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ABSTRACT This research shows the methodology results for outdoor characterization by the I-V curves
of the PV power generators at the biggest Brazilian rooftop PV power plant mounted at the Mineirdo
Football Stadium. The experimental results of the methodology were obtained by a measurement campaign
using two capacitive loads. This work identified a significant difference when these measurements were
extrapolated to standard test conditions (STC) and compared to the rated power data shown on the PV
modules’ label at strings: between 24.12% to 26.19% lower. Results showed a contribution of soiling in
a power reduction of about 6.7% on average. Additionally, it was considered an uncertain method, and AC
electrical parameters were monitored. The reference PV module’s calibration was carried out with great
attention—the measurements were made with the PV device under test (DUT), guaranteeing the same real
operating conditions for the reference PV module and the PV string as DUT. This measurement method has
allowed a better characterization of the uncertainty associated with the measurement process. Finally, this
study demonstrates the importance of investigating the actual power of the installed PV generators and how
these measurements are essential to guaranteeing energy production following the owner’s expectations.

INDEX TERMS PV power plants, on-site I-V curve measurements, uncertainty method, translation to STC,
commissioning/quality assurance, dust and soiling degradation taxes on PV modules.

I. INTRODUCTION of PV commissioning is a vital task for the industry, and it
As the number of big PV power plants increases worldwide, is critical to maintaining public confidence and goodwill in
followed by consequent cost reductions, the understanding such applications [1]-[3]. PV generators’ real output power

has an essential role in the energy yield, which is the purpose
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Commissioning is a means of formalizing the quality con-
trol of established PV systems. It is the process of assuring
that a PV plant is safe, meets design objectives and functions,
and produces energy under the owner’s expectations [1], [2],
[4]-[6]. It inspires PV integrators to be responsible for their
installations and simplifies project closeout and quick pay-
ment. Effective commissioning leads to satisfied installers,
employers, and PV system proprietors [7]-[9].

One of the helpful tools used in the commissioning process
is to carry out on-site I-V curve measurements of photo-
voltaic strings or generators to assess the PV generator’s
effective peak power. It also has other advantages such as:
testing a vast sample of PV modules right where they are
installed, revealing weak PV modules (i.e., hotspots), detect-
ing faulty connections (preventing fire, shocks, and injury),
identify shadowing, reverse polarization, and, if done reg-
ularly; it may also reveal degradation issues as described
by [11, [2], [7], [10]-{12].

The demand for investors for the determination of on-site
PV power is increasing [2], [10]-[12]. Brief testing time, low
uncertainty, and repeatability of results are critical aspects
of the general quality guarantee procedures required to ful-
fill this demand, as noted in [4], [5], [13]. The market and
research laboratories offer various kinds of field I-V curve
measurement devices and methods [1], [2], [7], [10], [11],
[14], [15] that promise to fulfill these requirements.

According to [1], [2], [10], reliable on-site I-V curve
measurements require an operator with good knowledge
about the main parameters that influence the measurements.
Therefore, an experienced operator is vital because the mea-
surements do not depend only on the I-V curve plotter and
the implemented correction procedure (i.e., extrapolation to
standard test conditions (STC) or photovoltaics for helpful-
ness scale applications test conditions (PTC)) [11], [14], [15].
Significantly, the integrator is aware of the specific uncer-
tainties of his/her PV system, and the correct procedure is
applied [1], [2], [10], [11], [16].

Although indoor PV module characterization through solar
simulators has become further common than outdoor tests
under natural sunlight, there are disadvantages to this prac-
tice, such as the high costs of solar simulators and a limited
number of specialized laboratories to carry out these tests in
developing countries such as Brazil.

According to [16], the price of a solar simulator type “A +
A 4+ A +” can easily exceed EUR 150,000. This simulator
is a huge solution for many PV practitioners (engineers, uni-
versities, and other PV professionals) attempting to measure
PV modules accurately and control the power provided by PV
modules under due diligence.

Outdoor testing is a useful tool for the accurate
measurement of PV electrical performance in many devel-
oped countries like Brazil. Even with the recent expansion
of photovoltaic plants in their electrical networks, these
countries still have few specialized laboratories to perform
the photovoltaic module’s characterization.
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Measurement of PV generators on-site is a well-
established and well-used commissioning procedure [1], [2],
[10]-[13], [16]-[20]. Therefore, the methodology used in
this work consists of successive measurements of the [-V
curves on PV strings (device under test (DUT)) installed
in different segments of the PV power plant. The measures
were obtained under natural sunlight conditions, using a non-
commercial capacitive load (a self-made capacitive load) and
a commercial capacitive load alternately, later extrapolated
for STC. Therefore, it was possible to identify each measured
string’s real rated power and compare the results obtained by
both capacitive loads.

Monitoring methodologies are crucial to improving the
efficiency of PV power plants. Some researchers have per-
formed studies at the Mineirdo PV power plant.

Fraga et al. presented in [21] a study to evaluate the
impact of PV module dirtiness in the performance of a PV
power plant at Mineirdo Football Stadium in the Minas Gerais
Brazilian state. The authors investigated the dust and soiling
events that may cause adverse effects on the PV modules’
performance and physically and chemically characterized the
dust. The collected dust was mostly made of quartz, hematite,
and calcite. These results emphasize the necessity for man-
ually cleaning the PV modules to keep a high generation
performance. The particle size distribution and the particle
shape were also examined. Regarding the sets of PV modules
and the testing period analyzed, soiling reduced peak power
by nearly 13.7% in the dry period and 6.5% after a rainfall
period. The energy production was reduced by approximately
16.5% in the dry period and 8.0% after a rainfall period.

Monteiro et al. presented in [22] outcomes of a one-
year monitoring campaign of AC side electrical parame-
ters for the characterization of solar radiation area at the
most giant rooftop PV Power Plant, with an installed capac-
ity of 1.42 MWp, installed at Mineirdo Football Stadium
(Brazil). The authors showed how important it is to survey
and characterize the solar resource in the stadium area, based
on historical data, to understand solar radiation and design
PV power plants with better performance. The findings over
the monitoring period were satisfactory, pondering the speci-
ficities of the stadium.

Pereira et al. presented in [23] a study to estimate the
harmonic current contribution as a function of the background
harmonic voltage components. Time-domain simulations
based on detailed and average models were compared with
the frequency domain’s impedance model. In grids with har-
monic voltages, impedance models can predict the current
distortion for all active power injection scenarios. Further-
more, the authors conducted measurements in a 1.42 MW,
PV power plant (at Mineirdo Football Stadium in Brazil)
connected to a distributed grid, which was used to prove
the simulation based on impedance models during differ-
ent power injections and harmonic voltage profiles. The
presented results reinforce the fact that impedance models
can represent with relative accuracy the harmonic current
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emitted by the PV power plants at the point of common
coupling (PCC).

The works cited above [21]-[23] do not specify in detail
what level was analyzed for a photovoltaic generation or do
not perform a full study of commissioning/quality assurance
to compare nominal data with data measured in real opera-
tional conditions.

Several works in the literature provide performance assess-
ment of large-scale PV plants. In [24], two similar 100 MW
PV plants located in environmentally homogeneous condi-
tions were compared from the monthly AC energy yield
perspective, and a significant difference in overall yield was
observed during the monitoring period. In this case, the
absence of I-V curve measurements prevents an in-depth
evaluation of the system, and important factors such as PV
modules degradation rate were assumed constant. A perfor-
mance evaluation of a 10 MW PV plant in India is presented
in [25]. The authors obtained data from a SCADA system and
evaluated the plant performance using well-known parame-
ters such as the performance ratio, capacity utilization factor,
and energy yield. The measured data is compared to software
tools’ results to evaluate whether the system is properly oper-
ating. A 5 MWp PV plant’s performance assessment in south
India [26] also considered only quantities associated with the
plant’s energy yield.

Although important, measuring only energy-related quan-
tities do not provide useful information about possible PV
modules/arrays inefficient operation. To trace the I-V curve
of on-site generators is a way to evaluate its performance
deeply. In [12], a 500 kWp I-V tracer was developed for on-
site measurement purposes, and the authors concluded that it
is a useful tool for the characterization of PV generators and
can be incorporated into maintenance procedures. Despite the
many advantages of on-site I-V curve tracing, outdoor char-
acterization is more prone to uncertainties associated with
measurements and STC (or PTC) extrapolation than indoor
solar simulators. A detailed assessment of the uncertainties
in outdoor module characterization is presented in [16]. In
this sense, a methodology to reduce such uncertainties is
vital to guarantee reliable results. The twin capacitive load
introduced in [27] is used to simultaneously trace I-V curves
for two different PV modules/arrays.

This article took advantage of the twin capacitive load con-
cept to develop a novel methodology to characterize outdoor
PV arrays with improved reliability by correcting outdoor
measurements to a traceable indoor-calibrated reference PV
module. The methodology consists of simultaneously tracing
I-V curves for the DUT and a previously calibrated reference
module, making it possible to quantify the relative extrap-
olation error, which is assumed to be the same for both
the reference module and the array being tested. Therefore,
the proposed methodology makes it possible to evaluate the
quality of the extrapolation process. To summarize, the main
contributions of this article consists in: first, the demon-
stration that an outdoor characterization is a crucial tool in
large scale PV assessment by presenting a detailed procedure
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and insightful results; second, the novel methodology that
consists in the application of the twin capacitive load concept
to evaluate the quality of the extrapolation process.

This article presents the results of the on-site I-V curve
measurements at the string level in a 1.42 MWp PV power
plant located at Mineirdo Football Stadium’s rooftop. Signifi-
cant differences between nominal and measured data are con-
sidered evidence of the importance of this type of assessment.
Furthermore, the results provide simultaneous measurement
information on a reference PV module, calibrated with a solar
simulator of type “A + A + A 4+ (one of the best on the
market), and the devices under test. This aspect helps measure
uncertainty in evaluation even outside the irradiation range
restricted by IEC 60891 [28].

The following sections describe the PV power plant sys-
tem, the methods used to perform I-V curve measurements,
and the uncertainty calculations. An analysis of the results
found is presented in the final section.

Il. MINEIRAO FOOTBALL STADIUM POWER PLANT
Mineirdo Stadium, officially named Estddio Governador
Magalhdes Pinto, was started in 1965 and is in the north
region of the city of Belo Horizonte, capital of Minas Gerais
State, in Brazil, at latitude 19°'5157” S and altitude 43°58’
15” W. In the years 2013, 2014, and 2016, the stadium hosted
games of the FIFA Confederations Cup, FIFA World Cup,
and Rio Summer Olympic Games. Therefore, Mineirao is
considered one of Brazil’s most famous football stadiums.

After Brazil won the bidding to host the World Cup
in 2014, Mineirdo had a massive redevelopment/retrofit.
A 1.42 MWp, PV power plant was installed on the stadium’s
rooftop as a part of its modernization efforts [29]. This PV
system is the largest rooftop PV installation in a football
stadium in Brazil and presents challenging conditions regard-
ing optimal system performance achievement, as described
below.

The PV power plant comprises 5910 poly-crystalline sili-
con PV modules, model Mprime (Martifer) model M 240P.
The 360° rooftop is partitioned into 88 physical segments
with 42 segments (21 east and 21 west regions) containing
75 PV modules each (18 kWp/segment) and 46 segments
(23 north and 23 south regions) with 60 PV modules each
(14.4 kWp/segment).

All PV modules that comprise each physical segment have
a tilt of 8°, following the roof inclination angle. The PV
modules may not appear to the public due to restrictions on
the stadium’s structures from being changed (imposed by the
agency that grants to buildings the title of Cultural Heritage
of the Municipality). This restriction to installing the photo-
voltaic generator arrays culminated in shading problems on
the arrays’ plane throughout the year. [16]-[18].

Each segment comprises 6 or 7 chains (9 or 12 PV modules,
each chain) connected to an inverter model Ingecon Sun
Smart TL (manufactured by Ingeteam). This inverter has
a nominal power of 15 kW and includes three maximum
power point trackers (MPPT) (2 or 3 chains for each MPPT).
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FIGURE 1. The utility grid interface diagram with the PV power plant
indicates the installation of the Fluke 435 energy analyzer.

Source: Adapted CEMIG

FIGURE 2. (a) Aerial view of the stadium with 1.42 MWp PV generator
installed on the rooftop and string installation detail; (b) detail of PV
module arrays (strings); (c) scheme of eight inverter room and
substations sectors “A” and “B"; (d) PV plant/utility grid connection
substation; (e) step-up substation (380 V to 13.8 kV); and (f) PV
plant/utility grid main switchgear.

Therefore, 88 inverters compose the whole system in the
stadium, to a total nominal inverter power of 1.32 MW.

Each inverter is connected to a 380 AC voltage (phase to
phase) supplied by two 750 kW electrical substations that
step-up the voltage to a 13.8 kV bus for the distribution
system. Figure 1 shows a unifiliar diagram with a data acqui-
sition device (Fluke 435) connected to the point of common
coupling (PCC) with the utility grid. Figure 2 shows an aerial
observation of the stadium with the 1.42 MWp PV generator
rooftop, an overview of the whole system. More details on
this installation can be found in [22], [30], [31].

Ill. MINEIRAO PV GENERATOR CHARACTERIZATION
PROCEDURE (MATERIALS AND METHODS)

A. MEASUREMENT CAMPAIGN

For the measurement campaign, two capacitive load devices
were used. One (with two capacitors: 0-500 Vdc £ 0.5%,
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0-20 Adc % 0.5%;0-50 Vdc =+ 0.5%, 0-10 Adc = 0.5%) that
was developed by the Group of Alternative Energy Studies
and Development (GEDAE) from the Federal University of
Para (UFPA) in Brazil, which can measure on-site I-V curves
from PV generators and a reference PV module simultane-
ously. The other is a capacitive load manufactured by Sol-
metric (commercial), model PVA 600 (600 Vdc 4 0.5%/20
Adc £ 0.5%).

The first capacitive load device performs simultaneous
measurements through two capacitors. The objective of using
two capacitors for simultaneous measurements is to compare
the results obtained from the extrapolation method for photo-
voltaic generators under test and for a photovoltaic reference
module that has been previously calibrated in a solar simula-
tor (with quality characteristics two-times better than the best
class A, established by IEC 60904-9 [32]).

Additionally, it is possible to obtain data on environmental
conditions during measurements without using any sensor.
Both the irradiance and temperature of the PV generator can
be calculated using the short-circuit current (/;.) and open-
circuit voltage (V,) of the reference PV module, respectively.
In this case, the photovoltaic reference module’s temperatures
and the photovoltaic generator under test are the same. Such
an assumption is most accurate if the reference PV module
has the same technology (or, even better, if it is the same
model) as the PV module that comprises the PV generator
being tested [16].

To measure the current (I) and voltage (V) parameters
in the GEDAE capacitive load, a scopemeter from Fluke
model 190-504 series II (four-channels) was used. This
equipment has four channels that can measure many electrical
parameters such as voltage (Vacrms, Vdc, Vac+Vdcrms until
1000 V £ 1.5% Vnominal/Vdc £ 0.5%), current (0.5 A to
1000 A, DC = 0.5%), power (W, VA, Var, W).

To size the capacitor, the photovoltaic generator is consid-
ered to behave as an ideal current generator. Thus, the voltage
of the capacitor increases linearly until it reaches the open-
circuit voltage in a load time, 7¢, which can be calculated by
Equation (1):

Isct Isct
Ve (1) = ol = Vot =tc)=Voc = ol
VocC
= Ic = Tsc (D

C is the capacitor’s capacitance, and the Voc/Isc ratio
is known as the specific resistance of the generator. The
current decreases as the voltage increases, which implies
that the charging time will be longer than that calculated
by Equation (1). However, the error caused by this approach
does not compromise the design stage of the load since the
load time depends on the specific resistance of each pho-
tovoltaic generator, and, for sizing, it is advisable to adopt
values between 20 and 100 ms.

The GEDAE capacitive load used a 22 Wp c-Si PV as a
reference module, calibrated on a Pasan “A + A + A +”
class solar simulator at GEDAE/UFPA, and that was used as
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FIGURE 3. Group of Alternative Energy Studies and Development (GEDAE)
double capacitive load (charge) coupled with the four-channel Fluke 190.

C-Si Referes

FIGURE 4. The c-Si solar PV cell and PV module (coplénar to the PV
generator), thermocouple sensor, and Solmetric (PVA 600) commercial
capacitive load.

a primary calibrated sensor. For the commercial capacitive
load, a c-Si reference cell was used (with corrections for
temperature, spectral, and angular effects, accuracy £ 2%,
used as a secondary calibrated sensor). Additionally, the
Solmetric wireless sensor kit was used for data acquisition
with thermocouples type K, with two inputs attached to the
back of PV modules (accuracy < 2 °C, including inherent
thermocouple limitations/0.1 °C resolution).

The reference PV cell and the PV module were attached
at the same plane (with a tilt of 8°) and orientation as the
PV generators (string). Figure 3 shows the GEDAE capac-
itive load coupled with the Fluke scopemeter 190. Figure 4
illustrates the c-Si reference PV cell/module (coplanar to
PV generator), the thermocouple sensor, and the Solmetric
(PVA 600) commercial capacitive load.

The measurement campaign lasted five days (between 11
and 15 July, during the winter season of 2016), from 9:30 a.m.
to 01:30 p.m., and it monitored seven segments of the
PV power plant, with 6-7 strings/segment (9—-12 PV mod-
ules/string).

VOLUME 8, 2020
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23 Segments (n° 55 to 77)
South region

23 Segments (n° 11 to 33)
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FIGURE 5. PV detail of module arrays: (a) 88 segments with a different
number of PV modules, (b) location of chosen segments (dark grey
rectangles).

Measuring small system parts gives a closer look at the
PV modules, so one or two PV strings (PV1/PV2) per seg-
ment were chosen for several measurements (on average,
ten measurements/PV string). Table 1 shows the chosen seg-
ments’ numbers and characteristics of the chosen PV strings.
Figure 5 illustrates the localization of the chosen segments
(dark grey rectangles), and Figure 6 gives details (zoom)
of the PV1 (black rectangles) and PV2 (gray rectangles)
strings/number of PV modules.

Usually, the surface of PV generators accumulates soiling
and dust over time. One PV module at the PV1 generator in
segment 13 was randomly chosen to be cleaned to acquire
an I-V curve measurement without the interference of soiling
and dust and hence receive a reference measurement for
comparison and analysis. Figure 7 illustrates the clean PV
module.
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TABLE 1. Segment numbers and characteristics of chosen PV generators.

PV1 PV2
Segment Number of Number of
Location Modules Per Modules Per
NUMBER String (String String (String
Peak Power) Peak Power)
North side 64 10 (2.4 kWp) 10 (2.4 kWp)
North side 67 10 (2.4 kWp) 10 (2.4 kWp)
Northeast side 55 10 (2.4 kWp) 10 (2.4 kWp)
East side 45 09 (2.16 kWp) 09 (2.16 kWp)
East side 37 09 (2.16 kWp) 09 (2.16 kWp)
West side 01 09 (2.16 kWp) 09 (2.16 kWp)
Southwest side 13 10 (2.4 kWp) 10 (2.4 kWp)

FIGURE 6. Example (zoom) of the PV1 (black rectangles)/PV2 (grey
rectangles) generators, number of PV modules.

B. MEASUREMENT METHODOLOGY

PV modules and the estimation of its uncertainties on STC
power measurement have gained awareness in recent years
and seen some enhancements [1], [2], [16]. For uncertainty
estimation, stability issues must be contemplated in addition
to pure measurement uncertainty: STC power is often not
a constant value, but dependent on preceding exposure to
light and temperature. For energy rating, the STC power is
essential (representative of field operation) [1], [2], [52].

In this work, string measurements were translated into
STC by applying mathematical procedures [1], [2], [10], [18],
[33]-[38] for temperature and irradiance correction. There-
fore, the actual STC power is derived from measurements and
correction described by [2], [10], [33]. Figure 8 shows these
two steps for the characterization of the string output power
based on outdoor measurements.

As Figure 8 illustrates, both steps are affected by
uncertainties regarding the measuring process (Upeas,
step 1—introduced by the equipment and its traceability
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CLEAN PV
'/ NMIODULE

FIGURE 7. Cleaning of the PV module.

Measuring uncertainty Accuracy of correction Overall measuring uncertainty
Measurementof array [y, Correction of H Array performance
characteristic measurement to STC atSTC

(Step1)

[Step2)

Source; Adapted from [22]

FIGURE 8. Steps for characterization of the PV array performance [10].
STC: standard test conditions.

chain) and the accuracy of the translation (U, step 2).
The latter is composed of the model’s capability to describe
the module behavior, the uncertainty of the model parame-
ters in use, and the environmental measurement conditions.
Therefore, the uncertainty introduced by the correction will
be lower when the real conditions are closer to the STC [1],
[2], [10], [16], [33]. Ultimately, the results of the two steps
result in overall uncertainty (Uyy,).

Method one was used for this work: an algebraic proce-
dure, proposed by IEC 60891 [28] to perform the on-site data
translation into STC. Equations (2) and (3) show the correct
equations.

1000 %

Istc =1In+ (—m

G —1>xlsc,m+a (Tc—25°c) )

Vsre = Vi — Ry (st — ©) — Kxlsre (T - 25°c)
+B (Tc — 25°c) 3)

where: V,, is the voltage, I, is the current, G, is the irra-
diance, and T, is the cell’s temperature. Subscript m stands
for measured quantity, and subscript STC for the quantity
corrected to STC, « is the temperature coefficient for short
circuit current, 8 is the temperature coefficient for open-
circuit voltage, K is the curve correction factor, and Rg is the
series resistance.

The overall uncertainty was calculated using the law
of error propagation cited in the literature [37], [38],
[39]-[44]. By applying this methodology to the cor-
rect equations (Equations (2) and (3)) and, according to
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the type B method as proposed by JCGM/GUM [41],
Equations (4) and (5) calculate the combined uncertainty of
the corrected power (Up st¢)-

n
Upstc = Zi Uy; “

With
2

dPsrc (xi, ... ., X
Uy, = (x ) Ax? 5)

! 8)6,'

where: Psyc corresponds to the voltage and current at the
maximum power point in STC (Vypp - src/Impp- stc)-
According to Equations (4) and (5), x; represents all the mea-
sured quantities and parameters needed to determine Psrc.

According to [1], [2], [10], [15]-[17], [43], [44], the sig-
nificant relative contribution to the uncertainty of the PV
module or the entire PV generator/string power rating results
comes from the calibration of the reference device (PV cell
and PV module) used to obtain the incident irradiance. The
irradiance must be typically restricted to the range between
800 and 1100 W/m? to reduce the I-V curve corrections.
The measurement of a reference module and DUT at the
same time could help reduce this uncertainty, even when the
irradiance is out of the recommended range.

Therefore, for this work, the uncertainty calculation for
Psrc was made as a case study of specific conditions, i.e.,
when measurements achieved the range described above.
Table 2 shows the standard uncertainties and the resulting
combined uncertainty in measured irradiance values, accord-
ing to the reference PV cell and PV module used in this work.

Additionally, it is vital to consider the uncertainty intro-
duced by the irradiance measurement’s temperature correc-
tion and remember that the closer the reference PV cell
temperature is to 25 °C, the lower the uncertainty is. Table 3
illustrates the typical standard and the resulting combined
uncertainty of this work’s measuring temperature.

The I-V curves of PV1 and PV2 were measured with
capacitive loads, so the measurement instruments’ choice
and their calibration are decisive for uncertainty calculations.
Table 4 summarizes the estimated uncertainties for Solmetric
and GEDAE capacitive loads.

In Table 4, the measurement combined uncertainties of
the I-V curve tracers are closer to manufacturers’ considered
parameters [45], [46], [50]. Table 5 gives an example of
the measurement uncertainties achieved for the PV1 array
in segment 64 at 805 W/m? and 45 °C using the Solmetric
device.

Regarding model parameters «, 8, KC (that describe the
behavior of a module at different temperatures), and Rg
(series resistance), which are necessary for the correction to
STC according to procedure 1 in IEC 60891 [28], the param-
eters suggested by Drnberger et al. [10] were used, which
analyzed around 120 temperature coefficients measurements
and around 80 measurements at different irradiance levels.
The standard uncertainties were calculated as the square root
of the square sums of the contributing uncertainties. Table 6
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TABLE 2. The combined uncertainty of measured irradiance for values
refer to (A) the reference PV cell and (B) the reference PV module used.

DUT: device under test.

(a) Reference PV Cell
Standard Uncertainties [%] References
Calibration Value 2 [1,45,46]
Uncorrected calibration value 0.01 [39]
Stability 2 [10]
Shunt 0.15 [45,46]
Temperature @ 40 °C 0.3 [10]
Temperature coefficient 0.25 [10]
Data aquisition 0.03 [10]
Spectral Mismatch 0.8 [39]
Inhomogenity 0.5 [10]
Combined Uncertainty @ 40 °C 3.01%
(b) Reference PV Module
Standard Uncertainties [%] References
Spectral Match <+0.0125
Non-uniformity <0.01
Instability <0.01
DUT type Mono-crystalline

Si

Mono-Si, the same

Reference Device type as DUT [16,47,48]
Reference Device uncertainty over 0.016,0.012
Isc and Voc
Maximum incidence angle 15°
SMM Considered
Data acquisition 0.03
U. on Puax (coverage factor k = 2) - 3.00%

TABLE 3. The combined uncertainty of measured irradiance for values
refer to (A) the reference PV cell and (B) the reference PV module used.
DUT: device under test.

Absolute Standard

Parameters Uncertainty Uncertainty [%] References
Thermocouple
type K 0.75 [49]
Difference
back/junction 05K 0.7 [10]
_Temperature 2K 26 [10]
inhomogeneity
Data acquisition 0.03 [10]

Combined Uncertainty at 45 °C 2.80%

illustrates the estimation results of the correction parameter
uncertainties for a poly-crystalline (poly c-Si) PV module.

The total contributions (in W) to the combined uncertainty
of Psrc, i.e., the summands in Equation (3), for an irradiance
> 800 W/m> and cell temperature 45 °C are shown in
Table 7.

Table 7 shows the result of the combined uncertainty
of Psrc, 4.0%, which is similar to the one identified
by Drnberger et al. [10], 4.2%, for the same conditions.
Drnberger et al. [10] also found values of 3.2% and 6.4% for
temperatures of 25 °C and 65 °C, respectively. Therefore, this
work considered a mean value of 4.6% from these values for
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TABLE 4. Measurement uncertainties of the I-V curve measurement by
capacitive loads of (A) Solmetric and (B) GEDAE.

(a) Measurement Uncertainties of the I-V Curve Tracer—Solmetric

(a) Standard Uncertainty  Considered [%] References
Current <5% 1
Voltage <5% 1
Isc <3% 2
Voc <2% 2 [45,46]
Pmpp <2% 2

Combined Uncertainty 3.74%
(b) Measurement Uncertainties of the I-V Curve Tracer—GEDAE

(b) Standard Uncertainty Considered [%] References
Current <5% 0.5
Voltage <5% 0.5
Isc <3% 2
Voc <2% 2 [50]
Pmpp <2% 2

Combined Uncertainty 3.54%

TABLE 5. Measurement uncertainties in the I-V curve measurement using
Solmetric load.

TABLE 7. The contributions to the combined uncertainty of Pgyc of all
quantities for irradiance > 800 W/m2 and temperature 45 °C.

Parameter [%] [W]
a 35 8
B 11 42
K 34 11
Rs 30 29
Lonpp 0.5 25
Vpp 0.5 30
E 3 58
Isc 2 2
Tarray 2.8 20
Upsrc (k=1) 90
N/A
Up,s1c, retative (k = 2) 4%,

TABLE 8. Estimated parameter standard uncertainties.

The Measurement Uncertainties

Parameters Measured Value  Standard Uncertainty
Irradiance 805 W/m? 3%
Temperature 45°C 2.80%
Measured Power 1,891 Wp 2%
Measured Isc 725 A 2%
Measured Voc 353V 2%
Combined Uncertainty 5.37%

TABLE 6. Estimated parameter standard uncertainties.

Poly—Reference [10]

[%] W]
o 35 8
B 11 42
K 34 11
Rs 30 29

measurements equal to or above 800 W/m? for irradiance and
between 45 °C and 65 °C for the temperature.

It is worth citing that up to now, there is only rudimentary
information on individual measurement uncertainties from
different laboratories achieved for power measurements at
conditions different to STC. A deficiency partly causes this
variety of information in demand for such measurements—a
typical PV module datasheet contained 2 or 3 power spec-
ifications (for STC and 200 W/m? at 25 °C, sometimes
for 800 W/m? at NOCT) and the temperature coefficient of
output power only [2].

Nowadays, with higher demands on product characteri-
zation and the availability of the IEC 61853 standards on
PV module energy rating, more laboratories offer compre-
hensive power rating measurements, covering a full matrix
of irradiance and temperature conditions. Nevertheless, the
uncertainty of these non-STC measurements is still more or
less unknown [2]. Therefore, each measurement has its own

226852

Uncertainty Conditions
Lab. 1 some 5% for extreme tem}.)era.ture/lrradlance
combinations
Lab. 2 3.6% with matrix measurements at low irradiance
values
Lab. 4 3.2% at 200 W/m? and 65 °C
Lab. 7 3.5% at 1,000 W/m? and 70 °C
Lab. 8 2.2% at 100 W/m? and 75 °C

Source [2]

uncertainty, which depends on the measurement system and
weather conditions. Furthermore, indications that give gen-
eral measurement uncertainties without referring to specific
conditions can be interpreted as a minimum value [10]. A
few laboratories provided some information on the maximum
uncertainty of power measurements at the related conditions,
as shown in Table 8.

During the period of the measurement campaign, data from
a Fluke 435 were also used. This equipment measures and
stores average values of voltage, current, active (P), reactive
(Q), and apparent (S) powers, as well as other variables of
interest sampled per phase and stored with a resolution time
of 5 min (see Figure 1). The data acquisition device was
connected to the point of common coupling (PCC) with the
utility grid and PV power plant. All data were used during
the assessment of the performance of the PV system during
the measurement campaign.

Finally, the time and global horizontal irradiation data
(GHI) (measured by a CPM 21 from Kipp and Zonen) from
the meteorological/solarimetric station of the National Insti-
tute of Meteorology (INMET) were also used. This station is
installed on the Federal University of Minas Gerais (UFMG)
campus, which is located only 2 km from the Photovoltaic
Plant of Mineirdo.

IV. RESULTS (AND DISCUSSION)

A. MONITORING THE PV POWER PLANT OF MINEIR AO
SOCCER STADIUM

As already mentioned, the measurements of the AC side of
Mineirdo’s PV power plant, which were made at the point
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Irradiance (W/m?)

681012141618 681012141618681012141618681012141618 681012141618

Hours
Daily average Irradiation
Days y(kWh/%nz.day)
11/jul 4.87
12/jul 4.79
13/jul 4.89
14/jul 5.02
15/jul 4.09
Period mean 4.70
Days Maximum irradiance (W/m?)
11/jul 810
12/jul 760
13/jul 740
14/jul 775
15/jul 811
Period mean 779

FIGURE 9. Global irradiance profile, by a horizontal pyranometer, for the
measurement period.

of common coupling (PCC), and the global solar radiation,
measured by an INMET horizontal pyranometer, were also
monitored during the measurement campaign. These mea-
surements are essential to understanding the behavior of the
whole system during the period. Figure 9 illustrates the global
irradiance during the five days.

As Figure 9 shows, the measurement campaign, which
happened during sunny winter days and when clouds did
not obscure the sky for the entire period, had an aver-
age of 4.70 kWh/m? for global daily average irradiation and
779 W/m? of mean maximum global irradiance.

To understand how the PV modules received incoming
solar resource at each string influence according to their
orientation (azimuth angles), Riither ez al. [29] selected eight
sections (segments), of the 88 roof cover sections of Mineirdo
Stadium, with different orientations and the incoming solar
radiation was estimated at the 8°-tilted plane. Figure 10
presents the annual average of the total daily global horizontal
solar radiation and the radiation calculated at the 8°-tilted
plane for the eight different azimuth angle deviations from
true North, in kWh/mz/day.

As Figure 10 shows, because the PV module array tilt is
small (8°), the azimuth deviation of neighbor roof sections
is small. It results in negligible differences in the resulting
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Difference) - %
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FIGURE 10. The annual average of the total daily global horizontal solar
radiation and the radiation calculated at the 8°-tilted plane for the eight
different azimuth angle deviations from true North.
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® p_TOTAL(KW) B Q_TOTAL(kVAr) = S_TOTAL(kVA)

FIGURE 11. Maximum power generated for the monitored period.

incoming solar global irradiation availability between neigh-
bor roof sections, i.e., annual average radiation relative dif-
ference (B = 8°/8 = 0°), in general, is lower than 3%
(e.g., segment 7) and between azimuth deviation, the absolute
relative difference is less than 2% overall.

Figure 11 illustrates the maximum power results for the
period.
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TABLE 9. Electrical characteristics at STC for PV modules MPrime (data of
the label in the posterior part of the PV module) and Tpsm (data obtained
by a solar simulator describe before).

PV Modules
Electrical Parameters Mprime Tpsm 2221

Vo (V) 37.6 21.6

Lc (A) 8.60 1.47
Vinpp (V) 29.60 17.66

Tmpp (A) 8.24 1.31
Pupp (W) 243.81 22.17
Sorting range 0/+5 W N/A
Measure tolerance 3% N/A

With the available solar resource, presented in Figure 9,
the PV system reached, on average, a maximum of 665 kW
of active power (grey dash bar in Figure 11). This value, when
reflected from the DC side, considering a 98.5% DC-AC
conversion efficiency of all Ingeteam 15 TL inverters plus
transformers efficiency of 97%, is estimated as being approxi-
mately equal to 695 kW, i.e., 49% of the PV system’s installed
power (1.42 MWp).

It is essential to consider that the rated installed power
is given at the STC, and as shown in Figure 9, the average
maximum daily irradiance during the monitored period was
far from such standard reference, which partially explains
the reduced power output. Furthermore, other factors such
as dust and soiling, partial shading of the PV generator, and
the PV module‘s degradation contribute to the installation’s
performance reduction. Such factors are discussed in detail in
the following subsections.

B. ACTUAL POWER AND I-V CURVES OF STRINGS PV1
AND PV2 GENERATORS

This section shows and discusses the results of actual power
and I-V curve measurements at the strings of the PV1 and
PV2 generators. First, it presents the measurements taken in
one PV module randomly chosen from a PV generator at seg-
ment 13. After that, the results of measurements performed in
all segments, as shown in Table 1, are presented.

1) MEASUREMENTS IN ONE PV MODULE

The measurements were made using the previously described
capacitive loads and, initially, with the PV module in present
conditions, i.e., with soiling and dust. After that, the PV
module was cleaned, and measurements were then performed
for this condition. Table 9 illustrates the electrical charac-
teristics at standard test conditions (STC) for PV modules:
MPrime—M 240 P model (data are taken from the label in the
posterior part of the PV module), and model Tpsm 222155E
(reference PV module—data obtained using a solar simulator,
as previously described). Figures 12a,b, and 13a,b shows the
results obtained by the measurements at these two distinct
situations (soiling/clean).
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Figures 12a,b, and 13a,b illustrates the MPrime and ref-
erence PV modules’ results. These results show, for each
measurement, the following variables: global irradiance
(G), cell temperature of the device under test (DUT), i.e.,
MPrime PV module (T, pyr), cell temperature of the ref-
erence PV module (7¢ rermop). power measured at ref-
erence (Pueasured_REF) and MPrime (Ppeasured_Soiling and
Pricasured_clean) PV modules, power extrapolated to STC for
reference (Pexira,sTC REF) and MPrime (Poyrq,s7c) PV Mod-
ules. Moreover, the results also show the relative differences
between P.yq sTc (for reference and MPrime PV modules),
the power data 22.17 W (obtained by a solar simulator, see
Table 9), and 243.81 W (from the label in the posterior part
of the MPrime PV module, see Table 9).

As shown in Figure 12b, under soiling conditions, the
average power measured using the two capacitive loads used
is close (110.93 W GEDAE and 115.23 W Solmetric) for
similar irradiance and cell temperature conditions: a relative
difference of 3.7% was verified. When these measurements
were extrapolated to STC, the relative difference decreased to
2.4%. Therefore, this difference shows consistency between
the measurements made by GEDAE and Solmetric capacitive
loads. Figure 12a shows good consistency between the mea-
surements made in the PV reference module for both loads
used. Results show a relative average difference concerning
the reference PV module in Table 9: 1.94% (GEDAE) and
2.2% (Solmetric).

The mean error obtained from the reference PV module
can be used to correct the STC power obtained for the DUT,
ie., 179.96 W+1.94% (183.45 W uses GEDAE load) and
184.45 W + 2.2% (188.51 W with Solmetric load). There-
fore, the error parameter found demonstrates the reliability
of using this PV module as a reference for all measurements.
Finally, the results for the relative difference for the MPrime
PV module (DUT Table 9), on average, were high (—26.19%
GEDAE load and —24.35% Solmetric load).

When the MPrime PV module was cleaned, Figure 13b,
under clean conditions, the average power measured by the
two capacitive loads approaches (126.17 W GEDAE load
and 126.88 W Solmetric load) for similar irradiance and
cell temperature conditions. The relative difference is smaller
than 1.0%. When these measurements are put in STC, a 1.6%
relative difference is observed. Figure 13a still shows a good
relationship for reference PV module with an error parameter
(relative difference) of about 3.25% (GEDAE) and 3.20%
(Solmetric) on average.

Comparing the relative difference for the DUT, the results
get lower on average, compared to results from Figure 12a,b,
but are still high for a PV module without soiling and
dust (—17.91% GEDAE load and —19.22% SOLMETRIC
load). Therefore, a decisive contribution, for power reduc-
tion, of about 8.28% (GEDAE load) and 5.13% (Solmetric
load)—6.7% on average—was found for the soiled/clean
PV module, respectively. Figures 14 and 15 show examples
of I-V and P-V curves measured for the DUT—MPrime PV
soiled/clean module.
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FIGURE 12. (a) Measurements with capacitive loads (GEDAE/Solmetric) under soiling conditions (a) in reference

PV module; (b) DUT MPrime PV module.

As shown in Figures 14 and 15, it is clear the difference
between the I-V curves and the power obtained for a PV
module with soiling and dust and with a clean PV module
cleaned. The STC extrapolated power loss contribution value
found for soiling and dust was 10% from these measurements.

2) MEASUREMENTS AT STRINGS PV1 AND PV2
GENERATORS

In the same way that the measurements were performed in one
PV module (DUT—MPrime—M 240 P model), they were
performed on the strings of the PV1 and PV2 generators at
segments shown in Table 1 and Figure 5. The measurements
were performed by the two capacitive loads and the reference
PV module, as illustrated in Table 10a,b.

It is essential to point out that all the strings of PV1 and
PV2 were with soiling and dust. Furthermore, the results
presented in Table 10a,b are a summary showing the average
values found in the measurements for all segments considered
in this study. It is possible to see in Table 10a,b, where all
measurements are set approximately at the same conditions
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for G and T, (Peyra sTC), the influence of all segments’ ori-
entation on the final results. Segments 55, 64, and 67, which
are oriented to the geographic north (see Figure 5), have the
highest measured power achieved during the measurement
campaign (e.g., 1,945 Wp—PV1/21.64 Wp—reference PV
module; 1,965 Wp—PV?2/21.74 Wp—reference PV module
for segment 67 with GEDAE load). It is important to remem-
ber that, although the measurements were made during winter
for the southern hemisphere, the sun is entire to the north of
Belo Horizonte city. Therefore, this region of the Mineirao
PV power plant is expected to perform better than other
regions.

In the south region (segments 11 to 33), PV1 and PV2
generators from segment 13 achieved the lowest power val-
ues, as expected (e.g., 1,635 Wp—PV1/20.25 Wp—reference
module; 1,641 Wp—PV2/20.50 Wp—reference module with
GEDAE load). The relative power difference is about 16%
compared to PV1 and PV2 generators in segment 67. This
value could be reduced to approximately 11% when asso-
ciating with the relative power difference obtained from the
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FIGURE 13. (a) Measurements with capacitive loads (GEDAE/Solmetric) under clean conditions (a) in reference PV

module; (b) DUT MPrime PV module.

reference PV module, in each measure, at the corresponding
PV generator.

For generators PV1 and PV2 located at segments 37 and
45 (east region—segments 34 to 54), the performance was
better (4% higher on average) compared to the generator
PV1 (segment 01) at the west region (segments 10 to 78)
as Table 10a,b shows. This fact probably occurred because
the measurements were taken during the morning for east
generators. Therefore, this side was favored.

Except for the south region of Mineirdo Stadium, all the
measurement results presented in Table 10a show an excellent
approach to the reference PV module parameters presented
in Table 9. This result indicates the good performance of the
used methodology, even when irradiance levels are outside
the recommended range of 800 to 1,100 W/mz, with an abso-
lute difference lower than 4%, and with an average difference
value of —2.9%.

To further investigate the influence of the STC extrapo-
lation methodology on the results, PV1 and PV2 generator
measurements for all measured regions were extrapolated
to photovoltaics for utility-scale applications test conditions
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(PTC) (1,000 W/m?, 20 °C air temperature, and wind speed
of 1 m/s at 10 m above ground level, air mass 1.5). These
results represent an operating condition closer to the actual
PV generator field operation, given at a PV cell temperature
of 45 °C. The PTC ratings for the Mprime module are not
available in its datasheet; however, it was possible to obtain an
approximate value of its PTC-rated power from the I-V curve
given in the datasheet, taken at a cell temperature of 45 °C,
which is: Pygreq prc = 210.40 W. Table 11 summarizes
the PTC extrapolation results. It is possible to observe that
when compared to PTC conditions, the extrapolated data
has a reduction in the relative difference from rating values;
however, this difference is still considerable, i.e., —15.64%
(total mean).

Comparing the measurement regions (north, east, and
west) for the strings with Mprime PV modules with DUT, the
results were also high, with an absolute average of 22%, as in
the measurements performed with two loads in one PV mod-
ule (26.19% GEDAE and 24.35% Solmetric, Figure 12a,b).

Considering an average power reduction due to soiling
and dust of about 6.7% (already found in this study), and
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FIGURE 14. Sample of I-V/power curves obtained for the MPrime PV module with soiling and dust.
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FIGURE 15. Sample of I-V/power curves obtained for the MPrime PV module after being cleaned.
associating the average measurement error in the reference average difference value for PV generators decreases from

PV module of —2.9% to the PV generators, the absolute 22% to 12.4%. The last value corresponds to the percentage
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TABLE 10. Measurements in (A) the reference PV module and (B) strings of PV1 and PV2 generators at segments with capacitive loads.

(a) Information Reference PV Module Relative Difference
R Seg 'Date/Load/Generator Hour G(W/m?) Tepur(°C) Terervon (°C) Peasured (W) Pexirastc (W) Reference Mod. Table 9

67/11 Jul/Gedae/PV2 11:33-11:47 a.m. 810.23 55.99 53.19 14.91 21.74 —1.94%

67/11 Jul/Gedae/PV1 11:06-11:29 a.m. 799.71 56.94 54.09 14.87 21.64 —2.39%

ﬁ 64/15 Jul/Gedae/PV1 10:54-11:11 am. 812.87 54.88 52.14 14.92 21.75 —1.89%
P2 64/15 Jul/Solmetric/PV1 11:31-11:34 a.m. 809.23 51.89 49.29 14.90 21.68 —2.21%
55/12 Jul/Gedae/PV1 12:00-12:10 p.m. 766.72 51.85 49.26 14.42 21.60 -2.57%

55/12 Jul/Gedae/PV2 12:12-12:16 p.m. 755.78 50.84 48.30 14.24 21.40 —3.47%

45/12 Jul/Gedae/PV2 10:43-10:50 a.m. 809.14 53.93 51.23 14.41 2145 —3.25%

‘g 37/14 Jul/Gedae/PV1 10:41-10:57 a.m. 738.47 45.82 43.53 14.38 21.44 -3.29%
= 37/14 Jul/Solmetric/PV1 11:18-11:25 am. 705.56 43.17 41.01 14.40 21.45 -3.27%
45/12 Jul/Gedae/PV1 10:36-10:42 a.m. 753.27 53.65 50.97 14.30 21.44 —3.28%

2 01/14 Jul/Gedae/PV1 12:31-12:52 p.m. 763.30 53.29 50.63 14.37 21.30 -3.92%
3 01/14 Jul/Solmetric/PV1 12:59-13:05 p.m. 747.01 49.28 46.81 14.36 21.44 —3.29%
= 13/13 Jul/Solmetric/PV1 10:29-10:43 a.m. 618.45 39.58 37.60 12.14 20.00 -9.79%
H 13/13 Jul/Gedae/PV2 10:48-10:56 a.m. 655.34 48.29 45.88 12.73 20.50 =7.53%
@ 13/13 Jul/Gedae/PV1 10:29-10:43 a.m. 621.13 46.82 44.48 12.44 20.25 —8.66%
Total Mean 744.41 50.42 47.89 14.12 21.27 —4.05%

(b) Information PV1 and PV2 Relative Difference
Regions S Date/Load/Generator Hour G(W/m?) Tepur(°C) Terervion (°C) Puncasured (W) Pexirastc (W) DUT Table 9

67/11 Jul/Gedae/PV2 11:33-11:47 a.m. 810.23 55.99 53.19 1,397 1,965 —19.40%

= 67/11 Jul/Gedae/PV1 11:06-11:29 a.m. 799.71 56.94 54.09 1,388 1,945 —20.22%
t 64/15 Jul/Gedae/PV1 10:54-11:11 a.m. 812.87 54.88 52.14 1,365 1,921 —21.21%
2 64/15 Jul/Solmetric/PV1 11:31-11:34 a.m. 809.23 51.89 49.29 1,362 1,892 —22.40%
55/12 Jul/Gedae/PV1 12:00-12:10 p.m. 766.72 51.85 49.26 1,278 1,885 —22.69%

55/12 Jul/Gedae/PV2 12:12-12:16 p.m. 755.78 50.84 48.30 1,265 1,853 —24.00%

45/12 Jul/Gedae/PV2 10:43-10:50 a.m. 809.14 53.93 51.23 1,156 1,735 —20.93%

z 37/14 Jul/Gedae/PV1 10:41-10:57 a.m. 738.47 45.82 43.53 1,141 1,715 —21.84%
= 37/14 Jul/Solmetric/PV1 11:18-11:25 a.m. 705.56 43.17 41.01 1,141 1,741 —20.66%
45/12 Jul/Gedae/PV1 10:36-10:42 a.m. 753.27 53.65 50.97 1,119 1,715 —21.84%

2 01/14 Jul/Gedae/PV1 12:31-12:52 p.m. 763.30 53.29 50.63 1,115 1,667 —24.03%
3 01/14 Jul/Solmetric/PV1 12:59-13:05 p.m. 747.01 49.28 46.81 1,116 1,653 —24.67%
] 13/13 Jul/Solmetric/PV1 10:29-10:43 a.m. 618.45 39.58 37.60 1,105 1,652 —32.24%
3 13/13 Jul/Gedae/PV2 10:48-10:56 a.m. 655.34 48.29 45.88 1,100 1,641 —32.69%
@ 13/13 Jul/Gedae/PV1 10:29-10:43 a.m. 621.13 46.82 44.48 1,057 1,635 —32.94%
Total Mean 744.41 50.42 47.89 1,215 1,774 —24.12%

TABLE 11. PV1 and PV2 generator's measurement and extrapolation to
photovoltaics for utility-scale applications test conditions (PTC) for the
north, east, and west regions.

Relative
Difference
from
Region Segm(e;nt/Datte/Load/ Pm{:]arﬂi Pex:‘r;}prc DUT
enerator W) W) (Table 9)
at
Prasea,prC
67/11 Jul/Gedae/PV2 1,388 1,810 —13.92%
67/11 Jul/Gedae/PV1 1,397 1,833 —12.83%
64/15 Jul/Gedae/PV1 1,365 1,757 —16.47%
North 64/15 _ 0
Jul/Solmetric/PV1 el okl U2
55/12 Jul/Gedae/PV1 1,278 1,719 —18.29%
55/12 Jul/Gedae/PV2 1,265 1,752 -16.70%
45/12 Jul/Gedae/PV2 1,156 1,513 -20.11%
37/14 Jul/Gedae/PV1 1,141 1,596 -15.72%
East 37/14 _ o
Jul/Solmetric/PV1 1,141 1,620 14.45%
45/12 Jul/Gedae/PV1 1,119 1,557 -17.79%
01/14 Jul/Gedae/PV1 1,115 1,501 —20.74%
West 01/14 _ 9
Jul/Solmetric/PV1 1110 Lot LS
13/13 0110
South Jul/Solmetric/PV1 1,105 1912 9-11%
ou 13/13 Jul/Gedae/PV2 1,100 1,841 —12.46%
13/13 Jul/Gedae/PV1 1,057 1,872 —10.99%
Total Mean: 1,207 1,705 —15.64%

in which real installed power is less than the nominal
power, which implies a real peak power of 1.24 MWp
(1.42 MWp—12.4%). Applying the uncertainty found in this
study, 4.6% for power in STC, and considering the value of
1.24 MWp for the whole plant, the real peak power could be
between 1.183 MWp and 1.297 MWp.
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The considerable difference between real-power and rated-
power values influences Mineirdo’s PV power plant’s whole
performance analyses. It is worth mentioning that the PVSyst
simulations for the solar plant presented a mean daily energy
production of 4.4 MWh, according to the Martifier Solar
report [31]. The corresponding final yield of 3.1 kWh/kWp
was obtained, considering the rated power of 1.42 MWp.

The study presented in [22] analyzed the performance
ratio (PR) for the Mineirdo Stadium PV plant for over a
year of measured data. The monthly PR results calculated
from nameplate data for installed PV power (1.42 MWp)
are represented in the light gray bars of Figure 16. Updated
PR calculations that consider measured installed PV power
(1.24 MWp) are represented by the dark gray bars. Figure 16
illustrates that PR’s smallest values, happening in months
with fewer solar radiation, consequently low PV productivity,
while higher values are reached in sunnier months. To esti-
mate this parameter, this research uses the global irradiation
data from the INMET meteorological station, described in the
previous section, and the PR equation, as defined in [S1]. It
is possible to notice that the system’s PR varies between 0.82
and 0.71 over the year, presenting an annual average of 0.76
(black dashed line) between 2014 and 2015. It can be seen
that the correct PR value (evaluated for measured, installed
PV power) is higher than the value obtained from datasheet
values, highlighting the importance of such commissioning
for the correct evaluation of the performance of a system.
Table 12 shows the summary of different situations (scenar-
ios) according to the installed capacity considered.

The PR variation over the year (0.82 to 0.71) is mainly
explained by the shadowing that occurs differently as the
seasons change. [22] shows an evaluation of shadowing at
the segments of the Mineirdo PV plant using the PVSyst
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FIGURE 16. PV system performance ratio for both nameplate and measured PV installed capacity. PR: Performance Ratio.

TABLE 12. Summary of final yields and PR for monitoring data and PVSyst simulation calculated based on datasheet PV power information and measured

PV power information.

Type of data Monitoring PVSyst Relative Difference (%)
Energy Production (MWh/year) 1,761 1,610 9.38
Pn(kW)=1.42 1,240; 66 1,134; 72 9.34;8.33
Annual YF (kWhkWp); Pn(kW)=1.24 1,420; 76 1,298; 82 9.40;-7.32
0,
PR(%) Pn(kW)=1.183 1,488; 80 1,360; 86 9.41:-6.98
Pn(kW)=1.297 1,357, 73 1,241; 79 9.35;-7.59
Reference Irradiation (kWh/m?.day™) 5.18 432 16.6

software. Figure 17a, b shows the simulation results obtained
in [22] for segment 67 (facing north). From the shading
diagram presented in Figure 17b, it is possible to see that
shading loss is larger during the winter season (from May to
August), while in the summer season, shading is less intense.
Under no shading conditions, the PR of a system tends to have
higher values during winter, the dominant factor being the
operating temperature.

For the Mineirdo’s PV power plant, in general, shadows
are typical in the morning (beginning around 8:00 a.m., with
40% shading loss, and ending about 9:30 a.m., with 1% shad-
ing loss) and late in the afternoon (beginning approximately
3:00 p.m., with 5% shading loss, and ending about 4:00 p.m.,
with 40% shading loss) during the year.

In 2019, a shading study considering the 3D model of
Mineirdo stadium was published [57]. This article’s results
show 4.3% for annual effective shading losses in the entire
PV power plant. The most affected areas are north and south,
with 5.6%, while the lower value is 2.2% in the west and
east areas. The model [58] used to calculate PV system
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losses is based on geometric shading and the number of
active by-pass diodes to simplify the simulation. Shading
cases are often discussed at distortions shown in I-V curves.
As an example, [59] describe the shading effect in mul-
tiple maximum power points, [60] show curve patterns in
horizontal and vertical module shading, and [61] compare
types of string connections to maximize power in shading
situations.

Another Mineirdo’s PV shading study was conducted by
Riither et al. [29]. The research was performed on the roof
cover sections of the Mineirdo stadium and consisted of
selected eight individual segments, see Figure 10, represent-
ing the 88 individual sections of the Mineirdo roof cover
for a detailed analysis of the shading effects using Ecotect
software. Table 13 shows the consolidated shading analysis,
with the resulting solar radiation incident on each segment
with and without shading.

As Table 13 presents, with shading, a 15.19% annual aver-
age incident solar radiation of reduction was found on the PV
segments of Minerao stadium.
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Grid-Connected System: Near shading definition

Project : Estadio do Mingirdo
Simulation variant :  Mineirdo_segmento 60mddulos
Main system parameters Systemtype  Grid-Connected
Near Shadings According tostings
PV Fieid Orientation it & azmuth -1
PV modules Model Mprine 240 Prom 240 Wp
PV Artay No. of modules 60 Prom olal 1440 KWp
Inverter Model Ingecon Sun1STL  Prom 1500 kW ac
User' needs Uniimited load (grd)

East Zenith;

PV generators

g !luqﬂh {a]

Beam shading factor (according to strings) : Iso-shadings curves

Sun height®

Attenuation for diffuse: 0.928
and albedo: 0.459

FIGURE 17. (a) Data input/3D drawing in PVsyst software and photo presenting shading early in the morning;

and (b) shading diagram for this segment [22].

Considering Pvsyst simulation [22] the annual energy
production of 1,761 MWh and the obtained PV power of
1.24 MWp, an average daily yield of 3.89 kWh/kWp is found.
Therefore, the system presented a good final daily yield dur-
ing the period, if compared to other PV systems installed, for
example, in Germany, Italy, the USA, and Australia, where
the average final yield varies from 2.54 £ 0.24 kWh/kWp to
5.22 + 0.44 kWh/kWp, IEA [52]. In the metropolitan area of
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Belo Horizonte, the same region where the system is installed,
the final daily yield varies from 3.68 £ 0.51 kWh/kWp to
4.01 £ 0.64 kWh/kWp (Nolasco et al., [53]) and, also, from
the simulation of the Mineirdo PV system in PVsyst software
[44], a value of 3.21 kWh/kWp was found.

Finally, it is well-known in the literature [33], [54], [55]
that the rates of c-Si PV degradation of power, on average,
range from about 0.70% to 0.90% per year. The PV modules
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TABLE 13. Monthly means of the daily average incident solar radiation (kWh/m?2/day) on each segment, with and without shading.

WITHOUT SHADING
Segment 1 2 3 4 5 6 7 8
Tilt angle 8° 8° 8° 8° 8° 8° 8° 8°
Azimuth Deviation
80°W 115°W 170°W  134°L  100°L  71°L 10°L 50° W
Irradiation Horizontal
JAN 5.90 5.90 593 5.95 5.94 591 5.89 5.86 5.87
FEB 6.20 6.20 6.19 6.18 6.18 6.20 6.21 6.23 6.22
MAR 5.60 5.63 5.55 5.48 5.52 5.59 5.65 5.73 5.69
APR 5.50 5.55 5.36 5.17 5.27 5.44 5.60 5.80 5.69
z MAY 4.20 4.23 4.06 3.90 3.98 4.13 4.27 4.47 437
E JUN 430 4.35 4.09 3.85 3.97 4.20 4.42 4.70 4.55
= JUL 4.30 4.34 4.11 3.90 4.01 4.20 4.40 4.65 4.52
E AUG 4.40 4.44 4.30 4.16 4.23 4.36 4.48 4.63 4.55
SEP 4.90 4.94 4.85 4.77 4.81 4.89 4.96 5.05 5.00
OCT 5.60 5.62 5.58 5.55 5.57 5.60 5.63 5.67 5.65
NOV 4.80 4.81 4.82 4.83 4.82 4.82 4.81 4.80 4.81
DEC 4.70 4.72 4.74 4.75 4.74 4.73 4.71 4.69 4.71
Annual Average 5.03 5.06 4.97 4.87 4.92 5.01 5.09 5.19 5.14
WITH SHADING
Segment 1 2 3 4 5 6 7 8
Tilt angle 8° 8° 8° 8° 8° 8° 8° 8°
Azimuth Deviation Monthly Reduction
Irradiation Horizontal 80°W 115°W 170°W  134°L  100°L  71°L 10° L 50°W  Average Average
JAN 5.90 4.86 5.36 4.83 5.31 5.87 5.62 4.96 5.25 5.26 10.89%
FEB 6.20 5.11 5.81 4.99 5.53 6.19 5.83 5.24 5.66 5.54 10.61%
MAR 5.60 4.51 5.26 4.36 4.69 5.28 5.08 4.67 5.09 4.87 13.12%
APR 5.50 4.51 5.04 4.16 4.39 3.71 4.63 4.80 5.02 4.53 17.55%
z MAY 4.20 3.47 3.48 3.17 3.14 2.26 3.02 3.67 3.70 3.24 22.87%
% JUN 4.30 351 3.44 3.03 3.07 2.28 2.60 3.95 3.87 3.22 25.16%
= JUL 4.30 3.59 3.54 3.05 3.12 2.29 2.89 4.00 3.86 3.29 23.42%
E AUG 4.40 3.63 3.89 3.30 3.45 2.54 3.45 3.83 3.93 3.50 20.40%
SEP 4.90 3.99 4.65 3.99 4.02 4.23 4.32 4.20 4.50 4.24 13.56%
OCT 5.60 4.57 5.32 4.65 4.84 5.58 532 4,81 5.15 5.03 10.20%
NOV 4.80 3.92 451 4.01 4.29 4.75 4.62 3.93 4.32 4.29 10.55%
DEC 4.70 393 433 3.93 4.17 4.65 4.53 3.93 4.25 4.21 10.34%
Annual Average 5.03 4.13 4.55 3.96 4.17 4.14 433 4.33 4.55 4.27 15.19%
Percentage reduction 18.35% 8.34% 18.83% 1531% 17.36% 14.94% 16.52% 11.40%

of the Mineirdo Stadium were installed from 2012 to 2013,
and the PV power plant was commissioned in December
2013. Thus, the plant has been in official operation for three
years up to the measurement campaign’s date. Theoretically,
it should have presented a total power degradation of about
2.10% (for a conservative degradation rate of 0.70%/year).
This number is six times lower than the one obtained before
(—12.4%).
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Source: adapted from [29].

V. CONCLUSION

This work presented the results of five days of on-site -V
curve measurements in several sub generators of a 1.42 MWp
PV power plant installed at Mineirdo Football Stadium’s
rooftop in the city of Belo Horizonte city, Brazil. The results
made it possible for engineers and researchers to obtain the
real peak power and the uncertainty associated with the mea-
surement process—values rarely found in the analyses of the
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performance of the big PV power plants installed at stadiums
worldwide.

The results were found by performing measurements with
commercial (Solmetric) and a self-made capacitive load
(GEDAE), with a difference between the two systems of
less than 2.4%. The self-made GEDAE capacitive load is
a significant advance for the measurement of parameters,
with robust results compared to the Solmetric capacitive load,
even at the same time (operating conditions) of the DUT. A
reference PV module was used to reduce the absolute average
measurement error. The reference PV module was previously
tested in an “A + A 4+ A +’ solar simulator, which rendered
the nominal parameters exceptionally reliable.

Comparing the measurement values extrapolated to STC
with power data from the label in the posterior part of one
MPrime PV module, it was possible to estimate the impact of
soiling and dust in the power reduction at the PV power plant
to be about 6.7%.

As with the measurements performed in one PV module,
measurements were also carried out in strings of PV1/PV2
generators at segments with both capacitive loads and a ref-
erence PV module. First, the influence of segment orientation
and the time at which the measurement was performed was
evident for segments in the east, west, and north areas since
they present the lowest relative difference percentage in terms
of power generation.

Regarding the measured values extrapolated to STC, when
compared to the power data from labels of the MPrime PV
module (considering the whole string), in absolute average,
the results were still high, 22%, as occurred in the mea-
surements performed with both capacitive loads in one PV
module.

Considering that all PV modules from PV 1/PV2 generators
were cleaned (so without dust—6.7%) and disregarding the
absolute average associated error of 2.9% that was found, the
relative value goes down to 12.4%. This value is six-times-
higher than the typical value of degradation for three years of
operation (2.1%).

The final real peak power obtained was 12.4% lower than
the one obtained by the sum of the individual rated power of
the PV modules, resulting in a 1.24 MWp of installed capacity
of the plant (1.42 MWp—12.4%). Applying the uncertainty
found in this study, 4.6% for power in STC, and considering
the value presented before for the whole plant, the real peak
power could be between 1.183 MWp and 1.297 MWp.

A low final average daily final yield for the five days of
measurements was found. Therefore, three hypotheses may
be proposed based on this situation and could explain such
poor performance: first, shadowing over the panels during the
day caused by the concrete arms of each segment is constant
over the year; second, the contribution of soiling and dust may
contribute to this low value; and third, the actual peak power
of the mounted PV modules is significantly lower than their
rated power.

This experience brings essential results about PV power
plants’ quality assurance and describes a methodology that
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can be performed to determine the actual peak power with-
out expensive solar simulators. This methodology could be
applied in many developing countries, introducing PV power
plants into their electrical system. Cases where the actual
parameters differ significantly from those made available in
the datasheets, can harm the investor, who may overestimate
the initial cost. Consequently, the monetary return will not
occur at the expected time. Ensuring system quality through
testing and verifications from design and planning to execu-
tion and operation avoids this problem.

Finally, taking advantage of the fact that UFV-Mineirao is
installed in an urban area, another P and D Project, D0722,
will evaluate its influence in urban feeders. Specifically, the
UFV-Mineirdo connection feeder is equipped with two bat-
tery energy storage systems (BESS). Such evaluation will
provide a broad view of the interaction of medium voltage
feeders, PV plants, and energy storage systems. These results
are to be published soon.
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