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Abstract: The characterisation of photovoltaic modules requires a specialised laboratory that guar-
antees precise control of irradiance and its spectrum and control of the module temperature during
testing. As an alternative, characteristic parameters can be extracted from the measurements of the
current-voltage characteristics (I-V curves) carried out under outdoor conditions. This paper presents
the results of the two commercial thin-film photovoltaic modules’ characterisation. The first analysed
device was a cadmium telluride (CdTe) photovoltaic module fabricated on glass, while the second
was the flexible copper indium gallium diselenide (CIGS) PV module. The main parameters of the
PV modules were extracted based on the series of I-V curve measurements under real operating
conditions in Poland with the use of the capacitor-based I-V tracer. Solar radiation together with the
modules’ temperature were registered simultaneously with the I-V characterisation. Two approaches
were proposed to estimate the main PV parameters at standard test conditions as output power, short
circuit current or open circuit voltage. The difference in results of power for both approaches was
below 1.5%. Energy, computed using the Osterwald model, was compared with the experimental
measurements. The best results of absolute relative error (ARE) were found around 0.5% for both
technologies. The lowest value of root mean squared error (RMSE) was 1.3% in terms of CdTe
technology and 3.1% for CIGS.

Keywords: photovoltaic system; thin-film photovoltaics; I-V characteristic measurements; outdoor
performance; building integrated photovoltaics

1. Introduction

The world’s energy demand is still growing. It is driven by a variety of factors:
population growth, industrial development, societal evolution and, as a result, increased
energy consumption in everyday life, to name but a few. Despite the great deal of efforts
to decarbonize and reduce greenhouse gas (GHG) emissions, fossil fuels still dominate
the global energy mix [1]. Moreover, fossil fuel combustion even increased in 2023 [2],
accounting for 80% of global energy demand. Therefore, there is a strong need to accelerate
the energy transition process from non-renewable to renewable energy sources (RESs), such
as solar, wind, hydroelectric or geothermal energy. Solar energy is recognised as a primary
energy source, and with the advancements in technology to improve its efficiency and cost
reduction, and thus increase the affordability of such systems, it is expected that the use of
this type of energy will soon be greater than the use of coal [3]. Critically important in the
context of combating climate change, these systems do not cause air pollution [4].

Photovoltaic (PV) systems, which convert sunlight directly into electricity, have been
significantly improved in recent years, leading to remarkable advances in the efficiency
of solar cells. There are three generations of solar cells. The first generation, based on the
crystalline silicon, is the most widely used technology on the market. The first generation
of solar cells, based on silicon solar modules, currently achieves an efficiency of 24.9% [5].
However, the conception of combining the Si heterojunction with interdigitated back
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contact technology resulted in a photovoltaic conversion efficiency of 26.7% with an area of
79 cm? [6]. The second generation, known as thin-film technology, includes modules made
of CIGS, CdTe or amorphous silicon (a-Si). It is characterized by lower efficiency than the
first generation, e.g., CIG5—19.2%, and CdTe—19.9%. According to [7], there is a strong
interest in thin-film technology as it has emerged with higher relevance in publications
than any other solar technology in recent years. However, the development of the first and
the second generation is mostly achieved by changing the interface or device architecture
rather than the absorber [6]. The third generation, which includes emerging technologies,
such as organic modules (OPVs), dye-sensitized solar cells (DSSCs) [8] or perovskite solar
cells, most of which are not yet available on the market, obtains 19.2% by perovskite
modules [5]. However, the use of photovoltaic (PV) systems, which convert sunlight
directly into electricity, is highly dependent on geographical location due to varying
climatic conditions [9,10], thus resulting in fluctuation in energy production. Temperature
and solar irradiance are the main factors which strongly affect the performance of PV
installation [11]. Increasing the temperature of the module also strongly determines the
conversion efficiency [12]. Thus, attention should be paid to the temperature coefficients
(TCs), which represent the variation in working parameters as a function of temperature.
As it has been shown in our previous works, understanding the relationship between
outdoor environmental conditions and the operation of photovoltaic systems becomes
a matter of great importance [13,14]. Hence, conducting the measurements in outdoor
conditions, which deviates from standard test conditions (STC; T = 25 °C, G = 1000 W/m?,
AM = 1.5), is crucial [15].

For all these reasons, many researchers have examined the influence of outdoor condi-
tions on the working parameters of photovoltaic modules. In the work of Kusznier and
Wojtkowski [16], the influence of climatic conditions on the operation of PV systems was
studied. The hybrid power plant located in Bialystok, Poland, consists of four photovoltaic
sections, all made of the same PV modules, and two wind sections. The photovoltaic sets
are installed on the roof and on the facade of the building. The research emphasizes that the
efficiency of the PV installation is highly dependent on weather conditions, which fluctuate
dynamically over time, with visible differences between the seasons. They indicated that
the Global Horizontal Irradiation (GHI) can cause a +20% shift in energy production, while
the outdoor temperature can cause a +=10% shift in the efficiency.

Cariete et al. [17] analysed the performance of pc-S5i modules, and different types
of thin-film technology modules: amorphous silicon (a-5i), CdTe and tandem structure
silicon (a-Si/pc-Si) under outdoor conditions. The measurements were carried out in
Mélaga, Spain. Due to temperatures exceeding 25 °C (STC), the registered daily efficiencies
were lower than under STC, with losses ranging from 5% to 7.6%. The CdTe module
had an efficiency loss of 5.4%. Researchers have shown that second-generation modules
are more affected by high irradiation than modules of the first generation. The influence
of outdoor parameters, such as irradiance and temperature, on the electrical output and
efficiency of PV modules, was the subject of the investigation of Visa et al. [18]. The
research was conducted over a period of 14 months in Brasov, Romania, which represents a
temperate mountain climate. The working parameters of mono-, poly-crystalline silicon,
CdTe, CIS and CIGS modules were examined. The findings indicate that the factor which
influenced the most the photovoltaic conversion is solar radiation, and its components,
namely direct and diffuse irradiance. Silicon-based modules exhibit superior performance
stability compared to second-generation modules. They demonstrate relatively good
performance and small efficiency losses, up to 10%, over the analysed period. Thin-film
technology is more sensitive to changes in irradiance. Furthermore, higher temperatures
result in higher efficiency losses. The group of Gasparin et al. [11] studied the changes in
temperature coefficients as a function of irradiance. They determined the values of TCs on
the basis of I-V characteristics measured at different temperatures. Their research concerned
crystalline silicon modules: conventional and half-cut. Their findings indicate that the
Py (maximum power point) does not change significantly in the measurement range of



Energies 2024, 17, 5853

30f16

100-1000 W/m?2. However, silicon modules are more sensitive to temperature shifts at
lower irradiance levels. Mehdi et al. [19] evaluated the influence of the temperature on the
operating parameters, specifically the efficiency and performance ratio, of first-and second-
generation modules, namely polycrystalline and cadmium telluride, in desert locations
(Benguerir, Morocco). The measurements were carried out from May to October and
showed that the PCE decreased by 8.7% and 6.8% for the polycrystalline silicon and CdTe
modules, respectively, while the conversion efficiency decreased by 1.35% and 1.05% as the
temperature shifted from 25 °C to 40°C. The work presented by Xu et al. [20] investigated
the performance characteristics of flexible solar cells, such as silicon (5i), copper indium
gallium selenide (CIGS) and perovskite, under different light irradiances. The PCE of the
Si modules increased linearly with the increasing irradiance up to 1000 W/m?, and then
decreased. Analysis of how temperature affects the operation of a-Si and CIS modules
is presented in the work of Perraki and Tsolkas [21]. The research was carried out in
Patras (Greece), which represents a Mediterranean climate with an average irradiance of
4.2 kWh/d and an average outdoor temperature of 17.7 °C. The findings indicate that the
short-circuit current is slightly affected by temperature shifts, with an increasing Isc value
as the temperature increases. The correlation with the V¢ value is far stronger. In both
cases, open-circuit voltage declines with the increasing temperature. However, the greater
reduction was observed for the CIS module. The overall efficiency of CIS modules dropped
significantly when the temperature exceeded 100 °C, while the PCE of the a-5i modules
remained the same.

This work fits in with the studies on photovoltaic characterization of the module
based on the current-voltage measurements under real outdoor operation conditions. To
the best of our knowledge, there are insufficient works related to thin-film PV modules
characterisation carried out in the high-latitude locations such as Poland. The proposed
methods of characterisation allow for the easy and convenient estimation of the PV modules’
actual power, and thus the efficiency at location of the PV system without moving the
PV modules or using expensive indoor equipment. Two converging approaches were
proposed. Moreover, the comparison of the PV module temperature with the temperature
of a monocrystalline silicon reference cell was shown.

2. Materials and Methods
2.1. Experimental Setup

The experimental system (Figure 1) consisted of photovoltaic (PV) modules, the
reference cell, the Pt100 surface temperature sensor (PV-Engineering GmbH, Iserlohn,
Germany) and the I-V measurement device which was placed on the terrace of the building
located in Poland (latitude of 51°13’ N, longitude of 22°29" E). The location ensured the
natural ventilation of the PV modules under scrutiny. Two thin-film technologies were
taken into consideration. The first one is based on a cadmium telluride absorber (CdTe)
and the second one is based on copper indium gallium diselenide (CIGS). Both PV modules
were installed on a horizontal plane. The reference cell was attached to the PV module
or in its vicinity to measure the irradiance in the plane of the PV modules. Before the
measurements, the PV modules and the reference cell were cleaned thoroughly to avoid the
impact of soiling on the results. The temperature surface sensor Pt100 was attached to the
back side of the PV module to measure its temperature. Additionally, the temperature of
the reference cell was registered using the Pt1000 sensor (PV-Engineering GmbH, Iserlohn,
Germany) for comparative analysis.

The detailed specification of the PV modules provided by the manufacturer is pre-
sented in Table 1, while the specification of the reference cell is given in Table 2. The tested
PV modules were part of the PV system working for a couple of years.

The back surface temperature was measured using the RTD surface sensor Pt100.
The device allows for measurements in the range between —30 °C and +105 °C with
uncertainty of +(0.15 °C + 0.002-T). The uncertainty of the reference cell with incident
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radiation perpendicular to the surface of the PV module and AM = 1.5 was £2% (+7 W/m?).
In general, this value is not higher than +5%.

Figure 1. The experimental setup: (a) PV module of CdTe technology; (b) PV module of CIGS
technology; (c) the reference cell and temperature surface sensor; (d) the I-V measurement device.

Table 1. Electrical parameters of the PV modules under study.

PV Module Characteristics CdTe CIGS
Maximum power under STC Py, of (Wp) 75 (+/ —5%) 55.0
Open-circuit voltage Vo ref (V) 62.0 21.0
Nominal voltage Vinpp ref (V) 46.3 17.0
Short-circuit current Ig ef (A) 1.95 37
Nominal current Iy, ref (A) 1.65 32
Efficiency (%) 10.6 14

Temperature coefficient of V. (%/°C) —0.24 —0.28

Temperature coefficient of Isc (%/°C) 0.02 0.008

Temperature coefficient of power (%/°C) —0.25 —0.38
PV panel area (m?) 0.72 0.39

The current-voltage (I-V) characterisation of the PV modules under outdoor operating
conditions (OPC) was carried out using the PVPM 2540C I-V tracer (PV-Engineering
GmbH, Iserlohn, Germany), which measured the I-V curves at a capacitive load. The
undoubted advantage of the applied measurement method was its fast sweep speed. It
allowed for the collection of the whole I-V curve within a short time period, which is
crucial to obtain all measurands in the same weather conditions, mainly the irradiance
and the temperature of the PV module [22]. Moreover, the applied device allows for the
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synchronous collection of the I-V curves with the irradiance and the temperature of the
module. The device is characterized by a high I-V characteristic measurement accuracy.
The most relevant parameters, including the measurement precision of the I-V tracer, are
shown in Table 3. Both the reference cell and the temperature sensors were parts of the
PVPM 2540C measurement system calibrated by the manufacturer. The calibration factor
of the reference cell is shown in Table 2.

Table 2. The specification of the reference cell.

Reference Cell Characteristics SOZ-03
Cell technology mono-crystalline silicon
Radiation range (W/ m?) 100-1200
Calibration coefficient (mV/kW /m?) 93.8
Uncertainty (%) +2 (<5%)
Temperature coefficient (%/°C) 0.06
Size of the cell (cm?) 5x5

Table 3. The specification of the PVPM2540C -V tracer.

I-V Tracer Characteristics PVPM 2540C
Sweep speed (s) 0.02-2.0
Voltage measurement range (V) 25-250
Current measurement range (A) 2-40
Voltage resolution (V) 0.01-0.25
Current resolution (A) 0.005-0.01
I-V curve measurement uncertainty (%) +1.0
Peak power measurement uncertainty (%) +5.0
Operating temperature conditions (°C) 0-50

2.2. Methods of Data Processing and Analysis

The I-V curve measurements were carried out during sunny weather conditions
around the solar noon to minimize the impact of irradiance and temperature fluctuation
on the results. A total of 255 [-V curves were recorded, of which 221 (87%) were re-
moved after the filtering process. Common data quality check procedures for performance
evaluation were applied to ensure the accuracy of computations. Data measured under
irradiance lower than 700 W/m? were excluded. High cutoff was set at 1200 W/m?2. The
computations were performed using Matlab/Simulink software R2023a [23] (Mathworks,
Natick, MA, USA).

The I-V characteristics were drawn and visually checked to confirm their suitable
shape. Incomplete and bad-shaped curves were removed from the dataset. Following
the recommendation of [24], only the curves measured under the irradiance higher than
700 W/m? were taken into account. Moreover, the curves measured under wind speed
higher than 2 m/s were discarded.

A single I-V curve was composed of 101 current-voltage (I,V) discrete points. For
each I-V curve, parameters such as short circuit current (Is.), open circuit voltage (Vo),
maximum current (I;,), maximum voltage (V) and maximum power (Pp,) were found
using the methods described in [25-27]. The maximum power was computed based on
the power—voltage (P-V) curve, for which the greatest value P, was found. Then, all
the experimental points P; near the P,, which satisfied the condition P; > 0.85 P,, were
modelled using a fourth-order polynomial fit. Maximum power (P) was determined from
the first derivative of the fit. The short circuit current (0, Isc) of the I-V curve and the open
circuit voltage (Vc, 0) were computed by applying the linear fits close to both points. Due
to the data quality check procedure, a one-dimensional threshold was set to select the I-V
points for the fitting in each case. In terms of I, all the experimental points (I,V) which
fell within the range of voltage (0-20% of V. ef) Were taken into consideration, whereas
for the computation of V. all the points within the range of current (0-20% of I ) were
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included. The intersections of linear fits with axes made it possible to find the exact values
of short circuit current and open circuit voltage. Moreover, based on the slope (dI/dV),
experimental series resistance (R;) of the PV module could be determined according to

Equation (1).
av
B = (),

Figure 2 shows the notable points extracted using the above-described method. All the
points were marked with squares. Moreover, the solid line shows the results of the linear
fit applied to the I-V curve for short circuit current and open circuit voltage computation.
Results of polynomial fit were also marked by the line on the P-V plot. The presented curve
was measured under G = 905.5 W/m?. The temperature of the PV module was 49.7 °C.
Maximum power point computed using the applied method was Py, = 54.269 W, while the
value of 54.235 W was found based only on the measured points. The series resistance was
equal to 5.77 (). The rest of the characteristic points” values were as follows: V. =504V,
Isc =1.77 A. Such procedure was applied to all the curves under scrutiny.
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Figure 2. One of the measured (a) I-V curve and (b) P-V curve of CdTe PV module. The charac-
teristic points as well as linear and fourth-order polynomial fits were marked using squares and
lines, respectively.

In order to obtain the characteristic parameters of the tested PV modules at the
reference conditions, two different approaches were applied and the final results were
compared. In the first method, all the measured curves that satisfied the filter condi-
tions were translated from real operating to the standard test conditions according to the
IEC 60891:2021 [28] and the methods described in the work of [29] with the use of Matlab’s
functions provided in the PVLIB library [30]. The current and voltage of a single I-V curve
was transferred to STC using Equations (2) and (3), respectively.

1000 W/m? .
Listc = i+ Lisc: (G- - 1) s (25°C—Tp), 2)
1
Vistc = Vi — Rs(listc — ;) — x-I; s7¢+(25 °C = T;) + Bvoc (25 °C = T), 3)

where

I; stc—current after translation to standard test conditions, STC (in A);

Vi stc—voltage after translation to STC (in V);

Ii—current at real operating conditions (OPC) before the translation to the STC (in A);
I; sc—short circuit current at OPC (in A);
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Gj—irradiance measured during the I-V sweep at OPC (in W/ m?);

njsc—temperature coefficient of short circuit current at OPC (in A/°C);
Bvoc—temperature coefficient of open circuit voltage (in V/°C) at STC (provided by
the manufacturer);

T;—module temperature during the I-V measurement at OPC (°C);

R;—series resistance of the PV module (QQ) at OPC;

x—temperature coefficient of series resistance ((2/°C).

Values of 1000 W/m? and 25 °C in Equations (2) and (3) stand for the reference
irradiance and module temperature, respectively.

Following the work of [29,31], the dependency of the short circuit current temperature
coefficient on irradiance is given by Equation (4).

G
KIsc = KSTC® <1000W), (4)

where agrc is the temperature coefficient of short circuit current (in A/°C) at reference
conditions (provided by the manufacturer).
Series resistance was computed using Equation (5).

R = Rs,STC + K'(Tl —25 OC) 5)

where R; st is the series resistance of the PV module ((2) at OPC.

Both series resistance values were estimated using the method presented in the work
of [24], which was based on the linear regression of plotting the Rs values vs. temperature.
Rs stc and k were estimated from the equation of linear fit.

After the translation of the measured I-V curves to STC, the characteristic parameters,
i.e., short circuit current, open circuit voltage, maximum current and voltage and maximum
power were determined using the same procedure as described earlier. Median values
of these parameters were considered as the final reference parameters (STC) of the PV
modules. Further analysis related to energy estimation was carried out using maximum
power point P, ¢rc (W).

In the second approach, power at the reference conditions P nstc (W) was obtained
using the linear regression fit applied to the relation given by Equatlon (6). This method
was successfully used by several researchers, e.g., [27,32].

P//
m,STC ) ( 6)

P' __9Eo = —_— .
W=25"C 1000 W/m?2
where
PZ t—psec—experimental output power corrected to the temperature of 25 °C (in W);

Pm stc—experimental peak power at standard test conditions (in W).

The temperature correction was made based on Equation (7).

b
14+ 9(T; —25°C)

Pi—psoc = (7)
where 7 is the temperature coefficient of the power (in 1/°C) which was taken from the
manufacturer’s datasheet.

Following the recommendation stated in [33], data corresponding to the irradiance
lower than 700 W/m? were not included. Linear fit of the relation given by Equation 6 was
forced to cross the (0,0) point using the function polyfitZero provided in Matlab by [34].

In order to compare the two methods of determining the maximum power point, the
result of the energy production simulation was compared with its real (experimental) Value.
For the simulation, the obtained reference maximum power points, P, ¢7c and P, sr¢,
were used following the method presented in the previous work [35].
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The energy E; of i-th power output P,, ; at time interval 7 (in min) was computed using
Equation (8) [36].
Ei = Pi T (8)

where T = 1 min. The total electricity E;y; generated during the measurement period was
given by Equation (9).

N
Ewot = Y _E ©)
i=1

where N determines the total number of experimental points.
The absolute relative error (ARE, in %) of the energy was computed using Equation (10) [37],
while root mean square error (RMSE) was obtained from Equation (11) [38].

Etot,computed - Etot,meusured
ARE(%) = -100% (10)

Etot,measured

Etot computed @0d Etop measured Were the simulated and experimental total electricity pro-
duced by the PV module, respectively.

2
N}, (Pcomputed - Pmeasured)
= 100- ,
Y Prieasured

where N is the number of measured power points.
Figure Al (Appendix A) shows the flowchart of the methods applied in the work.

RMSE (%)

(11)

3. Results and Discussion

Figure 3 shows the dependency of the short circuit current on in-plane irradiance.
Each point corresponds to the I value of the measured I-V curve. The linear trend can be
clearly visible in both technology modules PV under scrutiny. The correlation coefficient R
related to the results of CdTe was found to be 0.96, while for CIGS it was equalled to 0.84.
The RMSE was found to be of 0.6% and 1.3% for CdTe and CIGS, respectively. Based on
the linear regression equation fitted to the data, the reference value of short circuit current
was 1.96 A in terms of CdTe (see Figure 3a) and 3.59 A for CIGS (Figure 3b). It should be
mentioned that the computed reference values did not include the temperature influence
on Is.. However, due to the low-temperature coefficients of the current, this influence can
be neglected.

The dependency of the open circuit voltage on the PV modules’ temperature is shown
in Figure 4. According to the negative temperature coefficient of voltage presented in
Table 1, open circuit voltage was decreasing with the temperature. Clearly, a linear trend
could be visible for both PV modules under study. The correlation coefficients of linear
fit were slightly below 0.9. The RMSE was about 0.6% in terms of CIGS, while for CdTe it
was found to be of 1%. Neglecting the second-order effect related to the influence of the
irradiance on the V. the reference values of the open circuit voltage were estimated as
52.8 V and 19.8 V in terms of CdTe and CIGS, respectively.

As it was previously mentioned, the temperature of the reference cell was measured
using a Pt1000 sensor installed inside the device. The PV module temperature was mea-
sured using the Pt100 sensor attached to the back side of the PV module. The results
of both measurements under the irradiance over 700 W/m? are shown in Figure 5. The
measurements were conducted on various sunny days. That is why the temperature of
the reference cell is different in both figures. However, in the whole range of irradiances,
CdTe technology revealed a lower module temperature than the reference cell. The mean
value differed by about 5 °C, while the mean temperature of the CIGS module was found
to be higher by about 10 °C than the temperature of the reference cell. The maximum regis-
tered value of the temperature of the CdTe module was about 55 °C, while the reference
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cell’s maximum temperature equalled 59.0 °C. In terms of CIGS, the maximum module
temperature was 65 °C, while the reference cell recorded the maximum temperature of
53 °C. Such differences revealed that the various technologies as well as the encapsulation
of PV modules could have a significant impact on their temperature at high irradiances.

4 5
3.5
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3 _ -8B
25+ 3 o o-""
< < M
vo 2 __--—+8 VQ
-~ eSS -~
15— o 2
1
1
0.5
0 0
750 800 850 900 950 1000 700 800 900 1000
G (W/im?) G (Wim?)
(a) (b)

Figure 3. Short circuit current dependency on the in-plane irradiance: (a) CdTe and (b) CIGS. The
reference values at 1000 W/m? were marked by the square.
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Figure 4. Open circuit voltage dependency on the temperature of the PV module: (a) CdTe and
(b) CIGS. The reference values at 25 °C were marked by the square.

Figure 6 shows the dependency of the DC output power on in-plane irradiance.
Obviously, with the increasing irradiance power, the output of both PV modules was also
increased with the linear trend. Figure 6 also shows the dependency of the power output
on the temperature of the PV module, which is higher at high irradiance, than the reference
temperature of 25 °C. Because of this dependency, all the experimental points were firstly
transferred to the reference temperature (25 °C), according to Equation (7), and then the
linear fit was applied (Equation (6)). It should be emphasized that the linear fit was forced
to cross the (0,0) point. Based on the equations of the linear fit (shown in Figure 6), the
experimental power at reference conditions was estimated (P,;;’STC). In terms of the CdTe
technology PV module, the value of 64.4 W was obtained, while for CIGS the power was
43.5 W. The correlation coefficients were 0.90 and 0.65 for CdTe and CIGS, respectively. The
RMSE was found to be 1.1% for CdTe and 2.0% in terms of CIGS. The above-discussed
method showed easy and fast estimation of the reference parameters of the PV module by
measuring parameters such as DC output power, short circuit current, and open circuit
voltage together with the irradiance and module temperature.
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Figure 5. Comparison of the temperature of the reference cell used for irradiance measurements and
the temperature of the PV module: (a) CdTe and (b) CIGS.
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Figure 6. The dependency of the output power on in-plane irradiance after the correction of the
temperature to the reference value of 25 °C. The experimental reference output power at 1000 W /m?
was marked by the square: (a) CdTe and (b) CIGS.

The second approach of obtaining the reference parameters estimation together with
voltage and current at maximum power point was based on the translation the experimental
I-V curves to standard test conditions using Equations (2) and (3). Figures 7 and 8 show the
I-V characteristics before and after the translation. As shown in the figures, the translated
curves in both studied thin-film technologies revealed a narrower distribution. Due to the
measurement under irradiance being below 1000 W/m? and the temperature of the module
being above 25 °C, the procedure of linear fittings in the vicinity of open circuit voltage
and short circuit points described in the previous section was applied.

The median values of the short circuit current extracted from the curves after the
translation to standard test conditions (STC) were 1.97 A and 3.53 A for CdTe and CIGS,
respectively. As can be seen, the values of I are very close to those obtained by the
previous method (compared with 1.96 A and 3.59 A for CdTe and CIGS, respectively). The
interquartile range of I for CIGS was found from 2.49 A to 2.85 A (0.36 A) at operating
conditions, while after the transformation to the standard test it was found between 3.49 A
and 3.57 A (0.08 A). In terms of CdTe technology, the spread of the data is even lower. The
interquartile range was found to be between 1.66 A and 1.72 A (0.06 A) at OPC and from
1.96 A to 1.97 A (0.01 A) at STC. Both values proved the high precision of the short circuit
current estimation.
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Figure 7. Series of the [-V and P-V curves of CdTe technology PV module: (a) measured at operational
conditions (OPC) and (b) transferred to reference conditions (STC).
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Figure 8. Series of the I-V and P-V curves of CIGS technology PV module: (a) measured at operational
conditions (OPC) and (b) transferred to reference conditions (STC).

A similar low spread range of the open circuit voltage values was found for CIGS
technology. The interquartile range changed from 0.26 V at OPC to 0.07 V at STC in which
the 25th quartile was found as 19.68 V while the 75th was equal to 19.75 V. The median value
of V, after the translation process was 19.71 V (CIGS). Regarding the CdTe technology, the
estimated V. was found as 53.6 V with an interquartile range between 53.3 V and 54.1 V.

The median values of the maximum power point at the STC were 42.9 W and 65.1 W
for CIGS and CdTe, respectively. In both cases, the obtained values were very close to those
obtained by the previous method. The difference was found below 1.4% in terms of CIGS
technology and 1% for CdTe. This proved that both methods lead to precise estimation of
the PV module power. The interquartile range after translation to STC was found between
41.4 W and 43.48 W in terms of CIGS and from 64.6 W to 65.5 W in terms of CdTe. The
median values of voltage at maximum power point (STC) were 39.0 V (CdTe) and 14.2 V
(CIGS), while the median values of the current were 1.67 A and 2.99 A for CdTe and CIGS,
respectively. Figure 9 shows normalised (to datasheet values) characteristic parameters of
the PV modules under scrutiny before (at OPC) and after the translation (at STC). As can
be noticed, the estimated values of maximum power points were found to be lower than
those provided by the manufacturer in the datasheet (Table 1). It should be emphasised
that the investigated modules were not new. The reduction in output power might be
caused by the degradation effects that take place during the operation of the PV modules
in the PV systems.
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Figure 9. Normalised characteristic parameters of the PV modules: (a) CdTe and (b) CIGS.
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Based on the output power estimated by both presented methods, the energy was
computed using the Osterwald model [39] according to the approach presented in previous
papers [35]. Figure 10 shows the comparison of the computation results with the exper-
imental measurements during the sunny days in the period of the day with the highest

irradiance values.
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Figure 10. Comparison of the experimental energy and energy computed with estimated power by
both methods during the sunny day for (a) CdTe and (b) CIGS module.

Regarding the CdTe technology, energy computed with the power obtained by the
first method (based on experimental power points) was almost equal to the experimental
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energy measured during the presented period. The absolute relative error was lower than
0.5%. In terms of the second approach, related to the conversion of the I-V curves, the
relative error was found to be higher (1.1%). The RMSE values were 1.3% and 1.7% for
the first and second methods, respectively. The relative error of CIGS technology in both
methods was found to be below 1%, showing the better accuracy of the first method of the
power estimation with a relative error of 0.5%. The RMSE was also slightly better in the
case of the first method (3.1%), while for the second it was 3.5%.

Similarly to our findings, the linear dependency of open circuit voltage on the tempera-
ture of the PV module for CdTe technology was shown in the work of [40]. The higher range
of temperatures was achieved by the external cooling system of the PV modules. It should
be mentioned that, with the use of a capacitor-based I-V analyser, the difference between
indoor and outdoor measurements was around 1%. The I-V tracer capacitor was also used
for the experimental setup system for organic PV modules’ characterisation by [41] and in
our previous work on heterojunction with an intrinsic thin-layer photovoltaic module [42].
The same technology of measuring device was used in this research. Numerous solutions
of the data acquisition systems were reviewed in the work of [43], which proves the im-
portance of the PV system characterisation. The flexible CIGS PV module as well as CdTe
technology were also investigated by [12]. Similarly to our work, the authors observed
the module temperature of CdTe technology in the range between 54 °C and 57 °C (55 °C
in this work) at high irradiances for locations up to 1000 m above the sea level. In terms
of CIGS, a slightly lower maximum temperature than in our case was observed (61.2 °C);
however, this technology also reached the highest value of average temperature among all
the investigated technologies (cadmium telluride, organic photovoltaic or the amorphous
one). The authors presented a measurement error below 1% for the tested parameters dur-
ing high irradiances. This is in accordance with the recommendation, and it is also applied
in this work to keep the irradiance at a high level during the performance assessment.

4. Conclusions

The results of the main parameters of the PV modules’ estimation under standard
test conditions of the two commercial thin-film photovoltaic modules were shown. CdTe
fabricated on glass together with flexible CIGS technology was investigated. The I-V
characterisation was carried out under real outdoor operating conditions in Poland with
the use of the capacitor-based I-V tracer together with the reference cell and Pt100 surface
sensor for irradiance and module temperature measurements, respectively. The results
of two approaches, which gave very similar results of characteristic parameters under
standard test conditions, were shown. With the first approach, the output power, short
circuit current and open circuit voltage were estimated in a fast and easy way, while usage
of the second method required more advanced computations. However, this method
led to obtaining the whole I-V curves at standard test conditions based on which any
parameter of interest could be found, e.g., current and voltage at the maximum power
point. From a practical point of view, both approaches allowed for the estimation of PV
modules’ parameters in the location of the PV system. There was no need to transport the
PV modules.

Absolute relative error (ARE) with root mean squared error (RMSE) were used to
compare the obtained results of power and energy (by the Osterwald method) with the
experimental measurements. In terms of the CdTe technology, the power obtained by both
methods was 64.4 W and 65.1 W with RMSE values of 1.3% and 1.7%, respectively. The
absolute relative error values of energy were 0.5% and 1.1%. For CIGS, the estimated power
was 43.5 W using the first method, while for the second it was 42.9 W. The RMSE values
were 3.1% and 3.5%, respectively. The ARE values of energy were 0.5% and slightly below
1%. A significant difference was noted when comparing the reference cell temperature
with the measured temperature of the PV module by the Pt100 sensor. Regarding the CdTe
technology fabricated on glass, the temperature of the module was lower at high irradiance
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with a difference of about 5 °C, while the temperature of the CIGS flexible module was
higher by about 10 °C than the temperature of the reference cell.

Future work will include the usage of a good-quality pyranometer for irradiance
measurements and the weather station for outdoor conditions monitoring. Long-term
campaign would make it possible to collect more data measured under various weather
conditions. The usage of calibrated or new PV modules would make it possible to estimate
the precision of the presented characterisation approaches.
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Figure A1. Flowchart of the applied methods.
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