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Analysis of changes in electrical parameters of photovoltaic roof
tiles depending on the place of shading and connection
configuration

Streszczenie. W pracy przedstawiono badania wptywu konfiguracji potgczen oraz lokalizacji zacienienia ogniw PV na parametry wyjéciowe
dachéwek fotowoltaicznych. Problem zacienienia wystepuje we wszystkich instalacjach z fotowoltaicznymi, jednak w przypadku dachéwek solarnych
moze on powodowac znacznie wigksze straty mocy niz w przypadku tradycyjnych paneli. Przebadano konfiguracje szeregowg, réwnolegig oraz
szeregowo-réwnolegta dachéwek fotowoltaicznym z réznymi miejscami wystapienia zacienien. Przedstawiono warto$ci parametréw wyj$ciowych
dachoéwek, charakterystyki pragdowo-napieciowe oraz mocowe analizowanych uktadéw. (Analiza zamiany parametréow elektrycznych dachéwek
fotowoltaicznych w zaleznosci od miejsca zacienienia i konfiguracji pofgczen).

Abstract. The paper presents the research on the influence of the connection configuration and the location of the PV cells shading on the output
parameters of photovoltaic roof tiles. The problem of shading occurs in all photovoltaic installations, but in the case of solar tiles it can cause much
greater power losses than in the case of traditional panels. The series, parallel and series-parallel configurations of photovoltaic roof tiles with
different shading locations were tested. The values of roof tiles output parameters, current-voltage and power characteristics of the analyzed

systems were presented.

Stowa kluczowe: dachéwka fotowoltaiczna, zacienienie, punkt mocy maksymalnej, konfiguracja potagczen dachéwek solarnych.
Keywords: photovoltaic roof tile, shading, maximum power point, configuration of photovoltaic roof tiles connection.

Introduction

Photovoltaic installations in Poland have been gaining
popularity over the last few years. Types of photovoltaic
cells (PV) used in panels change - in practice,
polycrystalline cells have already been driven out of the
market and replaced by monocrystalline cells with a higher
photovoltaic conversion efficiency. Furthermore, also half-
cells protected by three bypass diodes have become a
standard nowadays. In addition to this, new technologies
related to building-integrated photovoltaics (BIPV) have
been gaining more and more popularity. These include
photovoltaic roof tiles, skylights, windows, etc. During many
years of operation of a photovoltaic installation, its output
parameters change, however, there can also be temporary
situations, which affect reductions in the value of generated
power, such as, for instance, shadings of PV cells. The
causes of PV cell shading on PV generators may be
constant and periodical (as, e.g. structural elements of a
building or landscape) or random (dirt, leaves, animals,
birds and their droppings, etc.) The constant elements
should be taken into account when designing installations
and eliminated, however, the random shadings are
unpredictable, therefore, various procedures which will
minimise the related losses must be applied. In the case of
traditional PV panels, the problem of shadings is widely
described, analysed and studied in the literature. There are
many publications regarding experimental studies [1-5], or
mathematical and simulation analyses [6-9] discussing this
problem.

In the case of BIPV elements, this problem may be more
noticeable in view of their smaller area, lower values of
electrical parameters and necessity of ensuring series-
parallel connections in chains connected to a single inverter
tracker input (MPPT).

In classic photovoltaic installations (especially prosumer
ones), where traditional PV panels are used, a series
connection to the input of the MPPT inverter is provided.
The output parameters of the serial chain of panels match
the input parameters of the inverter. The current generated
by the panels is approx. 10-12 A, the inverter current
protection is about 16 A at most. The PV chain voltage may
be up to approx. 900 V, which is also within the range of
operating voltages of the inverters. PV roof tiles analysed in

this paper are characterised by lower values of currents and
voltages, which necessitates the use of series-parallel
connections in input chains to the inverters. The presence
of PV cell shadings in mixed chains will cause different
energy effects than in the case of serial chains, and this is
not yet sufficiently explored in the literature and confirmed in
experimental studies.

This publication presents results of tests of solar roof
tiles operating in real conditions, connected in various
configurations, with analysis of output electrical parameters
caused by local shadings, located in different roof tile areas.

Subject of study

The study was performed using photovoltaic roof tiles of
a Polish manufacturer, a company operating under the
name Fotton. The view of the tile is presented in fig. 1 and
its technical data is given in table 1.
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Fig. 1. Fotton FTDS52 solar tile [10]

Table 1. Technical data of FOTTON FTDS52 solar tile under STC
conditions [10]

Parameter Value
Maximum power P, 52 W
Open circuit voltage U, 12V
Voltage at maximum power point Uy, 9.8V
Short-circuit current /5. 5.55A
Current at maximum power point /, 5.3A
Temperature coefficient of short-circuit 2.27 mA/°C
current vy 0.027%/°C
Temperarture coefficient of open circuit -0.034 V/°C
voltage vyo. -0.285%/°C
Temperature coefficient of power v, - 0.38 %/°C
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Cell efficiency 20%

Panel efficiency 14.9%
Number of cells per panel 18

Type of cells monocrystalline
Panel dimensions [width x height x 1196 x 420 x 30 mm
thickness.]

Gross floor area S, 0.5m’
Active area S 042m°
Panel weight m 7.4 kg

In order build an exemplary and most popular prosumer
installation in Poland with a power of about 4.5 kW, it would
be necessary to use 10 traditional PV panels with a power
of 450 W, each connected into a single serial chain, whose
output parameters would be about I, = 11 Aand Up, = 410
V. For the analysed solar roof tile, 86 tiles and two chains
consisting of a row of 43 roof tiles would need to be used.
Owing to this, a PV generator chain with approximate
parameters of I, = 10.6 A and Uy, = 421 V would be
obtained, that is, close to those of the panels. The inverter
in both cases would operated with the same efficiency, and
the other protective elements of the installation would be
the same in both cases. The roof area covered with PV roof
tiles would approx. be 34 m?, and in the case of panels, just
about 22 m?.

In order to check the impact of the configuration of
connections and the locations of the PV roof tile shading,
many measurements in different variants, on the test stand
presented in figure 2a were carried out in accordance with
the measurement diagram from figure 2b. During the
measurements, environmental conditions were very stable,
therefore, the accurate observation of relationships and the
drawing of correct conclusions were possible.

[ |

Fig. 2. Test stand: a) view of the stand; b) electrical diagram

Study of the impact of configuration of connections of
unshaded PV roof tiles

The study of the impact of configuration of connections
on electrical parameters of photovoltaic roof tiles was
conducted within one day in July 2021. The value of
radiation power density osciliated within 980 - 988 W/m?
during the measuring tests. The study covered a single PV
roof tile and the connection of three roof tiles in a series,
parallel and mixed configuration (one roof tile connected in
series with tiles connected in parallel). Based on the
obtained measuring data, current-voltage characteristics
presented in figure 3 were plotted.

—— Single roof tile
14 —— Series connection
12 —— Paraller connection
Series-paraller connection
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Fig. 3. Comparison of characteristics of a single PV roof tile with
characteristicss of three PV roof tiles in different configurations of
connections

When analysing the comparison of characteristics /| =
f(U) in different configurations of connections (fig. 3), it is
possible to notice that the weather conditions were stable
and the characteristics do not deviate from the norm. The
compatibility of existing relationships — the sums of currents
and voltages depending on the configuration - were
confirmed. Visible "stepped" shape of the curve for the
mixed configuration is caused by the uneven number of roof
tiles. The values of currents from two roof tiles connected in
parallel were aggregated and the voltages from the first roof
tile and the group of parallel roof tiles were also aggregated.
The output parameters of PV roof tile configurations were
determined in accordance with the following equations
[8,11]:
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where: Pn, — maximum power [W], I, — current at maximum
power point [A], Isc — short-circuit current of a circuit [A], Un
— voltage at maximum power point [V], U, — open circuit
voltage [V], FF — fill factor [-], » — photovoltaic conversion
efficiency [%], E — irradiance [W/mz], S — active surface of
the PV roof tile [m?].

The value of the power generated by a single roof tile
was 38 W, while the series, parallel and mixed configuration
generated 109 W, 98 W and 81 W of electrical power
respectively. It is possible to draw a conclusion that the type
of configuration (series or parallel) had no significant effect
on the value of generated power, which will, however, look
completely different when the shading of PV cells of roof
tiles occurs. The mixed configuration is characterised by a
double increase in power in comparison with a single roof
tile (instead of the triple increase), in view of the uneven
number of (three) tiles. If this system consisted of two roof
tiles in a parallel configuration and two in a series
configuration, the value of generated power would be four
times one. The detailed explanation of this situation was
described when analysing the diagram from figure 10 and
the characteristics plotted in figure 11.

Shading of a single PV roof tile

When investigating the impact of the shading on the
operation of a single PV roof tile, one row (9 cells
horizontally) and 4 columns of cells (4 columns vertically in
2 rows of cells) were obscured, as shown in figure 4.
Measurements for these shading methods were performed,
and then compared with the unshaded roof tile (fig. 5).
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Fig. 4. Configuration of the shading of a single photocell: a) with an
obscured column, b) with obscured rows
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Fig. 5. Current-voltage characteristics of a single PV roof tile for
different shading variants at E = 591 W/m?

When comparing graphs [/ = f(U) of a single PV roof tile
for different cases of shading from figure 5, it is possible to
observe a very high decrease in short-circuit current /s for
panel variants both with shaded columns (0.02 A) and in the
obscured row of cells (0.05 A). The roof tile practically does
not produce current (and thus also power). For a case with
shaded columns (fig. 4b) the open circuit voltage U, is
lower in comparison to the situation with the shaded row
(fig. 4a) and amounts to 6.7 V and 9.4 V respectively. On
the other hand, the unshaded roof tile generated open
circuit voltage equal to 10.7V and short-circuit current
equal to 1.79 A at irradiance of E = 591 W/m2, which results
in the generation of power equal to 15.02 W.

Shading in the series connection

Other tests were carried out using a chain of three PV
roof tiles connected in series with one whole shaded PV
generator (fig. 6a) and with shaded halves of all roof tiles
(fig. 6b). The obtained characteristics /=f(U) were
compared with the characteristics of unshaded PV roof tiles

(fig.7).

Fig. 6. Configuration of the shading of three PV roof tiles conected
in series: a) with one completely obscured generator, b) with
obscured halves of all roof tiles
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Fig. 7. Current-voltage characteristics of three PV roof tiles
connected in series for different shading variants at £ = 981 W/m?

It is possible to notice that in the first case where one
complete PV panel was shaded, the total voltage of the
chain is the sum of voltages generated by two other PV
generators (Uo: = 19.3 V instead of 30.3 V). The shaded
roof tile does not generate current and was bypassed by a
by-pass diode, owing to which the current in the
configuration with the shading was 5.37 A, and in the case
of the chain without the shading - 5.64 A. For all the three
half-shaded PV roof tiles, it is possible to observe the lack
of current generation (0.05 A) and the voltage is the sum of
voltages of three shaded roof tiles (18.4 V), which is a
confirmation of the data presented in fig. 5, where one roof
tile generated voltage of 6.7 V. For a system with the
obscured roof tile, the system generates the power of 68.78
W, while in the other case, only 0.1 W.

Shadings in the parallel connection

Similar forms of shading of PV roof tiles were used for
their parallel connection (fig. 8) and the same comparison
was plotted for current-voltage curves (fig. 9).

Fig. 8. Configuration of the shading of three PV roof tiles in a
parallel connection: a) with a single panel obscured completely, b)
with obscured halves of all roof tiles
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Fig. 9. Current voltage characteristics of three PV roof tiles in a
parallel connection for different shading variants at £ = 981 W/m?

When analysing the graphs I = f(U) (fig. 9) of three PV
roof tiles connected in parallel for different cases of shading,
it is possible to observe a similar situation for the serial
connection. When the panel is shaded completely (fig. 8a),
the short-circuit current is obtained as the sum of currents
generated by two other unshaded roof tiles, (10.48 A
instead of 15.54 A) and the voltage of the open circuit equal
to 9.65V, which was reduced from 9.96 V by the shaded
panel. A decrease in voltage on the bypass diode may
range between 0.2 - 0.7 V, which was confirmed. With the
shading of halves of all PV roof tiles, the open circuit
voltage is equal to 6.78 V (just like in the case with figure 5)
and the short-circuit current is 0.05A. In the presented
configurations, when the whole roof tile is obscured, the
generated power is equal to 58.45 W, and when halves of
roof tiles are shaded, itis 0.8 W.
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Shadings in the series-parallel connection

In order to investigate the impact of the shading location
on output parameters of a series-parallel chain of PV roof
tiles, measurements were carried out for the configuration
without shadings as in figure 10, owing to which base
current-voltage characteristics were obtained for the
purpose of further analysis (fig. 11). Respective currents
and voltages in the series and parallel chain of the
configuration were subject to measurements for the
purpose of accurate representation of the propagation of
currents and voltages in the respective parts of the circuit.
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Fig. 10. Schematic diagram of the measurement system to study
the effect of shading on the performance of three PV roof tiles in a
series-parallel connection
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Fig. 11. Current-voltage characteristics of three unshaded PV roof
tiles in series-parallel connection at E=961 W/m?

When analysing graphs / = f(U) of three unshaded PV
roof tiles in a series-parallel connection, presented in figure
11, it is possible to notice that currents |_PV3 and |_PV2 are
almost equal to each other, which means that the uniform
propagation of current / takes place in the parallel chain.
These roof tiles generate maximum short-circuit current at
the given irradiance, which means that the resultant short-
circuit current is equal to 10.14 A and flows through the PV1
roof tile connected in series. As the PV1 tile cannot operate
at such a value of current (higher than the maximum current
generated by it) a characteristic "curve" is noticeable as the
voltage increases and its value is determined at the level of
the short-circuit current of a single roof tile (about 5 A). This
means that at the maximum power point, the PV1 tile
determines the value of the current flowing in the circuit,
dissipated to the two tiles from the parallel configuration
(PV2 and PV3), which will be limited to about 50% of their
power. Since there is no shading and all the tiles are
uniformly illuminated, the voltages U_PV1 and U_PV2 are

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 98 NR 7/2022

equal to each other (10.49 V and 10.67 V, respectively) and
the total system voltage is their sum (21.15 V). The value of
power generated at the maximum power point is equal to
81.55 W.

The following locations of shadings in the tested
system were analysed:

. on half of two PV roof tiles in the parallel chain (fig.
12),

. on the whole roof tile from the parallel chain (fig.
14),

. on the entire roof tile connected in series to the
group of two parallel ones (fig. 16),

. one row of cells of the roof tile from the parallel
part of the connection (fig. 18),

. 4 columns from two rows of roof tiles, from the

parallel part of the connection (fig. 20).
The following figures 12, 14, 16, 18 and 20 only present the
variable fragment of the circuit from figure 10, also showing
the place of occurrence of shadings for its accurate
location. The remaining load-measuring part remained
unchanged in each case.
The first shading case considered is the half-obscuration

of the two PV roof tiles of the parallel chain (fig. 12).

v
Fig. 12. Configuration of shading of three PV roof tiles in series-
parallel connection with obscured halves of the parallel branch
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Fig. 13. Current-voltage characteristics of three PV roof tiles in
series-parallel connection with obscured halves of roof tiles at E =
957 W/m?

When analysing characteristics of the three PV roof tiles
in a series-parallel connection for the variant in which
halves of roof tiles in the parallel chain from figure 13 are
shaded, it is possible to observe that the parameters of the
circuit are determined only by the PV1 roof tile from the
series (current, voltage and I-U characteristics are similar to
a single roof tile, and are described in fig. 3). PV2 and PV3
tiles generate 2.53 A and 2.75 A respectively when short-
circuited, but they are disconnected from the circuit
(bypassed) by the by-pass diodes, so they do not introduce
any changes in the circuit. Maximum generated power is
28.61 W.
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Next, the case for complete obscuration of one PV panel
from the parallel branch was investigated (as shown in fig.
14).
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Fig. 14. Configuration of the shading of three PV roof tiles in a
series-parallel connection with one panel in the parallel branch
completely obscured
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Fig. 15. Current-voltage characteristicis of three PV roof tiles in
series-parallel connection with a obscured roof tile of the parallel
branch at E = 948 W/m?

When analysing the characteristics of three PV tiles in a
series-parallel connection, for the case of complete
obscuration of one roof tile in the parallel chain from figure
15, it can be noted that:

. the PV3 roof tile does not work because of the
complete obscuration — it practically does not generate any
current (0.29 A) and is omitted by the by-pass diode,

. the PV1 and PV2 roof tiles may function normally
and generate higher values of currents and voltages, as they
are not limited by PV3,

. the resultant voltage is the sum of voltages from
the PV1 and PV2 tiles.

The above-mentioned situation is more advantageous than
that related to the system presented in fig. 12, as the
system generates more than twice the power (66.61 W),
even though the shade area is identical, but located in a
different way. The shade located on the entire single roof
tile (and not on two halves) caused its disconnection from
the circuit, without affecting the others in a negative way,
which may work with the nominal power under the given
conditions.

The shading variant analysed next is the complete
obscuration of one PV generator connected in series to a
parallel group of roof tiles (fig. 16).

When analysing |-U characteristics of the presented
system (fig. 17) it can be noted that the value of short-circuit
current /s of the system is the sum of currents generated by
PV2 and PV3 tiles. The obscured PV1 roof tile was
bypassed by a by-pass diode, owing to which the roof tiles
from the parallel system may generate maximum values of
currents and are not limited at 50%, as was the case in the
system from figure 10. However, the bypassed series roof
tile does not generate voltage in practice (only the by-pass
diode voltage is visible), so the total voltage of the system is

the sum of voltages of parallel roof tiles and voltage on the
by-pass diode of the PV1 tile. In the circuit, the maximum
value of power generated is 67.55 W.

Y
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Fig. 16. Configuration of the shading of three PV roof tiles in a
series-parallel connection, with a roof tile obscured in series
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Fig. 17. Current-voltage characteristics of three PV roof tiles in a
series-parallel connection with a roof tile obscured in series at E =
964 W/m?

Then, the case of horizontal shading of the row of cells
of a PV roof tile located in the parallel branch (fig. 18) was
investigated.
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Fig. 18. Configuration of the shading of three PV roof tiles in a
series-parallel connection with an obscured row of cells
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Rys. 19. Current-voltage characteristics of three PV roof tiles in a

series-parallel connection with an obscured column of cells at E =
917 W/m?
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When analysing the characteristics from figure 19, it is
possible to notice a similar situation as that described in the
configuration from figure 14. The shaded PV2 roof tile, in
view of its obscuration was bypassed by a by-pass diode,
so it does not limit the operation of the PV3 roof tile. Owing
to this, the PV1 and PV2 may work with their maximum
powers, and the output parameters of the system are: short-
circuit current - 5.54 A, open circuit voltage - 20 V and
generated power - 73.87 W.

The last shading variant is the obscuration of a half of a
PV roof tile from the parallel branch (4 columns in two rows,
as presented in figure 20).
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Fig. 20. Configuration of the shading of three PV roof tiles in a
series-parallel connection with obscured rows of cells
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Fig. 21. Current-voltage characteristics of three PV roof tiles in a
series-parallel connection with obscured rows at E = 914 Wim?

When analysing the characteristics of the studied
system, presented in figure 21, it is again possible to
observe a similar situation to the one described previously.
The shaded PV2 roof tile is bypassed by a by-pass diode,
therefore, it does constitute not a load for the remaining part
of the system. The output parameters are: short-circuit
current — 5.52 A, open circuit voltage — 20.28 V, power —
68.66 W.

Summary

The studies allowed for the gaining of knowledge
concerning the influence of the shading location on the
output parameters of the installation composed of
photovoltaic roof tiles. Based on the measurement data, the
values of parameters characterising the process of energy
generation from the system of PV tiles were determined,
and the obtained results were presented in Table 2. The
table header contains the numbers of figures of systems for
which the studies were performed.

During the testing of the impact of the shading on the
operation of three PV roof tiles in a series-parallel
connection, also power-voltage characteristics were
determined for different shading variants. When analysing
the comparison of the characteristics P = f(U) from figure
22, it can be seen that the highest value of the generated
maximum power P, was achieved for the system in which

no shading was present (for the system in figure 10, the
obtained power was 81.54 W). On the other hand, the
lowest value of generated power P, = 28.61 W was
obtained for the system in fig. 12, in which the halves of two
PV roof tiles in the chain, where the generated power was
reduced by as much as 65% were obscured. The reason for
such a large decrease in the value of maximum power Py,
can be observed along the characteristic curve | = f(U) from
figure 13, where there was a simultaneous decrease in the
value of the generated current and voltage of the system
during the obscuration of the halves of the photovoltaic tiles,
which were excluded from operation by the bypass diodes.

Table 2. List of values of parameters investigated in the analysed
measuring systems

Fig. 10 12 14 16 18 20
Isc [A] 10.14 5.29 5.07 10.81 5.54 5.52
Im [A] 4.88 3.80 4.20 9.33 4.64 4.47
Usc [V] | 21.15 9.58 19.99 | 10.41 | 20.00 | 20.28
Un [V] 16.17 7.53 15.86 7.24 15.92 | 15.36
Pn[W] | 81.54 | 28.61 | 66.61 | 67.55 | 73.87 | 68.66
FF[-] 0.38 0.56 0.66 0.60 0.67 0.61

[%] 6.73 2.37 5.58 5.56 6.39 5.96
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Fig. 22. Comparison of characteristics P = f(U) of three PV roof tiles
in a series-parallel connection, in different shading configurations

In the variants related to obscuration of the PV cell row
or column, as well as to the total shading of the PV roof tile
in the parallel branch, similar reductions in the maximum
power P, were observed in relation to the unshaded
system. The output parameters of the systems presented in
figures 14, 18 and 20 and the -current-voltage
characteristics (fig. 15, 19 and 21) carried out for them are
very similar to each other, which is the best of the analysed
situations, with the shading of the PV cells. The value of the
generated power, in comparison with the system without
shadings, was lower by about 9-17%. When analysing
characteristics | = f(U) of individual cases from figures 15,
19 and 21, we can only observe a reduction in the value of
short-circuit current I, at invariable open circuit voltage Uo,
in each of these cases, which is a good situation from the
point of view of operation of a photovoltaic inverter. The
value of power generated in these systems is similar to the
one generated in the configuration from figure 16, however,
a change in the value of currents and voltages is observed.
This system is characterised by about twice the value of
current and half the value of voltage in view of the operation
of the parallel part of the system only, at complete shading,
and thus, disconnection of the PV1 roof tile by the by-pass
diode. The shading situation which causes the smallest
losses of generated power is presented in fig. 16, when the
horizontal row of PV cells was subject to obscuration. It was
then that the open circuit voltage generated by the
obscured roof tile was higher than in the case of
obscuration of the columns. This translated into power
losses in comparison with the system without shading by
only 9%, and generation efficiency that was most similar to
the operation of the system under unshaded conditions. The
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obtained fill factor FF of the unshaded system had a very
low value, due to the odd number of roof tiles in the series
part of the system.

To sum up, investors who decide to install the
photovoltaic installation composed of solar roof tiles instead
of traditional PV panels must reckon with a significant
change in electrical parameters of the input chain to the
inverter, as well as a change in conditions of its operation
during the occurrence of local shading of PV cells. The
apparent creation of a shadow with a given area on PV roof
tiles may cause different losses of generated power due to
its location (within one or more roof tiles) compared to
photovoltaic panels.
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