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Power System Considerations for
Undersea Observatories

Bruce M. Howe, Harold KirkhamSenior Member, IEEEand Vatché Vorpérian

Abstract—Power systems for undersea observatories combine
ideas from terrestrial power systems and switching power supplies Explorer Flate
with experience from undersea cable systems. Basic system trade-
offs for various design decisions are explored in this paper. First,
design questions including whether the power delivery should be
alternating or direct current and a parallel or series network are
examined. This introduces the question of maximum power de- Pachic Plate
livery capability, which is explored in depth. A separate issue, the
negative incremental resistance presented to the delivery system
by the use of constant-voltage converters, is examined, and the re-
sulting dynamics explored by simulation.
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I. INTRODUCTION

CIENTIFIC interest is growing in the application of L
ndersea cabled observatories (see [1] and [2]). T g~
Long-term Ecosystem Observatory (LEO-15) is an example

with two nodes in 15 m of water 7 km off the New Jersey coa@tnetwork' Power infeeds from shore at medium voltage (MV;

[3], [4]. It supports a variety of science instrumentation int'® IEEE definition is|2.4—7§.5 kV) Sléf’ply a number ofjunc-h
cluding a winched conductivity/temperature/depth instrumelji't‘?n OXes via a single con uctor cable. For CQSt reasons, the
le will be standard, single-conductor submarine telecommu-

video, and autonomous undersea vehicles. LEO-15 make§3P'€ bl ; it inal rafi 10 K
clear that power is required not just for electronics but also fg{cations cable operating with a nominal rating of 10 kV. At

motion, light, and heat transfer. The engineering of the pow%?_Ch junction box, poweris converte_d down to low voltage for_
system for such applications is discussed in this paper. science users. The_junctlon poxes will serve both as communi-

At present, all subsea observatories use a single cable erﬁJi'O” add/drop points for science users and as repe_aters; th_ey
shore for powet.Not only does this make such systems vulnel!ll P& spaced less than 100 km so that separate optical ampli-
able to single-contingency outages, it severely limits the sizefbefr repeaters are unnecessary.

the observatory or the amount of power that can be delivered. The power converter is unlike thatin a convenﬂqnal telecom-
munication repeater, as a parallel power scheme is used. There-

fore, the full supply voltage is applied to the converter. A high-
efficiency dc/dc step-down converter is being designed for the
Because of its size (around 3000 km of cable is planned; smgrpose and will be described elsewhere. It is hoped that this
Fig. 1), the proposed NEPTUNE observatory [5] on the Juaspect of the power system will be widely useful.
de Fuca tectonic plate is required to have more than one poweBome junction boxes will also branch the cable. This is done
source. Fig. 1 shows how interconnections are planned to creiaterder to maximize the availability of the system in the event of
cable damage or node failure. The use of a network in this way
creates redundant paths to most nodes, so that while power and
Manuscript received November 1, 2000; revised March 1, 2002. This wonéandWidth may be reduced by a fault (e.g., a cable break), they
was supported by the National Ocean Partnership Program, the National Sciedk@ not reduced to zero. On land, it is this kind of redundancy
Foundation, and the University of Washington. Part of the research describeginthe transmission system that keeps the availability of utility

this paper was carried out by the Jet Propulsion Laboratory, California Institute . . . __ .
pap Y P Y Aower high; lack of this redundancy in the distribution system

of Technology, under a contract with the National Aeronautics and Space Ad*
ministration. accounts for 70% of power outages.
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provide total power of O(100 kW) over a large area using a net:
worked topology. The requirements of such an observatory an
the constraints imposed by the application differ enough from to sensor etc
terrestrial power systems that a review of many basic syst
aspects is justified.

We recognize that some of our recommendations cannot be
implemented at observatories where existing infrastructure mastfor dc. However, the need for energy storage in the converter
be used to deliver power to reduce the total cost at the possipteuld add to the cost and complexity of a VLF ac system.
expense of efficiency. However, the tradeoffs discussed in thisThus, in terms of cost, the decision favors dc. A more detailed
paper have wider applications, particularly for new systems, afigdeoff study considering the capability, complexity, and life-

should be considered for other observatories as well as tethelfgtp cost of two alternatives could be done, and may change
vehicles. this conclusion, because it could take into account the possible

extension of the cable lifetime. However, it is unlikely that the
complexity of VLF ac would be justified unless a considerable
increase in voltage were needed.

For future undersea observatories, both ac and dc delivery
are viable. Most land power systems are overhead and BseSeries or Parallel?
alternating current. This allows the use of transformers and thea series connection of the sources and loads is usually used

efficiency of high-voltage transmission. Whether ac or dc, 88 underwater telecommunication cables to power in-line re-
undersea observatory would not use a conventional transm”{gaters. The ocean is used for the return current path, so the cost
because of size and magnetostriction problems. The nodgsa return conductor is avoided. This feature can be retained
whether ac or dc, would thus use essentially similar switchiRghether the power system is series or parallel; a parallel scheme,
converter technology, and the tradeoff must be done on systgBlever, requires more ground connections. There is no re-
considerations. quirement to split the cable under the ocean in a telecommuni-

In an ac system with the proposed voltage and current levglgions application. Because of this, the technology to create a
for NEPTUNE, even a rudimentary switch or fuse is adequalgranched power network using constant current has not been de-
However, because it is difficult to interrupt dc, some special ajeloped. Branching is feasible, but it only requires an incoming
rangement in the electronics is required for a dc switch. Usggrrent to be regenerated twice (or more) at a lower voltage
ally, an oscillatory current is imposed on the dc, producing (&ig. 2). A dc/dc converter (Fig. 2) could be installed wherever
zero, though other methods have been suggested. A numbeg ®kanch is needed in the network. It would have to be dupli-
schemes were described by Adamson and Hingorani [6], agéted or re-connected if the power flow direction changed (for
by Kimbark [7]. None have made any impact on HVdc systemgxample, because of an outage in the system), but there seems
which continue to use the rectifier to interrupt the current.  tg be no reason this could not be done.

Further, dc systems have insulation problems that have ndn a constant current system, at a tap where an amount of
counterpart in ac systems. Long-term dc excitation causgdwerP is removed, the volt drop is given 8% — Vo = P/I,
breakdown (“treeing”) of solid insulation. Typically, the cablerovided the converter is 100% efficient and able to convert a
insulation has to be derated. constant input current into a constant output voltage. Note that

While dc is conventionally used on undersea telecommuniageither MV terminal of the converter is grounded.
tion cables, it is worthwhile to consider an ac alternative. How- Because power is conserved at the branch splitter,
ever, an ac system at ordinary power frequency can be rulggd = V, + V5. The implication is that there is no effi-
out. Both the shunt capacitance and the series inductance efency benefit to branching. A parallel system gains efficiency
typical telecommunication cable would require compensatioifiithe loads are fed from different branches, because the same
At 60 Hz, even at only 5 kV, the shunt capacitance of a typichlgh voltage is applied to all branches. With a branch in a series
cable, 0.2uF/km, would require 2 kVAr of compensation perconfiguration constrained to operate at reduced voltage, the
km in order to reduce the charging current to a value below teéficiency is unaltered by the branching.
ampacity of the cable. At an estimated $5/VAr, this would nearly Another reason for preferring a parallel system is higher
double the cable cost. power capability. In Figs. 3-5, a system with asingle source

An alternative ac approach is to use a different frequen@nd three loads, each demanding the same power, is assumed.
If the frequency is decreased from the standard 60 Hz to QAlcable resistance of 1.8/km is assumed. The first load is
Hz, the charging current is reduced to a negligible value. Tlseparated from the source by 333 1/3 km, and the loads are 100
effect of series inductance is similarly reduced. Technically, then apart. The cable resistance is 50@o the first load, and
ac option appears viable at very low frequency (VLF). Much df50 €2 between the next two loads. The shore power source is
the equipment required to implement VLF ac should be the sam&sumed to have maximum ratings of 10 kV and 10 A.

to rest of branch

This paper will discuss how ideas and approaches from ter V. V,  torestofbranch
restrial power systems can be adapted for an underwater ol Vi v, 3 \ — =
servatory. While the discussion is intended to be fairly general ,/ \ \ Al I

e . — T | dc power dc power
specific conclusions about the recommended approach are mcsource tap — [splitter [
appropriate for the proposed NEPTUNE observatory that will 1 / L
Vs

?:'iH 2. Branching in a constant current system requires active control.

A. AC or DC?
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1 the current decreases (and returns via the ocean) at each junction
se!watqr bOX.
connection Further, if the parallel or series systems were modified so that
to sensor etc 1o sensor etc 1o sensor etc

the 2nd and 3rd loads were fed on separate branches from the
Fig. 4. Current and voltage values for maximum power in a series powfdfSt l0ad, the one-line diagram for the parallel scheme would
system. be as shown in Fig. 6. The series scheme would differ in that a
branching power supply would be needed after node 1 to supply
The loads are connected in parallel (Fig. 3) or in seriége current for the two branches at reduced voltage.
(Fig. 4). In each case the load is increased to a maximum valueAnalysis of the systems represented by Fig. 6 shows that, for
Figs. 3 and 4 indicate that the parallel scheme has an advanttigeparallel scheme, the power per node increases from 14 kW
over the “conventional” series circuit because it can delivép over 15.5 kW. (The improvement is modest because most of
more power. For the series case, the source power is 62.5 K¢ losses are still caused by the high resistance of the first line
The connection manages to deliver 10.41 kW to each losfgment.) For the series scheme, the power per node remains at
The parallel connection requires 82 kW at the source to delivEp.4 kW.
nearly 14 kW of useful power to each load. The efficiencies The parallel scheme should not be construed to imply that
are 50%. the power system would laperatedat nearly 14 kW per node,
Although both systems operate at 50% efficiency when th@py more than it supports the idea that a system that is fed from
are at maximum power, the efficiencies vary with power. Agine end only represents good design. The peak power a system
suming that the series system current is adjusted to the currepuld deliver is discussed next. First, maximum values for the
value that corresponds to maximum power (Fig. 4), the losses/pitage and current must be established.
the system are then constant, so that the efficiency is low at low .
delivered power. The parallel scheme (Fig. 3) has losses that¢n- Maximum Voltage
crease with the load. The two schemes are compared in Fig. 5.The maximum voltage that can be applied to a cable is limited
The higher efficiency translates to a lower electric bill, buby the likelihood of insulation breakdown. This, in turn, is lim-
more importantly, the higher power limit available from the paiited by the electric field gradient at the inner conductor surface.
allel connection provides a greater science capability. A suffithe E-field in a coaxial cylinder geometry varies as the recip-
ciently high level of power might be viewed as enabling “interrocal of the radial distance. With realistic values for the cable
vention” science, as well as observation. dimensions, and considering fields inside the cable, a level of
This example, although it is only one topology and one set &0 kV could be used, and likely higher. Practically all long-dis-
values, supports the conclusion that a parallel systeaiwiays tance telecommunication cables are rated for 10 kV; a few are
capable of delivering more power. The series system consteatied higher. Although the electric field is moderately low at this
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level of voltage (4 kV/mm), experience shows that insulation " £
life may be shortened by the long-term application of greater A
voltages unless ac is used. M
I
D. Maximum Current generator load
The current carrying capability (ampacity) of a submaringg. 7. Radial ac power system.
telecommunications cable is not part of its electrical specifica-
tion; perhaps because there has never been a need to approach " R V
this limit in normal applications. Nevertheless, if NEPTUNE is L
to have a flexible power system, the upper bound on this param- e S e
eter must be known. I
Manufacturers’ published data state that the typical subma- source load

rine _cable has a series resi_stance of less tharﬂlkﬁ_w._Asj Fig. 8. Radial dc power system.
suming that the cable material (and hence, conductivity) is thé
same as for residential wiring, the nearest equivalent wire si_~ o
is #6 AWG, which in free air has an ampacity (thermal limit) o
100 A, for example.

However, at 100 A, the voltage drop in 100 km of cable woul’y
be 15 kV, which may exceed the breakdown stress value of 1€
cable insulation. Additionally, the thickenss of the required irg
sulation may offset the superior thermal properties of seawa &
over air. Therefore, in practice, the current limit may be dete
mined by the maximum voltage. In fact, the maximum powe
analysis provided in the following section limits the amour
of current flowing through the proposed NEPTUNE system (.
about 10 A. As a result the required thermal dissipation shoq;%_ 9. Power system nonlinearities.
not approach the thermal rating of the insulation.
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reached whed = 90°. Since most power systems are oper-
ated with automatic controls that maintain the voltage at any
While voltage and current limits are known by consideringus close to its nominal value (i.e., 1 per unit; pu), it follows
insulation lifetime and voltage drop, establishing a value for thRat the maximum power is established by the line series induc-
maximum power that can be delivered by a network is motgnce. Once a line design is fixed, there is a maximum power
complex. An estimate of the maximum power must take int@at it can transmit. If the voltages are at 1 pu, and the series
account both maximum current and maximum voltage, but mgyactance is 1 pu, the maximum power is 1 pé at 90°.
actually be determined by neither one of them. This observationa similar nonlinearity exists in a dc power system. For dc,

is true whether the network is energized with dc or with ac: theowever, resistance is important (Fig. 8). Unlike the ac case, the
maximum power capability is a function of the network. Thgoltages are not constant.

E. Maximum Power

equations are different, but the principles are the same. In a dc power system

Apart from constraints of maximum current and voltage,
the maximum power question (whether ac or dc) is intimately P=Vyl =V, <V1 - V2> )
connected with voltage stability in the network. Since all large Ry

power systems are ac, the extensive literature on the subj

concerns only ac networks. (The websitéph/www.eeias- ﬁ%}l isfixedat 1 puf is 1 pu, and’ is allowed to vary as the

tate.edu/"venkatar/Biblio/bibliohtml lists several hundred POWE" Changes, the voltage drop in the series resistance causes
citations on voltage stability, e.g.., [8], [9], and [10].) the power at the receiving end to reach a maximum value of
The undersea gobservatcilr’y ﬁgéiwor’k is, likely to be dc. Sin L4)V:E/Ry, whenV, = V4/2. This is the condition known as
' ﬁlatched” in RF and audio engineering. While the nonlineari-

the question of maximum power has been addressed extensnﬁfég of the ac and dc cases are based on different causes, they are
only for ac networks, we take an ac system analysis as L & different in overall appearance (Fig. 9)

starting point. . ) . - The curves in Fig. 9, however, have been normalized based on
In an ac network of the simple configuration shown in Fig. 7

the steady-state power across a line is given by the e uationmaximum power, which is always lower in the dc system. This
y P 9 y q difference arises because the dc system is modeled as lossy and

ViV, . the ac system is not. With the values used above (i.e., all fixed
P= X, sin 6 parameters set to 1 pu), the maximum power in the dc system
’ is 0.25 pu, compared to 1 pu for the ac system. In the dc case,
whereP is the received powel;; andV; are the voltages at the the load voltage is half the source voltage, the resistance seen
ends of the line, and is the angle between them. The nonlinby the source is 2 pu, and the current is therefore 0.5 pu. Both
earity of the sin term implies that there is a maximum powethe load voltage and current are half their ac values.
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This factor of 4 difference is a result of the choice of valueg

nd th tom of nealecting resistance in wer flows. T re complex networks with multiple interconnections for reli-
a € custom ot negiecting resistance in ac power flows. Sility purposes. The problem is, then, to determine the actual

point here is not the difference in magnitude, but the similari(yalue of the maximum power transfer, bearing in mind that the

of shape of the two curves. While a change in power in one C%Sd will not be the same at all the nodes, nor will it be time-in-

causes a ghange_ |n.angle: a_nd in the other, a change in Von@%?iant. In practice, these calculations are done in a continuing,
the effect is qualitatively similar.

r}%ear-real—time mode.
In the upper half of the curves, load voltage decreases as t .
here are two approaches. One is to run the power flow cal-

power increases. After this the slope reverses. In each case, thI tion (i i terat lution to Kirchoffs’
point of infinite slope represents a point of maximum power. fuiation (1-e., a nonlinear, iterative solution to Kirchoffs’s cur-

the load tries to demand more power, it cannot be delivered dsat a_nd voltage laws) base(_j on system measure_m_ents, ar_ld pay
unstable operation results. attention to the voltage profile in the system. A difficulty with

For an ac power system, this ¥ltage instability.It is a this is th_l?t thedpt(_)wer(;‘lo¥vh(_:alcuIauontrl?e?rmaX|mum pot\)/ver be-
very real effect. It first came to widespread attention whe pmes ili-conditioned. This means that convergence becomes

most of France was blacked out on December 19. 1978 [ﬁ ow. An alternative method recognizes that the instability is due

[12]. In a practical power system, the load does not consg/'t’a bifurcation, corresponding to a zero Jacobian eigenvalue.
of a resistor, it includes such things as motors, lights, batte thods have been developed that use system measurements to

chargers, and refrigerators. The aggregate load is theref§ culate the Jacobian e|ger_1vglue In hear real time. Maximum
better represented by a constant power demand (about W,,ga){ver_corresponds to the minimum singular value of the Jaco-
there is more below) and a reactive power consumption. T gn glgenvalue [13], [14_]' o )
load may have a leading power factor or a lagging po\Ne_rwmcheyer approach is taken, it WI!| only be |mportant at
factor. The power factor may change as a function of timémes of highload. A problem of equal importance is the deter-
with some systems being capacitive at light load and inductifdination of instability supplying load after a contingency, when
at heavy load times because of support from the capacitafid@@d can become *high” following an outage. For example, the
of the delivery system itself. proposed NEPTUNE system is planned to be capable of deliv-
A simplified solution showing the effect of load power factof"ng 2 KW to all nodes at the same time. A power flow has
can be drawn (Fig. 10). The power on the abscissa is the appaifwn that the system can in fact deliver 6.7 kW to all nodes at
power, S = P + jQ. With a leading power factor load, thethe same time, although this may be near the voltage stability
total power can exceed the value for a resistive load, becal/gt: At such a load, there are two locations in the network
the capacitance compensates for the inductance of the deliV¥fere the power flow is nearly zero. Losing either of these lines
system. Leading power factor loads tend to support voltage, affguld not affect the system. The loss of anigerline, however,
inductive loads tend to depress voltage. may well take the system beyond its safe operating region. Con-
Because the peak power value with a lagging power factWPQe”Cy analyses could identify such a situation, and remedial
is less than with a leading power factor, the lower powéction could be taken. .
limit is associated with a depressed system voltage. VoltageTo returnto the three-load example, a parallel delivery system
support and adequate reactive power supply are crucial igdetter than a series one if the practical level of power is higher.
maintaining stability, even though, in the end, it is a powdsecause the peak power capability for the system is almost
problem that causes the limit to be exceeded. The symptoifskW, at least 10 kW can be delivered by the parallel scheme
of the approach of this kind of instability are a greater decreafe-, ~70% of maximum, with a 30% safety margin). In fact,
in voltage than would be expected for a given increase fapid convergence of the power flow software is obtained at
load. At the same time, the voltages around the system 4:kW, indicating that operation at this level should be safe. This
hard to maintain. It is because of this that the name voltatfemore than even theeakpower in the series scheme.
instability is appropriate. The convergence of the power flow is shown in Fig. 11, where
Of course, no real power system is as simple as those shotire number of iterations is plotted as a function of power. There
Power systems, even those planned for undersea observatoisasy problem at a load level of 12 or 13 kW. Above this power
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level, however, the number of iterations required rises rapidly. JInput filter omverior output filter

No solution is found at 14 kW. T

model

While convergence of the software and stability of the system
are not exactly equivalent, they are strongly related. It is on the
basis of the higher power available that a parallel system was o T ;
chosen for NEPTUNE and is generally preferred. L
As the analysis shows, the maximum power that can be trans- =

ported across the network is limited by voltage instability. In the :
case of NEPTUNE, the current in most of the network is less regulator!
than 10 A when voltage stability becomes dominant, so neither |
voltage drop nor temperature rise are at issue.

F. Dynamic Stability

Switching mode regulators are routinely used at power levels ~
from milliwatts and up because of their high efficiency. In,,
a cabled observatory, this efficiency translates into simplifie
cooling in a pressure case, and possibly more available power.
With a well-designed switching regulator, the input voltage 1

reference voltage

12. Circuit model used in Pspice simulation.

. . . - converter 1
can vary over a wide range (say, 2:1) without affecting the fl\j;izr \ o
output. g 08- 7 \‘\i\}\,\\ ///,/
A dc/dc converter that includes such a regulator presents 3 converter2 — ¥
constant load to the source because all load is on the regulate% 0.6 converter 3
side of the converter. If the input voltage drops, the converterg .
compensates and the input current increases. This means tr$ 04 converter 1 current converter 3 current
the source will have a negative incremental resistance, and thé converter 2 current
system may become unstable. While the input resistahcés 0.2 -
Vin/Lin, the incremental valu&;,,.. is given by | —
0 N _— -
v d P P Vi 0 0102 0304 05 06 07 08 09 10
Rincr: ln: —_— = —— = — m .
Al ~ dlin Ln =~ I, I Time (s)
- —th = —k?Riond Fig. 13. Results of Pspice simulation.

out

wheref; is the voltage ratid/i,/ Vo Of the converter, and the for the converter, the results and conclusions presented below
load resistance i&)..q. Thus, the incremental input resistancare not dependent on the precise model or parameters of the
varies as the square of the voltage ratio (as in a transformer), bable.
is negative. Central to the model is the converter model. This is a
Negative incremental resistance is sometimes experiencedvell-tested simulation of a switching converter [16]. The
the design of RF integrated circuits. The solution is to put a rparticular version used here represents the response of the
sistor in parallel with the input to the IC or in series with theystem to changes in input and output as smooth functions.
output (as appropriate) to avoid oscillation. In RF work, th&his allows fast simulation, avoiding the need to model the
power loss associated with this technique is acceptable. Iswitching process itself. Control for the regulation action of the
power system, itis not. Fortunately, an alternative method basamhverter is obtained by a high gain amplifier that compares the
on input filter design is available. output voltage with a reference voltage. (Turning the reference
Because the negative incremental resistance is effectiu@tage off serves to turn the converter off in this model.) The
below the crossover frequency of the loop gain of the contrimiput filter is nondissipative at steady state.
circuit of the converter, the input filter will certainly oscillate Three of these converters were embedded in an arrangement
when its resonant frequency falls below the crossover frike that shown in Fig. 3 to simulate the entire system. Fig. 13
guency. Hence, the input filter should be damped to ensure tebws one representative result. First, the source voltage is ap-
around its resonant frequency the negative input impedanceptiéd. One hundred milliseconds later, converter 1 load (10 kW)
the converter is compensated by the damping resistance of ilmas on, and 100 ms after that converter 2 load is applied.
damping network [15]. The transitions from one operating state to another are properly
To demonstrate the approach, the simple 1-source 3-lodamped. At 600 ms, a 10-kW load is applied to converter 3 with
system of Fig. 3 was modeled in Pspice. The cable was modeteduration of 200 ms. The state transitions are stable.
as 25-km L-sections, with a series inductance of 1 mH/km, a sedn other simulations with this model, the loads were left
ries resistance of @/km, and shunt capacitance of Q.E/km, steady long enough for the system to stabilize, i.e., 1 s. The
and the loads were set at 10 kW (Fig. 12). Because the cabtdtage profile on the line was the same as calculated by
itself is well damped and does not pose any source of instabilgieady-state simulations.
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branching is easier to implement; 2) maximum power transmis-
sion capability is limited by line parameters and load distribu-
tion, rather than the power source limits; and 3) possible insta-
bility caused by regulator action in the constant-voltage power
supplies is readily avoided by proper choice of damping com-

10 ]
I L
.
E |
= \\\ ]
f=23
©
£ [3]
>
[4]
01 02 03 04 05 06 07 08 09 10 [6]
Time (s)
[6]
Fig. 14. Results of Pspice simulation, damping components omitted.
[7]

Users of ready-made dc—dc converters may use the hardwaré!
without considering the damping effect of the RC network
in the input filter @p and Cp in Fig. 11). This omission  [9]
could have serious consequences. To demonstrate this, the
simulation was run without the damping components present
(Fig. 14). [10]

The buildup of oscillations following the application of the
load is clear (in this case, all the loads turned on simultane-
ously). As the input voltage swings (here, about 7 kHz), thd11l]
converters attempt to regulate against the growing input oscilla[-lzl
tions, requiring operation at a wider and wider range of duty cy-
cles. Eventually, the duty cycle in the trough of the input voltage
becomes unity, the feedback can no longer regulate the outpL[lJc,?’]
and it saturates. Before 2 s has elapsed, the system has crashed
(not shown). [14]

The input filter serves to keep the switching noise out of the
MV side of the system. Further, any high-frequency transientgis)
created in the MV network (e.g., by switching or by faults) will
be removed by this input filter before they reach the converterm]
However, a crucial additional function of the filter is to stabilize
the system at frequencies up to and above the gain-crossover fre-
quency of the regulator. Omission of the damping components
leads to instability.

For both an observatory using existing repeaters and con-
strained to a particular current, and for a new observatory with
no such constraints, appropriate filter design will allow the sd
ence load on the system to be maximized.

I1l. CONCLUSION

By adapting terrestrial utility practice to an undersea app
cation, a fault-tolerant power delivery system can be built. T
difference from utility power delivery approaches is the use of
direct current, which is justified by cost. Higher voltage, ang nily

ponents in the input filter.
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