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A technological experiment to assess the in-orbit performance of non-space-rated solar arrays is onboard the

microsatellite UNISAT-3. These include terrestrial-technology monocrystalline silicon and low-efficiency triple-

junction solar arrays, assembled using commercial off-the-shelf materials and following conventional non-space-

rated procedures. A space-rated monocrystalline silicon solar array is also onboard, used for comparison of the

achieved results. Themanufacturing process is described and the solar array performance is evaluated based on the

data collected in the first two-and-a-half years of operation in orbit. For both terrestrial-technology and low-

efficiency triple-junction solar arrays, the observed solar array degradation is very fast in the first half-year, inwhich

approximately one-fourth of the initial efficiency is lost. Then degradation stabilizes, showing a long-term decaying

rate with a time constant of ten years, which makes the suggested technology suitable for small scientific and

educational low-Earth-orbit spacecraft.

I. Introduction

T HEmicrosatellite UNISAT-3, launched on aDnepr launcher on
29 June 2004, is a university-class spacecraft, according to the

definition given in [1], used as a testbed for commercial off-the-shelf
(COTS) components in space [2,3]. It is based on the UNISAT
microsatellite bus, developed following the philosophy of the
Sapphire and Opal student-built satellites [4,5]. Use of COTS
hardware in low-Earth-orbit spacecraft has been investigated by
many authors. Results are available concerning electronic devices,
propulsion systems, software, navigation, and payloads [6–10]. Use
of COTS terrestrial Si solar arrays and COTS assembling materials
for small-spacecraft photovoltaic systems was proposed in [11],
motivated by the fact that spaced-rated solar arrays are typically very
expensive in terms of specific cost (=W). Of course, there are other
parameters describing the overall solar array performance, including
specific power (W=kg), area power density (W=m2), and stowage
volume (W=m3), which lead to a tradeoff between cost and
performance at the spacecraft system level. In small scientific and
educational spacecraft programs, typically facing strong economic
budget restrictions, the specific cost is one of the main parameters to
be considered, and because of economic budget limitations, use of
expensive space-rated state-of-the-art hardware might not be
practical. As far as solar arrays are concerned, according to [12], the
specific cost of state-of-the-art triple-junction solar arrays can be
estimated as 1000 =W, which is expected to be reduced four times
using innovative technologies such as thin-film solar arrays. This is
why in small scientific and education missions and, in particular, in
university-class spacecraft, one can consider using less expensive,
non-space-rated solar arrays, even if they perform less than state-of-
the-art solar arrays. Literature is mainly devoted to state-of-the-art
technologies, and rarely is information found concerning lesser-
performing technologies. This is the main motivation for the

technological experiment flown on the microsatellite UNISAT-3,
developed to assess the in-orbit performance of two kinds of low-cost
solar arrays: namely, inexpensive terrestrial-technology solar arrays,
for which the cost can be evaluated as 20 =W at the beginning of life
(BOL) and low-efficiency triple-junction (LETJ) solar arrays,
assembled using commercial off-the-shelf materials and non-space-
rated procedures, for which the cost is approximately 50 =W (BOL).
Table 1 shows the main typical performance parameters of state-of-
the-art, space-rated, triple-junction and thin-film solar panels, as
given by [12,13], and the non-space-rated solar panels performance
parameters, showing that these are competitive in terms of specific
cost.

Technical feasibility of the use of terrestrial Si photovoltaic
technology in low Earth orbit was evaluated in [11], in which the
predicted operational lifetime was one year, based on conservative
assumptions and by ground-test results. Prediction of theCOTS solar
array lifetime was not trivial, because of the lack of previous
experience. The unknown behavior of solar cells’ encapsulation
materials, their space-radiation shielding effectiveness, and the
potential degradation caused by the encapsulant yellowing in the
strong UV radiation environment were the main aspects to be further
investigated. The in-orbit experience after more than two-and-a-half
years of operation in low Earth orbit shows that the initial prediction
of one year was, in fact, pessimistic.

Recently, major photovoltaic companies began to manufacture
and make commercially available triple-junction solar cells,
delivered as a semifinite product, the cell-interconnect-coverglass
(CIC) assembly, including a suitable coverglass and interconnectors,
ready to be assembled in solar cell strings. The low-efficiency triple-
junction solar cells are very attractive for small spacecraft. These are
low-performance or defected solar cells, discarded by the space
industry and therefore available at a reduced price. A procedure was
set up to manufacture LETJ-based solar arrays in a conventional
electronics laboratory, equipped with no professional solar array
manufacturing devices and using COTS materials.

TheUNISAT-3 photovoltaic system also includes a space-rated Si
solar array, used as a reference to evaluate the results obtained for
terrestrial Si and LETJ solar arrays. No significant degradation of the
space-rated Si solar array was observed in the first two-and-a-half
years of operation in orbit.

II. UNISAT-3 Photovoltaic System

ThemicrosatelliteUNISAT-3 has the shape of an octagonal prism:
16-cm width and 25-cm height. The solar arrays are mounted on the
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satellite external surface, one on each lateral face of the prism and two
on each octagonal face. The photovoltaic system includes eight
terrestrial-technology monocrystalline Si solar arrays, one space-
qualified Si solar array, and three LETJ (InGaP/GaAs/Ge) solar
arrays. Each solar array is directly connected to the battery through a
blocking diode. In this configuration, the solar array voltage must be
higher than the battery voltage (8.4 V nominal). Table 2 summarizes
the UNISAT-3 solar arrays’ technical data.

A. Silicon Terrestrial-Technology Solar Arrays

The UNISAT-3 terrestrial-technology solar arrays are based on
high-efficiency monocrystalline Si solar cells, 20 mm � 60 mm in
size, manufactured for terrestrial applications following the
standards of commercial, non-space-rated, hardware. The solar
array string includes 24 solar cells to fulfill the requirement of solar
array voltage higher than the battery voltage. The solar array Voc at
room temperature is 13.3 V, and the temperature coefficient is
approximately 55 mV=�C. A 24-series-connected solar cell string
guarantees that the battery gets charged at solar array temperatures up
to 80�C. The solar cells were screened on the basis of the Isc, rather
than on the usual maximum-power criterion, because the solar arrays
work at a fixed voltage: namely, the battery voltage, lower than the
maximum power voltage in nominal temperature conditions. In this
voltage range, the solar cell performance is better described by the
Isc. The Isc of the solar cell selected for flight is between 425 and
445 mA (435-mA mean value and 3-mA standard deviation). The
low value of the standard deviation assures that all of the solar arrays
have comparable efficiencies.

The solar panel’s manufacturing process was developed on the
basis of terrestrial application industrial standards, modified to make
the system withstand the launch and space-environment loads, as
described in detail in [11]. Si solar cell strings are laminated on
aluminum perforated-honeycomb sandwich plates using the
polymeric materials Tedlar® and ethylene vinyl acetate (EVA). A
sandwich of EVA and Tedlar encapsulates the solar cell strings and
the aluminum structural substrate, in which EVA is used as the
bonding material, and Tedlar provides solar cell protection on the
external surface and electrical insulation from the aluminum
substrate on the internal surface, as shown in Fig. 1. This sandwich
undergoes a lamination process in a vacuum bag, following a curing
cycle duringwhich the polymerization of EVA takes place. TheEVA
layer in contact with the aluminum is used to bond the solar array to
the panel structure during the same curing process.

Terrestrial standard interconnections were used to build solar cell
strings, soldered using the usual commercial electronics soldering
equipment and materials.

The relation between the solar array short-circuit current and sun
angle is shown in Fig. 2, in which the experimental data indicated by
asterisks are compared with the theoretical cosine law (solid line).
The deviation between the two is due to the effect of the encapsulant
sunlight transmissivity.

B. Low-Efficiency Triple-Junction Solar Arrays

Three solar arrays installed onboard UNISAT-3 were
manufactured using low-efficiency (22.2%) triple-junction solar
cells (InGaP/GaAs/Ge), assembled using COTS industrial materials.
The typical UNISAT-3 LETJ solar cell open-circuit voltage is 2.44V
at room temperature. Four solar cells are connected in series to reach
the battery voltage, as required by the satellite power system
architecture. It is well known that triple-junction solar arrays are less
sensitive to temperature than Si solar arrays. However, a test
campaign was performed to evaluate the temperature effects on the
LETJ solar cells. The solar cell open-circuit voltage and short-circuit
current density versus temperature are shown in Figs. 3 and 4. The
resulting Voc temperature coefficient is approximately 5:7 mV=�C,
in close accordance with [14]. The solar array Voc temperature
coefficient is 22:8 mV=�C. The Jsc temperature coefficient is
0:012 mA=�cm2 K�, comparable with the results given in [15].

The solar arrays were integrated using commercial off-the-shelf
materials and conventional soldering techniques. The triple-junction
solar cell’s CIC assembly is delivered with coverglass and two
interconnectors already installed. This makes the solar cell’s string-
manufacturing procedure straightforward. The assembled strings

Fig. 1 Si terrestrial solar panel encapsulation and bonding on the

structural substrate.

Table 1 Solar array performance parameters

Solar array technology Efficiency (typical) Area power density,
W=m2

Specific power,
W=kg

Specific cost,
=W

Si (terrestrial) 14.8 % 180 23 20
LETJ 22.2% 275 70 50
Thin film 5–10% 80 250–500 250
Triple junction 28% 350 90 1000

Table 2 UNISAT-3 nominal solar array data

Solar array technology Isc, A (AM0,a

room temperature)
Voc, V (AM0,a

room temperature)
Efficiency, % Number of

cells in series

Si (terrestrial) 0.43 13.3 14.8 24
Si (space-qualified) 0.42 13.2 15.0 23
LETJ (two parallel strings) 0.68 9.6 22.2 4

aAM0 is an acronym for air mass zero, indicating solar radiation power flux out of the Earth’s atmosphere.

Fig. 2 UNISAT-3 measured solar array short-circuit current vs sun

angle.
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were bonded on a fiberglass substrate using a commercial silicone
rubber encapsulant for high-temperature terrestrial applications.

C. Space-Qualified Silicon Solar Arrays

A space-qualified Si solar array, assembled using high-efficiency
monocrystalline space-qualified Si solar cells and space-rated
assembling materials and procedures, was installed on UNISAT-3
and used to compare the results obtained for the non-space-rated
solar arrays. Space-rated coverglasses were used for solar cell
protection. The solar array consists of 23 solar cells connected in
series, 15.0% nominal efficiency, 50 � 25 mm in size.

III. In–Orbit Performance

UNISAT-3 is in a sun-synchronous, slightly elliptical, orbit (710-
km perigee and 790-km apogee). The spacecraft is stabilized using a
passive magnetic attitude-stabilization system, including a
permanent magnet aligned with the satellite axis of symmetry and
hysteresis rods. The expected satellite-attitudemotion is similar to an
oscillating compass needle, providing two turns per orbit. The
satellite’s symmetry-axis oscillation amplitude with respect to the
magnetic field is on the order of 10 deg. The rotation about the axis of
symmetry is damped by the hysteresis rods, but it is not stabilized.
Therefore, the top and bottom solar arrays’ sun angles can be
evaluated, assuming that they are approximately aligned with the
Earth’s magnetic field, whereas the lateral solar array sun angle

varies in an almost-unpredictable fashion along the orbit. A coarse-
attitude-determination system, based on a COTS three-axis
magnetoresistive magnetometer (TAM), and sun measurements
obtained by the solar array currents were included in the mission
operation planning.However, due to the failure of onemagnetometer
channel, only two magnetic field readings are available. In addition,
the Earth’s magnetic field measurements are perturbed by the
onboard permanent magnet’s magnetic field, which can be
considered as a constant bias, and by the magnetic hysteresis rod’s
magnetic field, which is very difficult to predict. An attitude-
determination procedure was developed for this situation, as
described in [16], reaching an accuracy of approximately 10 deg.
This value is not accurate enough for solar array performance
evaluation; this is why performance is evaluated based on direct
measurements of the solar array current, with no reference to the
satellite attitude. Because of the satellite-attitude motion, the solar
arrays occasionally face the sun perpendicularly, registering a
maximum of the current, which is assumed as the solar array’s
maximum deliverable current at that time.

The UNISAT-3 telemetry system downloads real-time measure-
ments while the satellite is visible to the ground station. The
maximum solar array currents registered during each passage are
routinely stored in the ground station database. From these data, it is
possible to get an estimate of the solar array performance. Usually,
this is expressed in terms of efficiency, defined as the ratio between
the solar arraymaximumdeliverable power and incident light power.
Onboard UNISAT-3, it is not possible to measure the maximum-
power point, because themaximum current ismeasured at the battery
voltage, which is not exactly the solar array maximum-power point,
but very close.Within this approximation, the maximum current and
efficiency performances are the same. Thus, we indicate Imax as the
maximum current delivered at the battery voltage, and we select this
as the parameter for solar array performance evaluation.

The three monitored solar arrays (namely, terrestrial-technology
Si, LETJ, and space-qualified Si) are mutually orthogonal. When all
three are in sunlight, the sun direction cosines, expressed in terms of
the solar array currents, must respect the following geometrical
constraint:��������������������������������������������������������������������������������������
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This geometrical relation can be exploited in two ways. It can be
used to validate instantaneous measurements and to get additional
evaluations of the maximum solar array currents. The left-hand
member of Eq. (1) is a measure of the deviation of the onboard
measured sun unit vector norm from one, which can be used to
validate single currentmeasurements.Moreover, indicatingNs as the
number ofmeasurements for each passage inwhich all the three solar
arrays are in the sun, the solar array maximum currents can be
evaluated by minimizing the cost function
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with respect to the maximum currents. In this way, estimates of the
maximum currents can be obtained and compared with the direct
measurements.

A. Terrestrial-Technology Si Solar Arrays

The terrestrial Si solar array lies on the satellite face aligned to the
onboard magnetic dipole and it points to the Earth in the northern
hemisphere. Therefore, during daylight passes over the midlatitude
ground station at the University of Rome, the solar array is exposed
mainly to the Earth albedo, not to the sun, whereas during night
passes, it is in the eclipse in winter and in the sun for at least a portion
of the pass in summer. This seasonal effect is evident in the
measurements shown by dots in Fig. 5, in which maxima are reached
at the summer solstice. Evaluations of the solar array maximum

Fig. 3 UNISAT-3 low-efficiency triple-junction solar cells Voc versus
temperature.

Fig. 4 UNISAT-3 LETJ solar cell short-circuit current density versus
temperature.

144 SANTONI AND PIERGENTILI



currents were obtained using Eq. (2), assuming that the space-
qualified Si solar array’s maximum current is known and fixed,
performing the minimization with respect to the terrestrial Si and
LETJ solar arraymaximumcurrents. These are represented by circles
in Fig. 5.

The degradation is very fast in the first period after launch and
seems to stabilize after approximately sixmonths. An approximating
curve for the maxima can be expressed as the sum of two decaying
exponentials, one at a long-term time constant tLT and one at a short-
term time constant �ST:

Imax�t�
Imax�BOL�

� �e�t=�LT � �1 � ��e�t=�ST (3)

where Imax�BOL� is the maximum current at launch, � is the slow-
decaying portion of Imax, and the remaining part is the fast-decaying
portion.

Data in Fig. 5 show that almost 29% of the initial efficiency is lost
in the first year. Afterward, the efficiency decays slowly, with a ten-
year time constant.

B. Low-Efficiency Triple-Junction Solar Arrays

The LETJ solar array maximum-current data are shown in Fig. 6,
in which measurements are represented by dots and evaluations

obtained by Eq. (2) are represented by circles. A lack of data is
evident in the second quarter-year after launch. This is due to the fact
that approximately three months after launch, the ground station was
completely renovated to include automatic-operation hardware and
software. In this period of time, for approximately two months, the
satellite telemetry was downloaded approximately once aweek. This
reduced-operation regime is reflected in the amount of measured
data, in which maximum currents are occasionally reached.

As for the terrestrial Si solar arrays, the degradation is very fast in
the first six months and stabilizes afterward. The maxima were
interpolated by the sum of two decaying exponentials, as described
by Eq. (3), with the values indicated in Fig. 6. In approximately three
short-term time constants, 1.5 years, approximately one-third of the
initial efficiency is lost. The slowly decaying curve has a ten-year
time constant, identical to the terrestrial-technology solar arrays.

C. Space-Qualified Si Solar Arrays

The space-qualified Si solar array maximum-current data are
shown in Fig. 7. No significant degradation of the solar array
performance is registered. This can be used for a comparisonwith the
other two technologies’ performances.

D. Data Validation

The geometrical relation equation (1) was exploited to validate the
raw maximum-current measurements. The values of Eq. (1) for all
the measurements in which all three solar arrays are in the sun,
obtained using the double-exponential curves for the maximum
currents, are shown in Fig. 8. The mean error on the sun unit vector
norm is approximately 1% and the standard deviation is slightly
above 4%. This is due to environmental perturbations, mainly
temperature and partial solar array shadowing by external satellite
hardware, which are within the limits of the experiment setup.

IV. Discussion of In-Orbit Results

Surprisingly enough, the terrestrial-technology and LETJ solar
arrays show a very similar degradation behavior. In particular, the
presence of two time constants was not expected. In both cases, the
short-term degradation time constant is on the order of the magnetic-
attitude-stabilization system’s time constant. However, the data of
the space-qualified Si solar array, in which this time-dependent
behavior is not observed, demonstrate that there is no correlation
between the attitude stabilization and the maximum solar array
measured current.

A. Terrestrial-Technology Si Solar Arrays

The terrestrial Si solar array degradation can be due to many
environmental effects, including space radiation (mainly, protons in

Fig. 5 UNISAT-3 terrestrial Si solar array maximum-current

measurements (dots), evaluations (circles) and approximating curves

(solid lines denote double-exponential and dotted lines denote long-term

exponential).

Fig. 6 UNISAT-3 low-efficiency triple-junction solar array maximum-
current measurements (dots), evaluations (circles), and approximating

curves (solid lines denote double-exponential and dotted lines denote

long-term exponential).

Fig. 7 UNISAT-3 Space-qualified Si solar array maximum-current

measurements.
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the UNISAT-3 orbit), encapsulant yellowing due to the UV solar
radiation, and increase in the solar array series resistance due to
thermal cycling in orbit. The data available do not allow the
distinguishing of the single-effect contribution. However, the last
effect does not seem to concern the terrestrial Si solar array, because
the series resistance influences the I–Vcurvemainly in theVoc range,
in which the UNISAT-3 terrestrial solar arrays do not operate.

Concerning the space-radiation effect, a worst-case estimate can
be given, assuming that all the observed degradation is due to
radiation. The protection offered by the polymeric encapsulants can
be compared with that offered by a suitable coverglass of equivalent
thickness. The degradation of a monocrystalline Si solar cell with
different thicknesses of SiO2 coverglass in the UNISAT-3 orbit is
shown inFig. 9, evaluated bynumerical simulation using SolarArray
Verification Analysis Tool (SAVANT) software [17]. In the same
graph, the degradation curve of the terrestrial Si solar arrays, given by
the approximating curve (3) is shown. It shows that the EVA–Tedlar
sandwich protects the solar cells from proton-radiation effect as an
equivalent SiO2 coverglass between 2.5- and 5-�m thickness, which
is approximately 50 times less than the coverglass thickness usually
employed in space-qualified Si solar arrays.

B. Low-Efficiency Triple-Junction Solar Arrays

The space-radiation contribution to the LETJ array degradation in
the UNISAT-3 orbit is mainly that of trapped protons, trapped
electrons, and solar protons. The 1-MeV equivalent electron fluence
was evaluated using the Space Environment Information System

(SPENVIS) space-environment-simulation software [18]. For triple-
junction solar cells, it is evaluated as 3 � 10�12 cm�2, which is a very
small value, making negligible contribution to the solar cell
efficiency loss [19].

The LETJ solar array operates in a very-temperature-sensitive
range of the solar array curve, and the performance may degrade
significantly when the solar array gets too hot and the open-circuit
voltage decreases, going down to the battery voltage. However, the
temperature measurements in orbit show that the solar array operates
well below the nominal reference temperature of 25�C, so that
temperature cannot explain the LETJ solar array’s maximum-current
monotonically decreasing behavior observed in orbit.

The thermal cycling effect on the solar cell’s interconnect solder
joints was identified as the major cause of the triple-junction solar
array efficiency loss. Thermal fatigue degrades the solder material’s
mechanical and electrical properties [20,21]. The solder joint’s
resistance contributes to the overall solar array series resistance
modifying the solar array I–V curve slope at Voc. The solar array fill
factor decreases and the point of maximum power moves toward
lower voltages. An experimental evaluation of the relation between
solar array series resistance and thermal cycles is found in [22], in
which results are given for 1000 cycles between �40 and 80�C and
20-min dwell time. This experimental setup reproduces the sun/
eclipse times in orbit fairly closely, neglecting low-amplitude
thermal cycles due to attitude motion. The relation obtained in [22]
can be approximately summarized as 0.01% resistance change per
thermal cycle, which, stated differently, indicates that the series
resistance doubles every 10,000 cycles.

The silicone compound used to assemble the LETJ solar array is of
commercial grade, not specifically intended for space use. This may
have limited the interconnect thermal-stress-relief zone. In fact, the
satellite was not expected to reach a very low temperature, but we
actually found out that the solar arrays reach temperatures as low as
�45�C. The compound at that temperature might have experienced a
glass transition, becoming very hard and thus impairing the strain-
relief motion. This has been observed, for example, in [23].

The effect of the series-resistance increase on the LETJ solar array
performance was evaluated using a simplified solar-cell equivalent
circuit, described in Appendix A, in which the three junctions are
represented by three solar cells connected in series. The solar array I–
V curve is given by

V

�nS
kT

q
ln
�IphGe� I�AGe �IphGaAs� I�AGaAs �IphInGaP� I�AInGaP

IAGe0Ge
IAGaAs0GaAs

IAInGaP0InGaP

�RSI

(4)

whereV is the solar array voltage, I is the solar array current, ns is the
number of solar cells connected in series, k is the Boltzmann
constant, T is the temperature in Kelvin, q is the electron charge, Iphi
is the ith-junction photocurrent, I0i is the ith-junction reverse-
saturation current, Ai is the ith-junction ideality factor, and RS is the
solar array series resistance. Numerical values are in Appendix A.

The UNISAT-3 solar array’s working point is set by the battery
voltage. The LETJ solar array’s I–V curve obtained by Eq. (4) is
shown in Fig. 10 for different values of RS, showing that the current
delivered by the solar array at battery voltage depends strongly on the
series resistance and the battery voltage itself, depending on the
battery charge status. The relation between solar array series
resistance and current, obtained by Eq. (4) for V � Vb, is depicted in
Fig. 11 as a function of the solar array series resistance, including the
single effects of battery voltage and temperature, as well as their
combined effects. It is evident that this relation depends strongly on
temperature and battery voltage, and one cannot expect to obtain a
measure of the resistance variation in orbit from the gathered
maximum-current data. Nonetheless, temperature and battery
voltage span approximately a fixed range and, assuming there is no
solar array series-resistance variation, the maximum current should
also span over a fixed range, occasionally reaching its maximum-
possible value. In contrast, the maximum-current measurements and

Fig. 8 Distribution of Eq. (1) values obtained by measurements and

approximation (3) for Si and LETJ solar arrays.

Fig. 9 Si solar array degradation for different coverglass thicknesses.
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evaluations show that the maximum solar array current follows a
monotonically decreasing curve, which can be explained by the solar
array series-resistance increment.

The observed maximum-current behavior suggests that additional
effort must be put into the solar array assembly procedure, paying
attention to insuring that the appropriate strain-reliefmargin is left for
the interconnectors, avoiding any constrictions by the non-space-
rated silicone compound. This is expected to improve the solar array
behavior significantly, but it can be confirmed only by further ground
or in-orbit testing. In any case, the effects of the series-resistance
increment can be easily avoided by oversizing the solar array,
making the open-circuit voltage sufficiently higher than the battery
voltage. Adding one solar cell to the series-connected string
increases the voltage margin by approximately 2.4 V, which is
sufficient to avoid all of the temperature, battery charge, and series-
resistance effects, at the expense of the increased solar array surface
and cost.

C. Space-Qualified Si Solar Arrays

The measurement results in Fig. 7 show that space-qualified Si
solar arrays have no significant degradation. This was indeed
expected, because the space-radiation damage for space-qualified
solar cells in the UNISAT-3 orbit is negligible.

D. Design Tradeoff

The tradeoff among different solar array technology depends on
the system requirements and the mission’s economic budget.

Between the UNISAT-3 non-space-rated solar array implementa-
tions, the terrestrial Si solar arrays are the cheapest, in terms of cost
per watt, but require a larger solar array area. According to the results
obtained in orbit, the fast degradation in the first year of operation
must be accounted for in the evaluation of end-of-life (EOL)
performance, increasing the solar array area further. The LETJ solar
arrays also show a fast degradation, but in contrast to the terrestrial
grade Si, the assembling procedure has improvementmargins and, in
any case, the degradation effects can be avoided in a straightforward
way, adding solar cells in series to the string, with minor impact on
the system design and the assembling process. The cost is higher than
for the terrestrial solar array, but still affordable for many university
spacecraft budgets. The UNISAT-3 experience is that the LETJ solar
arrays offer the best tradeoff for the typical requirements of small
spacecraft and university-class spacecraft, allowing the photovoltaic
system requirements to be affordably met.

V. Conclusions

The UNISAT-3 microsatellite photovoltaic system includes a
technological experiment to assess the performance in orbit of non-
space-rated solar arrays, including inexpensive terrestrial-technol-
ogy Si solar arrays and low-efficiency triple-junction solar arrays,
assembled using commercial off-the-shelf materials and non-space-
rated procedures. These types of solar arrays are best suited for small
scientific and education spacecraft, inwhich the specific cost per watt
is often the most important solar array performance parameter. The
results obtained in two-and-a-half years of UNISAT-3 solar array
operation in orbit show that the non-space-rated solar array has a fast
degradation in the first year, but it is much slower afterward, with a
time constant of ten years. The terrestrial Si solar array degradation is
mainly due to the encapsulation material yellowing and space-
radiation effects, whereas themain cause of the low-efficiency triple-
junction solar array degradation was identified in the thermal cycling
effect on the solder joints, leading to a solar array series-resistance
increment. The obvious conclusion is that the low-efficiency triple-
junction solar array assembling process needs to be improved,
paying particular attention to the solar cell interconnectors strain-
relief motion. These improvements need to be validated by ground or
in-orbit testing. However, a simple and safe way to avoid the series-
resistance deleterious effects that showed up in orbit is to oversize the
solar array voltage, with minor impact on the assembling process.
The UNISAT-3 experience is that low-efficiency triple-junction
solar arrays offer the best tradeoff for university-class-spacecraft
system requirements, because, even if terrestrial Si solar arrays are
much cheaper, a large surface may be necessary to meet the
spacecraft power requirements.

Appendix A: Simplified Triple-Junction Solar
Cell Mathematical Model

A simplifiedmathematical model of the triple-junction solar cell is
obtained considering the three junctions represented by three solar-
cell-equivalent circuits connected in series, as shown in Fig. A1.

Fig. 10 LETJ solar array I-V curve for different series resistance (Vb is

the battery voltage).

Fig. 11 LETJ solar array delivered current vs solar array series

resistance.

Fig. A1 Triple-junction solar cell simplified equivalent circuit.
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Each solar cell junction is described by the equation

VJ �
kTAJ
q

ln
�
IphJ � I
I0J

� 1

�
(A1)

where VJ is the junction voltage, AJ is the junction diode-ideality
factor, IphJ is the junction photogenerated current, and I0J is the
junction reverse-saturation current. Series connection leads to

V � kT
q

�
AGe ln

�
IphGe � I
I0Ge

� 1

�
� AGaAs ln

�
IphGaAs � I
I0GaAs

� 1

�

� AInGaP ln
�
IphInGaP � I
I0InGaP

� 1

��
� RsI (A2)

where the junctions are named by thematerial, with evident meaning
of the symbols. The reverse-saturation current density and ideality
factor are set to J0Ge � 10�6 A=cm2, AGe � 1:4, J0GaAs�
510�12 A=cm2, AGaAs � 1:5, J0GaInP � 10�14 A=cm2, and
AGaInP � 2, according to [24]. The generation currents of InGaP,
InGaAs, and Ge are set to 13.78, 15.74, and 20:60 mA=cm2,
respectively, according to [25].
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