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Abstract: In recent years, thin-film and organic photovoltaic (OPV) technologies have been increas-
ingly used as alternatives to conventional technologies due to their low weight, portability, and
ease of installation. Outdoor characterization studies allow knowing the real performances of these
photovoltaic (PV) technologies in different environmental conditions. Therefore, to address the above,
this article presents the hardware–software design and implementation of an integrated and scalable
platform for performing the outdoor real-time characterization of modern PV/OPV technologies
located at different altitudes. The platform allows knowing the outdoor performance of PV/OPV
technologies in real environmental conditions by acquiring data from different monitoring stations
located at different altitudes. The proposed platform allows characterizing solar panels and mini-
modules and acquiring relevant information to analyze power generation capacity and efficiency.
Furthermore, other devices for new PV technologies characterization can be easily added, achieving
a scale-up of the platform. A preliminary study of the outdoor performance of emerging PV/OPV
technologies was carried out at three different altitudes in a tropical climate region. From the results,
the copper indium gallium selenide (CIGS) technology presents the best outdoor performance with
an average PCE of 9.64%; the OPV technology has the best behavior at high temperatures with a
voltage loss rate of 0.0206 V/◦C; and the cadmium telluride (CdTe) technology is the most affected
by temperature, with a voltage loss rate of 0.0803 V/◦C.

Keywords: monitoring system; organic photovoltaic (OPV); outdoor performance; thin-film photo-
voltaic; solar panel characterization

1. Introduction

The power conversion efficiency (PCE) of the PV technologies operating in real envi-
ronment conditions is lower than the PCE measured under standard test conditions (STC)
or nominal operating cell temperature (NOCT) [1,2]. This difference is due to changes in
cloud cover, the electrical resistance of the circuit, levels of solar irradiance, surrounding air
velocity, and the ambient temperature; the presence of dust and dirt accumulated on the
glass that protects the panel, and obstacles that produce shade; and aging degradation [3].

Currently, the PCE measured under STC of most commercial c-Si panels is from 13%
to 21% [4], with more than 25 years of average useful life [5], and PCE from 6% to 22.1%
for PV panels of thin-film [6]. However, PCE is reduced in real environment conditions by
increasing the cell-surface temperature due to partial solar radiation converted into heat.
Thus, the characterization through I-V curves is necessary to evaluate the performance
of PV/OPV technologies that work under the variation of real environmental conditions.
The I-V curve allows calculating the P-V curve, the maximum power generated (Pmpp),
and fill factor (FF) from the following parameters: open-circuit voltage (Voc), short circuit
current (Isc), maximum voltage (Vmpp), and maximum current (Impp) [7]. This evaluation
is necessary because it allows knowing the outdoor performance of PV/OPV technologies,
which are different from those under STCs and NOCT provided by the manufacturers [8].

Energies 2023, 16, 2907. https://doi.org/10.3390/en16062907 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16062907
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-7915-8999
https://orcid.org/0000-0002-5432-8330
https://orcid.org/0000-0003-4091-1055
https://doi.org/10.3390/en16062907
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16062907?type=check_update&version=1


Energies 2023, 16, 2907 2 of 16

Therefore, the outdoor characterization of PV/OPV technologies is considered the
best test to evaluate their real PCE and degradation ratio. In the case of large-sized rolled
PV panels, outdoor characterization is the best option because there are no suitable solar
simulators for those sizes. Another point is that the STCs (25 ◦C, 1000 W/m2, and AM:
1.5) for silicon PV technologies do not consider the PCE reduction when the temperature
increases, while the PCE increases with the temperature for the OPV technology [9].

With the rapid development of new photovoltaic technologies based on new materials,
concepts, and techniques, it is essential to analyze the performance of each technology
for a particular climatic condition. Therefore, outdoor characterization systems of PV
technologies have become relevant, and the academic community has shown a great interest
in the outdoor characterization of PV technologies in the last five years [10–14]. In [9], the
authors present the outdoor characterization of 24 commercial organic photovoltaic panels
of different sizes (2.52 × 0.52 m and 1.29 × 0.52 m) to evaluate their efficiency. Their system
was implemented using: (1) a curve tracer IV-500 w for I-V curve tracing of PV module or
PV array up to 1500 V and 15 A; (2) two pyranometers from EKO Instruments for global
radiation and diffuse radiation measurement; (3) one compact weather station for ambient
temperature, wind speed, wind direction, precipitation, and relative humidity measurement
every 10 s; (4) thermocouples type K for cell-surface temperature measurement of OPV
modules, and (5) a Campbell datalogger for acquisition and transmission of meteorological
data. Their equipment and sensors have high accuracy; however, the I-V curve tracing is
manually carried out, which makes it challenging to register data over a long period to
analyze the performance of PV technologies.

Tests for 31 flexible OPV modules by considering simulated temperature, humidity,
and irradiation parameters are reported in [15]. The objective is to evaluate or determine the
effect of the above parameters on cell efficiency and degradation; however, the evaluation is
done under stable environmental conditions, limiting the identification and quantification
of the impact on the PV technologies. The authors in [16] present the development of
a low-cost solar analyzer and a complete monitoring system for the first-generation PV
technologies, whose current and voltage values are very different from those generated by
the emerging PV technologies. In [17], the authors present a study on the long-term outdoor
operation of two concentrator photovoltaic (CPV) systems that differ in cell structure. For
these two systems, the difference in performance, the influence of solar spectrum, and
module temperature are evaluated. The cell-surface temperature is measured with Pt100
sensors, and the direct normal irradiance (DNI) and direct solar spectrum are measured
every minute with a pyrheliometer and a spectro-radiometer, respectively. However, the
authors do not present real-time monitoring or data integration evidence.

In [18], the authors present a study of the outdoor performance of PV technologies
for more than two years using a system composed of (1) two pyranometers and three
spectroradiometers, which are used to measure different types of irradiance (horizontal,
with an inclination of 20◦ and at different wavelengths); (2) one windmeter that records
the speed and direction of the wind; (3) one thermos-hygrometer and hyetometer, which
are used to measure temperature, humidity, and rainfall. The sensors used to measure the
irradiance allow a better characterization of the irradiance incident on the surface of the
solar panels, providing more information and precision for the analysis of performance in
PV technologies. However, solar panels are not characterized outdoors since the authors
used a solar simulator (indoor test) to track the I-V characteristics of PV panels every year
to observe the change in their performance after operation in outdoor conditions; therefore,
the study does not define a real-time behavior of the technology with respect to variations
in weather conditions.

The works reported in [19,20] present the outdoor characterization for perovskite
solar cells and OPV modules. This test was carried out using one Egnitec PVMS250 PV
measurement system, one IMT silicon solar reference cell to measure the irradiance, one
Davis Pro weather station, and Pt100 sensors to measure the cell-surface temperature.
All the relevant parameters for the outdoor characterization of PV technologies were
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measured; however, the precision of the measured irradiance with a calibrated solar
reference cell was lower than the one with a pyranometer sensor. In [21], the authors
present an outdoor measurement 24-channel system for monitoring PV technologies. In
this case, PV parameters were obtained from an I-V curve tracer and the meteorological
parameters from individual sensors. The surface-cell temperature and irradiance were
measured using a thermocouple and a pyranometer. However, the authors do not present
real-time monitoring or data integration evidence.

A comparative analysis of the outdoor performance of OPV and conventional PV
modules (c-Si and CIS) is reported in [22]. The authors used a PC-controlled data acquisition
system composed of an I-V tracer, selection circuit, and a temperature acquisition system
for PV modules. An automatic system performed similar test conditions by switching the
I-V tracer between the PV modules in less than half a second. The PV module temperature
was measured with a resistance temperature detector (RTD) placed on the back of each
PV module. Additionally, a thermal imaging camera was used to check the temperature
uniformity of all the PV modules and to verify the absence of hotspots. This work widely
describes the hardware development of its system compared to the other works. However,
there is no evidence of how the data integration is carried out or if they have databases and
software for data visualization and analysis. Secondly, the system cannot characterize PV
mini modules because the current and voltage levels are lower than those measured in the
PV panels.

The above relevant works are summarized in Table S1 of the Supplementary Infor-
mation, where the hardware specifications and features of each outdoor characterization
system for PV technologies are listed. In order to address the need to perform outdoor
real-time characterization for PV/OPV technologies using sensors and devices, this paper
presents the hardware–software development of an integrated and scalable platform that
allows knowing the outdoor performance of emerging PV technologies at different altitudes
in a tropical climate region. The proposed platform integrates several sensors and electronic
devices, a weather station, and several PV analyzers providing real-time and historical
information for performing PCE, FF, and Jsc analysis.

To the best of our knowledge in the literature, there is no available platform for
performing outdoor real-time characterization of new PV technologies with the above
features. Thus, the main contributions of this work are listed as follows:

(1) Design of an integrated and scalable platform that accomplishes the technical require-
ments for performing outdoor real-time characterization of emerging PV technologies.

(2) Design of a compact, modular, and portable device for acquiring, formatting, and real-
time transmission of PV data. This device, here called IPHU (integration-photovoltaic
hardware unit), receives and formats the data provided by the pyranometer, cell-
surface temperature sensors, weather station, and PV analyzers; IPHU transmits the
information to the central server via REST web service.

(3) Design of a PC software application to visualize the I-V and P-V curves and meteoro-
logical and PV parameters for outdoor performance analysis during a time.

(4) Development of three PV monitoring stations (PVMS) installed at 0, 1000, and 2000 m
above sea level (m.a.s.l).

2. Materials and Methods

The designed platform for outdoor real-time characterization of PV/OPV technologies
is shown in Figure 1, and their main components (PVMS, IPHU device, PC-based remote
monitoring terminal, and central server) are described as follows.
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Figure 1. Platform architecture for outdoor real-time characterization of PV panels and OPV
mini modules.

PVMS is implemented using: (1) PV panels and OPV mini modules, which are: semi-
flexible CIGS [23,24], rollable amorphous silicon (A-Si) [13,25], and thin-film CdTe [26,27]
PV panels, and three OPV mini-modules with different barrier foil [15,28,29]. Their tech-
nical characteristics are presented in Table 1. (2) Second-class pyranometer SMP3 for
measuring the irradiance (Irr) and Pt100 sensors for measuring the cell-surface temperature
(Tc). (3) Davis Vantage Pro 2 weather station for generating a JSON file containing the
meteorological parameters, which is sent to IPHU using a local WiFi link. For our char-
acterization purposes, the selected meteorological parameters are relative humidity (RH),
wind speed (Ws), ambient temperature (TA), and precipitation. (4) PV solar analyzers for
PV panel and OPV mini module. The first works up to 50 V and 5 A, using a capacitive
charging technique for I-V curve tracing, and the second works up to 14 V and 250 mA,
using a four-quadrant DC supply technique for I-V curve tracing. (5) Photovoltaic Power
Backup System, which supplies the electrical power to PVMS, and it is composed of a multi-
functional inverter, a 440 W PV panel, two batteries of 150 Ah, DC/AC protections, and an
SNMP box for remote monitoring. The three PVMSs implemented at different altitudes in
a tropical climate region are shown in Figures S1–S4 of Supplementary Information.

IPHU acquires, integrates, and transmits the data generated by the PV/OPV analyzers,
the pyranometer, cell-surface temperature sensors, and the weather station. Its hardware is
composed of a raspberry pi 3, a USB to RS-485 converter, a 5 V/3 A DC-DC converter, and
a 12 V/5 A switched power supply.

PC-Based Remote Monitoring Terminal allows the visualization of I-V curves and
the photovoltaic and meteorological parameters. It runs a user interface application for
system logging, performs local or remote monitoring, and accesses measurement records
stored in the database server. Moreover, the terminal supports a local database for offline
deployments or in case of connection disruption.
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Table 1. Technical characteristics of PV panels and OPV mini modules.

PV Technology CdTe OPV CIGS A-Si

Technical reference BIPV ZAE BAYERN FLEX–03 70N Power Film 21W
Dimensions 1200 × 600 mm 9.75 cm2/cell × 20 1709 × 348 mm 1544.3 × 370.8 mm

Weight 11.8 kg - 1.56 kg 0.7 kg
Maximum power (Pmax) 77 W - 70 W 21 W

Maximum Voltage (Vmpp) 21 V 9.15 V 18.1 V 15.4 V
Maximum Current (Impp) 3.66 A 89.22 mA 3.88 A 1.35 A
Open circuit voltage (Voc) 28 V 14.00 V 23.2 V 21.9 V
Short Circuit Current (Isc) 3.91 A 99.40 mA 4.67 A 1.6 A

Efficiency 10.69% 4.18% 11.77% 3.68%

Central server performs the storage, administration, recovery, and classification of
the measured data of each PV/OPV technology installed in each PVMS. A web service is
implemented on REST architecture using Java language for accessing the database server.
In this case, data security is achieved between user and server by HTTPS communication
protocol based on Transport Layer Security (TLS) encryption protocol.

Using the above components, the designed platform of Figure 1 allows the outdoor
real-time characterization of PV technologies performing the following stages: (1) Mea-
surement of irradiance with pyranometer and cell-surface temperature with Pt100 sensors
connected with the IPHU device through a Modbus RTU network. (2) Tracing of I-V curves
simultaneously for three different PV panels and three different OPV mini modules, using
the PV solar analyzers. (3) Transmission of meteorological parameters and I-V curves to
IPHU device through Wi-Fi local network. (4) Integration of meteorological parameters,
irradiance, cell-surface temperature, and I-V curves in CSV files on the IPHU. (5) Trans-
mission of integrated data to the central database server. (6) Visualization of measured
parameters in real-time and historical data through the developed user interface.

2.1. IPHU Design and Implementation

The developed IPHU device is a compact, modular, and portable device composed of
a hardware module and a custom software application to acquire, process, and transmit
the integrated data through the Internet.

The IPHU hardware was implemented using: (1) a data acquisition unit composed of
a sensing stage and an acquisition and adaptation stage. The first one uses a second-class
pyranometer to measure the irradiance (W/m2) and Pt100 sensors to measure the cell-
surface temperature. The second one uses Pt100 temperature sensors with data transmission
through Modbus RTU protocol on an RS-485 network at 19200 baud/sec and an RS-485
to USB converter for connecting the transmitters and the pyranometer to the processing
unit. All sensors are connected to the RS-485 network through M12 connectors and splitters
used in industrial applications; (2) a processing unit that uses a Raspberry Pi board based
on the 64-bit processor ARMv8@1.2GHz supporting Linux OS, with 1 GB RAM, 8 GB of
flash memory, Ethernet 10/100 Mbps, and USB 2.0 ports. Raspberry Pi processor executes
a custom software developed in Java that allows the integration of the different data types
and file formats obtained from the measuring equipment; (3) a data communication unit
using a Wi-Fi 802.11 b/g/n adapter to connect IPHU with PV analyzers and a wireless
gateway to communicate the weather station with IPHU through Wi-Fi.

The IPHU software was developed by using the procedures shown in Figure 2 and are
described as follows:

• Connecting Verification Procedure verifies the connection of IPHU with the sensors,
weather station, and PV/OPV analyzers.

• Data Capture Procedure accesses and captures the data from the sensors, the weather
station, and PV/OPV analyzers through the Modbus and Wi-Fi local networks. The
data from the analyzers are captured using an SSH communication on a local network,
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and the data generated by the weather station are captured using an HTTP request to
the wireless gateway.

• Data Integration Procedure performs two functions: (a) capture the temporal data and
verify if these are synchronized at the date and time, and (b) integrate the synchronized
data over one CSV file. In this case, the weather station, IPHU, and PV analyzers must
be synchronized using the NTP server; otherwise, the data are discarded.

• Data Transmission/Storing Procedure performs two functions: (a) establish the commu-
nication between IPHU and the central server, and (b) store the data over internal
memory or an external hard disk when there is no internet access for PVMS installed
in remote areas.

• Diagnostic Procedure performs two functions: (a) restart IPHU when there are failures
or start it in the morning, that is, reboot IPHU and the PV analyzers, and (b) register
the IPHU events for diagnostic and update purposes.
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2.2. Development of the Software User Interface

The user interface was designed using four windows to display the PV and meteo-
rological parameters and I-V and P-V curves of the PV technologies. These windows are
described as follows:

• Main Window displays historical and real-time data obtained from the database server,
and it contains five sections, as shown in Figure 3: (1) Bar menu allows accessing
the other windows and sets the user interface. (2) Dropdown menu allows selecting
the PVMS and PV technology for display. (3) Control functions (start and stop) for
real-time monitoring. (4) Curves display allows selecting the I-V or P-V real-time
curves. (5) Meteorological parameters display shows the values of the meteorological
parameters in real-time for the selected PVMS, and (6) power-generated display
shows the maximum power generated by each PV technology in real-time from the
selected PVMS.

• Log-in Window allows log-in to the platform as a guest or administrator. The adminis-
trator mode enables advanced functions such as power system backup configuration,
monitoring errors and failures, remote restart, and software updating.
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• PVMS Configuration Window allows setting the IP addresses of the measuring equip-
ment and configuring the SSH communication between IPHU and PV/OPV analyzers.

• Data Report Window allows displaying the report on the performance of PV technologies
during a specific time range (days, months, or years), using a date search function.
This window presents the average values of all PV and meteorological parameters
in the same time range and the average FF calculated using a pie chart, as shown
in Figure 4.
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2.3. Dataset Recording and Verification Tests

The dataset recording test was carried out to verify the data recorded for two months
(1 March 2022 to 30 April 2022). For the case of a sunny day (from 6 am to 6 pm), the
IPHU device must record each minute, the I-V curves, and photovoltaic and meteorological
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parameters, generating the CSV file-1 for each technology, that is, ~760 CSV files during a
day and ~4560 CSV files for all technologies. For the case of a full or partially cloudy day, the
dataset record is minor because some CVS files are not generated due to lower irradiance.

The verification test is oriented to validate the correct functionality of each PVMS
using the CSV file-2 generated from CSV file-1. It contains the most relevant data on the
photovoltaic and meteorological parameters for each day, as shown in Table 2. From the
CSV file-2, it is possible to detect errors by comparing the measured parameters versus
the typical values for a range of irradiancies, that is, the detection indirectly of errors
in the I-V curves, damage in the electrical connections, or shadows on the solar panels
and mini-modules during the hours of sun. Furthermore, it is possible to evaluate the
performance and degradation of PV technologies in the uncontrolled environment of
outdoor characterization.

Table 2. PV and meteorological parameters measured for each PV technology placed in PVMSs.

Station PV Tech. Irr (W/m2) Voc (v) Isc (A) Pmax (W) Vmax (v) Imax (A) TA (◦C) Tc. (◦C) RH (%)

PVMS1
0 (m.a.s.l)

OPV1 1033 12.76 0.10 0.76 8.69 0.087 31.83 58.10 69.30
A-Si 1033 19.02 1.79 15.75 12.55 1.26 31.83 54.10 69.30
CIGS 1033 21.58 4.51 64.43 16.70 3.86 31.83 57.90 69.30
CdTe 1033 23.42 4.42 61.32 16.73 3.67 31.83 54.00 69.30

PVMS2
1000 (m.a.s.l)

OPV3 1033 14.04 0.093 0.85 10.61 0.080 26.50 54.90 74.20
A-Si 1033 19.60 1.71 16.18 13.19 1.23 26.50 50.20 74.20
CIGS 1033 20.72 4.38 59.88 15.98 3.75 26.50 51.30 74.20
CdTe 1033 22.86 4.44 60.05 16.19 3.71 26.50 57.10 74.20

PVMS3
2.000 (m.a.s.l)

OPV1 1034 13.51 0.09 0.83 10.277 0.08 18.61 42.80 87.5
A-Si 1034 19.90 1.51 14.62 13.189 1.11 18.61 28.70 87.5
CIGS 1034 21.61 3.80 51.32 16.740 3.07 18.61 41.10 87.5
CdTe 1034 25.61 3.70 57.91 19.207 3.01 18.61 41.60 87.5

2.4. Outdoor Characterization Tests

The outdoor characterization tests are performed to verify the correct functionality
of the PVMSs. This verification is carried out by comparing some measured parameters
for PV technologies and the parameters provided by the manufacturers. In this case, the
following is done:

1. Record the PV and meteorological parameters at each PVMS for one day.
2. Select PV parameters for an associate irradiance close to 1000 W/m2.
3. Trace the I-V curves for the flexible CIGS and OPV modules placed in PVMS1, as is

shown in Figure 5.
4. Obtain the values of open-circuit voltage (Voc), short circuit current (Isc), maximum

voltage (Vmpp), and maximum current (Impp) from the I-V curves.
5. Graph the calculated P-V curve for the selected technologies from the I-V curves and

the calculated maximum power (Pmax).
6. Compare the above obtained and calculated values with the ones provided by

the manufacturers.

It is essential to mention that there is a slight difference between the PV parameters
measured and those provided by the manufacturer, although the test conditions are dif-
ferent. For example, for the flexible CIGS module, the Voc and Isc values provided by
the manufacturer under STC are 23.2 V and 4.67 A, while the values measured under an
uncontrolled environment are 21.58 V and 4.51 A.

In order to compare and verify the validity of the I-V curves and photovoltaic parame-
ters registered by the platform, some validation tests were carried out using the PROVA
210 Solar analyzer, which is a commercial portable solar analyzer with a resolution of
10 mV and accuracy of ±1% ± (1% of Voc ± 0.09 V) in the range of 10 to 60 V, and resolu-
tion of 1 mA and accuracy of ± 1% ± (1% of Isc ± 9 mA) in the range of 1 to 6 A. I-V curves
and PV parameters were acquired for PV technologies using the PROVA 210 analyzer
and the PVMS2 in the presence of high, medium, and low irradiances. Figures S5–S10 of
Supplementary Information allow comparing the I-V curves and PV parameters captured
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for the CdTe panel (see Table S2 of Supplementary Information). Table 3 shows the percent
error found for each PV parameter measured in PVMS2 with respect to PV parameters
measured with the PROVA 210 analyzer.
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Table 3. Percent error calculated in the measurement of PV parameters with PVMS2 in reference to
PROVA 210.

Measurement Error (%)

PV Parameter High Irr Medium Irr Low Irr

Voc (v) 0.64% 0.43% 4.23%
Isc (A) 0.70% 1.64% 2.97%

Pmax (W) 0.35% 2.24% 0.91%
Vmax (v) 0.45% 0.01% 4.25%
Imax (A) 1.01% 2.41% 4.93%

It is worth mentioning that the PV solar panel analyzers were previously calibrated
and verified using Tektronix PWS2185 DC Power Supply 0–18 V, 5 V, a BK Precision DC
Regulated Power Supply 1671A, and a Tektronix DDM 4020 5-1/2 Digit Multimeter. Section
S4 of Supplementary Information shows the results of the validation process of voltage and
current measurements of the PV solar panel analyzer.

3. Results and Discussion
3.1. Results of Maximum Power Generated

The obtained results are used to compare the maximum power generated by each
PV technology in each PVMS for an irradiance value of 1033 W/m2, which is close to the
one established by STC (1000 W/m2), as shown in Figure 6. The PV parameters were
measured at different times, and a filter was required to obtain the selected irradiance from
the dataset.

Figure 7 shows slight differences in the maximum power values generated for the
same PV/OPV technology in each PVMS, which may be due to the dust and the solar cell
temperature affecting the efficiency. However, the OPV3 mini module presents a significant
difference due to an encapsulation defect or damage during its installation.
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3.2. Analysis of Isc and Voc with Respect to Irr

Figure 7a shows the direct relation between Irr and Isc measured during a sunny day
for the CIGS technology. From this figure, it can be observed that Isc depends on Irr. In
contrast, the relation between Irr and Voc is relatively invariant throughout the day, except
when the irradiance is very low at the beginning and end of the day, as seen in Figure 7b.

3.3. Analysis of Voc with Respect to Tc

The I-V curves obtained for an irradiance constant at 1000 W/m2 during June 2022
were selected to analyze the tendency of Voc and Isc with respect to the temperature for the
CIGS technology at PVMS1, as shown in Figure 8.

From Figure 8a, Voc decreases when the temperature increases, whereas the Isc remains
constant, as shown in Figure 8b. Due to the increase in Tc affecting the voltage level in the
PV modules, it is essential to analyze the voltage behavior in the different PV technologies.
For this, filtered data were used for an Irr of 1000 ± 5 (W/m2) in the three PVMSs. For
example, Figure 9 shows the data obtained for PVMS2.
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Figure 9 shows that the Voc decreases when Tc is increased for all the PV technologies;
however, a greater dependence of the Voc can be noted for the CdTe technology which
is minor for the OPV technology. From data in Figure 9, it can be found that the voltage
loss rate due to the increasing in Tc (V/◦C) is 0.047 V/◦C, 0.093 V/◦C, 0.048 V/◦C, and
0.025 V/◦C for CIGS, CdTe, A-Si, and OPV technologies, respectively. Results obtained
for PVMS1 and PVMS3 were very similar, as seen in Table 4, from where it can be seen
that the average voltage loss rate is lower than provided by the manufacturer; however,
the manufacturers calculated it under NOCT conditions (Tc = 48 ◦C and Irr = 800 W/m2),
which differs from the environmental conditions of each PVMS location.

Table 4. Voltage loss rate due to temperature in the different monitoring stations.

CIGS (V/◦C) CdTe (V/◦C) A-Si (V/◦C) OPV (V/◦C)

PVMS1 0.045 0.084 0.050 0.023
PVMS2 0.047 0.093 0.048 0.025
PVMS3 0.043 0.064 0.051 0.014

Average Voltage
loss rate 0.045 0.080 0,049 0.021

Datasheet 0.065 0.089 0.052 –
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3.4. Outdoor Performance Results
3.4.1. Results for a Sunny Day

The measured parameters from PVMS2 during a sunny day (8 April 2022) are used to
evaluate the performance of each PV technology considering the PCE, FF, Jsc, irradiance,
and cell-surface temperature shown in Figure 10. In this case, the data are obtained every
10 min to facilitate the visualization.
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(a) Irr/Temp. vs. Time; (b) Irr/PCE vs. Time; (c) Irr/FF vs. Time, (d) Irr/Jsc vs. Time.

From Figure 10a, it is possible to observe that the cell-surface temperature increases
with the irradiance while the ambient temperature presents small changes. The CIGS
solar panel reached the highest cell-surface temperature at 61.2 ◦C, and the daily average
cell-surface temperature for the CdTe, A-Si, CIGS, and OPV technologies was 48.17 ◦C,
46.19 ◦C, 49.2 ◦C, and 48.39 ◦C, respectively. These averages were calculated when the
irradiation was superior to 100 W/m2.

From Figure 10b,c, it is possible to observe that the PCE and FF present minor vari-
ations for the A-Si, CdTe, and OPV modules. However, the CIGS module shows some
significant variations for PCE, which may be due to the changes in the cell-surface temper-
ature, affecting the Voc parameter. The daily average PCE for the A-Si, CdTe, CIGS, and
OPV technologies was 2.59%, 8.26%, 10.28%, and 3.60%, respectively. From Figure 10d, the
dependence of Isc and Jsc of each PV technology can be observed regarding the irradiance.
The average daily Jsc for the A-Si, CdTe, CIGS and OPV technologies was 1.67 A/m2,
4.06 A/m2, 4.82 A/m2, and 3.13 A/m2.

Table 5 shows that the average PCE calculated for the PV technologies is minor
compared to the reported by the manufacturers. It is an expected result since the average
cell-surface temperature for each module exceeds 46 ◦C, and the PCE registered under
STC is at 25 ◦C. The average relative humidity level on the testing day was 80.9%, with a
maximum of 96.1% and a minimum of 56.9%. The average irradiance was 410.91 W/m2

with a maximum of 1507 W/m2, and the average solar radiation was 4.55 kWh/m2.
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Table 5. Daily average PCE obtained for the PV technologies.

PV Technologies PCE Obtained
(%) PCE in STC (%) Average Tc

(◦C)

CIGS 10.28 11.77 49.20
CdTe 8.26 11.10 48.17
OPV 3.60 4.18 48.39
A-Si 2.59 3.68 46.19

3.4.2. Results for Four Months

From the CSV file-2 generated during four months of measurements on the three
PVMSs, it was possible to observe the tendency of Pmax and PCE for each PV technology
at an irradiance of 1000 ± 5 (W/m2). Figure 11 shows the variation of PCE for all the PV
technologies under test in PVMS2, which allows calculating the loss of efficiency in each
PV technology.

Energies 2022, 15, x FOR PEER REVIEW 14 of 17 
 

 

Table 5. Daily average PCE obtained for the PV technologies. 

PV Technologies PCE obtained  
(%) 

PCE in STC (%) Average Tc  
(°C) 

CIGS 10.28 11.77 49.20 
CdTe 8.26 11.10 48.17 
OPV 3.60 4.18 48.39 
A-Si 2.59 3.68 46.19 

3.4.2. Results for Four Months 
From the CSV file-2 generated during four months of measurements on the three 

PVMSs, it was possible to observe the tendency of Pmax and PCE for each PV technology 
at an irradiance of 1000 ± 5 (W/m2). Figure 11 shows the variation of PCE for all the PV 
technologies under test in PVMS2, which allows calculating the loss of efficiency in each 
PV technology. 

 
Figure 11. Variation of PCE in PVMS2 during four months at Irr = 1000 ± 5 (W/m2), average Tamb = 
27.53 °C, average humidity = 66.86%. 

The average daily efficiency of each technology (see Figure S15 of Supplementary 
Information) was calculated since PCE has variations due to changes in temperature and 
irradiance by considering a tolerance margin of 5% for irradiance data filtering. Then, the 
initial and end average PCE is recorded for each PVMS as presented in Tables 6–8. 

Table 6. PCE losses for PV technologies in PVMS1 after four months. 

 CIGS CdTe A-Si OPV 
Initial PCE (%) 10.3 9.46 2.60 4.22 
Final PCE (%) 10.0 7.15 2.40 3.36 

Losses (%) 3.38 24.4 7.69 20.4 
Avg Tc (°C) 54.7 53.1 52.1 52.85 
Avg RH (%) 76.19 
Avg TA (°C) 31.90 

  

Figure 11. Variation of PCE in PVMS2 during four months at Irr = 1000 ± 5 (W/m2),
average Tamb = 27.53 ◦C, average humidity = 66.86%.

The average daily efficiency of each technology (see Figure S15 of Supplementary
Information) was calculated since PCE has variations due to changes in temperature and
irradiance by considering a tolerance margin of 5% for irradiance data filtering. Then, the
initial and end average PCE is recorded for each PVMS as presented in Tables 6–8.

Table 6. PCE losses for PV technologies in PVMS1 after four months.

CIGS CdTe A-Si OPV

Initial PCE (%) 10.3 9.46 2.60 4.22
Final PCE (%) 10.0 7.15 2.40 3.36

Losses (%) 3.38 24.4 7.69 20.4
Avg Tc (◦C) 54.7 53.1 52.1 52.85
Avg RH (%) 76.19
Avg TA (◦C) 31.90
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Table 7. PCE losses for PV technologies in PVMS2 after four months.

CIGS CdTe A-Si OPV

Initial PCE (%) 9.91 8.89 2.81% 4.96
Final PCE (%) 9.48 7.26 2.6% 3.45

Losses (%) 4.34 18.34 11.89 30.4
Average Tc (◦C) 51.42 54.96 49.91 50.2

Avg RH (%) 66.86
Avg TA (◦C) 27.53

Table 8. PCE losses for PV technologies in PVMS3 after four months.

CIGS CdTe A-Si OPV

Initial PCE (%) 8.85 8.85 2.60 4.40
Final PCE (%) 8.49 8.20 2.57 3.99

Losses (%) 4.04 0.36 1.15 9.32
Average Tc (◦C) 44 44.7 35 48

Avg RH (%) 84.78
Avg TA (◦C) 20.1

The above tables show that the CdTe technology presents a significant loss of efficiency
compared to the other technologies. However, CdTe in PVMS3 located at 2000 m.a.s.l has
the lowest PCE value. Moreover, it is possible to observe that PCE losses are lower for the
PV technologies in PVMS3, and CIGS has the best outdoor performance in all the PVMSs,
with an average loss of efficiency of 3.93%.

The PCE losses of CIGS and A-SI panels in PVMS2 are similar to those in PVMS1.
However, the efficiency loss is significantly higher in the OPV mini modules, which can be
due to oxygen filtration through encapsulation.

4. Conclusions

This paper presents the hardware–software design and implementation of an inte-
grated and scalable photovoltaic monitoring platform oriented to the outdoor real-time
characterization of the emerging photovoltaic technologies. The proposed platform can
provide continuous monitoring and integrate the more relevant PV and meteorological
parameters. It can also add other devices to characterize new PV technologies achieving
scale-up of the platform.

The designed IPHU device has the Raspberry Pi as its CPU, which has a remarkable
advantage because it is a low-cost board that allows the designer to make modifications
or additions without making significant changes to the hardware. The above reduces the
design time and provides flexibility to implement future developments, such as adding
new PV analyzers and sensors.

The platform is very suitable for outdoor characterization and performance analysis
of the emerging PV technologies at periods with high, medium, and low irradiance and for
knowing their PCE and degradation ratio at different thermal floors.

From the results, it can be concluded that the average PCE of the characterized PV
technologies is lower than the PCE reported by the manufacturer because the Voc decreases
when the cell-surface temperature is highly increased.

Furthermore, it can be concluded that CIGS technology presents the best outdoor
performance on the three thermal floors, and OPV technology has the best behavior at high
temperatures since its voltage loss rate of 0.0206 V/◦C is the lowest of all PV technologies
tested, and its average PCE is close to the one reported by the manufacturer. On the other
hand, the CdTe technology is the most affected by temperature, with a voltage loss rate of
0.0803 V/◦C.

The above results show the importance of the proposed platform because it allows
outdoor real-time characterization of PV technologies considering average temperatures
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higher than those under NOCT conditions. In this study, the average cell-surface tempera-
tures for PV technologies were 53.18 ◦C, 51.62 ◦C, and 42.92 ◦C for PVMS1, PVMS2, and
PVMS3, respectively.
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