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SECTION 1

INTRODUCTLON AND OBJECTTVES

Within the next decade Ly 18 santiclipated that satellite missions will
require celectrical power levels up to approximately 50 kW in orbits up to
and Includinyg geosynchronous orbit (GEO). The launch to low earth orbit
(LEQ) of systems as large or larger than 50 kW is now possible with the

space shuttle,  The transfer of these hiugh power systems to higher orbits

s not presently possible because of welght limitations, To make transfoer v

to higher orbits possible, svstem welght must be reduced,

As an {llustration of the satellite power limitation imposed by ¥

\

system welpght, conslder PFipure l.(l) Calculations are given of the ;
g

battery energy density required to provide various power levels to a p

; 5000 pound satellite in synchronous orbit, The fraction of the satellite
weipht occupled by the battery Is plotted as a parameter, For example,
Lf a high ecnergy density battery (HEDRB) with a density of 50 WH/LB

(396 kJ/kG) occuples 5% of the weight of the satellite, then the maximum

satellite power level 1s 10 kW, TIf that same battery could occupy 24% of

the satellite weight, then the satellite power level could be 50 kW, Present
plans arc for battery weight to be about 10% of the satellite weight so that

the maximum power level is 20 kW.

A complete satellite power system contains, not only the battery, but

Ve RE e s e T e m B ik T s T e s G

alao the solar array, the power processing and distribution components and
oquipment, ‘The total power system weight is on the order of 30% of the
satellite welpht, Obviously there 1s a premium on minimizing the wefpght

of the power processing and distribution components and equdpment so that

B an larpe a fraction as possible of the power system welpht can be allocated
to the batterles and solar array. This, than, maximizes the power capability

of the satellitue,

The above considerations lead directly to objective of the task for ,
which this I8 the final report, That objectlive , taken directly from the
Statement of Work provided by the Air Force Aero=-Propulslon Laboratory is
"Provide recommendations to guide power processing equipment and component

development efforts supporting future satellite electrical power systems,"

>
g S S e i et

e o

ot s s

R T T S R T LR S :u#mxl‘u'.'hl% e



R e e T Ty e T BT T
*{11940 snouoayduks w
uL 3111123705 #000G) SuoL}dedy I1ybLam d3ijj3res
paxtiy Low 1ara] 4amod sa Kbaaud Aadlleq paainbay | 3anb1]
(M%) 48mog 3
ol 0 -
05 oy c“m o"N ! . .
B
=
%S o=
. +0¢ o R
s -
< x
%06 .
>
12}
-
[{=]
for ' <
j=
o
= o~
wn
e T T T/ Q403K g
$09 =
%02 =
=
Z61
01




e e ey e e e . mmbrE e

|
?
_‘;
:
}

SECTION 11

DATA SOURCES

The bulk of the information for this investigation was obtained
throuph discugsions with personnel actively engaged in the development
of satellite power processing equipment and components, Key discussions
were held at Alr Force Aero~Propulsion lLaboratory personnel., In
addition, Table | contalns a list of the orpanizations vislted one
or more times during this investigation, Other discussions (mostly
telephone) were held with personnel at the organizations listed in
Table 2,

Table 1
ORCGANTZATLIONS VISITED

Martin Marietta, Denver TRW Defense and Space Systems Group
Boelng Aerospace General Dynamics, Convair Division
Raytheon, Wayland Rome Ailr Development Centetr
Lockheed Misgiles and Space Co. NASA Lewis Research Center

Huphes Alrcraft NASA Marshall Space Flight Center

Table 2
OTHER DISCUSSIONS
Ball Brothers NASA Goddard
Grumman RCA Astro~Electronics Divislon

Comsat Laboratoriuvs Thermal Technology Lab,
La Barge Inc,
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SECTION II1

SATELLITE POUER SYSTEMS

1. tieneral System

The major components of a typical solar array powered satellite
puwer system are shown in Flgure 2. Power from a solar array is used
for battery charging and/or distribution to one or more loads through

approprlate power control, conversion and regulation equipment.

The battery is used to provide power to the load during periods
when the golar array 1s inactive, The energy storage requirement for
the battery depends on the load power requirement and on the time period
during which power must be supplied by the battery to the load. For
example, 1f the satellite was in eclipse for a period of one hour and
the load power requirement was 10 kW then, of course, the battery would
have to supply an energy of lO4 W=hr. If the battery voltage was 200 V
and 50% of the battery energy was removed during eclipse (50% depth of
discharge or 50% DOD), then the battery cell ratings would have to be
100 A~hr, If batterles containing 50 A-hr., cells were the only ones
available for use on the satellite, then it would be necessary to
effectively place two batteries in parallel, Conceivably, this could
be done by directly connecting eilther batteries or battery cells in
parallel, Because of differences in cell characteristics, the direct
connection of either cells or batterles in parallel can lead to the
uneven distribution of charging currents to cells or load currents

from cells.
2 Parallel Power Chains

The problems associated with connecting cells or batteries in
parallel are avoided by using the power distribution technique illustrated
in Figure 3. Several power chains are used and are connected in parallel
at the load, The basls of the power per chain is the battery storage
capability. For example, 1f each battery conteined 50 A-h cells, 1f the
DOD was 50%, if the voltage was 200 V and the eclipse period was one hour,
then the power per chain would be 5 kW,

In addition to climinating the problems assoclated with connecting

cells or batteries in parallel, the parallel chain technique reduces switching

requirements because the power in each chain can be switched independent of

the other chailns.
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Finally, with several parallel power chainas, one or more can bhe
lost (because of faults, etc,) without losing complete power to the load,

As a result, degradation can be relatively graceful,




SECTION 1V

TRANSMLISSION LINE OVPTIMIZATION

1, Specilic Weipht
(6)

Assuminyg a two wire power distribution system then,

*
neglecting insulation , the transmission line weight, le' is
W,n‘ a 2 d AL

wheru
d = density of transmission linc material
A = cross sectlonal area of conductor

L = trangmission line length,

Because of transmission line losses, the extra source power, AP, required

(from solur array uand bhattery) is
AP = 21%R
9
e ! = .L)-!i..
21 A
where p 1s the resistivity in & - cm,

It the marginal specific weiphr of the power generating system
PG prams/watt, then the extra weight of the power generating system

required to make up for transmission line losses 1s

is «

- g2 Pl
ANWpe = 21 o p Brams.

To relect the heat penerated by the transmission line, increased
heat rejection system capacity will be required, If the marginal specific
weight of Lhe heat rejection system is YR grama/watt, then the added heat

rejection system weipght is

AW = 2]2 Pl

HR A yg Brams.

The total weisht penalty, A W, allotted to the transmission line

TL
iy, therefore:

AW, = wTL + A wPG + AW

T HR
- 2 pL
2 JdAL + 21 A ( L + “HR )

—————————_—

*
Insulation weipght Is a few percent of conductor weight,




with respect Lo W,

Normal izing AW, (min)

I, 'l

ﬁﬂlh____. -1 (.A . ﬁRBE.«)
AWTL(min) 2 Aupt A

Figure 4 contains a plet of this relatifon. Note that over a falrly broad

range of A/A (4 25%, for example), Ale/AWTL(min) remains near

opt
ity (g + 47%).

Smal! area, A, reduces wire weight but increases power generation
and heat rejection requirements, Large area, A, reduces power generation

and heat rejection but [ncrcases wire welght. The optimum occurs when

d A
80
0= 2dl - 212 B (4 oa)
A2 rc T MR

and so the optimum conductor area, A is

opt’

(0, * Oy
A IJ P6 T W)
upt d

The minimum total weight penalty is

- 2 pL__
A WTL(min) 2 d Aopt I, + 21 Aopt (uPG + ”HR)

A J
= 411, pd (uPG + uHR)

The weight of the optimum transmission line is half the total wefght
penalty, (The other half is the Incremental weight of the power generation

and heat rejection systems,)

Thus,
- 1 )
WTL(Opt) 21 {pd (lX.PG + “HR)
9
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The wpecitie welpht Is
W, (opt)
T1. 2L "3
e ‘r.‘[pd (g + ) R/W or kg/kW
4,4l -
v pd(ﬂpu + ”HR) 1b/kW,
whoere unfts of poiy W= em

d is g/cm)
L is cm

tpg & 04 are /W or kg/kw

and V 18 transmission line voltage.

The only practical transmission line materials to consider at
presont are copper and aluminum for whlch the resistivity and density
are as given in Table 3,

Table 3.

RESISTIVITY AND DENSITY OF COPPER AND ALUMINUM
3

| _oGrem @ 20%c ]

W-——- P L L L U RN T

copper 1,72 % 10~6 8.96 15,5 x 10—6
aluminum 2,82 x 107° 2.70 7.62 x 107
Aaaumtnn* a value of oap. *+ Yr of 30 g/W then
for copper Ehlpiopt) = '033 kg/kW = '9%2~ 1b/kW
for aluminum YTLéZpC) = '030 kg /kW = LQ%Z 1b/kW
&) (N

*
This 14 the same assumption used by NASA and Boeing.
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Flgure 5 contains plots of sapecific weight per unit length as functions

of voltage for copper and aluminum, The most significant feature of
Flpure 5 La the rapfd increase in specific weight at voltages below 100 V.
A8 voltage Increases, conductor weight continues to decrease, however, tle
rate of decrease diminishes rapidly above the 200-300 volt range,

Calculations of conductor weights for a 50 kW, 100 meter transmission

Iine are given In Table 4,

2. Aluminum vs Copper

From Figure 5 and Table 4 it is noted that the weight saving from
using aluminum rather than copper could be about 30%, Silver plated,
copper clad aluminum supplied by La Barge Inc., 2851 Alton Ave., Irvine,
Cal, 92714, has been used for satellite applicationa. For example, this
matorial was used for braid on Viking(a) and has been used by RCA on
several synchronous satellites since 1975.(9) The weight saving was
not the full 30% indicated by Figure 5 because the copper cladding
occupled 15% of the cross sectional area of the conductor, Connections
were reportedly made to the conductors by soft soldering or crimping.
Care was taken to form conductors so that excessive stress did not occur
at Joints during thermal cyecling., No problems in the use of the silver
plated, copper clad aluminum were reported and so it appears that this
material {s sultable for use on high power satellites.
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SECTION vV
VOLTAGE SELECTION

In connection with Filpure 5 the decrense in tranamission line weight
wlith increasing voltage was shown and ft was tnoted that the rate of deercase
dimintahes raptdly above the 200-300 voit range, In this scetion the \
following three additional factors nre discussed, Each suggests a maximum
voltage less than 300V,

e Arcing and plasma Interact{ons In solar array

¢ 2. Posslbility of breakdown of Paschen minimum
3, Component technolopy atatus, ?
:
It must also be kept o mind that if dec disteibution at the battory ]
voltage Is selocted, the distribution voltapge will vary over a broad range "
Bl
(perhaps as much as v 207) depending on the type of battery used and the 3
state of charge of the battery, ﬁ
Lo Arcing and Plasma Interactions in Solar Array .ﬁ
Stovuna(lo) at NASA Lewis Research Center (LERC) has obtained f
laboratory arcing data on small sopments (100 cm2~13,000 le) of solar é
} arrvays, In uddlition, LERC has a significant ongolng effort to detormine f
the offects of arcing ol array geometry, materials, ete, Table 5 contalnw !
[ some ol the results to date of the LERC study, }
1 i

, Table 5,

LERC SOLAR ARRAY ARCING DATA

Particle 3 Equivalent Voltage of
Dens ity /em Altitude Arocinp onget
102 Synchronous noLokV
' 10° 900 kM 500-700 V
10° LEO A 300V (extrapolation)

Solar array arcing may disrupt the power system with voltage transionts

. but probably will not causce physiceal damape to the array,

Under normul operating condit Lons the solar array provides power for
distribution and battery chargling, The array voltage {8 thoe same as the
battery voltage, lmmediately after cellpse, when the cold solar array s
exposad to sunlight, the voltage (for a given current) fs 2 to 2,5 % the

warm array voltage, For a battery voltape of about 250 V, the cold array

A S -
RN
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voltage could be v 2 to 2,5 x 250 V or 500 to 625 V. Arcing would not
oceur at GEO, might vecur at mid-altitude orbits and would certainly occur
at LEQ,

Ta prevent system disturbance due to arcing, suggestions aret

1. Connect the solar array to power system after it warms

up (a0 Ffew minutes after exposure to sunlight),

or 2y Clamp the solar array voltage to the battery voltage
at aull times and make provisions to accommodate the

current pulse from the cold array,

Figure 6 contains the results of calculations of solar array power
losdes as a function of voltage resulting from plasma currents in a 300 km
orbit. As is indicated in Pligure 7, the 300 km orbit 1s where the electron
density 18 highest and is therefore where plasma current losses are expected
to be highest, At voltage levels up to and even exceeding 300 V, plasma
current losses are small (less than one percent) and are relatively in-
sonaitive te voltage lovel, As a result, plasma current losses are not

o mejor factor in voltapge selection,
2. Paschen Minimum Conslderations

With proper design and careful selection of materials, voltage
breakdown of gases should not be a problem, Still, there is the possibility
that the appropriate combination of gas pressure and distance will exist
gomeplace and that voltages above the Paschen minimum will cause breakdown
to occur, For common molecular gases (see Figure 8) the Paschen minimum is
in the 300 to 500 volt range. This suggests, therefore, that the distribution
voltage should not exceed 300 V 1f the poasibility of breakdown at the Paschen

minimum 18 to he avoided,
3. Component Technology Status

(14)

present, Comsat has systems with voltages up to 42V and that voltages in the

Mr, Will{am Billerbeck ol Comsat Corp, points out that, at

50 V to 60 V range are belng considered., The primary limitation is devices,

Very few space qualified devices over 80 V are available.
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Assuming that a wide varlety of devices could be sgpace
gualitfioed at higher voltage levels, then the device electrical ratings
becume important, Many devices have electrical ratings in the 500 V to
600 V range. For example, Dr. Robert Parker at Hughes points out that(ls)
typleal capacitors are rated at 600 V and with derating can be used st
400 Vv,  'The Westinghouse DHOT transistor is rated at 500 V and is
typically used at 80% of that value, or 400 V, Many other semiconductor
devices are rated at 500 V and used at levels up to 400 V,

In addition to device derating, provision must be made for

(2)

voltage transients, Mr, Charles Sollo of TRW assumes transients to

307 above the distribution voltage, Mr, William Dunbar of Boeing notes(lﬁ)
that the AWACS experience is for transients from 30 to 65% above operating

voltage depending on location on the vehicle,

Assuming transients no greater than 50% above the operating
voltage and peak transients no greater than 400 V (the derated component
limit), then the component operating voltage should be no greater than
about 270 V.,

1t is also noted that 270 V 1s low enough to prevent arcing

in the solar array and Isg also below the Paschen minimum for common gases.

As a result of these considerations (solar array arcing,
Paschen minimum and component limit) 270 V is recommended as the upper

limit on operating voltage.
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SECTION V1

DG ve AC POWER DISTRIBUTION

The primary consideration In choosing DC or AC power distribution
fg the welpht of the resulting power system, In addition to component
weipht, effleiency {5 extremely important because power losses result
in added weipht of the solar array, batteries, and heat rejection systenm.
As was noted fn connection with the gpecific welipht calculations f{or
Figure 5, the additional welpght associated with power losses la about
30 kg/kW. For a 50 kW system, a one percent efficlency loss converts

directly to 15 kg or 33 Ib of additional weipht.

IFlgure 2 showed the major components of a typical solar powered
gatellite system, With elther an AC or a IC system, a power source
control unit located between the solar array and the battery will be
required, Those loads requiring power control/regulation in a DC
system will also require power control/regulation in an AC system,
The inverter/converter will be required for an AC system but may not
be required for a DC system if power 1g distributed at the battery
voltage level., The typlcal efficlency of an inverter/converter is
97%. 1n a 50 kW system, the 3% power loss in the inverter/converter
results in the requirement for 45 kg or 99 1b of additional weight in
the power generation and heat rejection systems, This 1s in addition
to the weight of the Inverter/converter which is estimated to be(3)
212 kg or 467 1b, Thus, the total welght penalty for the inverter/
converter in a 50 kW system is about 257 kg or 566 1b,

The design of the lines for transmitting AC power on a satellite
egpeclally If the frequency is high, requires very careful consideration,
For example, 1f the coaxlal transmission line described in reference 4 is
used for transmitting 20 kHz power, transmission line weight may be very
high., Thils 48 partiallv because a large conductor surface area is re-
quired because of the very small skin depth and this in turn may cause
the transmission line cross sectional area to be large, Also, the weight
may be high because the insulating material separating the inner conductor
from the outer conductor would have to be a good thermal conductor to permit
heat removal trom the center conductor, This implies that the insulator

would have reasonably hipgh mass density,
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As a result of this very simplistic consideration of DC ve AC
distribution, it appears that there is a significant weight advantage in

using a DC system,

Objectives frequently raised to DC power distribution in the 200
to 300 V range are the following:

1, DC switchgear is not avallable for satellite use at
voltages above 28 V,

? 2, Electrostatic particle collection, electrolysis, and/or
s other DC corrosion effects may occur,

3. The reliability of rotary joings at voltages above
28 V is unknown,

Concerning the switchgear question, Westinghouse, under contract to
NASA/LERC, is conducting a substantial high voltage DC switchgear develop-
- ment progrum(l7). That contract has already resulted in the development
' of switchgear for operation at voltages up to 1000 V DC under several

f different conditions on satellite high power systems, As the D60T and

mosfet technology continue to advance, additional DC switchgear develop-
ments are certain to occur. Although none of the new Westinghouse switche
gear is space qualified at this time, it does appear as though the switchgear

problem, has, essentially, been solved. lj
3

The questions of electrostatic particle collection and DC corrosion

effects werc discussed with several individuals including Dr, John Park i

who is a chemist involved with satellite systeme at NASA Goddard Space
Flight Center. The consensua of opinion is that at voltages in the 200
to 300 V range, the voltage level is low enough so that with a reasonable 1
amount of care in the use of insulation, particle collection and corrosion j
effects will be insignificant. f

Concerning the question of the reliability of rotary joints, it was g
pointed out by NASA Marshall personnel(S) that at 28 V the only case of - ‘
a problem with a rotary joint was when it was improperly installed, There :
is no reason to expect problems at voltages of a few hundred volts as long
as positive and negative electrodes are properly isolated. An advantnge in

using slip-ring type rotary joints at voltages well above 28 V 18 that the

J 5 07 PR
-~

3
voltage drop across the sllding contacts becomes much less significant. As \ggﬁ

a result, efficiency i{s Increased and brush design brcomes less critical,
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3 As o result of the constderations in this section, it appears that

. an AC system would be heavier than a DC system and that objections frequently
g rafsed to DO distribution in the 200-300 V range have either been overcome or
4 are not valid., Thus, DC distribution is recommended,

i
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SECTION VI1I

SUGGESTED DISTRIBUTION SYSTEM

The considerations presented in previous sections lead to the

suggestion of the de power distribution ayatem‘shown in Figure 9, This

(2)

solar array i{s contrulled by switches for battery charging and distribution

is, in fact, basically the system recommended by TRW, Power from the
to the load. It {s recommended that voltages no larger than 270 V be used
for distribution, Thie voltage is on order of magnitude higher than the
28 V universally used in satellites at present, Still, this voltage is
below the array arcing voltage, below the Paschen minimum for common gases
and {8 low enough to permit the use of 500 V components derated to 400 V
with transients 507% above the distribution voltage,

The efficiency of the distribution system in Figure 9 18 greater
than 95%,
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SECTION VIl

SUMMARY, CONCLUSTONS AND RECOMMENDATIONS

; Power systems on tuture satellites operating in the 10 kW to 50 kW
range at nltitudes greater than LEO will be severely weight limited. To
. reduce conductor weight, voltages substantially higher than the 28 V in
common use at present are necessary,  Considerntions of solar array
arcing, Paschen brenkdown and component ratings lead to a maximum
voltape of 270 V. The use of aluminum rather than copper conductors

could lead to a conductor welght saving as large as 30%,

NC distribution is recommended because of its weight advantage over
ac distribution, Objectlions {requently ralsed to dc distribution in the
: 200-300 V range (lack ol swltchgear, electrostatic and chemical effects,

and rotary foint problems) appear to have been overcome or are not valid.

The distribution system recommended is similar to that recommended
by TRW, Parallel power chains, cach sized to battery characteristics,

are recommended,  This climinates oroblems associated with connecting

battories or battery cells In parallel, Switching requirements arc

reduced and power system degradation is relatively graceful because

one or more power chalns can be lost without losing all power to the 13
load, 7
In cach power chain, switches are used to control power flow from

the solar array to the battery and to the diatrihution system. Power f
distribution Is at the hattery voltage level., Voltage conversion and %
repulation are accomplished as required at the load, The overall power %
system efffclency {8 oxpected to be greater than 95%, 3
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