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LARGE SOLAR ARRAYS
THE EMERGING SPACE POWER WORKHORSE

by
J. E. Boretz, Sr.

Staff Engineer

TRW Systems Group

Redondo Beach,

Abstract

The solar array/secondary battery system
has emerged as the space power "workhorse". Pre-
viously considered only for applications of up to
1 KW, arrays of up to 3 KWe have been flown.
Even larger arrays (10 KWg) are being developed
for Apollo Telescope Mount (ATM) and the "wet' Or-—
bital Workshop. An Earth Orbiting Space Labora-
tory (EOSL), in the plamning state for a 1973-
1975 £light readiness date, is considering the
use of a 38 KW solar array system. A 50 KW ar-
ray is under development for an electric propul~
sion mission and a 45 Kilg array is in the comcep-
tual design phase for a lunar surface applicatiom.
Tinally, a study has been initiated to assess the
practicability and cost effectiveness of utilizing
a 1 Mi, array for earth orbital applicationms.

An intense technology development program
has been underway for several years, The emphasis
has been on solving problems that relate directly
toward utilization of large solar arrays. These
have included 1ight weight atructures, improved
power distribution and cost reduction techniques.
This paper discusses the various approaches being
taken by both government and industry to resolve
these problems.

Introduction

One of the most imporcant subsystems associa—
ted with spacecraft for both Farth orbital appli-
cations and planetary exploration is the electric
power system. For long duration missions, solar
cell technology has evolved to a level of perfor-
mance so that solar arrays have become the work-—
horse of space power systems. This can be attri-
buted to three major factors. First, it possesses
the virtue of being a static system with inherent
redundancy due to the multiplicity of cells,
strings, and modules comprising its power conver—
sion element. Secondly, by converting the sun's
radiant energy luto electricity by means of a zero
cost, heat source whose constancy, life, and relia-
bility are unequaled by man—made alternates. Fin-
ally, its only potential competitors, l.e., re-
actor or isotope heat source power systems, have
suffered from a long history of technological and
system effectiveness problems. These have included
high temperature materials deficiemcies, corrosiom,
heavy shielding, limited life, high cost, and safe-
ty and operational hazards due to the nuclear
radlation by-product. As a result, mission plan-
ners operating within the constraints of technology
readiness, are not prone to take the development
risks associated with these nuclear systems.

Solar arrays first achieved eminence in 1956
when conversion efficiencies of 6 percent were

realized thereby deflecting interest away from

solar dynamic systems. Now, because of improved
design and manufacturing processes, efficiencies
of 10 to 12 percent are the norm. The overwhelu-
ing success of these single crystal silicon cell
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systems in power ranges up to the multi-kilowatt
level, undoubtedly assures thelr continued use in
future spacecraft applications.

In assessing the various factora affecting
the use of large solar arrays for various long
duration space applications one is initially con—
fronted with an overwhelming set of parameters.
This evaluation is further compounded by the
various technical disciplines involved, Finally,
the various performance, design, and cperational
criteria are so intimately interdependent, that

a detailed systems engineering approach is required
to arrive at the most system effective solution.
Therefore, perhaps the major technological problem
confronting both Government and industry today,

is to develop an all encompassing, standardized,
methodology for solar array design. The need for
the generation of such an analytical model is long
overdue.

Therefore, this paper, in addressing itself
to the technological problems associated with
long duration solar array operations in space, re-
flects only the limited perspectives existing to—
day. As such, its main emphasis is upon identi-
fying the challemges confronting the solar array
designer rather than providing specific solutions.
However, the current technical approaches being
taken are outlined and their effectiveness in
enhancing the technology readiness of solar array
systems is discussed.

Design Comstraints

The major factors affecting solar array per-
formance and design are the environmentsal eriteria
(reference 1) and the operational modes. For lomg
duration space operations, the impact of these con-
ditions is to reduce solar array end-of-life (EOL)
performance, impose severe material selection re-
quirements, amd introduce increased system complex—
ity. Tf the solar array power level is high, i.e.
up to 50 KWe, additional problems associated with
stowage, deployment, and spacecraft interactions
also can occur. It is importamt, therefore to
recognize the unique mission dependency of each
solar array design. However, if one limits one-
self to the basic elements comprising a solar
array system, namely; the cellstack, substrate,
and power distribution system, then many regloms
of technological commonality can be identified.

The discussion in this paper ls constrained
to a review of only those technology problems re—
lated to the performance and design of the cell-
stack, substrate, and related power distribution
elements.

Sclar Array P Consi

There are varlous factors which affect solar
array performance. These can generally be




clasaified into two groups. These are:
» time independent factors
+ time dependent factors

The first group are independent of mission
duration. They are primarily a function of the
basic cellstack electrical characteristics,.array
design and msnufacturing techuiques, and operational
criteria, They are initially determined by experi-
mental evaluation and an analytical assessment of
the impact of the ft operating
The latter requires = detailed thermal agalysis to
establish actual soler cell conversion efficien-
cles, an assessment of array orientation accuracy,
and shadowing losses. The resulting array perfor—
mance determined from applylng these factors, is
referred to as the begimning-of-life (BOL) power
output.

The second group are intimately related to
the space environment and the elapsed mission
time. In order to assess the impact of these fac—
tors on solar cell performance degradation, a pri-
ori knowledge of this space enviromment is re-—
quired.

All these factors must slso be evaluated.
Taken together with the time-independent factors,
they establish the achieveable EOL power-to-area
ratio. The relationship used to determine the
power-to-area ratio from these factors can simply
be expressed as:
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These factors are defined in Figure 1. The
solar intensity, Iggy will vary inversely as the
square of the distance from the sun., At 1 AU and
AMO, its value is estimated at 139.6 me/cm?. Typ-
ical electrical performance characterlstics for
some commonly used N+ on P silicon solar cells at
28°C 1s shown in Figure 2. It should be noted
that higher voltages and maximum optimum power
are cbtained with the lower base resistivity (2
ohm-cm.) cells. However, for both the 2 ohm-cm.
and 10 ohm-cm. cells, as thickness of the cell is
imcreased, the output of the cells increase. Thus,
for a glven base resistivity cell, the greater the
thickness, the higher the cell comversion efficiency
(ngoy)- This can be seen from the data plotted in
Figure 3. However, since it 1s a high power-to-
weight ratio that is desired, rather than high com-
version efficiency per se, the thinmer silicon cell
is to be preferred. This is also shown in Figure
3, where for & constant cover glass thickness of
6 MILS, a 2 ohm-cm., 16 MIL silicon cell with an
efficiency of 11.1% has & power-to-weight ratio of
200 W/Rg (75 W/lb). A 6 MIL cell with similar
characteristics and an efficiency of 10.1%, how-
ever, has a power-to-welght ratioc of 275 W/kg
(2100 W/1b). Furthermore, if CdS thin films are
considered, even higher specific powers (up to
375 W/Kp) are projected for conversion efficien-
cles as low as 3.5%. In both Instances, however,
technology problems may preclude the use of these
higher power-to-weight ratioc cells,

For example, the cost of the 2 ohm-cm, 4 MIL
silicon cells 1s considerably higher than that for
10 obm-cm, 8 MIL cells. If a conservative price
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differential of $4/cell is assumed and recognizing
that approximately 15000 to 20,000 cells/Kw are
required depending upon the cell efficlency, a
cost penalty of $60,000 to $80,000 per kilowatt
results. Decreased handling durability and lower
availability further mitigate against use of the
thimner cells at this time,

The current status of cadmium sulfide {CdS)
thin filn cells is reported in Reference 2.
Despite intense development efforts over the last
few years, the CdS thin film cell is still plagued
by many development problems. These include low
performance due to inability to control reproduc—
ibility techniques, instabilities due to thermal
cycling, and degradation in performsnce due to
humidity effects, and thermal vacuum storage at
100°C. Until these foregoing technology problems
have been resolved, the CdS thin film cells cannct
be recommended for use at this time. However, the
long range potential for reduced cost and hi;
power density justify sustained development effort
in this area.

The impact of temperature on cell electrical
performance, is another major factor affectiug
the solar array power-to-area ratio. As the cell
equilibrium temperature increases from & mominal
28°C to values approaching 60°C for sarth orbiting
applications, (Figure 4) and 95°C for lumar sur-
face applications (Figure 5), a marked decrease
in cell conversion efficlency {TCoNV), oceurs
(Figure 6), The net effect is that the array
must be sized based upon the reduced power-to-area
ratio resulting from the pesk array equilibrium
temperature. In some instances, time oriented
load profile matching can be utilized to minimize
the impact of this performance degradation factor
on the array design. Iu addition, because of al-
bedo effects, solar arrays for low altitude earth
orbital missions and lunar surface applications
result in higher equilibrium temperatures than
for synchronous orbit and away from the sun (great-
er than 1AU) interplanetary £lights.

For long duration operation the deliterious
effects of the space radiation environment presents
an even greater technology problem than that asso-
clated with temperature. Despite the fact that
array performance degradation at BOL is signifi—
cantly affected by array equilibriun temperature,
the magnitude of this effect can be fairly accu-
rately predicted. In addition, experimental con-
firmation of this effect can be fairly easily ob-
tained in the laboratory. The space radiation en-
vironment, on the other hand, represents a region
of high uncertainty. The radiation enviromment
encountered in space consists of charged particle
radiation and the solar illuminaticn intensity.
The charged particle radiation is composed of
galatic cosmic rays, solar-protons and electrons.
While the galactic radiation maintains a relative-
1y constant level with time, the charged particle
radiation rises occasionally by several crders of
magnitude during solar flare disturbances. Nor-
mally, this solar flare activity is directly re-
lated to sumspot quantity. Figure 7 depicts the
numbér of sunspots observed or predicted for three
1l-year solar cycles. It should be noted that
for missions occuring in the 1971 to 1976 time
period a minimum of solar flare activity is anti-
cipated, Missions conducted during the 1976 to
1981 time period may encounter maximum activity.
To assess the impact of charged particle degrade—
tion on solar array performance the integrated
flux must be determined on a statistical basis
from space environmental data of the type



available in Reference 1.

The solar spectrum also varies and is con-
sidered to follow that of Johnson for AMO and 1.0
AU (Reference 1). During periods of high solar
activity, the x-ray flux may increase by 1 or 2
arders of magnitude. Generally, its value is in
the, 1078 to 10711 w/cn? range in the region from
100A to 2A respectively. This together with the
ultra-violet portion of the solar spectrum will
contribute to solar array performance degradation.

The meteoroid flux and the resultant impact
on solar array performance is even more difficult
to predict than charged particle radiation effects.
The flux can vary widely and erratically as a func—
tion of time due to sporadic showers, and its par-
ticle sizes, distribution, and velocities can only
be evaluated on a statistical basis at best, In
addition, secondary ejecta caused by micrometeorold
impacts can result in additional array performance
degradation. Also, the actual effect of a strike
on a cell or a string of cells is subject to wide
variations. Fortunately, experience to data with
orbital, interplanctary, and lunar surface space—
craft has not substantiated the degradation values
predicted by analytical estimates. However, as
solar array areas increase for higher power re-
quirements and mission durations are extended up
to ten years, the probability of greater potential
damage will be ever present.

Despite the uncertainties associated with
the evaluation of the various degradation factors
outlined above, the feasibility of using large
solar arrays for long duration missions is not in
question. Conservative assumptions and judiciously
selected component trade-offs can assure a high
probability of meeting solar array EOL requirements.
Rather, the challenge lies in identifying problems
and providing solutions to those technology areas
which would result in major reductions inm array
weight and cost, and in increased reliability.

Solar Array Cellstack Considerations

The theory of the photovoltaic energy conver—
sion process has received increasing attention
during the last two decades. The highly success—
ful application of solar arrays for spacecraft
power systems has been one of the major factors
in accelerating this interest. A fairly recent re-
view of the various theories devised to analyze
this process and a discussion of the experimental
efforts engaged in to confirm these analyses is
given in Reference 3. A short summary of the
state-of-the-art of various solar cells is given
in References 2, 4, and 5.

The solar array cellstack consists of various
components and materials needed to gemerate the
electric power required and to assure satisfactory
operation in the hostile space envircument. Typi-
cal silicon cell and CdS thin film solar cellstacks
are shown in Figure 8 and 9 respectively. In
selecting a particular cellstack for a given mission
environment and life, the following key elements
must be considered:

Solar cell type, thickness, and base resis—
tivity

Cover glass material and thickness

Cover glass to cell adhesive

Cell interconnect design, material, and
thickness
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+ Selar cell to substrate adhesive

- Main power cabling configuration and
materia’

The critical selection criteria and tradeoff
rationale for specifying the requirements for
these cellstack elements is fairly well established.
However, as array power levels are increased and
mission durations are extended, optimization of
these elements from a welght, cost, life and re-
liability standpoint becomes more complex. A de~
tailed discussion of this optimization process is
beyond the scope of this paper. However, as a
few of the more significant technology problems
confronting solar array designers are discussed,
their relationship to the tradeoff process will
be outlined.

Solar Cell Performance Related Criteria

TFor large area arrays, the cadmium sulfide
(CdS) solar cell (Figure 9) has the potential for
reducing array welght and cost. It also shows
promise for increasing array stowage efficiency
and reducing electrical degradation caused by
charged particle radistion (Figure 10), However,
the relatively low cell conversion efficiency

(3 to 57), present operational stability problems
in the space enviromment, and other factors out—
1lined in Reference 2, preclude the selection of
these cells for near-term missions (up to 1975).

The 2 cm. x 2 cm., N-on-P, single crystal
silicon cell is currently the preferred type.
Production quantities are also available in larger
sizes (3 x 3 and 2 x 6 cm.). Cost per unit area
generally decreases with cell area. Limited oper-
ational experience, possible increased handling
costs due to breakage, and thermal differential
expansion difficulties due to increased lemgth
have limited the use of these larger cells.
However, as solar array areas approach 5000 £t.2
and larger, the use of 2 x 6 cm, cell will become
increasingly more desirable. Therefore, it be-
hooves both Government and industry to resolve the
current technological problems limiting their use
at this time. This includes reduced production
and handling costs, and improved adhesives, inter—
comnects, and substrate materials to minimize
temperature induced design problems and to increase
array reliability.

Silicon cell base-resistivity can usually be
optimized by selecting for a specific mission, the
value that results in the higher EOL power. The
standard 10 ohm-cm cell has a somewhat higher
charged particle degradation resistance than do
2 ohm-cm cells, The latter, however, provide the
higher output power imitially., For lomg duration
missions, depending upon the total integrated flux,
the initial higher output of the 2 chm-cm. cells
may be outwelghed by the higher radiation resis-—
tance of the 10 ohm-cm. cell. However, on mis-
sions where the total equivalent 1 Mev e,’qf flueace
lavels are estimated to be low (<1072 e/cm) the
2 ohm-cm. cell may still be preferred (Figure 11).

There are other parameters which must also be
taken into account before a final solar cell selec-
tion is made with respect to charged particle ra—
diation degradation. These include cell thickness
and cover slide thickuess, For exgmple, at BOL
and to fluence levels of 1014 e/cm® (IMEV equiva—
lent), cell output power increases as cell thick-
ness is increased (Figures 11, 12, and 13), up to
about 0.016 inch. This is due to a characteristic




of the photovoltale energy comversion process.

In the thicker material, the electron-hole pairs
generated in the bulk material away from the junc-
tion, have 2 grester diffusion length to allow the
minority carrier to reach the junction. This re-
sults in a higher power output. As the level of
the charged particle irradiation is increased, the
effective diffusion length decreases. The net re-
sult is that electron-hole palrs generated far
from the junction will generally recombine before
the minority carrier reaches the junction. Con-
sequently, thin cells which initially have a low-
er output than thicker ones, eventually have the
same output as can be seen on Figure

The impact of increased cover glass thickness
is to reduce the effective radiation level on the
cell. This is shown in Figure 15 for both solar
flare proton and trapped electron irradiation.
Data presented in Referemce 6 on the ATS-1 at AMO
seems to indicate that beyond a thickness of 0.006
inch, the benefits achieved in reduced solar cell
radistion degradation may be offset by other per-
formance degrading factors (Figures 16 and 17)
such as reduced illumination. This has not been
borne out by previous experiments (Reference 7
end 8) conducted at AMI as shown on Figure 18.
Thus, at this time, it cannot be stated with cer—
tainty that EOL power output from each cell will
increase with increasing cover glass thickness.

From the foregoing, it 1s evident that the
selection of the optimum cell end cover glass
thickness is not straight forward. They are
highly mission dependent and quite semsitive to
the dictates of the criteria used to arrive at
the figure of merit for the overall solar array.
Such factors as power demsity, cost, weight, vol-
ume, and teliability also emter heavily into the
decision making process.

Solar Cell Material Considerations

In addition to establishing the criteria for
the desired solar cell performance characteristics,
it is equally important to select the proper ma-—
terials for the elements comprising the cellstack.
Not only must they be compatible with the imposed
enviromments, but they must also demonstrate long
life and high reliability. Some of the more sig-
nificant considerations are ae follows:

Cell Contacts

Recent investigations Reference 9)have
found that solderless cells having titanium-silver
(T4 Ag) contacts shown severe degradation when
subjected to a combination of high temperature and
humldity, They have also indicated that completely
solder covered cells exhibit insignificant degra-
dation as a result of such exposure. Conventional
solder covered cells are obtained by dipping the
cells into solder. This results in unmecessarily
heavy cells with a solder thickness of 39 m
(0.0015 inch). The so-called "dip and sling"
method has been developed to overcome this problem.
Increased cell wetting (up to 96%) and reduced
solder thicknesses results. Another approach,
developed by Helitek employs 2 tin coating (95%
Sn/5% Ag) of approximately 2 um thickness on the
‘back surface and 8 um on the front contact areas.
The weight penalty in this case was only 4% of that
for conventional solder dipped cells but the tem-
perature/humidity degradation resistance was equiv-
alent. These techniques and other newly developed
proprietary processes have eliminated this problem
without incurring the earlier weight penalties.
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Cover Slides

Cover slides perform three functioms on
solar array cellstacks:

+ Shield cell from excessive charged par-
ticle degradation

+ Protect cell from micrometeorite damage
. Reduce cell meximum operating temperature

The basic material selection criteria for
cover slides are:

- Must not darken substantially when sub-
jected to the space radiation enviromment

- Should possess a high infared emittance
+ Reasonable cost

There are two materials which will meet these
requirements. They are Dow Corning Microsheet
No. 0211 and Fused Silica No. 7940. The advantage
of the former over the latter is its lower cost.
The disadvantage is its greater transmittance loss
under x-ray exposure. Therefore, fused silica,
due to its long term stability in the space environ—
ment is recommended for long duration misefons.
There still is a potential technology problem as-
sociated with their use. Cover slides are normal-
1y coated with interference filters. The outboard
side may contain an anti-reflective filter of MgFa.
Laboratory tests have shown that MgFp will deter—
iorate under low emergy proton bombardments caus—
ing substantial transmittance losses. The mech—
anism causing the deterioration is presently not
fully understood. However, data from spacecraft
in orbits with relatively high low-energy proton
fluences have not yet confirmed the laboratory
results, Hence, this phencmenon should be inves-
tigated further to determine its possible impact
on future long duration missions.

The reflective filter is normally located on
the cell side of the cover slide. It provides
protection for the cell-to-glass adhesive. Two
basic types of ultraviolet reflective filters are
available; blue and blue-red. Blue-red filters
can reduce the array temperature by an estimated
5°C. However, due to a relatively lower trans—
mission efficiency, an overall reduction in power
output of approximately 3% results. Due to this
factor and their higher cost, the blue filter is
normally utilized. Their main function is to pre—
vent severe ultraviolet degradation of the cell—
to-glass adhesive. A filter cutoff wavelength of
0.410 micron results in a 3% greater power output
then one with e 0.435 micron cutoff. Since the
effect of the lower cutoff fllter on adhesive de-
gradation is considered megligible, a blue re-
flective filter with a cutoff wavelength of 0.410
micron is usually recommended. Continued research
in this area is recommended, however, since con-
siderable performsnce geins may be achieved by
improvements with this component. Also, addition-
2l experimental data is desirable to assure satis-
factory operation for longer duratioms (up te 10
years).

Glas: ell Adhesives

Adhesives for bonding cover slides to solar
cells are predominately organic, high polymeric
waterials. The basic polymer resins are modified
by the control of the molecular weight, degree of



cross-linking, and the incorporation of additives
to improve specific properties. Changes in the
chemical balance of the adhesive can lead to sig-
nificant modifications to its physical properties.
Tn the case of optical adhesives these can result
in adverse effects to the adhesive refractive in-
dex or spectral transmittance, thus lowering the
solar cell performance.

Adhesives of principal interest are epoxies
and silicones. They have demonstrated superior
sbility to withstand ionizing radiation for long
periods without sny significant chamge to struc—
tural properties or optical transmittance. The
most commonly used are the silicones, with GE/
RIV602 and Dow Corning Sylgard 182 or XRG-348%
preferred.

The photochemical decomposition of these ad-
hesives result in degradation of their optical
properties, such as adhesive darkening and in-
creased solar absorptance. Because the recom-
mended silicones are capable of distributing ab-
sorbed ultraviolet photon energy along its poly-
mer chain, the degradation of optical properties
are minimized. Laboratory tests have shown that
Dow Corning's XRC-3489 (a highly purified version
of Sylgard 182), has the least coloration due to
ultraviolet and charged particle irradiation.
Data from satellite experiments have confirmed
these results for time-integrated fluxes corres—
ponding to 3 to 5 years at synchronous orbits.
Thus, DC/XRC-3489 is currently considered the
Dbest selection for long duration missioms.

Cell-to-Cell Design

Minimun cost consistent with reliable per-
formance dictates the choice of solar cell mater-
ial, Candidate materials include copper, silver,
kovar, and molybdenun. The materials are listed
in order of increasing cost (material plus fabri-
cation). Typical properties of some of these ma-
terials are shown in Table 1. Thermal expansion
matching between the intercomnect material and the
silicon cell is an important consideration. How-
ever, the major technological problem confronting
solar array designers for lomg duration missions,
is that created by thermal cycling. This environ—
mental phenomenon causes solder fatigue at the
Joint between the intercomnect and the silicon
cell. The solder having a higher coefficient of
expansion than silicon is subjected to repeated
tensile stresses during low temperature excursions.
The result is fatigue induced micro-cracks in the
solder which ultimately propagate into the silicon
cell. Ultimately, separation between the mater—
ials oceurs. This can cause a reduction in array
power when the failures per cell exceed the built
in redundency. Since for many long duration mis—
sions a large number of temperature cycles may
occur, it is most important that intercell con-
nections be capable of surviving this effect.

It is recognized that the initiation of
cracks can be used as an indice of eventual fall-
ure. Thus, the number of cracks cbserved can
serve as & useful failure rate indicator. Tests
at TRW Systems have shown that there is a genmeral
relationship between lower temperature limit,
number of cycles, and the relative amount of
cracks in the joint (Figure 19). It can be seen
that a relatively small increase in the lower
temperature limit will permit a large increase in
the number of cycles for a given level of cracks.
Thus, improved thermal control of solar arrays
to increase the lower temperature limit can greatly

increase array operating life.

The number of failed joints also varied great—
1y with the interconnect material used (85% for
copper, 7% for Xovar, and no failures for moly-
‘bdenum after 100 cycles to -175°C). There was
also a significant correlation between failure
rate and temperature differential. Another obser~
vation during this test evaluation showed that it
is very important to have oxide free surfaces
which are to be joined by soldering to assure good
joints. It was also established that proper inter=-
connect plating is important. However, tempera-
ture shock rate was mot found to be eritical for
the designs considered.

Specimens tested included those in a freely
suspended state as well as those bounded to metal-
1ic substrates with silicone adhesives. The bond-
ed specimens using 0.003 inch thick material re-
sulted in the highest failure rate. The differen—
tial contraction between the modules and the sub—
strate was the main factor, but material thick-
ness vas also critical. Figure 20 shows that the
percentage of failures, after 300 thermal cycles,
rapidly decreases with reduced interconnector ma—
terial thickness. This was attributed to the pro—
bability that the stress level in the 40-60, lead/
tin solder was considerable reduced during low
temperature excursions by the greater flexibility
of the thinner materials. It was estimated that
a stress reduction of 5% can reduce the number of
failures by a factor of 5. Variations in the sol-
der composition could also have a major effect on
fatigue life and further investigations in this
area is recommended.

The tests confirmed that a U-shaped, Kovar
interconnector, 0.001 inch thick can withstand

300 temperature cycles from 60°C to -162°C with
only 0.7% of the joints separating. A 70% reduc-
tion of the stress in the solder joint can be
achieved if the -162°C lower temperature limit
could be raised to -115°C. For an equal number

of temperature cycles (L.e. 300), the number of
failures would them be reduced by several orders
of magnitude. This can be seen in Figure 21 which
shows the percent of cracks as a fumction of the
average stress-to-failure, for a range of standard
deviations of fatigue strengths for solder. The
range of standard deviations shown brackets the
range normally experienced in practice. IE, on
the other hand one assumes the percentage of open
joints to be constant, seversl orders of magnitude
increase in the mumber of allowable temperature
cycles should result.

Solar Cell to Adhesive

The selection of the solar cell to substrate
adhesive should be made when the actual substrate
structure has been defined. There are a wide
variety of suitable adhesives available. For
bonding to aluminum face sheets, GE/RTV-511 or
577 is typical. To satisfactorily bond to Kaptonm,
GE/SMBD 745 flexible epoxy adhesive is recommended.
Adhesive thickness and bonding pattern should be
established by pull tests conducted for the par-—
ticular envirommental levels associated with the
particular mission.

Main Power Cablin

The selection of main pover cabling design
is intimately related to solar array power and
voltage levels, as well as required stowage and
deploynent techniques. Material selection should




be based upon optimization with respect to the
following parameters:

+ Electrical Conductivity

+ Weight
Solderability

Environment

Thermal Conductivity

Manufacturing Complexity

Tensile Strength
Cold Flow Characteristics and Flexibility

Table 2 summarizes several of these parameters for
several candldate bus materials, A colusn indicat-
ing a relative weight multiplier for cthe various
materials as compared to copper is included.

While alumimum looks attractive, its high coeffi-
cient of thermal expansion is ot too compatible
with large thermal cycling excursions. Copper
still remaims the most satisfactory alcernative.

Designating the main power conductor for com-
stant current-density power transfer results in
the lightest weight regardless of allowable pover
loss or operating voltage (Reference 10). Figure
22 is a schematic representation of a multi-winged
spacecraft. Each wing consists of several idenm-
tical eleccrical sections interconnected in para-
1lel to deliver a specified array power and volt—
age. For a constant current density cable:

Total Wing Power Loss = Ky N(N+1) @)

Total Wing Conductor Mass = K N (N+1)2 (3)

Vhere, ey
by @)
a5
5
uDLz(%) (5)
Total wing power loss in watts
And,

= Individual section power (constant)

V= Array Operating Voltage

AV= Voltage drop between each section
and the spacecraft

N= Number of sections

L~ Conductor Lemgth between sections
(constant)

A= Conductor cross-section, (in?)

p= Material resistivity (uohm-cm)

Conductor geometry (l.e., comventional wire
or flat strap) selection is based upon the spe—
cific solar array structural design and deploy-
ment concept being used. The flat strap type is
preferred for large area solar arrays since it is
compatible with both rigid and flexible designs.
Tt also has the potential for optimization with
respect to weight, stowage efficiency, launch
survivability, reliability, and cost.

Solar Cell Desipn Considerations

There are many solar cell design techniques
that can markedly effect array performance, life,
and reliability. A few significant technology
areas are discussed below.

Magnetic 1d

A major consideration during the period of
design when the arrangement of series strings on
the sibstrate is being established is that of min-
imizing the magnetic field caused by uncompensated
current paths on the array. Both the arrangement
of serles strings and the location of the main
power cabling must make maximum use of current
counterflow loops. I this way, magmetic inter—
ference from the array circuit can be reduced to
negligible levels (approximately 1 pico tesla).

Array Output Prediction

Solar array output calcularions are normal-
1y made for the nominal output. This means that
the median value of each degradation factor is
used, thus resulting in a 50% probability that
the predicted output will actually be achleved.
This is dome to avoid using an unnecessarily com-
servative EOL performance factor-of-safecy with
a correspondingly heavy design. Reference 11 de-
scribes a technique by which the power OuUtput at
any desired probability may be determined. This
technique utilizes the Monte Carlo method of se-
locting the magnitude of the degradation factors.
The performance is then calculated at the particu-
lar operating voltage being considered. Figuré
23 shows a typical set of curves (based upon a
specific set of degradation factors and where
K=Vop/Voe) - Data of this type can be used to
determine the array output at any desired pro-—
bability, thus afding materially in refining array
sizing operations. TRW Systems has determined
that the power output expected with 50% probabi-
lity is approximately 7% higher than that antici-
pated at 95% probability. Thus, an increase in
array size by about 7% above the nominal design,
will assure a high probability that the EOL requir-
ed power can be achieved.

Low Emergy Froton Protection

As additional operating experience is ob—
tained for long duration satellite systems, mew
technology problems occasionally arise. One such
case 1s the excessive damage caused to uncovered
portions of solar cells by low emergy protons.
Recent data from the ATS-1 Satellite, which has
subsequently been verified by laboratory tests,
have shown this to be the case, The damage mec—
henism is hypothesized as having a shorting effect
on the solar cells, This has resulted in a pover
output degradation of 23% in one year. Ihis was
far in excess of the exposed cell area of 0.7%
which being uncovered, would be the only region
where rapid radiation damage would be antieipated.
In the ATS-1 application, the cells used were 1
cm. x 2 cm., N-on-P type, with solder covered
contacts. The negative contact was along the
2 cm. side. These cells were covered with 0.030
inch thick fused silica cover slides. Because of
the standard tolerances on the cover slide and
the assembly techniques used, a 0.005 inch wide
strip along the 2 cm. length remained uncovered.
Preflight degradation estimates for this condition
were estimated at 2% per year, The unexpected dam-
age was attributed to low energy (E<5 MEV) pro—
tons which damaged the exposed cell area. It was
found that at fluence levels of 1013 p/en?, a
shift in the characteristic current-voltage curve
knee occurred, resulting in a 25% decrease in
the maximum power output. This large dvop in per-
formance was experienced despite the fact that
the exposed area of each cell was only 0.4%

(0.003 in. x 0.788 in. ¢ 0.589 in? x 100). It



was determined that satisfactory protection from
this degradation mechanism can be achieved by the
application of a thin layer of protective material
over the exposed area.

There are several methods that can be used to
eliminate the exposed cell srea. One low cost
technique is to apply & thin layer of the cover
slide adhesive to the exposed areas when using
cover slides with conventional dimensioms and
tolerances. This operation can be performed to
the solar array panel after final assembly. This
adhesive is acceptable since it will not decrease
transmissibility at BOL. The extent of ultra-
violet darking of the exposed adhesive at EOL has
yet to be determined. However, even if transmis—
sibility was reduced to zero (100% darkening) less
then a 1% reduction in cutput power would be ex-
perienced. Further testing is recommended to
assure that the low energy proton protective capa-
bility of this adhesive is not significantly dim-
inished as a result of longer duration operatiom.

Another approach would be to use oversize
cover slides to completely elimimate all exposed
areas. This method, although very effective is
considerably more costly than the first approach.
This results from the tighter tolerances required
and the higher reject rate to be expected because
of this.

Lithium - Diffused Radiation Resistant Cells

As was previously discussed, charged par~
ticle damage (Reference 12) remains one of the
wajor factors in solar array performance degra-
dation. Recent research in solar cell technology
has led to the development of the lithium diffused
radiation resistant cell, These cells have been
shown to have a definite ability to recover from
radistion damage (Referemce 13). There is, how-
ever, a considerable lack of understanding re-
garding the nature of the radiation-induced defects
in lithium doped silicon and the annealing process.
Figure 24 shows a comparison between changes in
the diffusion length for a lithium-doped cell and
a control cell under 1-MEV electronic bombardment.
Both cells were made from the same silicon wafer.
Trradiation was stopped periodically and the cells
were alloved to smeal at room temperature for
the time periods indicated. Tt is theorized that
the damage site involves a pairing between a
defect and @ lithium ion. The recovery mechanism
then involves the diffusion on another lithium
ion to the damage site and its pairing with the
lithium-defect complex. It has been established
that the speed and extent of recovery are strongly
dependent on the amount of free or unpaired lith—
ium. There is some evidence that a cell structure
which incorporates a diffused phosphorus layer
next to the junction (i.e. between lithium - dif-
fused reglon and P-region) to give a three-lay-
ered p/n/n structure, results in a cell with im—
proved radiation resistance without sacrificing
the ability to recover. While high efficiency

(13 to 14%) lithium doped cells have been pro-
duced, on the average they appear to have lower
efficiencies than comparable cells without lith-
ium doping. Effects of elevated temperatures and
long term exposure to hard vacuum require further
investigation before these cells can be given
serious consideration.

Shadowing Effects on Solar Cells

For various missions, freguently portions of
the solar array are shaded by structural elements
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such as antennas, booms, or portions of the space-
craft, Such shadows are usually time varying and
of complicated geometry, Aceurate knowledge of
the output losses is required for a preclse deter—
mination of the actual array power output, as
well as for assessment of bus voltage variations,
ripple, and RF noise.

Because of the electrical characteristics of
solar cells, the losses are not proportional to
the projected shaded areas, but are greater.

This 1s due to two factors. The shadowed cells
sich are in series with illuminated cells block
the current flow in the entire series string.
Shadowed cells in parallel with illuninated cells
shunt part of the generated current. Current flow
blocking may be minimized by installing so-called
shunt-dindes across cell groups, Shunting can be
reduced by dividing large parallel groups imto
snall ones and conmecting each group through a
so-called blocking diode to the bus. This diode
1solates shadowed groups of cells from illuminated
ones and thereby prevents shunt current losses.

In estimating performance and designing the
cellstack circuitry for the solar array, these
shadowing effects must be taken into account.
The use of mathematical models of the type out-—
lined in Reference 14, can greatly simplify this
complex analysis and still provide the desired
accuracy for the array output power estimate.

Solar Array System Considerations

Because the power level requirements of future
spacecraft are continually increasing, considera-
ble emphasis is being placed on the structures and
mechanisms technologies needed and voltage level
selection, for large area, high power, light
weight solar cell arrays. Typical of these are
some of the development activities ocutlined below.

Solar Array Substrate Design Criteria

The trend in photovoltaic solar arrays has
been towards developing light weight, lower cost
substrate structures. Emphasis has been placed
upon increasing the power-to-weight ratie (w/1b}.
The folding modular and roll-up systems are es—
sentially two basic solar array configurations
which appear most likely to achleve these objec—
tives, The necessity to reduce the substrate spe-
cific weight can best be seen on Figure 25. At
higher array power densities, the maximum allow-
able structure-mechanism weight is reduced. Thus,
for a selected cell stack design, an upper limit
exists for array structural weight, if a desired
power density is to be achieved,

Currently several major development efforts
are being carried out. The most notable is the
folding panel configuration being developed by
The Boeing Company. An array power density of
20-24 w/lb. for a nominal 50 KW, 5000 ftZ area
system has been specified. This array uses sili-
con cells (8.6%, AMO, 55°C, 1 ohm-cm, 8 mil thick,
3 mil cover slides) mounted on a rigid substrate.
The substrate consists of an edge frame and
center spar made from 0.015 in, beryllium double
box beams and a 0,003 in, x 0.2 in, woven fibre
glass substrate. A specific weight of 21.8 w/1b.
has been achieved. The substrate specific weight
is approximately 0.16 1b/ft? which does mot include
the deployment mechaniam,

Other companies actively engaged in light
weight solar array development inelude TRW Systems,



Hughes, Ryan, Fairchild-Hiller, General Electric,
and Electro-Optical Systéms. EOS using electro-
forming techniques is endeavoring to develop a 40
w/lb, rigid silicon cell erray. To echieve this
high specific weight they are using 4 mil thick
cells and 1 mil thick cover glass. These appear
to be high cost elements and somewhat beyond the
practical tegime for current SOA silicen cell ar-
Tay fabrication techniques. The other companies
(with the exception of TRW Systems) are under con-
tract to JPL to develop a nominal 10 KW 30 w/lb.
silicon cell roll-up array. Results to date are
listed in Table 3. Details of their comstruction
and the deployment techniques utilized are given
in Reference 16.

RW Systems has been concertrating on develop—
ing €4S thin film multi-kilowatt arrays in conm-
junction with an in-house program tied to the
development of an electrically propelled inter-
planetary spacecraft. A typical design for a
two-wing, 2.5 KW flexible structure solar array
has achieved a specific weight of 27 w/lb, which
includes the deployment mechanism. In addition,
under contract to NASA/MSFC they are developing
fold-up modules for lunar surface applications
which show promise of achifeving specific weights
up to 40 w/lb.

Rotary Joint Power Transfer Mechanism

Large area solar arrays will require rotary
power transfer mechanisms to permif roll-out
type deployment and/or deployed array articulation.
There are several methods by which this mey be
accomplished. These are:

» rotary transformers

- spiral wound continuous cables

+ slip ring assemblies

Because of their specialized design require-
ments, rotating transformers are not considered

practical at this time. Continuous spiral wound
cables have limited life and impose an

use of multiple rotating joints (ome for
array deployment and another for array
articulation)

transfer of pover voltages higher than
100 VDG

'+ operation at temperatures below -10°C

A considerable amount of detailed design in-
formation 1s available from Ball Brothers Research
Corp. They have determined that power transfer at
voltages above 200 VDG causes creepage between
circuits, Corona and/or electrostatic discharge
are additional problems associated with high oper—
ating voltages. Close comsideration must be given
to ring spacing, dielectric insulation properties
of materials, material degradation effects and the
impact of Increased power losses and noise. Nor~
mally, proper selection of barrier materials and
ineressed circuit spacing are adequate to minimize
any deleterious effects. This results in a megli-
gible welght increase. If slip ring assembly en-—
velope dimensions are not too tightly constrained,
problems with high operating voltages can usually
be elininated.

Effective lubrication for low temperature
operation is required. 'Dry", compact composites
having self-lubricating properties and good elec-
trical conductivity are typical. 'These are usually
meral based and contain small percentages of poly-
tetrafluorethylene and & dry lubricant such as
nicbium-diselenide. This lubricating film
transfers back and forth to heal any faults in the
£1Im.  "Wer" films supplied by resevoirs, such as
Ball Brothers "Vac—Kote or Esso's Poly-Scientific
Division Univis P-38 oil are other lubricants com-
monly employed for space applications.

Space proven slip ring designs have operated
for over 50,000 revolutions at speeds up to 60 RPM
with negligible wear (based on examination of qual~
ification test models), However, the slip ring as-
sembly zemains one of the most difficult single
£ the solar array to design for long

limitation on degree of array articulation. They
also result in relatively high pover losses and
overall power system welghts. S1ip rings appear

to be the most attractive rotary joint power trams-
fer mechanism available today. They combine

1light welght, low power losaes, high reliability,
and unrestrained articulation capabilities with
relatively low cost and proven performance in

the space enviromment.

Slip rings can be either of two types, i.e.,
pancake or drum, depending upon the design con-
straints imposed on the pancake dimensions. This
solar argay component is reliable, based upon over
150 x 10° vacuum operating hours. This data is
the sumation of & total of 54 space flown and
laboratory tested umits. Typical failure rate
data is 6 failures/ring in 109 hours.

Power tramsfer from the array to the slip
ring is accomplished through terminal strips or
connectors. ‘The power loss through the ring as-
sembly depends upon the particular design. Typ-
ical losses are in the order of 0.25% up to at
least the 10 KW power level. There are no ap-
parent design restrictions which will prohibit
slip ring designs for 50 KW or higher. However,
there are several technology sreas which will
require further evaluation, 1f reguired by the
spacecraft requirements, due to the lack of oper-
ational data. These are:

life and much further development effort is warran-
ted.

Voltage Selection

Solar array weight optimizaticn is influenced
by other factors than component mass~density. Se~
lection of the array operating voltage and allow-
able loss in the main power cable are two such
design criteria.

The weight of arrays with shunt diodes con- . '
tinvally with volt-
age. This is due to two factors. The inherent
high reliability achieved by the use of shunt di-
odes does not impose any appreciable weight penalty.
Tn addition, the required main power cabling
weight continually decreases with increased voltage.
Omission of shunt diodes causes the system to have
a discrete voltage at which the total weight is a
minimun. Figure 26 shows the relationship among
opersting voltage, power level, and the predicted
power loss (required over design) for this case for
a reliability of 0.995. It can be seen that with
a prescribed reliability level, the required over
design increases rapidly with increased voltage.
1f shunt dicdes are incorporated across each par-
allel cell sub-group the required over design is
considerably reduced. For example, at a relia-
bility of 0.999999, the required over design is
approximately 0.1% and independent of voltage level.




The optimm voltage range without shunt
ddodes 15 between 100 to 300 VDC. With shunt
diodes the range can be increased to from 500 to
1000 VDC. The actusl optimun voltage depends upon
the power level and allowable main cable losses.
Above 1000 VDC finite but negligible weight re-
duction results with shunt diodes.

Solar arrays with shunt diodes operating at
optimum voltage, are generally on the order of 10%
lighter at 0.999999 reliability, than their al-
ternative with a reliability of 0.995 for a 3 year
mission. Reducing the operating voltage of a shunt
diode protected array to the range for the al-
ternative results in approximate weight parity but
at a somewhat higher reliability. It is clear
then that array voltage need mot exceed 300 VDG
for welght optimization. However, at a given
power level and mission life, consideration of
other factors such as reliability, cost effective~
ness, and circuit compatibility become important.
For example, a shunt diode protected array results
in an increase in array cost., Shunt diode unit
costs (1§2), amplified by additional tooling costs
and increased assembly time reduces their desira-
bility. The cost effectiveness of their use must
be weighed with respect to the requirements of
each specific mission. In addition, even though
total array weight decreases with increased oper—
ating voltage levels for the shunted configuration,
practical considerations sometime preclude their
use. Quite often the voltage level selection
may be limited by power transfer mechanism, power
conditioning, or load constraints.

For many applications there does not appear
to be any significant advantage in operating solar
arrays at voltages above 300 VDC. However, should
the spacecraft load dictate the requirement (i.e.
2000 to 16000 VDC for electric thrustors and T.V,
broadcast high frequency electron tubes) then
techniques must be developed to make this achieve—
gble. In this case, additional problems associated
with interactions with the charged space plasma
and increased spacecraft torques due to the im—
pact of the magnetic field between the array and
the plasma caused by incompensated current paths,
must also be resolved.

Conclusions

The proven performance and reliability of
solar arrays will make them the ideal electric
power system candidate for the many potential mis—
sions being considered for the next decade. Be-
cause of their potential for high power, long
duration operation, with minimum development risk,
mission planners and spacecraft designers will
turn increasingly towards their use.

The technology problems stemming from the de-
sire to develop large, high power level solar ar-
rays are primarily related to achieving improve-
ments in the time-independent factors of BOL per-
formance. The emphasis here is on increased solar
cell conversion and pover conditioning efficiency,
improved manufacturing techniques and materials,
and a refined assessment of spacecraft operating
modes and solar array interactions. Development
of light weight structures, and reliable deploy-
ment, orientation, and power transmission systems,
(Reference 15) are equally important.

The technology problems related to the quest
for extended mission duration are dominated to a
large degree by the necessity of obtaining major

P in the time degradation
factors. The development of increased radiation
resistant materials is the key element to success
in this area. Improved thermal control and decreas-
ed sensitivity to the range and magnitude of ther-
mal cycling sre additiopal Factors that could
enhance the reliability of long duration operation.

Finally, because of the multi-faceted aspects
of solar array systems, increased emphasis must be
placed on develdping new znalytical and experi-
mental tools. These must be oriented towards
achievement of major improvements in solar array
design optimization techniques. - Only in this man—
ner can the basic objectives of reduced weight

and cost, and incressed reliability be achieved,

to meet the future goals of long duration operation
of large solar arrays in the hostile space environ~
ment. 4

References

1. R. E. Smith et al, "Space Enviromment Criteria
Guidelines for use in Space Vehicle Develop—
ment, 1967 Revisions"; NASA TMX 53521 dated
Tebroary 1, 1967,

2, F. A. Shirland, A. F. Forestieri, A. E. Spakowskl,
YStatus of The Cadmlum Sulfide Thin-Film Solar
Cell", IEEE/IECEC Conference, Boulder, Colo-
rado; August 13-17, 1968.

3. P. A, Crossley, G. T. Noel, M. Wolf, "Review
and Evaluation of the Past Solar Cell Develop-
ment Efforts", RCA/Astro-Electronics Div.
Report of December 1967 (NASA Cnntract NASW-
1427) .,

4. P. Rappaport, "Solar Cells Today", ATAA/IECEC
Conference, Los Angeles, California; September
26-28, 1966.

5. E. L. Ralph, "Solar Cell Development Survey;
TEEE/IECEC Conference, Boulder, Colorado;
August 13-17, 1968.

6. R. C. Waddel, "Radiation Damage Shielding of
Solar Cells on a Synchromous Spacecraft",
TEEC Transactions/TECEC Conference; Boulder,
Colorado, August 13-17, 1968.

7. K. S. Tarmeja, R. K. Riel, I, M, Hicks, R. V.
Babcock, "Drift Field Solar Cells on Silicon
Web," ATAA/TECEC Conference, Los Angeles,
California, September 26-28, 1966,

8. G. A. Haynes, W. E, Miller, “Effects of 1.2 and
0.30 MEV Electrons on the Optical Transmission
Properties of Several Tramsparent Materials”,
NASA Technical Note TN D-2620; March 1965,

9. W. Luft, C. C. McCraven, and L. A, Arodan,
“Temperature and Humidity Effects on Silicon
‘Solar Cells"; Seventh IEEE Photovoltaic Spec—
{alists Conference, Pasadena, California,
November 19-21, 1968.

10. TRW Systems Report 07171-6001-R000, "Power
Systems Configuration Study and Reliability
Analysis", JPL Contract No. 951574; of 18
September 1967.

11. W, Luft, "Solar Array Output Probability Pre-
dictions", TRW Report ER7442,6-073 of 24 May
1968.



12. R. L. Statler, "One MEV Electron Damage in
$ilicon Solar Cells," IERE/TECEC Conference,
Boulder, Colorado; August 13-17, 1968.

13. J. Wysocki, Record of 6th Photovoltaic Spec—
ialists Conference - Confidential, Cocoa
Beach, Florida, March 28-30, 1967.

14. H. S. Rauschenbach, "Electrical Output of
Shadowed folar Arrays”, TEEE Seventh Photo-
voltaic Specislist Conference, Pasadena,
California; November 19-21, 1968.

15. D. W. Ritchie and J. D. Sandstrom, "Multi~
kilowatt Solar Arrays", JPL Technical Report
32-1140 of 15 July 1967.

16. J. E. Boretz, et al; "Study to Establish Cri-
teria for a Solar Cell Array for use as a
Primary Power Source for a Lunar-Based Water
Electrolysis System', Phase I - Final Tech-
nical Report of June 30, 1968 (TRW No. 09681-
6002-ROD0-NASA Contract No, NAS8-21189).

Acknowledgenents

This paper has been based in part upon the
results of various studies and work (Reference 16)
carried out by the author in the field of large
area solar arrays. Supplementary data was pro-
vided by various members of the TRW Systems Elec—
trical Systems and Physical Research Laboratories.
This has included G, A. Work, W. Luft, R. A, Boring,
H. S. Rauschenbach, J. M. Denmny, and R. €. Downing.
In additlon, private conversatioms with A. Smith
(NASA/OART) and R. Boehme and J. L. Miller (NASA/

MSFC) alded materially in formulating the direction
phasis to be taken in the preparation of this

2-10



Trical OO AGT Sl

o8 % o et e [ ot i S T

T

I

i
EE; G
Fal

e T S 2]
Sotrace, voirs

Figure 1. Factors Considered in Power-to-Area Figure 2. Typical Current-Voltage Character—
Ratio Computation for Lunar-Based istics for 2 and 10 ohm-cm Base
Solar Arrays Resistivity Silicon Solar Cells of

Various Thicknesses

)

¥

)

:

Figure 3. Pover-to-Weight Ratlo Versus Effici- Figure 4, Temperature-Time Profile for Represen—
ency for Silicon and Thin Film Solar tative Papel
Cells



MONTHLY SMOQTHED SUNSPOT NUMMERS

AT ;
»
® Tt
&
Y o
]
g g
g ol f
“« ]
= [ g
4 3 T 700 wmumm".‘z
IS S G R UM RO e e B
§ 5 % 3 & )
SOLAR VECTCR (¢} CELL TENPERATLEE
Figure 5. Lunar Based 45° Lean-To-Array Temp- Figure 6. Cell Bfficiency Versus Temperature
eratures as a Function of Solar Heat- Comparison for S8ilicon and Thin—
ing Model I Unmodified Film Solar Cells
aa i LSSt S
B -
e -
S
1eol— (BEG INNING APRIL 1564)
i / PLACED ON OCTORER 1964)
ol : J
ol - Rsrroihs
r EaT =
= ; B oy o ] et
R
ol v J
& (OBSERVED 3 I
- o n
B g YR 3
n =]
o | mme .
4 \7 E E
:m\mn!mulmu o m[muhm h m\mm\ 1L
T i oo s Db
Cmiom ek LN
‘ e |
Figure 7. Figure 8. Advanced Solar Cell Stack Concept

Sun Spot Numbers for Several Solar
Cycles




Upper plastic

\
Integral \ 6o
m’ﬂcl | Metlarid Barrler  iniegral con-
R EIC) layer -7 tactiab -
”””'m T
tnsuta-
tion sirip "
CdS film = Melatized 7 Phsnc 7
surface -~ substrate — e, veoes
Plgure 9. Cross-Section of CdS Thin Film Solar Figure 10. Silicon and CdS Thin Filn Solar
Cell Cell Degradation due to the Space

Enviromment

CELL THICKNESS (107 INCH)

‘ 15
=14
E ~13
§ 2
& 3
0 ‘ 2 E
2 J(/IDOHM-CM 2
5 S
3 70— i R
& N i
3 BASED ON 2x 2 CM CELLS N R E
& 3.8 CM ACTIVE AREA N q05
- I LR TR RS =8
z
: \ ¥
50 - 8
e
4 1
2x 10" 103 't 103 106

FLUENCE-EQUIVALENT | Mey & cm

Tigure 11. Effect of Fluence on Solar Cell Maximum Power for Varicus Cell Thicknesses and Base Resistivities.



[rr——

o e moxntss

e e Twcangse

4
o ; oo
Vi s / oo
. ; e
] o o
k= . S e —d + 3 o :
AR e eeus vemmemarone ioc)
Figure 12. Maximum Power and Voltage vs Cell Figure 13. Meximum Power and Voltage vs Cell
Temperature for 2 x 2 cm 10 ohm em Temperature for 2 x 2 cm 2 ohm em N+
N+ on P Solar Cells, Active area on P Solar Cells. Active Area 3.9
3.9 en?, Sunlight Simulator 140 cm?, Sunlight Simulator 140/mi/cm?
W/ em?
40
CELL THICKNESS ~ INCHES
= 0.012
0.010 ™~
0.012 i
2 0.008
BE 0.010 ™
= 0.008
5
Es
3
= 2 OHM-CM
g A
ER)
=
z 10 OHM-CM
=
A EOM QUTPUT WITH 0,006 INCH COVERS 7
7 EOM OUTPUT WITH 0,020 INCH COVERS
3%
A
a.01 0,1 1 10

Figure 14.

MISSION DURATION - YEARS

Individual Solar Cell Performance Versus Mission Duration for Various
Thicknesses of 2 and 10 ohm-cm Solar Cells at AMO, 28°C for Bodymounted

Cells which are Normal to Solar Irradiation and having 12 Mil Cover

Slides.

No Spacecraft Geometry Considered.

214



EQUIVALENT 1 May FLUENCE (e M2 YR™T)

=)

10

=

Figure 15.

SOLAR FLARE
PROTONS

TRAPPED
ELECTRONS

S 1 e 2 | 1

5 10 20 40
COVER SLIDE THICKNESS (10 INCH)

The Effect of Cover Thickness on the
Yearly Solar Flare Proton and Trap~
ped Electron Fluence in Terms of
Equivalent 1 Mev Electrons, During
Peak Solar Flare Period

ATS1 MAXIMUM POWER VERSUS TIME

100 T i T =
CELLS 5 BISIL)

20 ELLS 15,16{1MIL);

Z 50 5 CELL 20(8aMIL)

H

e X,

= 60

Z 50

2

s 40

5

= 30

S

gl CELLS 25,2600 1)
10 WADDEL
0 . 1 L . L GSFC
0.01 0.1 1 10 100 1000

TIME AFTER LIFT-OFF tdays)

Figure 16. Maximum Power Versus Time for Several

Cells with Various Shields

ATST
SOLAR CELL PROPERTIES AT 416,58 DAYS
VERSUS SHIELD THICKNESS,
10a-CM N-ONP
& T T T T T

CHRYE FACTOR IF)

CURVE
FACTOR
)

o
L

MAXIMUM
POWER

=8 100

E3iz

f3ce orencincutvouTaE )
o= 9

SHORT CIRCUIT CURRENT )

SHORT
cIRCuI!
CURRENT

waoDgL
(3

L L L L I
10 20 30 a0 50 & 70
SHIELD THICKNESS (mils)

Figure 17. Curve Factor (F), Maximum Power

(B), Open-Circuit Voltage (V ),
and Shore-Circuit Current (1)
Versus Shield Thickness, at 416
Days After Lift-Off.

fctron Flukocs, @ ) o e al

0 1o o
T 1

hoieney.

Solar Cell Efficiency Vs. 1 MeV Elec—
tron Fluence or Years Exposure in
Equatorial Synchronous Orbit. Ef-
ficiency Measured with 3400°K Filtered
Tungsten Light at 100 m W/cm2, as Io-
dicated on Standard Solar Cell Cali-
brated Table Mountain Sunlight

Tigure 18.

9

T

2 PERCENT

= CRACKS
IR e 0

£ —
Bl apl e e U |
£ === SiES S e

= { !

-50 !
10G NUMBER OF CYCLES — =

Figure 19. Typical Fatigwe Life Curves for Solar

Cell Interconnections
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Figure 22. Schemaric Representation of Solar Figure 23. Dimensionless Current Output
Array Wing Distribution Over a Range of

Normalized Voltages:
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Figure 24, Comparison of the Performance of n/p Figure 25, Allowable structures Weight (Ib/£t%)
and Li-doped Silicon Cells under at Various Levels of Specific Power
Irradiation as a Function of Cell Thickness (For
Mariner IV Cell Stack Specific Weight
of 0.391 1b/£t?)
d I
R=0.995
t=3YR '
=107 /HR / i
/ A /
|
] =

=

PREDICTED POWER LOSS - %

20KW

///

M\
\

B

700 150 200 250 400 450

VOLTAGE - VOLTS

Figure 26. Effect of Array Operating Voltage on Power Loww for Silicon Cells at Various Power Levels (No
Shunt Diodes)
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Retative Densit

Tharmaal

Material Expanslen m/a? mfec

Siltcon . 151 2,33

Copper 41 555 5.89

Kovax Lis saL 535

Molybdenur .20 s62.5 10,20
14 1400 2242 o

Platinum-Lsidiom 1.87 1333 214 et [cett Thiek Geli Pextormanc

Tantalum 162 1036 16,6 Sompany Tepe_joss b -

. EOS N/e 0. 004 10. 1%, AMO, 55“5‘ 37
Oillignn i 3 20 G.E. N/P 0. 008 8.45%, amo, 55°C| 30
Brass 4.9 527 8,44 Ryan N/P 0.008 5, 55%, AMO, 55°C| 30
et .. A e Fairchild-Hillex lu/p 0.008 {0003 [o.3%, amO, 55%G | 14

Table 1. Comparison of Various Candidate Solar Table 3, Comparison of Solar Array Specific

Array Electrical Iuterconmection Ma- Weights From Industry

terial Densities and Expansion Rela-

tive to Silicon

Thermal Thermal Normalized
Candidate | Resistivity] Tensile (Expaysien, | Conductivity Weight for
lConductor | (2 ohmcm | Deneity| Strength, osfimlent 5 Cold | Solder-| Equivalent | Magnetic
paterial at 20%) | (g/cm®)| (Psi st 20°0) (o™ | 108 (W/cu®) Flow | ability| Power Loss
Vory
c<o 5l 1.6 8.9 28,000 16.6 3.89 Good | Good 1.0 No
e
°§’§;’ 1.91 8.94 60,000 17.0 3.89 Good | Good 1,13 No
)
jalver 1.59 10.49 18,000 19.7 3.89 Poor. gzz 1,1 o
i
!
Very
Beryllium 4.20 1.85 50,000 12.0 147 Gocy | Poor 0,51 No
{(ALvmi num 2.06 2,76 | 11-15.5K 23.8 2,09 Poor | Fair 0.48 No g
Table 2, Summary of Candidate Bus Material Physical Characteristics
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