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Abstract 
At present, the development of small-size satellites by universities, companies and research 
institutions has become usual practice, and is spreading rapidly. In this kind of project cost 
plays a significant role. One of the main áreas are the assembly, integration and test (AIT) 
plans, which carry an associated cost for simulating environmental conditions. For instance, 
in the power subsystems test and, in particular, in the testing of solar panels, the irradiance 
and temperature conditions might be optimum so the performance of the system can be shown 
next to real operational conditions. To reproduce the environmental conditions in terms of 
irradiance, solar simulators are usually used, which carries an associated increase in cost for 
testing the equipment. The aim of this paper is to present an alternative and inexpensive way to 
perform AIT plans on spacecraft power subsystems, from a testing campaign performed using 
outdoor clean-sky conditions and an isolation system to protect the panels. A post-process of 
the measured data is therefore needed, taking into account the conditions in which the test 
has been accomplished. The I-V characteristics obtained are compared with a theoretical 
l-diode/2-resistor equivalent electric circuit, achieving enough precisión based solely on the 
manufacturer's data. 
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1. Introduction 

Since the beginning of the astronautic era, photovoltaic 
devices have been considered for the generation of electrical 
power on-board spacecraft because of their high power output 
per unit mass. Their simplicity, relatively modest cost, and 
high reliability have caused this system to be chosen to supply 
sustained electrical power for almost all unmanned spacecraft. 

Solar cells for space applications have to be highly effi-
cient and capable of standing thousands of thermal cycles in 
orbit where the temperature, according to the mission profile, 
may vary from -150 °C to more than 120 °C. Cell materials 
have to show a limited degradation over time due to cosmic 
radiation and be capable of resisting mechanical solicitations, 
mainly linear accelerations and vibrations, during launch and 
orbital manoeuvres. In the past, silicon cells were the most 
common photovoltaic technology in space; the reachable bulk 

efflciency was not higher than 14%. The advent of GaAs solar 
cells in the last decade of the 20th century improved efflciency 
up to 19%, whereas triple junction solar cells reach about 30% 
efflciency levéis [1]. 

In the few last years an increasing interest in the develop
ment of small size satellites has arisen; these small spacecraft 
being usually developed by research institutes and universities 
where the lifecycle cost must be minimized [2]. Even slight 
improvements in development, production and qualiflcation 
processes may result in significant savings for small satellites' 
programs, and in particular for programs developed at the uni
versities, where cost plays a significant role. 

Low-cost methods for solar panel assembling, and the 
development of a flexible and simple array to be mounted on 
generic small satellite platforms, are still open research topics. 
Usually, for small size satellites, solar panels are manufac-
tured using commercial solar cells or modules, connecting 
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them in series or in parallel depending on the system require-
ments. After assembly operations, the performance of the 
solar panels must be evaluated by functional testing to identify 
any malfunction that may occur, as most of the failure issues 
regarding spacecraft power subsystems are related to the solar 
arrays [3, 4]. These tests should include solutions with high 
flexibility and reduced cost, avoiding the need for dedicated 
and expensive technologies and facilities. 

The most critical element in the testing of solar cells is the 
light source, also becoming the major source of error [5, 6]. 
Under the right atmosphere conditions (usually, low-air-mass 
and clean sky), the spectrum of natural sunlight has been 
revealed as an excellent match to the standard spectra [7]. Some 
works have performed several comparisons between different 
artificial light sources (solar simulators) and natural sunlight 
[8]. It seems that, at present, the spectrum of natural sunlight is 
a better match to the AM1.5G standard spectra [9] than a low-
cost solar simulator, and similar to an expensive one. 

Besides, it can be pointed out that in a quite recent inter-
comparison between reference laboratories, the results of pho-
tovoltaic performance analysis using sunlight were as accurate 
as the ones obtained using a precise solar simulator [10]. With 
regard to the cost disadvantages of using solar simulators, 
Carrillo et al [11] state that they can easily exceed €150000, 
whereas sunlight testing of photovoltaic devices can be car-
ried out with inexpensive equipment. 

If the comparison between photovoltaic performance anal
ysis using sun simulators or sunlight is based on the proce-
dure, both methods seem to be equally demanding in terms 
of lab resources [12, 13]. Apparently, sunlight testing could 
be considered to be simpler but this is a misconception, as 
the outdoor testing requires calibrated reference solar cells, 
control over thermal effects, and one to take into account the 
effects of spectral reflectance [12, 14, 15]. 

Sun simulators are normally used in the space industry. 
After a review of the available literature, the first example 
found in relation to spacecraft solar array testing is the SERT 
II mission, which was carried out by using lamps [16]. It 
seems that within the space industry, the testing of solar cells 
is carried out after qualification testing [17], environmental 
exposure degradation testing [18], or by studying solar array 
performance under special environmental conditions such 
as close-to-the-Sun or far-from-the-Sun missions [19, 20]. 
Obviously, missions in which new photovoltaic technologies 
are used require thorough testing campaigns, carried out by 
using sunlight simulators [21]. 

The present work is focused on performance testing and 
evaluation of UPMSAT-2 micro-satellite solar panels after 
assembly operation. This performance evaluation is carried 
out by means of an inexpensive I-V curve determination pro-
cedure using outdoor clean sky measurements and without 
using calibrated reference cells. It should be highlighted that 
the outdoor procedure to test UPMSAT-2 solar arrays is unu-
sual within the space industry. Outdoor or sunlight testing 
was developed by the photovoltaic solar energy industry to 
meet real operating conditions [22, 23] and, to the authors' 
knowledge, spacecraft solar arrays are not tested using out
door sunlight. 

Table 1. UPMSAT-2 mission main parameters. 

Parameter Description 

Mission life 
Orbit type 
Orbital altitude 
Orbit period 
Satellite mass 
Satellite geometrical envelope 

2 years 
Sun-synchronous/Noon 
700 km 
=i98min (eclipse time 36min) 
<50kg 

0.5 x 0.5 x 0.6 m3 

Figure 1. Picture of the UPMSAT-2 flight model during AIT/AIV 
operations. 

One important factor to take into account is that the char-
acteristic I-V curves and the power produced by a photo
voltaic device is highly dependent on the environmental 
conditions, namely the temperature and the solar irradi-
ance. Although several numerical models are available to 
forecast the operation of solar panels, a problem arises on 
the definition of the parameters for many of these models. 
The data provided by a manufacturer's datasheet usually 
contains only information at standard conditions or for the 
nominal operating cell temperature. In the case of space 
solar panels, this fact is of particular significance, since the 
space environment (in terms of temperature and solar irradi-
ance spectrum) is usually difficult to reproduce in terrestrial 
conditions. 

To overeóme this problem, the outdoor testing results 
in this work were post-processed taking into account the 
environmental conditions, in order to compare the resulting 
I-V curves with the ones based on the manufacturers' data. 

This paper is organized as follows, section 2 is focused on 
the UPMSAT-2 mission description and, in particular, on the 
solar panels used as the power source. In section 3, particular 
considerations taken into account to perform the tests are pre-
sented, whereas the testing set-up is described in section 4. 
Finally, section 5 is focused on the comparison between the 
measured I-V curves and the ones based on the equivalent cir-
cuit models, to conclude with a discussion and conclusions of 
the work in section 6. 
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Table 2. Payloads on-board UPMSAT-2. 

Component Company Power requirements 

5W (lOmin at start)/ 40W (max) 
0.53 W (max) 
16 W (max) 
W 
1W 
ow 

Micro thermal switch 
Magnetometer 
Reaction Wheel 
CTM (Thermal control experiment) 
SS6 (Solar sensor system) 
MRAD (Monitoring the Radiation Effects) 

IberEspacio 
Bartington 
SSBV 
IDR/UPM 
IDR/UPM 
STRAST/UPM 

2. The UPMSAT-2 mission 

The UPMSAT-2 is a 50 kg-class microsatellite developed for 
a 2-year LEO mission. This satellite will be orbiting in a sun-
synchronous orbit at around 700 km altitude. This mission 
is preceded by a former one, the UPMSat-1, launched from 
French Guiana on 7 July 1995, and is fully developed by the 
same team [24, 25]. The UPMSat-1 travelled into space as 
secondary payload on flight V75 launcher Ariane IV-40, 213 
days being the in-orbit operational life. 

The UPMSAT-2 is a scientific and technology demonstra
tion satellite orbiting the Earth, where educational character 
is a key goal [26]. The main parameters of the satellite are 
summarized in table 1, and a picture of the satellite is shown 
in figure 1. 

The UPMSAT-2 will be orbiting in a sun-synchronous 
noon orbit with the Z-axis perpendicular to the orbit plane. 
The power consumption is limited by the available power 
obtained by the sun radiation. The list of on-board payloads 
are summarized in table 2, where their power consumption 
requirements are included. 

The on board data handling (OBDH) subsystem (rep
resented by the on-board computer and their major comp
onents), and the on-board buses and communication protocols 
are designed by Tecnobit and STRAST/UPM1. The attitude 
control and determination subsystem (ADCS) is based on 
Earth's magnetic field interaction, and it is composed by 
magnetic torquers (ZARM Technik AG) and magnetometers 
(SSBV Space & Ground Systems). The UPMSAT-2 power 
system is composed of five fixed solar panels, a Li-Ion battery 
and the power distribution subsystem (PDS). Four panels are 
disposed at the lateral sides of the cuboid, whereas the fifth 
is located at the top side. These panels are built with Selex 
Galileo SPVS-5S solar modules. The battery was designed 
and manufactured by SAFT, being based on the Li-Ion tech
nology represented by VES-16 cells. 

2.1. The UPMSAT-2 solar panels system 

As aforementioned, the UPMSAT-2 solar panels are built with 
SPVS-5S solar modules, composed of triple junction solar 
cells (AZUR SPACE 3G28C, efficiency class 28%) mounted 
on an Al substrate, instead of a traditional one integrated on 
to a composite CFRP + Al substrate. The selected substrate is 
made of black anodized aluminium in order to guarantee com
plete insulation towards the electrical network. Each module 
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is composed of five solar cells and it is autonomous in terms 
of the supporting structure and connection terminals, as a 
blocking diode can be directly mounted at the end of the last 
module for each string. 

The lateral solar panels (X+, X—, Y+ and Y—) are formed 
by four parallel-connected groups of two series-connected 
SPVS-5S modules, while the solar panel at the top side (Z+) 
is formed by two parallel-connected groups of two series-con
nected SPVS-5S modules (see figure 2). The panel Z+ will not 
receive any irradiation from the sun in the normal operational 
mode. Nevertheless, it represents an extra energy source at the 
initial stage of the mission, just after the satellite deployment 
at the orbit, and also when the satellite attitude at the normal 
operation mode is altered by the reaction wheel testing. 

The SPVS-5S modules are directly fixed on the lateral sup
port panels of the satellite, which are fabricated in aluminium 
EN AW 7075 and coated with Alodine® 1200 to minimize cor
rosion. Areas without surface treatment are also covered with 
1 Mil Kapton® tape. Figure 2 shows the final appearance of 
both configurations. A blocking diode is included in each of 
the solar cells' series, with a forward voltage of 0.8 V. 

In table 3, the manufacturer's datasheet for solar cells 
and modules that compose the UPMSAT-2 solar panels are 
presented. 

3. UPMSAT-2 Solar Panels' performance 
measurements 

The performance of a solar cell or module is characterized by 
the output power at a maximum power point, Pmp, which is 
usually determined by varying the forward bias voltage across 
the device under test while illuminated [27]. The character
istic I-V curve is then generated by measuring the current 
and voltage. Usually, the determination of Pmp is complex 
because it depends on the irradiance incident upon the device, 
its spectrum and the cells temperature. Accurate determina
tion of solar panel performances requires knowledge of the 
potential measurement problems, the way these problems are 
influenced by the specific specimen to be tested and how they 
affect the solar panel performances. 

In figure 3 the block diagram for a typical I-V curve deter
mination is shown. The photovoltaic device under test is illu
minated, the load is varied, and the operating point of the 
device under test changes, which allows one to measure the 
current and voltage along the I-V curve. A Kelvin connection 
to the device is used, allowing the voltage across the device to 
be measured by avoiding voltage drops along the wiring in the 
current measurement loop. 
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Figure 2. UPMS AT-2 solar panels: (a) lateral panel X+ and (b) top panel Z-\ 

Table 3. Manufacturer's datasheets of AZUR SPACE 3G28C 
solar cells (AMO WRC = 1367 W m"2; T = 28 °C) and module 
characteristics from SELEX GALILEO. 

AZUR SPACE Solar Power GmbH solar cells datasheets 

Parameter Value 

Average Open Circuit Voc (mV) 
Average Short Circuit Isc (mA) 
Voltage at max. Power Vmp (mV) 
Current at max. Power 7mp (mA) 
Average Efficiency rj (1367 W m~2) (%) 
Temperature gradient AV0C/Ar t (mV " r 1 ) 
Temperature gradient AISC/AT t (mA °C_1) 
Temperature gradient AVm p /Ar t (mV ° r ' ) 
Temperature gradient AImp/AT t (mA °C_1) 

Module's characteristics 

2667.00 
506.00 
2371.00 
487.00 
28.00 

-6.00 
0.32 
-6.10 
0.28 

Solar cell assembly 
Silicon diode assembly 
Blocking diodes 
Substrate 

AZUR TJ Solar Cell 3G28C 
AZUR BPD external silicon diode 
1N5811 JANTXV 
Al 6082 Black hard anodized 

3.1. I-V curves' dependence on environmental conditions 

It is well known that environmental conditions modify the 
behaviour of photovoltaic devices, so that the characteristic 
I-V curves change accordingly [28, 29]. The variation of 
I-V curves with the temperature of the solar cell (or panel) 
is approximately linear with temperature and the rate of 
variation is usually included in the manufacturer's datasheet 
as percent variation of the characteristic I-V curve points. 
Essentially, when the temperature of the solar cell or panel 
rises, the current increases and the voltage at maximum power 
and open circuit points decrease. Typically, the short circuit 
current Isc has the smallest temperature dependence, which 
is caused by the semiconductor band gap shifting to longer 
wavelengths with higher temperatures [30, 31]. On the other 
hand, the open-circuit voltage, Voc, and maximum power, Pmp, 
show a much larger dependence on the temperature, rapidly 
changing with any variation of this variable [30, 31]. For these 
reasons a fixed temperature is required in the solar panels' 
characterization tests. 

Voltage 
Measurement 

Variable 
Load 

Current 
Measurement 

Solar Panel 

Figure 3. Sketch of the electric circuit used to test the solar panels 
and measure their I-V curves. 

Usually, the solar panels' temperature is a variable that is 
difficult to evaluate, as only temperature at the rear surface of 
the cells, or at the module's edges, can be directly measured. 
This leads to an error because the rear surface will normally 
be cooler than the cells laminated inside. Nevertheless, if the 
temperature coefficients are known from the cells manufac
turer's datasheet, it is possible to correct the I-V measure
ments [32]. 

The second factor affecting the I-V curves is the irradiance 
levels. The term irradiance is defined as the power density of 
sunlight received at a certain location, measured in watt per 
squared metre. As the solar insolation changes throughout the 
day, similarly the I-V characteristics vary. With the increasing 
solar irradiance both the open circuit voltage and the short 
circuit current increase and hence the maximum power point 
varies. For space applications, a reference spectral irradiance 
is used, which is the extraterrestrial solar irradiance at a dis
tance of one astronomical unit from the Sun, commonly called 
air mass zero (AMO) [33]. In such a way, the manufacturer's 
datasheet is usually referenced to this value. 

The AM initials stand for air mass, which means the mass 
of air between a surface and the Sun that affects the spectral 
distribution and intensity of sunlight [34]. The AMx number 
indicates the length of the path of the solar radiation through 
the atmosphere. With longer paths more light deviation and 
absorption occurs. These phenomena change the spectral dis
tribution of the light received by the photovoltaic device. 
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Figure 4. (a) Support device used for solar panels testing; (b) a detail of the solar panels integration inside the support box; and (c) test 
instrumentation for outdoor measurements. 

It should be emphasized that the standardized spectral 
irradiances cannot be reproduced exactly in the laboratory 
(with solar simulators or natural sunlight). Thus, I-V curves 
calculated from measurements shall be normalized to AMO 
irradiance values. Additionally, identification of the spec
tral irradiance of terrestrial measurements is a difficult task, 
because of the effects of the atmosphere on sunlight, which 
are a function of the path length through the atmosphere [35]. 

The American Society for Testing and Materials 
(ASTM) defines two standard terrestrial spectral distribu
tions, the direct-normal and global AMI.5 spectrum [9]. 
The receiving surface is defined in the standards as an 
inclined plane at 37° tilted toward the equator, facing the 
sun (i.e. the surface normal points to the sun, at an ele
vation of 41.81° above the horizon). The direct-normal 
standard, AM1.5D, corresponds to the incident radiation 
that perpendicularly reaches a sun-facing surface directly 
from the Sun. However, the spectral content of solar radia
tion at the Earth's surface has a diffuse component in addi
tion to the direct, due to reflection and scattering in the 
atmosphere. The standard AM1.5G represents the global 
spectrum, which is designed for flat plate modules, and 
is made from both diffuse (scattered) and direct sunlight, 
which has become the testing and comparison standard for 
terrestrial photovoltaic applications. 

4. Solar panels' testing 

As mentioned in the previous section, solar panels exper
imental I-V curves are determined through measurements of 
the output voltage and output current variations, as sketched 
in figure 3. The set of measurements is performed from the 
solar panel open-circuit point, where the output current will be 
at its minimum and the output voltage reaches its maximum 
value, i.e. Voc. From this testing condition, the output current 
is increased until its maximum value is reached, i.e. Isc, when 
the solar panel is short-circuited and the output voltage is at its 
minimum value, i.e. zero. 

4.1. Testing set-up 

The UPMS AT-2 solar panels' measurement system follows the 
aforementioned description. The variable load used for the test 
can be as simple as a variable resistor. However, a computer-
programmable variable load is used, a BK Precision® 8500 
model, allowing both to obtain current values in any range 
needed, and the corresponding output voltage measurements. 
At the beginning of each test, Isc and Voc are measured with a 
digital multimeter PROM AX® PD-181, previously calibrated. 

The solar panels are encapsulated in a support device made 
up of a white painted wooden box and a methacrylate cover to 
allow sunlight to reach the solar cells. For temperature moni
toring, a set of thermocouples are placed along the solar cells 
modules and an acquisition system in Lab View® is used in 
order to monitor temperatures during each test realization. A 
temperature-controlled plate is located in the back side of the 
support to dissipate the heat inside the box and it is continu
ously refrigerated by an air flow to keep the temperature as 
stable as possible during the test campaign. The whole device 
support is shown in figure 4. 

Any light source used (i.e. natural sunlight or a solar simu
lator) would have temporal instabilities, spatial non-uniform
ities, drift of its spectral irradiance and an illumination time. 
In the present work, outdoor clean sky measurements were 
selected, which normally involve uniform illumination on the 
test plane (less that 1% spatial variation), and stable irradiance 
for quite large time periods (up to several minutes). The support 
device was mounted on a table that can be tilted so that the angle 
relative to the sun's rays can be modified (see figure 4(c)). The 
solar panel support was oriented so that its surface was normal 
to the direction of the sun, the test campaign being carried out 
at a 0° solar zenith angle. In addition, a luxmeter Delta OHM® 
HD2102, located in the solar panel plane, was used to obtain the 
average incident irradiance under test conditions. 

During each test realization, the irradiance levels and 
solar panels' temperature were monitored to reference all 
experimental data to the conditions specified in the manu
facturer's datasheet. In addition, a temperature variation test 
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Figure 5. Variations of (a) the short circuit current and (b) the open circuit voltage with the temperature obtained from the tests, and their 
comparison with the manufacturer's datasheet. In both graphs: ( ) the specified temperature variations given by the manufacturer; (+ +) 
the experimental data; and ( ) the linear fittings of the experimental measures, whose equations are also included in the graphs. 

Table 4. Parameter variation with the temperature for a lateral solar 
panel: experimental determination and manufacturer's data. 

Experimental 
results 

Manufacturer's 
data 

A/ s c /Ar t (mA KT1 

AV0C/Ar t (mV KT1 

1.440 

-68.80 

1.280 

-60.00 

was performed to experimentally determine the character
istic points dependence on the temperature, and compare the 
results with the data specified at the manufacturer's datasheet. 

4.2. Isc and V0 

temperature 
characteristic points dependence on the 

The mentioned temperature variation was studied on one of the 
lateral solar panels, the short circuit current, Isc, and the open 
circuit voltage, Voc, being measured at different temperatures. 

The manufacturer's datasheet (see table 3) defines the vari
ations of Isc and Voc with the temperature for one cell. For a 
lateral solar panel (with four parallel-connected groups of two 
series-connected SPVS-5S modules), these variations can be 
expressed as seen in equations (1) and (2). 

AVoc (T) = Voc (T) - Voc (TT) = -60 .00 • 10~3 (T - Tr 

A/ s c (T) = Isc (T) - /sc (Tr) = 1.280 • 10 - 3 (T - Tv) 

(1) 

(2) 

where Tv = 28 °C is the reference temperature of the data, so 
that Voc (TT) = 26.67 V and /sc (TT) = 2.024 A. 

As Isc and Voc depend on the irradiance reaching the solar 
panel, and the testing conditions are different from the man
ufacturer's reference values, the comparison should be per
formed not in terms of absolute values for 7SC (T) and Voc (T), 
but in terms of parameter variation, i.e. A/sc (T) and AV0C (T). 

The parameter variation from the experimental results, 
along with the information extracted from the manufacturer's 
datasheet are shown in figure 5 and table 4. In the graphs, the 
linear fitting to the experimental data are included. It should 
be noted that AV0C is a negative value as the open circuit 
voltage decreases as temperature increases. 
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Figure 6. Modifications of the measured I-V curves with the 
temperature. ( ) Lateral solar panel Y + at test temperature; 
( ) Top panel Z + at test temperature; ( ) Lateral solar 
panel at reference temperature; and ( ) Top panel at reference 
temperature. 

400 600 800 1000 1200 1400 1600 1800 

Wavelength, A (nm) 

Figure 7. Transmittance of the methacrylate plate protecting the 
UPMSAT-2 solar panels during tests. 

As can be observed in figure 5, the measured data correlate 
quite well with the linear variation based on the data speci
fied by the manufacturer in the solar cells' datasheet, the slope 
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Figure 8. (a) Spectral irradiance as a function of the wavelength: ( ) results from the test campaign; ( ) the mean value of testing 
measurements; and ( ) the AMO standard, (b) Total irradiance levels during tests referenced the AMO spectrum, expressed in percentage. 
The test IDs from 1 to 5 represent the test conditions for panels Y+ , Y— , X+ , X— and Z+ , respectively. The mean value corresponds with 
a total irradiance of $„ = 837.8 Wm~2. 

Table 5. Parameters of l-diode/2-resistor circuit model of the 
UPMSAT-2 solar panels. An initial estimation of a (a = 1.1) is used. 

a RS(Q) Rsh(Q) /o(A) V(A) 

Lateral panels 1.1 0.044 4.246 • 103 6.024 • 10~14 2.024 

Toppanel 1.1 0.089 8.492 - 103 3.012-lO"14 1-012 

of the linear expressions being similar to the measured and 
manufacturer's specified variations. The temperature varia
tions are applied to the measured I-V curves, to normalize the 
values at test temperature to the manufacturer's reference one. 
Results for a lateral panel and the top panel are presented in 
figure 6. 

4.3. Total irradiance under test conditions 

The information provided by the solar cells manufacturer 
refers to the AMO irradiance spectrum, whereas the incident 
solar irradiance over the solar panels in the test environment 
is considered to be closer to the AM1.5G irradiance spectrum 
[9]. As aforementioned, the I-V parameters derived from 
the test should refer to the AMO standard, for comparison 
purposes. Therefore, some post-processing of the results is 
required in the present work. 

The total irradiance ESA over the solar panels is 
expressed as 

ESA 

Ai 

£A(A),dA (3) 

where E\ (A) is the spectral irradiance, expressed in W m~2 

nm -1 , and A is the wavelength. The definite integral of equa
tion (3) must be calculated in the wavelength spectrum where 
the solar cells used (GalnP/GaAs/Ge) have an efficiency over 
5%, i.e. [A0, Ai] = [300 - 1750] nm. 

The spectral irradiance E\ (A) reaching the solar panels in 
the test conditions depends on the atmospheric transmittance 
and the transmittance of the methacrylate plate protecting the 
solar panels during the test campaign. 

Table 6. Obtained parameters from the theoretical model based 
on the irradiance values measured by the luxmeter during the test 
campaign. From top to bottom: values for panels Y+, Y-, X+ X-
and Z+. 

Test ID (W m-2) 
$ i / $ A M 0 

(%) /« (A) Voc (V) 
-* mp 

(W) 

1 (Panel Y+) 854.09 62.52 1.27 26.67 28.96 

2 (Panel Y-) 871.84 63.84 1.29 26.67 29.56 

3 (Panel x+) 838.78 61.40 1.24 26.67 28.43 

4 (PanelX-) 842.85 61.70 1.25 26.67 28.57 

Table 7. Parameter a of the l-diode/2-resistor circuit model 
extracted from the experimental results. 

Panel F4 
0.825 

Panel Y-
1.254 

Panel X-\ 
1.608 

Panel X-
1.257 

Panel Z^ 
0.877 

The effects of atmospheric transmittance can be accounted 
for using the AM1.5G spectrum as usual. However, in order 
to obtain the most accurate results possible, the irradiance at 
each test realization is measured with a luxmeter placed in the 
same position and inclination as the solar panel under study. 

The luxmeter provides the integral of the incident radiation 
spectrum reaching its sensor, by weighting the spectral irradi
ance with its photopic luminosity function R\ (A), according 
to equation (4): 

Ev= Rx(X)Ex(X)dX (4) 

where Ev is the illuminance, in Wm~ , E\ (A) is the spectral 
irradiance reaching the luxmeter sensor and R\ is the phot
opic luminous efficacy of radiation, which has a maximum 
possible value of 683 lm W _ 1 for the case of monochromatic 
light at a wavelength of 555 nm. 

If the emission spectrum is assumed to remain constant, 
i.e. there is not radiation absorption for particular wave
lengths between the luxmeter sensor and the light source (the 
sun), then the spectral irradiance reaching the panel could be 
expressed as 
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Figure 9. Comparison between the experimental I-V and P-V curves from the test and the resulting ones of the numerical model simulation 
from section 5.1, with spectral irradiance values from the testing conditions (see table 6). Figures from (a) to (e), three different solar 
panels of the UPMS AT-2 microsatellite. For all graphs: (- -•- -) I-V curves from the test measurements; (—) I-V curves simulated with the 
1 -diode/2-resistor model; ( 1—) P-V curves from the test measurements; and (----) P-V curves simulated with the l-diode/2-resistor 
theoretical model, (a) Lateral solar panel X+. (b) Lateral solar panel X—. (c) Lateral solar panel Y+. (d) Lateral solar panel Y-. (e) Top 
solar panel Z+. 

Ex (A) — CEX^AMI.SG (A) (5) 

where C is a constant and EX^MI.SG (A) is the normalized 
spectral irradiance of the sun in AM1.5G conditions. 

The value of C can be calculated from equations (4) and 
(5). In the test conditions it varies between 0.95 and 1.01. 

To reference the spectral irradiance under test conditions 
to the extraterrestrial one, using the AMO standard, the trans-
mittance of the methacrylate plate protecting the solar panels, 
Tm (A), is used. The methacrylate plate is characterized by the 
measurements of its directional transmittance and hemispher
ical reflectance, using a spectrophotometer LAMBDA 950. 
Results of transmittance per wavelength are shown in figure 7. 

The total spectral irradiance over the solar panels of equa
tion (3), referred to the AMO spectrum is then 

Ex(\) = CTm(\)Ex AM1.5G (A). (6) 

Values of spectral irradiance under test conditions are pre
sented in figure 8(a) with grey lines, whereas the mean value 
is presented with a black line. In addition, the AMO spectrum 
is also included in figure 8(a) with a black dotted line. 

If the spectral irradiance of equation (6) is integrated in the 
whole wavelength range for the different test conditions, the 
total irradiance level reaching the solar cells referenced to the 
AMO spectrum could be expressed as equation (7): 

$,- = j£A,(A)dA 

$ AMO / E\4M0 
(A) dA 

(7) 

where the sub-index i stands for the test ID, $; is the total irra
diance for test i, and $AMO is the total irradiance for the AMO 
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Figure 10. (a) Relative errors in percentage between the measured and simulated curves. (—•—) Panel Y+; ( — A -
Panel X+; (- + -) Panel X—\ and (— X —) Panel Z + . (b) A detail of graph (a) around the maximum power points. 

-) Panel Y-; (-

spectrum that is $AMO = 1366.1 Wm~2. Results of the irradi
ance levels for the different tests performed are presented in 
figure 8(b). 

As can be extracted from figure 8(b), the total irradiances 
during the test campaign are in the range of 806 Wm~2 to 
861 Wm~2, accounting for 59-63% of the extraterrestial irra
diance of the AM0 spectrum. 

5. Test measurement comparison with 
the theoretical model 

5.1. Theoretical model description 

An ideal solar cell is usually described as a current source 
connected in parallel to an ideal diode [36], represented by 
the equation proposed by Shockley [31]. This model is com
monly completed with resistors representing efficiency losses: 
a series resistance, Rs, accounting for the resistance of the 
materials which compose the module and causes a reduction 
on the power converted by the device [37-39]; and a shunt 
resistance, Rs^, connected in parallel with the diode, taking 
into account the alternative paths for the free carriers pro
duced by the solar radiation [40^2]. 

The l-diode/2-resistor model (or five parameter model) is 
the most popular equivalent circuit to represent solar panel 
behaviour and is governed by equation (8): 

/ = /, P h - e x p 
V + IRS 

noVj 
1 

V + IRS 

RSh 
(8) 

where 7ph is the photogenerated current by the cell, I0 is 
the reverse saturation or leakage current and V the applied 
voltage on cell terminals. As the solar panels are composed of 
10-series connected triple junction solar cells, the value of n is 
set to 30 [29]. The parameter VT is the thermal voltage of the 
diode, governed by equation (9): 

VT = kT/q (9) 

where q is the electron charge, k the Boltzmann constant and 
T the temperature. 

Table 8. Root mean square error (RMSE) for each panel, calculated 
with the theoretical model (manufacturer's datasheet) and the 
experimental results from tests. 

Panel RMSE parameter 

Y+ 
X+ 
Y-
X-
Z+ 

1.60 10~ -3 

0.73 10" -3 

2.10 10" -3 

1.70 10" -3 

2.90 10" -3 

The non-dimensional constant of equation (8), a, is usually 
added to the I-V curve, called the ideality factor, which takes 
into account the deviation of the diode from the Shockley dif
fusion theory. Usually, the value of this factor is assumed to be 
a constant between 1 and 1.5 [43]. 

To represent the I-V curve the five parameters (7ph, k, Rs, 
Rsh and a) must be identified [44]. Five boundary conditions 
are needed, usually extracted from the manufacturer's data, 
that are the value of the most representative point (short cir
cuit, open circuit and maximum power points) and the temper
ature during characteristic points' measurements. In general, 
if an initial estimation of the ideality factor is used, then the 
other parameters could be calculated and a may be adjusted 
afterwards [45]. 

For the UPMSAT-2 solar panels, if the manufacturer's 
datasheet (see table 3) is used, the values obtained for the 
model parameters are shown in table 5. 

With values of table 5, the equation (8) defines the I-V 
characteristic curves for the panels under study. 

According to the traditional approach for the five param
eter model, the photocurrent 7ph depends on the irradiance and 
shares a linear relationship with it [45]. To adjust the theor
etical I-V curves to the test insolation conditions, the value of 
Zph is modified according to the measured incident irradiance 
level. In practice, the results of figure 8(b) are used to modify 
the value of 7ph to adjust the theoretical model to the test inci
dent irradiance and, as a consequence, values of Isc and Pmp 

are modified. 
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Figure 11. (a) Relative errors in the main I-V parameters for (a) the testing conditions presented here and (b) the data provided by the solar 
modules manufacturer. For both graphs: (—•—) Isc; (-V-) Voc; and (- X -) Pmp. 

Values of Isc, Voc and Pmp of the theoretical I-V curves are 
presented in table 6, along with the irradiance level (^-/^AMO) 

used for their determination. 
It should be noted that the value Voc = 26.67 V remains 

constant for every test. It is due to the nature of the theor
etical model, which introduces no variation in the open circuit 
voltage with the incident irradiance. This fact is essentially 
true as extracted from previous works, where the Voc param
eter hardly varies with irradiance [43, 46]. Indeed, the error 
introduced in the model, if variations of Voc with irradiance 
levels are not taken into account, is lower than 0.5% for these 
works. 

Once the theoretic I-V curves are determined under test 
conditions, the parameter a is adjusted using experimental 
results, as described in the following section. 

5.2. Theoretical model comparison with test results 

This section is focused on the comparison between the mea
sured I-V curves and the theoretical ones, calculated with the 
model described in section 5.1. 

The theoretical I-V curves calculated in the previous 
section are adjusted by using the parameter a derived from 
the experimental results. To extract this parameter from the 
measured data, the experimental results were fitted to the 
model represented by equation (8) using a MATLAB® code, 
obtaining the results presented in table 7. 

The temperature of comparison is the manufacturer's refer
ence one, T = 28 °C, so measured values are normalized to it 
as defined in section 4.2. 

Figures 9(a) to (e) show the I-V curves measured in the 
test campaign along with the I-V curves obtained with the 
theoretical model. In addition, the P-V curves are included 
for three solar panels of the UPMS AT-2. 

The relative errors between the measured I-V curves and 
those simulated with the l-diode/2-resistor model are calcu
lated and the obtained results are presented in figure 10(a). 
The relative error magnitude is calculated taking the measured 
current as the exact value, and the current calculated with the 

theoretical model (with the manufacturers' datasheet) as the 
approximation, i.e. | erei |=| /test - hh | //test 

As figure 10(a) shows, differences between the meas
ured and simulated data using the manufacturer's datasheet 
remain within the usual values when a theoretical model is 
used [45, 47]. A maximum in the relative error is observed 
around the open circuit point, reaching the largest value for 
panel X—, about 35%. This result is due to the excessive 
relative error magnitude and takes into account the error 
around the open circuit point, where the solar panel current 
is nearly 0 A [45, 48]. However, in the operational point of 
the panel, i.e. in the vicinity of the maximum power point, 
the errors remain between 0.08 and less than 5%. These 
values can be observed in figure 10(b), where the grey area 
represents the values of Vmp for both the manufacturer's and 
measured data. 

To globally compare the results, the root mean square 
error (RMSE) is used as a criterion to quantify the difference 
between the model results and the experimental data [49]. 
RMSE is defined by equation (10). 

RMSE 
\ 

1 N 

^(I±,i-Ii)2 (10) 
N • i 

Values of RMSE are presented in table 8, for the dif
ferent panels of the UPMSAT-2. These values are between 
RMSE = 0.73 • 10~3 and RMSE = 2.9 • 10 - 3 . Based on the 
obtained RMSE, one can observe a good agreement between 
the experimental data and the model results. 

To validate the testing conditions, the relative errors |erei| 
between main parameters, i.e. short circuit current Isc, open 
circuit voltage Voc and maximum power point Pmp, of the 
solar panels are calculated for two different test cases: (i) 
The measured values within the testing conditions described 
here and; (ii) the experimental results provided by the solar 
modules manufacturer (Selex Galileo). The results for both 
cases are presented in figures 11(a) and (b). For the testing 
conditions presented here, the relative error remains between 
0% and 5% while the measured data provided by the modules 
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manufacturer are slightly larger. Indeed, for the relative errors 
of Isc and Voc the results are similar in both cases, whereas the 
maximum power point is better determined with the method 
proposed here. 

These results, in addition to the RMSE values, also sug
gest that with a good knowledge of the characteristic points, 
the numerical model can accurately reproduce the exper
imental I-V curve, so the assumptions that have been taken 
into account to normalize the experimental data have been 
selected adequately. 

6. Conclusions 

This paper proposes a method to conduct a solar panel perfor
mance test for small-size satellites' applications, by using an 
outdoor clean sky test environment. The key point to obtain 
good results is to properly monitor the testing conditions, i.e. 
the irradiance levels and solar cells' temperature, to be able 
to normalize measured data to the manufacturers' datasheet 
conditions that are usually referenced to the AMO spectrum 
and a temperature of T = 28 °C. The normalized I-V curves 
obtained during the test campaign are compared with the I-V 
curves calculated using a usual theoretical model (1-diodes-
resistor). The I-V curves simulated with the theoretical circuit 
model are based on the manufacturer's datasheet of the solar 
cells. 

Relative errors between the measured and simulated I-V 
curves and the root mean square errors are used to evaluate the 
quality of fit. As the RMSE parameter shows, the testing con
ditions used in this work can be applied to efficiently deter
mine the main parameters of solar panels without the need for 
special and expensive test equipment. Indeed, the percentage 
deviation of the main parameters between the measured 
data and that extracted from the solar cells manufacturer are 
smaller for the test performed here than the data provided by 
the modules manufacturer. 

Although it would be beyond the scope of this work 
to exhaustively analyse if the theoretical circuit model 
used is good enough to compute the I-V curves using the 
manufacturer's data, the use of more complex theoretical 
models to acquire an accurate I-V characteristic should 
improve the relative error obtained. Indeed, differences 
obtained between the test and experiment agreed with pre
vious studies published in the literature [45,48], confirming 
that the I-V curves have been captured and post-processed 
adequately. 
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