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ELECTRIC POWER FOR SPBAGE SATELLITES

Chorles M. MacKenzie
Goeddard Space Flight Center
Greenvelt, Maryland

For the past three weeks you have been listening tu Mr. Cherry tallkdng
on solar energy cenversicn with relerences to solsr energy conversion directed
toward the production of elastrieity. You heard Gene Halphfrom Heliotee,
the meker of solar cells, talk about photoyoltaie conversion of gelar energy
into electricity., You heard Dvr, Gleser talk aboubt using these technigues
to put & generating sbtabtion in space, trénsmid the eriergy to earth to help
solve the terrestrial problem. ALl of these lectures have one thing in
common, that iz the emphasis on elesctricity. T am going te continue that
crphasis tonight, the last that you will hear on the emphasis of electrieity
as I view the progranm.

It is our predominant use of energy here, it iz the one we most feel
becavse we walk over to the wall and flip a switch, therefore, it me#ns
something, You have heard three scientists talkdng from the selentific
approach of probleming, talking of concepts, what right be done in the future.
I represent a little bit of the cther side of the fence. I am the engineer
and my job is te talk a little bit about history, to use that history to make
the dream of the seientist npactical and usable to you. In that light fonight
I am going to place my ecmphasis on history, what has been done specifically,
what hes been done in the area of photuvoltaie conversion of solar eénergy
into the form of electricity. I do this in the firm belief that the past is
prelogue and that what you ses here are the steps leading toward the tech-
rique I think that will prove most benefieial, bub also ds the most far-
fetched and that's Dr. Glaser's technique.

Electrical power systems in space, our emphasis here has been low weight
because we didn't have the wnph to get them up there, at least for a good
many years, Wo starbed off with the push to get something up there quickly
even if it worked for a few days. Then we wanted to extend the lif'e, and as
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the program grew the higher the power level grew. We essentially had bat-
teries on our eurly mlssions, they were too short life, too hesvy. Ths

solar cells came along and they Lormed the busis of the entire space pro-
gram. Abont 90% of the mieslons or more have been flowm using solar cells,
and this 1s the area I will concarn myself with tonight becuause it is the
mogt practdecal in form. We hove flown fuel cells on the Apollo Program., We
have floun a few rudiolsotope generstors, and if T don't mention JHU/APL the
Hopkins Applied Physics Loboratory has flown a couple on Transit, We've
floym a couple in Fimbuz, and we did fly a nuclear reactor. A simall one thet
lasted for about 50 hours. The Lig one unfortunately wes much toscostly,

Space programs begmn bacl 4in 1955 when President Elsenhower said it
would be a nlece thing for this coumtry to launch g gatellite in honor of the
International Ceophysical Year, The project was assigned to the Navy, it was
called Vanguard. Unfortunateély for the American prestige, the Russians came
along and launched a small grapefruit called Sputnik in October of 1957, and
this put several people in thiz country te shame. The Navy was having a
little bit of trouble with the Vanguard Program and Wernher Von Braun com—
binéd with the Jet Propulsion Laboratory produced Americats first satellite
in February of 1958, called Exple » I, Since we are irterested in power,
that was the Explorer I power gystem. Ib was made up of 7 to 8 of those
ecells to get the required voltage. There were two batteries on board, We
had a peak power of 1/2 watt, which was to last from twe to eight weeks, and
a welght of approximately 1 pound.

The Navy did come through about a month later and on March 17, launched
Vanguard I, This was the first golar cell power gystem on a sstellite,
even though we had launched & few ckperimental solar cells on gome rockets at
White Sands, this was the first sabellite to use them in a power system.
Power gystem for Vanguard I conglsted of these P on N type solar cells, 2
centimeters by 1/2 centimeter, connected in single power form, There were
six penels, 18 cells per panel, and they gave us a power of approximabely
1/2 watt. The life time wes now messured in yesrs, determined only by the
degradation, and the weight of that power system was sbout 1/3 pound,

Thers was also o small battery system on board, the main {transmitter wds
powered off the solar eells and continued to work until the satellite's
deémise in 1964.




U S i e

Then we got ambitious and we started the entire space pregram wibh the
Exclorer series of sclentific satellitos and you noticed they had solar cells
in all types of configurations on paddles, body mountod on the end. Also
in here wos the Tyro series which was the start of ovur weather gatellite
progran, and the Relay serdes which was the start of our communications pro-
gram, The interesting thing sbout thepe esrly sateliites as I call them is
the power ronged from 10 to 40 watbts. We continued to be ambitious, the more
advanced missions came along, The Himbus satellite, a weather sotellite with
s oriented erroy, the paddles turning to alweys face the sun, The lorge
000 sabellite for sclentific purposes around the earth. The OAO astronouy
satellite for observing stars, The power levels dn this series were ranpging
up to 500 watts.

Along came the hipher power emissions, twe of which have become realities,
two of which are still on the drawing boords. The large commundcations sabel-
ldte which is now represcnted by ATSF, is o slightly diff'erent configuration,
but with an average power out of the arrsy of 550 watis., We talk aboub solar
electric propulsion and we ave tallking in the kilowabtb range of power sysboms.
The menned planetary which has been shelved temporarily again using kilowau.s
and the manned orbltal space {light which culwinated in Skylsb again 1n a
different confipuration, The last and largest of these, of course, was the
Skylab Program with the Apollo telescope movnbt and its four solar arroys.

The orbital workshop srea with its iwo solar arreys, unfortunately, 1t hed
to limp along on one.

We are talking 1973, 15 years later from Explorer I, The ATM areay is
a 12 kilowatt arrasy, it will produce an aversge system power of 5 kilowatba,
it will weigh 4,000 pounds. The orbibal workshop srray would produce 13
kilowatts Por about the ssme system average. I have rounded off' the numbers
at 5,000 pounds, The 1life of the satellite is given as 18 months, and that
is the design criteris thot sets the end of life power. The end of 1ife
power is exactly that power required to produce the 5 kilowatts system load,
The life obwicusly is much lenger than that 1f you work below the 5 kilowabbs.
But in 15 years we have gone from 10's of watts o kilowatbs, and we have gone
from pounds to the eorly tons. The end of Life in our design definition is
that power ooy fred Lo sustain the sstellite ab full load at the end of 1tu
design lifv " sps T4 will setually Live mivch longer. There ic nothing
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toab will reslly take the solar cells dowm to sero except o complete failure,
but definition ls you must supply tho system load at the end of the desien
life of the satellite and we mabtched that point and deslen our depradation
factors that woy. Se that is why we have wn end of life fipgure and you hesr
that, ‘Tvo termg which we use very much are bepinndng of Life, which iz 12
kilowatts, and end of 1iiv whick is the 10,5, the differenceé ls the degradation
due to radiation and such.

Heving seen where the systems have gone, I think it would be very good
to take a lock st the considerations that went inbo thelr design und some of
the fuctors that we had to contend with. On this basis we talk sboub the
hazards from cur standpoint assocciated with outer space. The first is the
vacuun. How it is no problem for our solar cell, it is not going to hurt us
at all, but any supplementary power thatuses Iliquids or gases must beé in a
hermetically sealed contuiner or we will lose those systéms. Even with our
solar celle we must be careful of out-gasing caused by the vicyum because the
products of this oub-gasing could condense on other parts of the satellite
ruining coatings or even disturb our own opticol conting, The ultraviolet
1ight doesn't bother us down here on earth because we have the atmosphere,
but upstatirs it 1s & resl hazard to materials beesuse it degrades them, it
changes their thermal and optical propertles and this effects our gystem
design. The temperative extremes, parts of the stitellite are in the sun and
parts are in the shade, It it is a spinner, it is prebbty much averaged out,
vut the parts that sre in the shade get very cold, parts that get in the
sun get very warm, end as you retete on orbit thoze temperatures change and
we nmust accommodate to that large change.

Tergetic particles discovered by Explorer I, the Van Allen belbs will
degrade solar cells if they are not protected. The fact is if there iz no
covering on a solar cell, they will sericusly deprade the junbbion and we will
lose tremendous amounts of power within a day, HMicrometeroids are an abra-
give property, we must wateh them to make sure they do not disturb our
efficiency.

{Question) The glass cover is determined as & buffer and they are emall
enough that they don't abrade the sirface snd disturb the opticael tronsmission.
We don't shoo them away, ws just pubt something on it so they don't dsmage the
thin junctien of bthe solar ecell.
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Another fuctor that we had to contond with in our space desipn is the
gelar intensity versus sun, I thirk the number guoted here for solar intensity,
14 watbe per meter oousre, iy the hieh end of the Hmit, The officisl rumboer
is 135.6 cr somewhere in that ballpark, The interesting thing about this
slide dg you can see the difference in golur intensitios for Barth, Venus, and
Mars, bub if we confine ourselves te the Earth area, you .iotice there ig a
variation abeut Earth. Ib's aboutb + 3¢, ond ag you congider terrestrial power
you will see that + 3% and you will probubly have to compensate for it,

Az wo continue our look at the spuce problem, we have the problem of
geometry of satellibsg in the near esrth field. One of the things ve have is
for any satellite orbit plune, the anglé of the sun with the plane will change
over a yearly basise, + 23%0 gbove und below the Earth's egquator, end that
incidence angle if not compensated Lor will effect cur power and you will
have the sume problem on the terrestrial load. Alse if we chose an orbit
plane that should pass through the Earth's shedow, our dependence on solar
energy is gone and we must have some form of power to supplement the solar
power system to cover that period if we want to mointain our satellite,

Another problem we face in spsce 18 we geb crasy load profilew. We

see normalized to one, it varies ail over, and it's obwiously very impractical
to design 8 system to handle o posk load and woste all this energy in here.
If we optimize a mysbem and design for hoere, then we must have o buffer power
system to protect egainst the pesk losd. Agein, the terrestrial problem is
similar. Consider your own home and the load profile on that home., You must
design your terrestrisl system to compensste for the difference and you will
not want to pey the price for the peak load.

So what we get to 1s a power system that we have termed in our work,
the solar cnergy chemical storage type power system, It consists of & solar
generator, it consistsof g storage element to handle all those louds and
to handle the shadow problem. It consists of processing and control elec-
tronies to mateh the characterdstics of the twe devices and the load system.
It containg distributlon where it goes to the individusl loads where the
conditioning cceurs. I drew this slide specifically from my old division
chiel who happened to be a metalurgist ond understood what conditdoning

v meank.  That's the conwversion for ¢ach of the dndlvidusl loads such as your

washur, your TV elreuit, obe, System design by our definition stops at
&
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distribution, [Even though our expertice covers the electronies for power
processing and contral ond gonditdioning, we de both, we optimize a system
using the knowledge in btobh, bub bthe system design stops here.

The Nimbus R&D weather sabtellite has two colar paddles that rotate
around this axds so thet they are clwoys normal to the sun picking up full
soldr ensrgy. The eontrol sysbem die here, struts and experiment ring that
alwsys faces the Enyth., That is & 550 wett solar arrsy ot 55°C. The powor
demand profile for such a gatellite looke gomething 1ike theb, We have an
carth duy load which is thetelevision camerus viewing the earth. We have an
earth night lead which is the IR sensersviewing the earth, end we have a peak
load which is a data playbael: mode takdng all the date accumlated here and
here on a tape recovder and playing it back to corbh over Alagks, Qur array
ig slzed for nere, the battery handles the pesk loand, The power system 4g a
bit more complicated, bub the theory 1s the same. This is a negative voltuge
system for those who watch the convention of diodes.

Powor is generated by the arrey, surplus power lg bled off in the auxil-
lary loads which are programmed Lo mateh the array to the sysbtem, therchy
disélpating excess power. Power from the arrvay is fed through a regulator
to the spacecraft lobd bus, where it surnlies the fuse loads, the experiments,
the unfuged loads which are vié same ag the essenvial loads., A feedback
device ig used to control the rogulator wiltage. Charges also come through
the charge rate limiter, through the battery and it is controlled by voltage
senzing devices and tepperature sensing devices. A voltage limdter is used
to clamp the arpsy for the excess volbage condition that could oecur on the
cold array, and I will have some figures to show you on that.

That is one module and the interesting thing about Nimbus is there are
seven such modules in addition to this one cormnected in parallel., We have a
moedular type system din parallel which gives us our redunduncy and this is
exactly the geme type of system that is used in the AT and the OWS system,
where 18 batbery modules are connected in parallel to form the system.

Since you are a litile tired of louking at block disprams, this is what
the power system engineer goes through in his 1ife cyele. Starting off with
conception, he poes through many hurdles to a design approval, many more
hurdles amd he bresks his design down into tho arrays, the batberies, the
powsr conditiening., They surpervise putting together s system and they deliver
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it to integration, und if they have goofed anywhere along the ldne the

prnalties are rumorous to loss of tdme which reflects 4n lese ol wmoney, 2

logs of time ond moncy din the form of jurk hordware, Hony more hurdles to launch,
‘The evaluation in orbit which 1s 2 firm part of the degigners life begause

if he dosen't coe whob he designed and sve 1f 44 is working properly, he

logses the whole eoncept and he doesn't know wlat to do betber next time,;

gnd he sturts sgain. You will hwe to use this iterative spprooch on your
torreptrial problem., Otherwise you will spend more mency than you have,

I think hoving locked at the system and following along with the previous
lectures, you would llke to see a libtle more of the generator and how it
worke and what are ibs choracteristics, snd on this busis there ds the heart
of our generation aystem., The gilicon solar ecll., The Nimbug cells ds a 2 x
2 Non P silicon cell, It produces 57 to &0 milliwatts at 259, 'The size is
about the slze of that postage stomp, but believe me the price is not. $3.50
each in quantities of 20,000, It takes approsimately 10,000 of those cells
to Light five L10~wabtt lighthilbe,

The process is nobt quite as simple 28 I make it, but essentiolly photon
energy from the sun hits an WP junetion in a silicon wafer, excitus the
eleckbrons, The energy in those excited electrons if connected to an exbernal
load will produce current and transfer electrical pewer. This is the equiva-
lent edreudt., It is a little simpler than Dr. Relph used, I did not show
the ghunt capaeity, bub that is the deviee that we are working with.

Where does it get its power? Well up in space cubeide our atmosphere,
we have a condition we call air mass zers, We have & spectre lrradiunce
curve from the sun over these wavelengthe, and we have an opticnl device that
will absorb energy over this solaor cell response. You notice the devige is
not optimdzed Por the peak. We have had trouble getting there and we have
net gotten there yet, But the combination of areas 1s what is converted and
what produces the 040 te HP average effieciency obtained by the commnon solar
cell todsy. You have hedrd of the viclet eell which is a laber development.
The wiolat cell did not shift the peak. It did raise the lower end of the
curve and because it raised the lower end of the curve, it encompossed more
ares and, therefore, we have & 145 efficient eell that is what you might say
in pre-production.

The electrical characteristies of this device, if you look at the open
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clreuit voltage ae a function of the inteneity, you see you get most of yeur
veitoge very enrly in 1ifo, and there ig some change bub not much., Yeour
current 1s @ linear function of the illuminatien ond because of this fadply
flat characteristic, the power 1s approximately a linear function of the
illumination, A fact you will wse in your terrestrial application, If you
take a Jook ot the cwrve bobween the open elreult voltage and the short civ-
cult currenl, you define these series of curves with varying illumination,
and I speciliically want to point out tho difference in current, the differénce
in power which cecurz in thilg region for varying intensity., That'e what you
might sce when you go from a bright sunny day to a cleudy day, and thab's
conesiderable change for your terrestrial system,

Another factor we have to congider ig the maxdnum gower that we can pet
out ol this little deviee us 4 function of incldent sngle. You notize you
start off® with a relative power at one at rormal ineidence, you drop to
about 50% as the cosine law which upproximetely matches the loss drops to
60°. We nust size our arvay for the worst condition ard this produces some
deviations in solur power systemu and din array gizes, Remembor, you will see
o terrestrial varlution of approximately &% in power over o year's time just
due to the tilt of fhe ecarth's axis as 1t rotates around the sun and wvew -, ill
gwing from cne to nothing as you go from sunrisze to sunzet. The one cccurring,
of eourse, at noon.

This is a small satellite called 0850, Its averape power at least on 0S50
I was arcund 18 to 20 wabtts. OS0 VII is close to 100 watts, bub it is a very
emull array beeause the array is always pointedl normal te the sun,

The OAD power system, on the other hand, 13 » very lorge zolar array
becatse the satellite poinbs anywhere in space. Therefors, while we have
1,400 watts available from the array shen it is normul to the sun where they
want to use it the most and at 60° off we have 740 watbs, Oversized beceuse
of use.

Continuing our lock ab characteristics, the solar cell power oubpub
versus temperature iz glven by this curve. The 1007 point is st our 28%
phandard.  You will petice we have sbout a 159 wariatdion as wo go Lrom o°
to AODG, and thuet's only 320 to thoF, that's about the temperature swing
that my wife tells wy she grew up in in Arkapsas. So you will see a 157
variation on the prownd in cerbain parts of the country, greater in others,
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Lless in others, Bub in spuce 1t du horritie. Here is a typleal #imbus array,
you can 806 the swing is almest 105°,  ‘the arroy most of the daytinme ig in
tide reglon with ¢ [ urge drop ab ndght, and you have a short portion of the
doy while it ds 4n tramsition. You have to cowpensobe for that by clectronien
in space., The problem is not as bad on the pround, Meterials strossing is
our myjor problem there.

This glves you 4n idea of how the power vardes duec to that temperature
variation. As you can sgee, we drop from & little ever 700 milliwatts down to
a little over 400 milliwatts as We go from the cold case to the hot case,

You will alege notdce this large shift in voltage charscteristic due to temper-
ature, which agoln must be compensated fer. Golng back to our basle IV curve,
you can see we have a wide swing of voltege, we huve the maximum power poinbs
here and we have a emull varintden in current. Therefore, the normal practics
is to design for the hobbter A which we have for 2/3 of the duytime, alloy
margins and protect againgt this voltage variation, Just to give you & gquite
simplistic idea of how a system goes together in that configuvetion, there

is the design of the Mimbus system where we start off gt a repwlated bus

which i3 equivalen' to 110 in your hougse. We have to allidw for some glectronles
drops, we have to allow for the working range of the battery, we have to allow
for some margin of degradation due to the crray in space, and there dis the
mazdmum power point for our end of 1ife design, Then we must compensato for
this power that occurs in the orbit as we come out of the shadow into the sun
with a very cold and drop quickly to a warm arrsy. We will not get lurpe
temperature changes of this megnitude on bterrestrisl, but if we can with our
storage systems toke adventage of the cold case in that transitdion we can
gtore a lot of energy, and clectronically we can do this in spéace and on a
gystem like Mimbus it meane 2050 more average power.

What does the device look like and what do we have to do to pgob it
upstairs and make 1t work? Tids is a section of a typlewl module that we
£y with solar cells. The basic cell is here, the intercennect is here. The
cover slide is our protection from wmlerometeroids snd the radistion domapo to
protect the junction which Iiey aleng here. Kot shown on the cover slide is
an anti-reflective coating for optical transmission and on the bettom of the
cover slide a UV filter to protect the cemend Lrom UV degradation. Underneabh
the solar cell we have the basic contacts, the substrates., Now we wil. net

g
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have to build gueh a module here on carth of this eomplexity ard of tha
complexity of the orruys that T will ghow you dn ¢ 1ittle tit, You will need
gonie forn of cover to protect agalnst dust, You will net have the UV probe.
Lew that we have., You cun use ulupler Inberconneoty and if we cun gob very
chesp eolls, we ean do sonothing on the resr lor elsckricity, bub the storage
element 1o vital bocsuse you ore golng to produce that clectrieity during
tho doytime and you need ib at night.

This is how wo budld our gelar avrsy. The solar c¢ells modules glued down
substrate, printed cireult underneath. Speeifically desipned to compensabe
for mugnetic problems vith the curpent flow wo we car £y very sonsitive
mugnotomctors, insulation in tho bavle subgirvate ei the puddle, This is
typleal of tho hardudre we use and it 1s costly.

There 1g an enpineering model, IMP paddle, with solar celly and with
glage to ptmulote wodght, This model is used for vibratlon purposes.

Hore 4o & ot lral mounted panel that was ueod s 8 test ghowing silicon
goloy cell area. Thab panel will probably produce about 50 to 70 watis
nomal to the sun. A set of four of those pancels will copt today $187,000,
T Hlubus poddie which 4w a 500 watt paddle costs $500,0490.

T talked o lobt about the eolor cell ond I have plven you some idea of
its eharacterdsties and what Gone Ralph 45 poinpg te put up with on carth
whon he gete to wedng them on earth, I can't negleet the reot of the system.
I have to say a fei wordsg aboub the bobtordes. We yse threo primary types
of batterdes in space. The workhorse is the nickel cadmium batbtery because
of the life factor. Wo neced ldife in spaco. We sacrifice 1ife for non-magnetic
characterigtics using the eilver cadmium und if we wanbt a primary battory that
doesn't have to be recharged or jJust to handle the peok louds, we uwse silver
adnie,

Theso chergy densitles ere vory low in use and the battery is a weight
problem. You won't have the samo weight problem on corth, but I think we
need n bettor storage element than batteries, for electricity I am not sure
what thut is yet. These sre typeisl nickel cadmiuwg eells glzed in ampere
hours, We conneet these in gerdes purallel combinations te form a batbery,
She most popildar ot present ig the 12 ampere hour cell.

These are bypleal elecbrieal curves, the dlscharge dnd the charge. Hote
the 10 to L pablo in time. We can charge them ds aulekly ag we discharge them
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without destrilong the eell, Alce nobe the difference dn voltoge level bobucen
chargeo ond dlgehtrge which 1o on efficicncy in the system. The watt howp
obfieioney of tho syctoem ic aboud 613

Thin do a typleal battery pack. The one in gquestion fo for 080, You
notico 22 eclly connccted in a gerico combinstion for ewr storage cvlement,
We have come power conditioming and I just brought o couple oxumples of those.
Thio 4o o progrommeble high volteg: oupply to be used on an experdment for
086. Ib's multdvoltage in the kilevolt ronge between 2 ond 4, programugble
by digitol eonbrol from tho prownd. ‘het 4o a small converter packupe for
ong of the IMP gotellites on an experdment. That is a decodor converter
which iz part of our telecommundcutions system,

As I pald, we hove flown a few RIG {Radioisotops Thormionic Generator)
syctemaz, The problem with RIG gystems 4o safety., It reguires a presidential
glgnature to launch them fvom a gafeby sbandpoint, Heverbheleas, Lhoy pgive
you & reasonably constant power outpul, they eliminate your storage problen,
You have a peak lood problem, and 4 the pesk load to overspe loud is very
Hiph, you have to agument with batteries,

We had one flying on the second Nimbus B for chree years., What csuont-
ially you have Lg down the centor of this eylinder o eapsule with pintordwa
in there as 8 heat source., Around it in eireular fazl.on you have these
Iittle semdconductor medules that transfer thet heat to electrisity at o
conversion officlency of approximately 59 and shilp it out and the radistore
reflect the waste heat, It ie o very custly device becauvse the fuel alone
for this particular genorator wis over o million dellars to produce 50 wabtu
of clectricity

(Question: How long?)} Thabt 50 wetts lagted three yeors until pome-
thing hawpened to the satellite snd we lost our telecommundedations that
told ug, but there is no resson why it shouldn't go on beeauge the half
yoeur life is about 90 yesrs. So you have a nlce long decay curve.

The fuel ecllg, the oxygen syotems, the problem hers we csn get kilo-
wabkte oub of fuel cells but the design life of this hardware right now is
less than a yeor. Of courge, if sumething econ be done by using eleetric
encrpy to gencrate the hydrogen we have talked sbout, and we can got long
1dfe fuel eell moterials, this is a possible alternotive and this s a
possible answer to the sborage problem.
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I thiak you havo ooon or had enough of the fcel of horduware und sone o0
the problems that wo have hod dn spage mower,  The question do what dous 1t
2Ll meun? I eun pive you our opirlon fyom the space pover side, and T wont
to plve you gome things to think wbout., The flret, 4t iz 2 oyetems approach,
If you ure polng to muke 1t econsmical you have to congider the whole systenm,
you Juot car't eonoider bhe day portion cr tho nipht porbtion. You have the
gtorage preblem, I don't quite see right now o clesr poed woy o gebt arcund
the terrestrlsl problen, We ape still eaperimenting bub we do need some pocd
storoge und we do need gowg geod intercormections.,

Systems design is godng to have o ficid day. Ore of tho most depressing
thing:de the progress wo have made in gelnr cell efficleney sver the years.
Starting off at 1%, petting inte silieon. Lonp, slow, poinful rise to cke
ovh the borest psreent inereuse dn efficiceney ond olehg cume Dr. Iinduyer
and he come up with o 1450 cell, and we are still vay off from the 250 2cll,
We noed 4 brethbhrough, Quite frankly, 1f we are renlly going to mike this
thing work ond nst brute fovee 1%, we sre poing to need o breskbhrough te
nurrow thut gep or wo are poing to need o new invention to get direetly r.om
surdight into electricity.

I talked to you aboub the inbeneivy and I showed you Johrison's eurve
at, alr mase zero, bubt lebte toke a look st air mass one which is where we
are todoy on o riee bright sunldght on the esrth, Yoo notdee the curve ia
down, you notice the absorption bunde. How Gene Rulph oaid we hod o 14
cell at air mass cero, but it looks really eood because it is 164 &t oir wous
one. Well that mipht be real pood, I'11 toke 45t of 129 agulnst 1637 of
only 98, So the oilicon efficlencics even though they ave hlgh and the
nunbers are getting elowe to the theoretieal Limlt, hib the atmosphere absorp-
tion problem which takes down the inbengdty, o you actusdly pet less power
sub for that 2! increassc in officlency, If you push that just o livtle bit
more you have air nuss one, alr mags two, all the way down to air mess Live,
which repregents the perded five to one and back bo five, gunrise bo sunseb,
You #dd this dnte bthe fsct thobt you put an array on o house ond you don't
track it, you now have the corbination of the inbensity way down and the
ineidenco angle way off and you pet very little power. ‘The answer ls oversice
the pyoben. Quorsize the syeten iz cost,



Looking over from what we sec fvom 4 space view, and we admit that moybe
we are a 1ittle prejudiced, the best hope of achleving elestrie encrgy for
the berrestrial problom from space is exactly what Iv. Glaser promised, to
genorote 44 out in space where the incidonce preblems are mindmal, where we
do nob have the larpe storage problemn and where because of the large space
we have we can allord dvelfficiencies and we take 1007 sunlight and come
down with 803 or 507 of it to clectrieal chorgy and not bother us too
mueh here. Sc our messoge is, ib's correct, 1b'e golng to be long, we ean
do it with photovoltuics, it 15 poing to be costly unless woe gel a break-
through and ‘o get the costs down, we need productien.
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TYPICAL PERFORMANCE PARAMETERS
FOR THE THREE SECONDARY BATTERY SYSTEMS

SATELLITES

PERFORMANCE PARAME TER PRVER:| WLVER SARREL
ZINC | cADMIUM | cADMIUM
ENERGY DENSITY (WHR/LB):
THEORETICAL 208 120 107
ACTUAL PEF CELL (2 HR RATEL) 40 20 127016
FLIGHT PACKAGED CELLS 30 14 87010
USABLE IN FLIGHT?2 7708 4T06 2703
CYCLE LIFED (1000 CYCLES) 4 3 127018
RANK IN USAGE FOR SCIENTIFIC 3 2 1

SESTIMATED VALUES DEPENDENT ON SPECIFIC APFLICATION

AND MISSION REQUIREMENTS

BAASED ON NEAR EARTH ORBIT AT 26.PERCENT DEPTH OF DISCHARGE AND 20° C

NiCd CELL ELECTRICAL CHARACTERISTICS
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QUESTIONS & ANSWERS

i Question: On this space station, it ic going to be out of stationary orbit
and there is poing to be a time chough when it will go into
earth's shadew. How often ard for how long?

Angwers: It gres into earth's shadow at the equinoxes. It's a 45 day period.
The ghadow period starts off at zero and goe: in for 72 minutes and
then comes back down to zero in a 45 day peried. I believe Dr.
Glager said that reslly ococurred about midnight anyhow so that the
load power would be down and 4if there were two of these things
placed in orbit; they could be so ploced that one could take over
from the other if you wanted 2 contimious load. But that only
ovecurs twlece a year and two 45-day pericds at the equinex.

Question: UWhat number of statdons was he talking about?

Angwers: I think he war talldng two or three, but I am not sure.

Question: Also would these be quite vulnerable if somebody had 2 sizable
amount of the power demand in the country met if some enemy opera-
tion could knoek one of these out?

Answer: It is even much more effective to shub off the supply of oil, Any-
one can do that at any time and thal's par. Well, I think cost wise
to even try scmething like this we ars golng to have to go into
internalional cooperation, The fact iy we are now space wise co-
operating with the Duropeans. We have a common problem program
called ISEE where they will be lsunching one satellite, we'll be
launching & satellite and we'll bo working together. Cur favorite

[+ program right now in my area is the IUE (International Ultraviolet
Explorer) where they are essentially my contractor on the solar array

and they are furnishing me a solar apyay for an American gabellite.
We are working very well with these people, we've worked five yoors
with them snd we have been swapping teehnology back and forth, and
I specifically have not stinted on the basis that the way their
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programs are golng and their developments are going, thoy are bekind
us and I seo the technolegy coming back,

Question: There's a lot of things fleating sround up there in space and what
are the probabilitles of something that fleate sround smashing into
this? )

Answers With all the people putting up communications satellites, are they
going to bump drto each other in synchronous orbit., Now with all
the stult we have had in space, I think there wes only une knoun
record of a collision botween twe of them. Morris can you shed any
light on that?

Floor: No, except to say that it is a problem of prowing concern especilally
in commundcations sateliltes where there 1 quite n large erop of
them that they launched in the pasgt 18 nonths and it's & parking space
problem, It 1s & fairly mejor lssue.

Answers Okay, the problem is more communications vight now than it is
physiesl space. Berause you are at 22,000 wiles out and en a cir-
cunt'erence, that's a pretty big area,

Question: Glaser's concept used concentratore. lHave any of the satellites
currently projected ar inorbit used coneentrators?

Answer: Not to my knowledge., Boelng propeosed a program using a similar type
conecentrator for the Jet Propulsion Lab, The difficulty we have
found with concentrators are the finish on the concentrator in a
space environment deteriorates. Az & result, you de not get the
proper reflection and you do not get the complete energy you want and
you may be better off just putting in more cells and laying them f(lat,
The hope of the concentrator is really to cubt down the number of
solar cells and thereby cut the costs. The problem we have in space
is we can't fail. We spend a couple of orders of magnitude for a
plece of space hardware and i we haven't done the job right the
first time, it's Junk., It's & pretiy tense environment because you
cannot afford to moke a mistake and you have te take out all kinde
of insuranse., The Nimbus array, let me give you rumbers right now.
The Himbug array is a 550 watt array and it costs approximately
$500,000 and it only lights five lightbulbs on earth. T can cut that
cost by $150,000 by just getting rid of that substrate undernesth
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E! Angwer:
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which has a structural roquirement. I ean geb rid of another
3105,000 or another $150,000 by getting rid of the envirommental
test, the vaeuwun simulation dnd the thermel simulation I have te do
to moke sure that thing wen't fall apurt when I geb it in space, So
sbarting right there I have a cost ecut of 508, Now these things I
can pull oub, srace costs, bubt where I reslly have pot to cub the
cost le on the wvasle cell itself, 7o do that I need lorge production
quontdties, and I need a whole new toechnique of manufacturing to get
the cost down in the cents srem {rom the $3.50 it is now.

That's right, well T ecan get some bad cells in here and I can eull
them out when T geb my terrestrial thing built and put into repair
and very cheaply effected. I can't afford that in spsce so I have

to gradu all my hardijare and doubly inspect it and that's costly,

Is that where the hang-ups in to the main fact of these cells is that
most of it has been oriented towards space operation and went te
terrestrial applications providing they have the demand and you could
maet the prodvetion? Right now it would probably reduee the cost
conglderably.

Well if you put the demand in there you can cubt the cogt, Bub you
can enly go so far when you ave back to basic materisl and procecsses
costs based on whet they are doing now. I think the interesting
thing here about the solar cell monufacture 1s, and we ran a survey on
this about & year apgo because one of them was in trouble and getting
ready to go ocut of business., The capability of production and there
are only two vendors in the country, 1s somewhere in the nelghbor-
hood of 3 to 4 million cells a year. The NASA demsnd is only aboub
500,000 a year, and each company to break even needs an order of
350,000 a year just to keep the thing poing at its lowest effective
econiomical rate. Now if the Adr Force doesn't come along and i1l
up that void and COMSAT and a few other people, we are going to lose
a vendor, and we have comé very close to losing one. Bub the demand
dsn't there, and until it is he can't do much on cost.

Who are the two?

Heliotec, Mr. Ralph's company and Central Iab, which is in the process

17
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Quegtion:
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Angwer:

of belng hought out by Dr. Lindmyer of COMSAT who produced the vielet
eell, Those sre the only two. Texgs Instrument way in the buginess,
they couldn't muke a go of it. RCA Mountuin Top was in the business,
anid they found out very quickly beeause they were on the pane floor
with the transistor muking setup that they could make more monoy by
maldng tronsistors then they could with solar cells, so they just
eonverted their equipment over.

What is the government doing as fur as helping one of thepe companies
develop their solar cell?

NASA 1s not doing a lot. Ue are doing very little. Our total solar
budpet is less than a mlllion and a helf,

Trom what I underatand NSF contracted in spacef?

Yes, and we are ldimited right now as to how for we esn go in R&D
with the dollars, becsuge we stlll have not branched oub on our
gocolled energy purt of our chart. The fact is I believe there is a
b1l in Congress to clarify that and get NASA wore into the energy
field, ‘The people who are starting to push the solar cells right now
are NSF (Nationsl Science Foundation), and thoy are getting ready, I
think Bill sald to pump $50 million into it. 7Thiz is solar energy
conversion, not photovoltaics specifically, but solar energy con-
vergion in the next year, NASA regrets that the violet cell which is
our latest improvement of 35 is not a NASA product, bubt it was pro-
duced by COMSAT bucause they really went inte it., Now we are looking
at a multi-junction cell so that we can geb more than 46 out of one
¢ell, but that has not born fruit. They have lovked at a multi-layer
cell to see 1f with mary Junctions in there they could pick up more
efficiency. They have not been succesaful in that, and 4t ds a slow
process, because the government has to put all dhe money in, the con-
tractor will not invest until he sees a commwercial markeb and a pro-
fit for himself,

What does the concentrator do io the cell?

ALl the concentrator deves is inerease the dintensity.

Why does the concentrator not funetion in ocuter space?

AMter a period of time, the abrasion of oubter gpace effects the re-
flecting surface and the reflection coefficient goes down so the
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amount of' intensity on the eoll drops ever o perdod of time, Therefore,
the efficieney of the whole system falls. One concentrator deeign
took the dllumdnation hitting the cell up to 1.4 times normal, bubt
over 4 period of time it degraded baek to 1.1 time normil, go we lost
the incrense. The current 4s a linesy funetion of intensity and the
power 1s essentlslly a linear functdon of intensity so as thab inten-
sity drops, of cowevsae, the power goos down., It's a matter of materinl
finish in a gpace envirorment where you have small particles and smoll
ricrometorites hitting that hirqly polished surface and dulling it.

It doesn't do amy damage to your cells then?

No, the cell is 4ll right, but the light hitting the cell changes
because of the reflectance chinge on the surface. It's the same
thing with & highly polished mirror shat you put a cloud of spray over.
The intensity off that highly polished mirror falls down that reflected
off.

Am I to understand that thot's the best fraction you ean get in the
country, 1.4%

I believe that wus the design I saw. As you get it up further the
light stards falling off the ecell end there's a mateh in between Lhe
two end the number I saw was dbout 1.4

How do you keep the heat from being concentrated to the long red rays?
You don't. ‘There is a U~V ccating and there's a red coating that they
put under the cover glass that cuts off that speetium, but it still
doesn't stop the keat and, of vourse, as the cell heats up you lese
power that way und what you want is 4 éell on something that is rad-
dlating so the sack of that cell is as cold &= you can get it to get
the heat sut. If you could run these arrays in gpace at =55 all the
time, we could have the gize of a sclar array for any one satellite.
But we Just ean't keep it down.

Have you used lenticulapr lenses for éoncentrators?

llp.  We haven't done any work on that at all, There may have been
gome worle, There was a sunflower concerntrater that was used that got
ef ficlencies way up., Theéy have used thetwionies with conecentrators

to try to generate electricity on that. ALl of that work now is being
done at JPL, bub it 1is o very low level effort.
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If onw of these cells failed doesit fail open or closed?

We heve not seen 8 selar ¢ell fail,

What fails 4s the interconneccts.

The eonnsction from cne ¢oll to snother. The cell iteell with its
voltage current characteristie, you put 4n serdss to pot voltege yeu
want and you run them out 4in parallel to get the current end power
The interconnects are multi-redundant, In other words, on
some cells there are four or five comnections, phyeical connecticns,

you yant,

wiring from one cell to the next,

It is dono by a silver moch procasa,

where you uss the ddomond mesh, bhe poinls un bhe diumond bo make ib,
and because you have so many of those you can afford two or three

and you don't loze any circuit,

Whot makes them fall; thermal stress?

Thérmal stress, continually working that joint as you go through that
105o swlng, and it 15 actually bigger on some of the satellites that
go dnto the shadow for longer periods. We get down to <160, -180 on
some gatellites,
On the central solar power stabtion what is the temperature variation
you expect to keep a thermel constant temperature?

If it goes into the sclipse, the array rediates to suter space with
ne heat dnpub at all and it is poing to go very cold., To make it
Iightweight, it is going to by very thin, because if it is very thin
it is going to gebt rid of ibts heat fast, So the temperature is geing
to go like that.
But he is planning on that not happening too oftei.

It e going to happen 45 times every 6 months, bubt it will not go to
its lowest point till the middle of thosze 45 times, In other words,
you Just bake a 1ittle cut for 2 minubtes, 4 minutes, & minutes, 8
minutes, When he goes through the 72 minutes, it will get the lowest
and it will probably be in the ares of -180°C., But he has got to
live through that thermal stress, and if he is ueing thin structure
for welght, he's gmot a resl problem,

Does the cost of storage moke the entire terrestrial system unattrae~

tive as opposed t¢ the solar orbiting system?
It's the storage problem physically, also you got the energy at the
Your pesk load if you think of your home is at sundown,

wrong time.
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But tho redson it 1s not attractive ceonomienlly or prictically is
bhgicslly the problen of storing to mateh your lood ewrve,

Some of thepe bhings have been proposged. During the day wher you
have the solar cnergy punp wabter te o hdgh resorvolr, leb it out
ab might. YUse golir energy to proceds mnd muke hydrogen bhen turn
areund and burn the hydrogen ot night.

Ois 08 Lhoe problems whare you have o bigh veltuge string opd pet
one eell shaded, thu whole voltage would asppédr aorsess the shadod
eall?

That is ripht. Remember if you ghade one ecll, it epsentially
epen that cell and the reet of the arrey depending on how it ds
correched bends to drive that cell, uo you foree it way back, If
you huve 4 real high woltnge sysbém, you can foree that curve so
bagk that there is o heabing problem crd the heat can't gob out
of the cell dand that eventually cuuscs the feilure.

Th dsn't a follurve due to volbuge bretkdown but rather heat that
desbroye the intercornections,

Yoz,

Pow zbout Bell Labs end Western Electrle, are bhey making volor
cells for their own applicuablons?

They woere, T think they still are now, but they are nod commer—
clolly available.

Your peak power is during the gunlipght durdng the swmier montha

I think?

For air conditioning yee. “Thal's started the term of baleance, bub
apain the winter months is whon you pet the best sunlight in the
northern hewnlsphere, when you pet the best incldence anple, when
you geb the elearest doys ond the goler eell system on <loudy days
is a rough system.

Would you ecare to comment on other moteriuls besides sllicen?

T wouldld 1lke to bubk Ifm & systems *ypé, I'm pob s solar gell
specizlist, Colldum arsenide people have teen leoking st thab fov
o long tdme. Ibe potentielities have been very peod sinee 1962 and

the enpineer w411l be very happy to wseé ard plek up ol fhe elffleiency

they talk atw.”. Ib's not bthere. UWe were told eadmiun gulphide
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celle, lorge area, thin cells v

ould come along and you could take

them ot 5% andvgemany more of thom dnstoad of the 1807 silicen,

They haven't pot thot process d
turped the money off on the pro
comdng out the way they suid it

ouni yeb, They hove turned owoy and
eeoy because they don't see it
would, So to muke this thing go

we either need u breskthrough dn our own efficlency on siliecon

or wo need gomo noew invenbion.

What about shiftdng the peak 2f the response curve dounuord, have

any of the materials shifted to

T eon't gnawer that, I know they hove been unable to ohdft 4t where

gpeak?

they want in vilieon and the only way they have Leen able to got
the efficiency up 48 to raise that blue end by opblenl wmabtehing
techniques boebween euber sgpace ard the eell dtpolf.

Youtve beon working with ARL?
We werlt with both APRL and JPL.

The peneral resesreh on golay

cells hae been done ut JPL.  Qur research is more applications
oriented, JPL hag pushed pallium aygenide ond berrestyial
opplicabien. At Coddard Bill Cherry is aboubt the only one werldng
in terrvestrial powuer becouge the Goddard charter has not becn sot,

T oxpeet that to chunge but the main work on terrestrial power ras

been at JPL.

Is anybody really locking al the terrestrisl systems applicaticns

market?

For photoveltalcu, probably Gene Ralph. Becsuse he makes the cells
and it is a ready morket for his produet, but I don't think any one

has reslly pushed the systom,

My, Cherry in his tolk seemed to indieate that solar energy funds
porticularly for terrestrial applications secmed to bo lagging,

3ill has worked in the silieon
it was he who really staited o

ares for many years, ‘The fact dg
on P work at Fort Mormonth and T

believe ¥+~ P on N ecells that flew on Vanguard gsctually came oub
of Fort 1%+ month. They would always like to do more because it is

thelr speciality and they have
years with HASA Headguarters,
to Pdght about has been the SNA
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" ¢ resctor proble e lg that garbled up 80% or 9
\R ey « nd prog " e jon't '
i t e 1 i ¢ limit when you get 111 wa
here, ti ther 114 I er ugh,
uestiont I was really referring to the terrestrial applications as means
f relieving the present short and lorg term energy protlem here.
Answers We're figihting the AFC, and that' y pretiy big fight, and you're
not going t me out second best with that type of organization
iy in and already pushing the breeder reactor,
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ECLIPSE GEOLIETRY OF SPACECRAFT ORBITS

ORBITAL
PLANE

EARTH
SHADOW

SKYLAB POWER SYSTEMS

INCOMING
SOLAR
RADIATION

POWE R WEIGHT LIFE
ARRAY SYSTEM | EOL
ATM 12KW KW 1W05KW | 4000 LBS | 18 MONTHS
ows 13KW HKW 10 5KwW | 5000 LBS 1B MONTHS

" END OF LIFE POWER AT 55° C

EXPLORER XXXIII (AIMP)

SOLAR

ARRAY PADDLE

MAGNETOMETER
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