupling, and!®]
variations in the AUV load. The power conditioner is a buck
regulator whose output characteristics may be varied accordingj]
to the requirements of the AUV.

2) System EfficiencyThe maximum overall efficiency of
the system varies between 79% and 83%, depending somewhé]
on the value of the input voltage, and the quality of mating (9]
of the coupling transformer. This peak efficiency occurs at a
power output of 180-220 W. At lower output levels, the qui-
escent losses of 15-18 W limits the efficiency. At higher powe
levels, resistive losses increase disproportionately. When fully 1
mated, the efficiency of the coupling transformer has been mea-
sured at about 97%. The efficiency of the other components ha¥?]
not been independently measured. [13]

f10]

V. CONCLUSIONS

After a careful review of the available battery systems, w
selected lithium—ion secondary cells as the most appropriate
use in an AUV in an AOSN context. They offer long cycle life
can operate in a sealed housing and have attractive energy de
ties approximating that of alkaline primary cells. We develope
monitoring and control circuitry to enable us to combine mar
relatively small cells into multi-kilowatt battery packs appro
priate for our AUVSs. Li—ion technology is evolving rapidly an

Duester and S. Liberatore who have done much of the work to
X develop our battery management systems.
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