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his technical brief analyzes the performance of triple-junction
olar cells on a mobile robot. Although originally designed for
atellite use, it is demonstrated that triple-junction cells are effec-
ive in terrestrial applications. This makes them particularly suit-
ble for systems with limited size and mass but high-power re-
uirements such as a mobile robot. A testing station was specially
onstructed to characterize triple-junction and conventional sili-
on cell performance in different environments and to compare
heir effectiveness. Additional field tests were carried out with an
utonomous robot in order to check the ability to deliver sufficient
ower to varying loads. Results show that they surpass conven-
ional technologies with efficiencies higher than 22%, so they can
e considered as an alternative technology for power sources on-
oard of terrestrial mobile robots. �DOI: 10.1115/1.2735361�

eywords: solar cells, advanced triple-junction, mobile robots

Introduction
It is well known that more efficient photovoltaic devices are

eeded for the development of market-competitive terrestrial solar
owered mobile devices such as automobiles or robots, since sili-
on solar cells have efficiencies that are not high enough to
chieve the power density required by these applications �1�. De-
reasing costs of solar cells open a new range of possible appli-
ations for more efficient technologies such as those used in space
here mass limitations dominate cost.
This technical brief presents an analysis of the electrical perfor-
ance of commercial advanced triple-junction �ATJ� solar cells,

uilt originally for space applications, and compares them to tra-
itional technologies. We analyze the characteristics of ATJ solar
ells under changing ambient conditions during a day, and also
llustrate the importance of the solar incident angle on its perfor-

1Corresponding author.
Contributed by the Solar Energy Division of ASME for publication in the JOUR-

AL OF SOLAR ENERGY ENGINEERING. Manuscript received July 13, 2006; final manu-

cript received December 14, 2006. Review conducted by Antonio Marti Vega.

ournal of Solar Energy Engineering Copyright © 20

aded 25 Jul 2007 to 128.2.178.201. Redistribution subject to ASME
mance. In addition, we validate our experimental results by incor-
porating ATJ solar cells on a solar-powered rover to analyze per-
formance improvements.

This work is part of the Life in the Atacama project, which
seeks to develop technology in support of robotic astrobiology
while conducting Earth science in the Atacama desert �Chile� �2�.
Its purpose is to develop technology relevant to Martian expedi-
tions in the form of an autonomous solar-powered rover, “Zoë”
�Fig. 1�. The robot is capable of traversing long distances to find
basic forms of life without direct human intervention. The solar
cell characterization experiment was carried out using a custom-
built testing station. The test station automatically adjusts both the
solar panel orientation and its electrical load. It controls and tests
two sets of solar cells simultaneously: ATJ and silicon, and also
measures their temperature. The cells are mounted on a pointing
platform controlled by a pan and tilt unit, that incorporates a
180 deg field of view �FOV� pyranometer and spectrophotometer
that can measure solar flux in wavelength bands that cover the
regions of sensitivity of the solar cells. The results obtained for
the silicon solar cells are used as reference to assess the perfor-
mance of the ATJ technology. The silicon reference units are the
Siemens Standard Type 2 monocrystalline solar cells �3�. The ATJ
structure is an n / p InGa/ InGaAs/Ge solar cell manufactured by
Emcore �4�.

The experiments were carried out in the O’Higgins region �cen-
tral Chile�. All the data were acquired during a summer day, under
clear skies. The experiments were repeated every 45 min from
11:00 am until 6:30 pm. The solar irradiance at the start and end
of the experiments was of 856 W/m2 and 446 W/m2, respec-
tively, with a peak of 1052 W/m2 at 1 :51 p.m.

2 Results

2.1 Performance Overview. Substantial differences exist in
the performance of the two types of solar cells. ATJ technology
operates at higher voltages and lower currents when compared to
silicon cells �see Fig. 2�. The efficiency of ATJ solar cells proved
to be significantly higher, more than doubling silicon solar cells.
This is reflected in the higher power output per area: 249 W/m2

versus 111 W/m2 for silicon devices, when the panels are posi-
tioned horizontally for the maximum solar irradiance episode of
the day.

2.2 Performance Under Varying Conditions. Some factors
affecting the performance of the solar cells fluctuate during the
day. These include the spectral condition �5�, solar incident angle
�in cases where the panels remain in a fixed position�, the ratio of
diffuse/direct radiation, and the temperature of the solar cells,
among others. To understand the effect of the varying external
conditions on the solar cells, I–V curves for different environmen-
tal conditions were captured.

The analysis of these technologies is based on direct sun radia-
tion, i.e., diffuse radiation has not been considered during com-
parison. Previous reports �6� show that diffuse radiation can reach
a fifth of the total radiation during clear skies in Mediterranean
climates. However, this figure drops substantially when flat panel
radiometry is considered. Furthermore, the diffusion radiation af-
fects both technologies similarly, so efficiency results are still
valid.

The solar radiation on a fixed surface will vary along the day
�radiometric cosine projection�, and also because the path length
of the sun rays in the atmosphere changes according to the inci-
dent solar angle. These variations in path length cause changes in
the solar spectra since the absorption in the atmosphere is wave-
length dependent �7�.

Figure 2�a� plots I–V curves at different times when the panels
are deployed horizontally. Large variations are observed in both
the short-circuit current �Isc� and open-circuit voltages �Voc�. Sig-
nificant differences in current at low voltages are expected, since

current values are proportional to the incident radiation, which is
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owest during the early and late times of the day.
Current values are proportional to temperature and the opposite

ccurs with voltage. Table 1 shows significant variations in the
easured operation temperature during the day, which unevenly

ffect the different experiments. In order to eliminate this effect,
ig. 2�b� presents temperature-corrected measurements �28 °C�
sing the correction factors provided by the manufacturer.
emperature-corrected measurements do not intersect, revealing

hat experiments carried out during high irradiance episodes are
omparatively more degraded at higher temperatures.

A sun-tracking system has been implemented in order to main-
ain a normal orientation of the panels to the sun, aimed to in-
rease radiometric area. Figure 3 shows temperature-corrected re-
ults for this system. Global performances of both solar cell
echnologies increase significantly, especially for small zenith

ig. 1 Zoë robot during field operations in the Atacama desert,
hile

ig. 2 I–V curves along the day for ATJ and silicon panels in
orizontal positions: „*… maximum power conditions; „a… mea-

ured values; „b… temperature-compensated values to 28°C

44 / Vol. 129, AUGUST 2007
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angles. As expected, the performance of the solar cells does not
improve during the higher-irradiance episodes, since the sun is
positioned almost normal to the solar cells in both cases.

2.2.1 Changes in Conversion Efficiency. Several additional
experiments were carried out to determine the relationship among
conversion efficiency, sun radiation conditions, and solar cell tem-
perature. Figure 4 and Table 2 present variations in efficiency and
other relevant parameters when cells are positioned horizontally.
A significant variation in ATJ solar cells performance is observed;
however, fill factors remain constant.

Solar cells were continuously served to four arbitrary orienta-
tions to determine the influence of the incident angle: horizontal
�0 deg tilt�; 34 deg and 44 deg north tilt; and directly toward the
sun. Data obtained for a short period of time is used in order to
isolate the experiment from changing environmental conditions
�see Fig. 5�. A significant performance falloff is noticed at increas-
ing incident angles due to the higher sensitivity of multijunction
devices to deviations from its nominal operating point. The reduc-
tion in performance of an individual layer propagates limiting the
overall cell efficiency due to its serial configuration.

The decrease in performance for individual layers is possibly
caused by variations in the reflection pattern and also by recom-
bination in the layers. On the one hand, ATJ solar cells are built
with broadband dual-layer coatings optimized to cancel reflections
for the wavelengths of interest. For incidence angles different
from nominal, the incoming beam finds an apparent thicker layer,
and the effectiveness of the coating departs from its optimum.
Considering that the top and middle layers in ATJ solar cells are
direct band gap semiconductors, and that silicon is an indirect
band gap material, an increased performance falloff is expected
for the ATJ technology. Furthermore, the difference in perfor-
mance is accentuated by the fact that the surface of typical com-
mercial silicon cells has an inverted micropyramidal texture. This
feature improves the absorption of light since it allows some of
the reflected rays to impact the surface several times �8�.

Table 1 Average temperatures in cells, horizontal position

Time
ATJ
�°C�

Silicon
�°C�

11:11 49.1 49.9
13:51a 53.7 56.7
16:43 52.8 53.7
Average 51.9 53.4

aMaximum radiation time.

Fig. 3 Sun tracking I–V curves for ATJ „left… and silicon

„right…; temperature compensation to 28 °C
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Applications in Robotics
The results described in previous sections were verified in the

eld by incorporating state-of-the-art ATJ solar cells onboard the
oë robot. Zoë is an autonomous Mars rover developed as part of

he NASA astrobiology research program. The robot incorporates
TJ solar cells �deployed horizontally� to satisfy the power needs
f the onboard equipment and instruments �four computers, pan
nd tilt unit, cameras, a spectrometer, and a fluorescence imager,
mong others�. Zoë was tested during field operations in the Ata-
ama desert �northern Chile� �2�.

The rover relies on high-efficiency power-tracker circuits that
an operate the array of solar cells at their maximum-efficiency
ower point when necessary. The operation point is set according
o the instantaneous load and battery charging state.

In order to assess the efficiency of the system, solar irradiance
s measured with a specially designed station deployed near the
obot operating area.

It was found that Zoë’s power tracker is able to achieve 22%
fficiency with the ATJ solar cells �daily cycle base, average
alue� on a regular basis. This satisfies the current level required
y Zoë that could not be achieved using silicon technologies.

Another variable of interest is the operational efficiency of the
olar arrays, i.e., the instantaneous incident solar energy that is
onverted into useful electrical energy. As the solar cell might be
perating in a suboptimal point depending of the amount of en-
rgy required by the rover, the operational efficiency will always
e less than the actual conversion efficiency of the cells. Figure 6
hows the instantaneous operational efficiency of the solar cells
nd solar irradiance variation during a regular day of operation.
ariations in efficiency along the day reflect changes in the load
nd the total power required by the rover. Steep drops correspond
o extremely low-power requirements, e.g., when the rover is not

oving and the batteries are already charged. The figure shows
hat the solar cells regularly work at 23% efficiency, slightly
igher than the averaged results obtained by the ATJ cell analysis

able 2 Summary of measured conversion efficiencies and fill
actors

ATJ Si

onversion efficiency Average 22.2 11.1
% Max 23.6 12.1

Min 17.0 10.6
ill Factor Average 77.2 63.4

Std. dev. 0.01 0.03

ig. 4 Variations in conversion efficiency for temperature-
orrected data to 28 °C
ournal of Solar Energy Engineering
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carried out on the pointing platform. This can be explained by the
difference in absorbance between the locations where the indi-
vidual panels testing and rover trials took place.

4 Conclusions
ATJ InGaP/InGaAs/Ge solar cell technology, originally de-

signed to operate in space, was tested for terrestrial operation on a
mobile robot. An average efficiency of 22% was obtained in ex-
periments carried out for individual cells, reaching a maximum of
23.6% for the most favorable conditions of the day �equivalent to
25% when corrected to 28 °C�. The results are significantly better
than those obtained for conventional technologies, doubling the
efficiency of silicon solar cells under equivalent conditions.

It was found that commercial ATJ cells present a variable-
efficiency characteristic with strong dependence on rays’ incident
angle. It was demonstrated that higher efficiencies can be obtained
when the cell surface is positioned normal to the sun direction.
This characteristic differs from commercial silicon technology
�built for terrestrial use�, presenting virtually no relevant effi-
ciency deterioration with respect to incidence angle. A possible
cause for the ATJ performance falloff might be the longer optical
path in the antireflection coatings and thickness of semiconductor
layers. The increase in the optical path length in the antireflection
coating reduces the antireflection effectiveness, changing the re-
flectance distribution for which the semiconductor layer widths
were designed. These factors do not affect silicon cells consider-

Fig. 5 Performance falloff due to increasing incidence angles
for the ATJ solar cells „temperature-correction to 28 °C…
Fig. 6 Instantaneous solar array operation efficiency on Zoë
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bly, possibly due to their single-junction construction. Also, the
resence of micropyramidal top surfaces allows them to capture
ight from wider angles of incidence. Additionally, silicon is an
ndirect-band gap material which is less susceptible to certain re-
ombination types occurring more often in the direct-band gap
aterials of the ATJ.
Although the ATJ cells clearly outperformed silicon cells, fur-

her improvements can be achieved in this multijunction technol-
gy if terrestrial characteristics are considered during design, i.e.,
better current matching strategy for the received spectrum, and

lso characteristics such as micropyramidal surfaces.
The technology was successfully tested onboard Zoë, showing

hat substantial increases in electrical load of autonomous vehicles
an be handled by incorporating ATJ solar cells. Trials proved that
t is possible to obtain efficiencies as high as 23% in a consistent
nd reliable manner, offering an alternative to traditional tech-
ologies.

Although ATJ cell efficiency is considerably better than in con-
entional technologies, economic issues may limit the introduc-
ion of ATJ solar technologies in the field. Nevertheless, they
ould become attractive when the vehicle’s mass and volume de-
ign specs are restrictive.
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