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ABSTRACT
The requirements and parameters of photovoltaic solar
array design for space applications are presented. Orbit conditions of insolance, electrical power requirements and panel
geometry are discussed. The relation of solar cell spectral
response, surface spectral characteristics and temperature
control is presented and the use of spectrally selective surfaces is examined. The effects of electrical circuit design
and space environment on reliability is also briefly discussed.
INTRODUCTION
Many photovoltaic solar cell power sources have been designed, constructed, and flown in space vehicle applications.
An impressive number of these solar cell power sources have
operated successfully on space missions for long periods of
time and have greatly extended the mission capabilities. Vanguard I, is still transmitting on converted solar energy representing almost 20,000 hours of operation and 1,000 watt
hours energy conversion from solar cell panels that weigh 0.5
pounds. Solar cell electrical power sources will be increasingly utilized in space between Mercury and Mars for orbital
satisfaction of power requirements up to (and in some cases
beyond) one kilowatt. (Ref. 1)
This paper will review some design considerations for
the solar panel; that is, the geometry, structure, temperature
control, and electrical connections of the solar cell array.
These design considerations reflect the combined experience of
the authors in engineering and fabrication of solar panels used
on a number of space vehicles
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OVERALL SYSTEM PARAMETERS
Almost all solar cell panels for space vehicle application are designed for minimum weight commensurate with the required power output and operating life. However, many auxiliary requirements also affect panel design; for example, a
vehicle mission may require no mechanical operations which
transfer momentum to the vehicle, thus virtually preventing
complete orientation of the solar panel. Frequently the solar
panel geometry is selected by overall vehicle geometry to
avoid interference with antennas and optical sensors. A detailed discussion of the usual primary parameters affecting
design follows.
The solar panels must meet certain stated constraints:
1 0 Provide a given power output over a specified
voltage range,
2. be adaptable to the vehicle payload size, shape
and weight limitations, and
3. operate reliably under stated conditions of insolance, orbit and space environment.
Power Requirement and Load - Photovoltaic conversion
systems are generally applicable to missions requiring average
power output. Load characteristics may vary from steady state
resistive loads to nearly constant voltage electrochemical storage battery loads plus peak power switching transients. Since
the solar cell operates most efficiently at an optimum resistive load, a solar panel should be designed to provide time
averaged power during the vehicle mission and not designed to
supply the peak loads. Energy storage is usually used to meet
peak load requirements.
As a fictitious example, consider the following:
Vehicle Orbit
In Full Sun
In Earth's Shadow

90 minutes
60 minutes
30 minutes

Power Requirements
1. Continuous Power - 100 watts
2. Peak Power - 350 watts, 5 minutes per orbit
3. Transient Load - 60,000 watt seconds
4. Discharge-Charge Efficiency - 50 percent
The minimum power requirement becomes 275 watts under full insolance from an oriented solar panel» The panel designer
usually allows 10 to 15 percent additional capacity to account
for uncertainties in insolance, spectral distribution
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and temperature and for possible deterioration of the solar
cells in the space environment. The example panel would then
be designed for approximately 310 watts output under full insolance.
In an actual design problem such factors as orbit precession and temperature variation must be taken into consideration. Moreover, particularly for non-oriented systems, the attitude or aspect ratio may vary over a single orbit so that the
cyclic variations must be included in the storage capacity.
Panel Geometry - Before beginning detailed design
of the solar cell panels, the following overall questions must
be answered,
1. Shall the panels be oriented toward the sun?
2. What configuration of panels should be used?
3. Shall solar concentration be used?
The potential advantages of oriented systems lie in decreased panel weight, size and cost. As a rule of thumb, for
intermediate and higher power ranges, randomly oriented systems
will require 4 times as many solar cells as an oriented system
and twice the panel weight. For a one KW power supply in
earth orbit this typically means the difference between 50,000
cells and 200,000 solar cells ( 1 x 2 cm), between a cost of
$250,000 and $1,000,000 for cells, between 100 and 400 square
feet of active mounting area and 200 lbs. or 400 lbs. panel
and support weight. In the one KW case, an oriented system
would therefore be considered essential. However, for a 100
watt power supply the cell cost saving from orientation is reduced to about $60,000 and the weight saving to about 20 lbs.
Since the weight and cost of a reliable orientation system
could easily exceed these bounds, the complexity and reduced
reliability of the oriented system would dictate random orientation for small power systems and partial orientation for
intermediate ones. The cross-over point between selection of
orientation and non-orientation is in the range of 100-200
watts; however, other system requirements may dictate the
choice.
Flat panels are generally used in oriented solar power
systems with their exact size and layout determined by the payload shape, vehide storage space, and erection mechanisms. The
panels for non-oriented systems have been designed in numerous
configurations. The minimum area configuration is a sphere,
in which 0.25 of the total cell area is projected to the solar
flux at all times; examples are Vanguard I and Courier. Another solution is the use of essentially flat panels, therm-
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ally isolated from the payload, such as were used in the
Paddlewheel series of vehicles, where at least 22 percent of
the cell area is projected to the solar flux at all times.
Special vehicle geometries can lead to the selection of
other solar panel configurations. The simplicity of a nonerecting geometry for Tiros utilized the cylindrical shape,
taking advantage of the fact that insolation would not fall
on the vehicle underside during the mission. In Explorer VII
and Transit Vehicles, the cells were mounted on bands about
the vehicle body, thus accepting some loss of area utilization
and increased temperature control problems in return for simplicity and reliability.
A further possibility exists in the use of solar energy
concentrators to increase solar cell output power. The use of
solar concentration is currently under development. Such design must carefully balance increased insolance against temperature degradation (See Fig. 1) and system complexity. With the
use of advanced temperature control techniques power per cell
may be increased 100 percent and more by concentration, with an
associated cost and weight reduction. (Ref. 2)
Insolance - Orbital conditions of insolance and
eclipse must be thoroughly specified and analysed by the panel
designer. The period of illumination may vary from 100 percent
for a fully oriented space probe to as low as 50 percent for a
satellite. The degree and variation of orientation and incidence angle of irradiation, as well as the solar intensity must
be examined. A study of the properties of silicon solar cells
indicates that a useful insolance is essentially limited to
about 1/2 to 15 Langlies or (without concentration) roughly a
range from 40 million to 180 million miles radius from the sun.
In addition, in complicated vehicle and panel geometry,
a scale model of the vehicle and panels may be constructed,
photographed at many angles, and analysed for spurious shadowing effects by vehicle structure, including antenna.
Such
shadowing effects may be extremely serious as shown in Fig. 2.
Load

Characteristics - The panel designer must also
carefully analyse the resistive, reactive, steady-state, transient, and active characteristics of the load. Usually the
primary load is an electrochemical storage battery, and this
presents a special kind of panel design problem; namely, protection of battery life. Since electrochemical storage battery life is affected by the depth of charge-discharge cycle
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and by overcharging, accurate control of solar cell voltage
(and temperature) is essential. An overdesigned solar panel
can also significantly shorten battery life. A voltage limiting characteristic should therefore be incorporated. Actually,
the non-linear solar cell current-voltage properties may in
some cases be used to advantage in battery charging applications.
For an ideal cell, the e-i characteristic is almost rectangular. The nearly constant current characteristic on the
short circuit side of maximum power is well suited to the ideal
charge condition for a battery, whereas the nearly constant
voltage characteristic on the open circuit voltage side of
maximum power is well suited to terminal voltage limitation as
the fully charged condition of the battery is approached. However, caution must be exercised since the technique can be used
only when the solar panel temperature is nearly constant and
accurately known. (Ref. 3)
DETAILED SYSTEM DESIGN
The above specification of over-all system parameters
must now be transformed into a working design. At usual operating temperatures individual silicon solar cells provide 0.3
to 0.5 volt at a power level of a few mw/cm^. Thus it is
generally necessary to utilize many cells in a series-parallel
combination to provide the required power level into the specified load. To determine the detailed design of the array, the
effects of such parameters as illumination, temperature and
load on the operating characteristics of individual cells must
be carefully considered. After determining the operating point
for individual cells, these must then be integrated into the
detailed circuit.
Illumination Level - The specific design of the vehicle array involves a careful study of illumination and power
requirements for the particular geometrical configuration.
Near the earth the insolance is generally accepted to be 140
milliwatts per square centimeter with the spectral distribution shown in Fig. 9. If the solar cell panels are not oriented and are required to furnish power under varying angles of
incidence, then the outputs must be integrated over the entire
array. Solar cell characteristics vary approximately with the
cosine of the angle of incidence (except at high incidence
angles).
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The effect of (uniform) illumination on a cell array is
very similar to thaf for a single cell. The e-i characteristics of a typical p-n silicon solar cell under various illumination levels is shown in Fig. 4. Fig. 5 shows the variation
of specific cell parameters. It can be seen from these characteristics that, except at very low levels, current is approximately proportional to insolance and voltage is essentially independent of insolance. Note that the dynamic internal
impedance of the cell is approximately inversely proportional
to the illumination level, i.e. the product of the internal
impedance and illumination level is approximately hyperbolic.
Standard practice in the industry is to measure the output of solar cells using an "equivalent laboratory sun", calibrated against an air mass one sun standard. Because of the
poorer match of the spectral sensitivity of a silicon cell to
the air mass zero sun as compared to the laboratory standards,
a cell, rated by the manufacturer at one efficiency will have
a lower output (at a given temperature) in space by a factor
of between 15 and 30 percent» The larger reduction is associated with the increased red sensitivity resulting from increased minority carrier lifetimes of the recent more efficient cells. Because of the variability in the spectral
quality of the air mass one sun caused by different atmospheric conditions, the actual reduction can only be predicted
to about - 5 percent. Thus " 9 percent11 cells of a year ago
might have air mass zero efficiency of 7.2 - .4 percent,
whereas current tf 12 percent !t cells might have air mass zero
efficiencies of 9.0 - .6 percent. The lower values must generally be assumed for design purposes. In the near future,
solar cells for space applications will be evaluated with
solar simulators having a spectral distribution which approximately matches the zero air mass sun. Such solar simulators
are currently being developed. By properly measuring the
cells and panels, this additional design safety factor can be
eliminated, thus saving considerable cost.

Temperature - The next task in the detail design of
the collector array is determination of its equilibrium temperature, which in turn determines the voltage degradation of
the device.
The effect of temperature on the e-i characteristics of
a typical p-n silicon cell is shown in Fig. 6. Figs. 7 and 8
show the variation of specific cell parameters as a function
of temperature. Note that the effect of temperature on current
is relatively small, but that power, voltage and internal im-
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pçdance decrease rapidly with increasing temperature. Thus,
Act only must the temperature be carefully predicted to provide adequate power, but also to assure that this power will
ΜΘ available at voltage levels consistent with the usual
approximately fixed voltage loads.
The heat input to a solar array in space is the summation of absorbed direct solar energy, albedo and thermal
energy from planets and nearby auxiliary (vehicle) surfaces,
internal power losses, and conduction from other portions
of the vehicle»
The energy output is the summation of thermal
radiation to space and nearby surfaces, conduction to other
portions of the vehicle, and converted electrical energy0
The
equilibrium temperature is that at which the sum of energy input and output is equal to zero, i 0 e 0 , Q i + Q Q = 0 o A mathematical analysis is included as Appendix £,.
To arrive at some typical panel characteristics, consider a vehicle position with negligible incident albedo or
thermal emission from planets and a vehicle configuration with
sufficient isolation between the solar array and vehicle to
prevent reflectance, thermal emission and conductance to or
from the vehicle itself. With these simplifications, and
neglecting power losses on the panel, the heat input reduces
to direct solar radiation alone. If it is also assumed that
the panel is flat, perfectly oriented, and with uniform temperature, then the thermal balance equation can be expressed
as:
E (Ac a c + (1 - A c ) â p - A c β (Τ) ) =
σ Τ 4 (Ac £c

+ (1 - A c )

£p +

ξτ)
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E

=
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A

=
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T
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panel surface
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P
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conversion efficiency of active area at temperature T
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a =
T

Stefan-Boltzman const 0 = 5 0 67 x 1 0 " 1 2
watts/cm^/deg^"

= absolute temperature in

K

Typical characteristics for a panel as described above
in a near earth orbit, using uncoated cells, would be as
follows :
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A
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= „85
= o3
(at: 25°C under air-mass-zero) = 10%
= o2

£r = .85
a

c

«c

=
=

o92
.31

Such a panel would reach an equilibrium temperature of
about 86°C with a cell efficiency of 607 per cent and a
panel efficiency of 5„7 per cent»
Since the introduction, approximately two years ago, of
spectrally selective cover slips applied to silicon cells
(with epoxy resins) almost all solar converters have incorporated such thermal and protective coatings. The purpose of
these coatings is to provide mechanical protection, reduce the
solar absorptivity by reflecting non-actinic portions of the
solar spectrum and increase thermal emittance. These filters
are composed of multilayer interference films of dielectrics
such as Τ χ 0 2 , ZnS, MgF 2 , and S ^ .
(Ref.4> 5 )
The spectral sensitivity and absorbance of a typical
uncoated cell are shown in Figo 9 superimposed on the air
mass zero solar spectrum,, Note that there is a considerable
portion of the solar spectrum outside the region of high cell
sensitivity,, In FigQ 10 are shown the spectral emissivity
of an uncoated cell and a cell with cover slip superimposed
on the radiation curve for a 50°C black body. The effect of
the coating is to increase emissivity from approximately „31
to about 0 87 0
The characteristics in the conversion region for typical cell coatings as used in current designs are shown in
Fig. 11a. Solakote D, shown in Fige lib, is an advanced
developmental coating which may be desirable for certain
applications»
The effect of such coatings on the equilibrium
temperature of the model panel as described above are shown
in Figo 120 Taking into consideration the transmission loss
due to the coating, the output of the coated panel relative
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to an uncoated panel is shown in Fig. 13, for illumination
levels corresponding to the Earth, Mars and Venus.
As described in the preceding section, for many array
designs, variations in illumination may be significant. These
illumination variations are accompanied by fluctuations in
temperature. Because of the nature of the loads which are
normally used, these fluctuations in temperature must be carefully considered in design of the array.
Circuit Design
Operating; Point - It is next necessary to determine the number of cells which are to be incorporated into
each series string. The e-i characteristic of an array of
matched and uniformly illuminated cells is very similar to the
characteristic of the individual cell comprising the circuit.
Over a considerable range illumination does not appreciably
affect the choice of optimum voltage. In some rare cases, if
the cells are loaded primarily by certain types of electronic^
circuitry which over a considerable range draw constant current, then the operating point must be selected from current
power requirements on the basis of reliability of estimated
insolation. In the usual case, the operating voltage per cell
is obtained primarily from temperature considerations. It
should be noted that silicon cells are presently available
with or without grids. The technique of gridding reduces
series resistance and thus effectively raises the maximum power
voltage. For nongridded cells at 25°C the maximum power voltage is typically 400 mv, whereas for gridded cells it would be
450 to 480 mv,
In Fig. 14 are shown the power outputs from a typical
cell as a function of voltage at various temperatures. Because of uncertainties and fluctuations of equilibrium temperature, it is generally desirable to operate the array at
a voltage slightly below the maximum power point. A desirable operating point would be that at which the power may be
degraded by perhaps 5 percent from the maximum power at the
highest expected temperature, considering all non-destructive
eventualities. Design center operation will then generally
fall at a voltage slightly below the maximum power point.
Referring to Fig. 14, for gridded cells operating over
a temperature range of 50 to 80°C with a design center of about 65 C, the optimum operating cell voltage would be about
380 mv. The number of cells to be connected in series is obtained by dividing the system load voltage requirement by this
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operating voltage per cell, i.e., for a 27-1/2 volt system,
72 cells would be used. Since the resultant number may not be
a convenient integer (i.e., suitable for circuit layout), the
final choice may involve a compromise in the cell operating
point»
Parallel Requirements - Having determined the
number of cells required in series, it is then necessary to
fix the required number to be connected in parallel from considerations of illumination and required power. As pointed
out earlier, the illumination and power requirements may fluctuate widely for a given application. These fluctuations will,
of course, depend upon the orbit, the degree of orientation
(from full to random), the cycle frequency, and the storage
capability. It is then necessary to design the system for the
most unfavorable orientation and the minimum performance considered acceptable for this situation.
Since cells of varying efficiency are available, the
above analysis would result in a curve of required number
cells versus cell outputo Several different choices may be
possible. If weight and size are of prime importance, consideration must be given to use of the most efficient cells
available. Provided weight and size are not determining
factors, it may be possible to use lower efficiency cells with
larger panel areas. From such a trade-off study the number and
mean efficiency of the cells is determined. Depending upon the
circuit design, some spread in cell efficiency may be utilized.
Commercially available solar cells are offered in a
variety of sizes, shapes, contact types and efficiency ranges.
Some of the more popular presently available cell types are
illustrated in Fig. 15. Larger area gridded cells of high efficiency will soon become available. The primary factor affecting cell cost is the advertised cell efficiency. The relative costs of the various available solar cell efficiencies are
shown in Fig. 16. Note that the total cost per watt increases
nearly as rapidly as does the cost per cell. Since, in the present state-of-the-art, solar cell structure weight is on the
order of 0.2 lb. per watt power output, and since the cost per
lb. to launch the payload weight into orbit is often estimated
at of the order of a thousand dollars, space system solar cell
panels are usually designed to use the highest efficiency solar
cells available in quantity. At the present time these are
cells of 10 to 12 percent advertised efficiency. Currently,
the 1 x 2 cm solar cell size is almost universally selected
for use in solar cell panels because it represents a good
compromise between cost of cell fabrication and cost of panel
fabrication
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Wiring Arrangement - Having determined the number of
of cells required for each series network and the number of
parallel connections, the next step is to determine the specific wiring diagram and, in particular, the arrangement of
series-parallel interconnections .
The choices include:
1.
2.
3.

4.

Series connected individual cells with terminal
parallel connection.
Parallel-connected individual cells with terminal
series connection.
Series connected subgroups (such as shingles,
see Fig. 15) with varying degrees of intermediate
as well as terminal parallel connection.
Parallel-connected submodules series connected
and paralleled at terminals.

The choice of the cell interconnection configuration
depends upon:
1.
2.
3.
4.
5.
6.

Reliability in terms of cell failure
Mechanical reliability
Uniformity of illumination
Temperature gradients
Active area utilization requirements
Cost of fabrication

The most important criterion in any space vehicle design
is reliability. When panel illumination and temperature conditions permit, reliability generally dictates the use of the
parallel submodule building block. One such embodiment is
schematically shown in Fig. 17. The reasoning is that since
an open-circuit cell failure is considerably more likely than
a short-circuit cell failure, the remaining cells in the submodule tend to reduce degradation of the array and hence improve reliability. A close examination of the problem with
consideration of cell characteristics, shows that for the
general case, such gains are small.
Consider, for example, a 10 x 10 array of cells, 10
units in parallel and 10 in series. If the array is arranged
into 10 parallel branches of 10 cell series strings, then a
single open circuited cell would eliminate a whole series
branch, degrading the array by 10 percent, or 10 times its proportional degradation. On the other hand, if the 10 cells
were first connected in parallel and the 10 parallel groups
were then series connected, then it is reasoned that the loss
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of a single cell would degrade the array only slightly, by
about 1 percent.
Actually, this reasoning is not really true and depends
strongly upon the cell and load characteristics. For an array
constructed from matched cells with idealized rectangular envelopes, NO REDUCTION OF DEGRADATION FROM A SINGLE OPEN CIRCUITED CELL IN A PARALLEL SUBMODULE DESIGN IS ACHIEVED. For
available cells and typical load characteristics a gain in
reliability is achieved, but this gain is small.
Though not an exact equivalent of an open or broken cell,
a partially shaded cell can be used to demonstrate the degradation due to the loss of one (or a few) cells in a parallel submodule. The effect of shading of a portion of an individual
cell in a series string on the output of the network is shown
in Fig, 2. Note that the degradation in current near maximum power is approximately proportional to the area of the
cell which is shaded. Since the ten cell parallel submodule
is essentially equivalent to a cell having ten times the area
of an individual cell, loss of a single cell of the 10 cell
submodule would reduce the current near maximum power by approximately 10 percent. The loss of a second cell in the same
submodule would degrade the current by about 20 percent. However, if the second open cell were to occur on one of the
OTHER modules, then the current loss near maximum would still
be about 10 percent. In fact, one open cell in each parallel
group would not be significantly greater than a single loss.
Thus, a single cell or parallel submodule is seen to be a current limiting device near maximum power and the poorest series
unit determines the current near maximum power.
On the other hand if individual series circuits were
used, the loss of a single cell would also degrade the performance by 10 percent. The loss of a second cell would not further degrade the performance if it were in the same circuit,
but would result in a total loss of 20 percent if it were to
occur in another circuit.
For a fixed voltage load there is no advantage to the
parallel submodule design. For a fixed resistive load it can
be shown that the gain is likewise small. In fact, it can be
demonstrated that only for a variable load, such as a battery,
can a gain be realized and even then the gain is of only
minor significance. The gain results from the more rectangular characteristic of the degraded parallel submodule design
as compared with the equivalent series configuration.
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For an essentially constant voltage load, on the other
hand, the shorting of a cell would eliminate a complete submodule and thus considerably reduce the power output. An
open circuit in the interconnections of the submodules or
the shorting of a single intermediate point to ground would
eliminate a whole series of submodules and would thus be much
more serious than in the series circuit design. A comprehensive analysis of this problem will be the subject of a paper
soon to be published by Mr. A. E. Mann.
Even though the effect of interconnections on performance reliability is not nearly as large nor as conclusive
as had been generally thought, for large arrays, where cost is
an important factor, a thorough statistical analysis may point
the way to a small cost savings. Such a study must include
specifications of load requirements as well as cell characteristics. Utilization of any such savings will require known
and nearly constant panel temperatures. The optimum number
of cells to be paralleled in a pr-imary unit of a flat panel
depends upon:
1. Required number of series units
2. Required number of parallel units
3. Probability of a cell open,
4. Probability of a cell short,
5. Probability of intermediate shorts to ground,
6. Cell e-i characteristics,
7. Load characteristics.
For a given panel array the exact configuration must
be deduced from a thorough statistical analysis of the probability of multiple failures and the resultant effect on array
characteristics.
For smaller power requirements panels are almost always
randomly oriented, so that the illumination on different portions of the array and at different times may be non-uniform.
Such non-uniformities of illumination are approximately equivalent to shading of a proportionate amount of a single cell.
Referring again to Fig. 2 and the discussion above, it is
therefore clear that the least loss would result when the nonuniformities are restricted to the smallest series unit. For
cells applied to a spherical surface this would occur when
using individual series circuits. Thus randomly oriented
arrays usually use the shingled construction shown in Fig. 15
connected directly in series.
Similarly, for a design in which large panel temperature
variations might occur, the series connection of individual
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cells is preferable.
One additional advantage of the shingled geometry is
the conservation of panel area. The inactive positive solder
strips cover 10 percent of the cell area. This area loss is
reduced by shingling.
Cell Matching - As pointed out above, a series network
is essentially current limited near maximum power by the
least efficient cell in the network. Hence, mismatching of
cells or parallel submodules tends to reduce the available current in the series network. If taken into account in design
and evaluation, a small amount of mismatch can be tolerated,
since the actual power loss is less than the current loss.
Tue power characteristic then becomes more sensitive to temperature and load conditions. The primary purpose of matching is to provide the maximum power output from a given group
of cells. Another purpose is to achieve the flattest possible
power characteristic with relation to temperature and load
variation. Deviation of cell characteristics are such that,
although matched in current and voltage at one point, they
are likely to be mismatched at other points. (See Fig. IS)
ENVIRONMENTAL EFFECTS ON SOLAR PANELS
The chief environmental dangers to solar cells in space
lie in micro meteoroid bombardment and Van Allen Radiation.
(Ref. 6.) Data on both the intensity, particle size, and occurrence of micro meteorite bombardment is sparse. Solar cell
panel design accounting for such conditions is made by providing sufficient extra capacity to allow for panel degradation from meteoroids. The use of glass covers limits these
losses.
Van Allen Radiation damage results primarily from high
energy proton and electron bombardment. A number of investigators have studies the effect of radiation on solar cells.
(Ref. 7,8.) The data for p-n cells in space radiation fields
is shown in Table I. Recent information for n-p cells indicates that these cells are significantly more radiation
resistant than p-n cells. (Ref. 9,10.)
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TABLE I
EXPERIMENTAL DATA
REDUCTION OF SOLAR CELL EFFICIENCY DUE TO PARTICLE BOMBARDMENT

Source

Particle

Lockheed

Proton

STL
RCA

Electron
Proton
Electron

Energy
(mev)
3
12
12
.5
17.6
1,7

Flux
(Particles/cm )
5 x 109
2 x 10 11

io12

13
5 x 10
10 1 5
5 x 10 1 4

Percent
Reduction
25
25
50
25
50
50

Protection from radiative damage may be provided by protecting the cells with transparent covers such as glass. Typical
thicknesses of glass proposed are in the 10 to 70 mil range,
For example, 3 mev protons are completely stopped with 3,5
mils of glass while 12 mev protons require 38 mils of glass»
Approximately 65 mils are required for protection from 800
Kev electrons.
(Ref. 11)
Care must be taken to use glasses and adhesives which
are not degraded themselves by radiation. Pure fused silica
and certain cerium oxide glasses have been demonstrated to
be resistant to radiation damage«, (Ref. 12)
SUMMARY
The design of a solar array requires a detailed analysis of the insolance conditions in the orbit, the electrical power requirements and the expected temperature including
expected variations and uncertaintes, It is then possible
to determine the required number of cells0 Performance of
a solar array has been and can be further improved by use of
spectrally selective surfaces. Cell interconnections must
be chosen specifically for a given array configuration,
Because of the non-linear nature of solar cells, the
design and execution of the solar cell array for a given
objective is complex. Moreover, the interdependence of many
of the cell parameters with one another and with non-linear
characteristics of loads which are commonly used, requires
very careful analysis. A thorough understanding of the characteristics of the devices is necessary in order to achieve
the most reliable solar array at the least cost. The proven
performance of the many solar powered vehicles already flown
demonstrates the degree of success with which these goals
have been attained.
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APPENDIX A
PANEL THERMAL CONSIDERATIONS
The heat input to a solar array in space is the summation
of absorbed direct solar energy, albedo and thermal energy
from planets and nearby auxiliary (vehicle) surfaces, internal power losses, and conduction from other portions of the
vehicle. The energy output is the summation of thermal radiation to space and nearby surfaces, conduction to other portions of the vehicle, and the converted electrical energy.
The equilibrium temperature is that at which the sum of
energy input and output is equal to zero, i 0 e., Qi + Q Q = 0.
Mathematically,
α(λ, r, Ε·η) (Ε(λ) · η)

άλάλ
Direct Solar Radiation

a(A,r,(r'-r)-n) R'(*,r',E £' X (n' · Ε(λ))
X

n

- ^ -r)n-(r -r)
(r'-r) · (r'-r)

dA.dAdA

Planet Albedo

+
X S"-^" : r)^(r"-^
(r"-r) ·

+ LLL

dA „ dAd λ

(r"-r)
Solar Reflectance from Vehicle

<^,(^-Γ)·ηΛ)α·(λ,ί-)
Λ,

^,

^

Λ

^

^

n ° (r - r ) n ° (r - r )
X
^ ^
V ~ ^
Λ
(r'-r) · (r'-r)

(eb/^'-l)

,
Λ
dA'dAdA
Earth Thermal Radiation
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α(λ,Γ,(Γ"-Γ)·η) αΜ(λ,ΓΜ)

ar5

b/λΤ" _
e
-1

(r"-r)·(r"-r)
Vehicle Thermal Radiation
Internally Generated Heat
Heat Conduction

dAdA
e

-1
Solar Array Thermal Radiation

^ Λ
β(λ,Ύ,Ε-η)

^ Λ
Ε·η

Λ

dAd A
Solar Converted Energy

The unprimed quantities are solar panel elements
The primed quantities are planet elements
The double primed quantities are vehicle elements
A

=

area of component

r

=

position vector

n

=

unit vector normal to surface at endpoint
of the appropriate position vector

C

=

coefficient of thermal conductivity

β

=

electrical conversion efficiency

OL

=

T

=

spectral absorptivity
o
temperature, K

R

=

reflection coefficient

a,b

=

coefficients, Planck's black body
radiation equation

E

=

solar irradiance
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If there is negligible incident albedo or thermal emission from planets and the vehicle configuration is such that
there is sufficient isolation between the solar array and
vehicle to prevent reflectance, thermal emission and conductance to or from the vehicle itself, then, neglecting power
losses on the panel, the heat input reduces to direct solar
radiation alone. If it is also assumed that the panel
temperature is uniform, then the thermal radiation from the
panel can be expressed in terms of the more common StefanBoltzmann law and the thermal balance equation simplifies to:

οί E-ndAdA

VA

ßE'iWdA =

-στ

4

LL
ίL

a aA

άλάλ

eb/AT-l

aA"5

dAdA

eb^T-l

0

The integral ratio in the radiative expression of the
above equation is the effective thermal emissivity, i.e.,

aa λ~
a JA
λ JA
.
* JA

£

b

/AT i
e
-1
aX' 5
b/λΤ ,
e
-1

The effective solar absorptivity is:

α =

,λ

Jk

λ J/ ,A
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£ig. 14
Conversion Efficiency vs Voltage for Various Temperatures
for Gridded Cell Array.
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