QUANTITATIVE EVALUATION OF THE SHADING RESILIENCE OF PV MODULES
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ABSTRACT: We present simulation results on the partial shading behavior of four PV module layout containing three
different solar cell sizes. Two types of shingle interconnection are compared to the widely used “butterfly” layout for
half-cut solar cells and the conventional solar cell interconnection of 60 full size solar cells. For the LT spice
simulations, we measured the 1-V characteristic of PERC shingle solar cells and included the reverse breakdown region
into an extended two-diode model. Two basic shading cases, rectangular and random shading, are investigated.
Therefore, we created sets of > 1000 scenarios per case by Latin Hypercube Sampling (LHS). The scenarios are
transferable for all solar cell sizes and the number of full solar cell equivalents identical in all topologies. We apply a
new criterion [1] for evaluation of the shading resilience SR from 0 to 1 to compare and rank the different cell topologies
regarding their performance under partial shading. The shading resilience for rectangular shadings of the shingle matrix
layout (SR = 0.692) excels the one of the shingle string layout (SR = 0.602,87 % of the matrix layout), the butterfly
layout (SR = 0.461,67 %) and the conventional full cell interconnection (SR = 0.213,31 %) scheme. We find minor
differences in the absolute values for random shading. However, the ranking of the solar modules stays identical.
Finally, we conclude that besides higher power densities and a valuable aesthetical appearance, shingle solar modules
feature an additional very important but so far little noticed and discussed property: Overall higher power outputs under
partial shading. This makes them especially suited for vehicle and building integrated applications.
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1 INTRODUCTION

Shading of photovoltaic modules can cause severe
losses in the output power of PV generators. In integrated
applications such as buildings and cars this becomes
especially relevant. U. Jahn and W. Nasse showed in early
studies of roof top installations in Germany that 41 % of
the installed systems were affected by shading and
shading-related energy yield losses of up to 20 % [2]. C.
Schuss et al. investigated the shading of car roofs due to
vegetation during operation [3, 4]. Poles and antennas
cause shading as well as shown in [5, 6]. From these two
cases we derive two cases to be considered in this study:
Random and rectangular shading of solar modules.

So far bypass-diodes are the established measure to
reduce shading losses in PV solar modules. However, in
recent years a variety of new interconnection technologies
and solar cell geometries allow for another option of
shading loss reduction: Adapted module layouts. When
shading occurs, the current generation reduction in shaded
solar cells and the resulting current mismatch with the
unshaded cells is responsible for the loss in power. Parallel
interconnection is the solution to avoid these losses since
currents add up and current mismatch has no negative
effect. However, there are limits to that due to ohmic loss
reduction and the need of reasonable voltage levels.
Adapted module layouts allow the combination of serial
and parallel interconnections of the incorporated solar
cells.

Half-cut and shingle solar cells allow the
implementation of mixed interconnections while at the
same time maintaining similar current-voltage levels
compared to conventional full-cell topologies. We
investigated four topologies based on full-sized, half-cut
and shingle solar cells with respect to their shading

resilience under random and rectangular shading. All four
topologies are highly relevant for the application in
commercial module products.

2 METHODOLOGY

2.1 1-V Characteristics

In this study, we use I-V characteristics obtained in
previous work [7]. An extended two-diode model is used
to describe the entire current-voltage curve including the
reverse breakdown region. The exponential current
increase during reverse breakdown is added to the known
two-diode equivalent circuit by another Schottky diode
term as proposed by H.S. Rauschenbach [8]. This Schottky
diode term requires three additional fit parameters: The
reverse breakdown saturation current density Jgr, an
avalanche factor to be multiplied with the diode ideality
factor n to form ng, and a reverse breakdown voltage Vg, .
Equation (1) describes the entire solar cell characteristic.
For more detailed information on the measurement
procedure and data obtained for lab-scale and commercial
PERC shingle solar cells, we refer to previous work [1].
I1-V data are obtained for PERC shingle solar cells and
scaled to half-cut and full-sized solar cells for better
comparability.
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Figure 1: Module layouts investigated in LTspice shading simulations taken from [1]: a) conventional topology full-sized solar cell
interconnection b) “butterfly” topology for half-cut solar cell ¢) shingle string and d) shingle matrix topology for shingle solar cells. For the
latter a half-cut shingle solar cell is added in every second row. The electrical interconnection schemes of the different topologies within one

string or block, secured by a bypass diode, are given in the bottom.

2.2 Module Layouts
Figure 1 shows a schematic drawing of the four

investigated module layouts.

a) The conventional layout for full-size solar cells
containing 60 solar cells, divided into strings of 10
solar cells. Two strings are interconnected in series
and are bypassed by one diode each. 20 solar cells are
in serial interconnection as suggested by the
interconnection scheme given in the bottom part of
Figure 1.

b) Half-cut solar cells are assembled in the so called
“butterfly” layout. The upper and the lower block of
solar cells are interconnected in parallel. Each block
contains again three strings with a bypass-diode each.
Note that each bypass-diode is in parallel to a string of
the upper and the lower block. When in its conductive
state at around —0.4 V both strings are bypassed.

c) The shingle string interconnection contains 6 parallel
interconnected strings of 50 solar cells each. Three
bypass-diodes split the strings into pieces of 16,17
and 17 solar cells. Note, that in a real PV solar module,
there would be three times 17 thus 51 solar cells, since
overlapping of the solar cells allows for additional
solar cells on the same area. However, for better
comparability, all simulations contain the identical
number of full-cell equivalents.

d) The shingle matrix interconnection features an
additional lateral overlap of the solar cells. From these
results an intrinsic serial and parallel interconnection
of each solar cells to its direct neighbours. Note that
this requires half-cut shingle solar cells in each second
row to form a rectangular active area. Similar to the
string interconnection three bypass diodes split the
module containing 50 solar cells in the direction of
serial interconnection. In an earlier publication we
showed that this scheme allows lateral current
transport along the joints formed by busbars and
electrically conductive adhesives (ECA). These
electrode bridges allow the currents to flow past
shaded areas and thus reduce the losses due to shading
significantly [7].

2.3 Shading Scenarios

We consider two basic cases: rectangular and random
shading. Both are shown in Figure 2 along with exemplary
irradiation maps for each case on the right side. Although
shading is never absolute and e.g. in case of a leafy tree
shaded areas are still illuminated with ~200 W/m? [9],
for better comprehensibility we assume 0 W/m? on
shaded areas. In case of rectangular shading, the shaded
areas are computed as precisely as the machine error. In
case of random shading, we use a pixel-based approach to
create random shading patterns. Both will be explained in
more detail.
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Figure 2: Left: Shading cases: rectangular and random shading.
Rectangular shading is defined by three parameters width wy,,
angle towards the x-axis ag, and the position of the rotation center
Cgn: (x]y). Random shading is defined by the shaded area fraction
Ag, = XY A". Right: Exemplary irradiation maps for both cases
based on which the photocurrent of each solar cell is computed
and passed to the LTspice circuit simulation. Irradiation levels
refer to the average irradiation on one solar cell.



Rectangular shading is defined by three respectively
four parameters: The shading width wgy,, the angle towards
the x-axis ag, and the rotation center Cg, given by its x
and y coordinate. Perpendicular to the shading width the
shadow expands infinitely. We compute the exact shaded
area of each solar cell. According to findings of
V. Quaschning [10] there is only a small error of ~2% on
the MPP of a solar cell, when neglecting the spatial
distribution of the irradiation and taking into account only
the average irradiation on the solar cell surface. We use
this finding to set the photocurrent density of a shaded
solar cell J,p, s according to its shaded area fraction A, and

fractional irradiation 7 by Eq. (2).
]ph,s = .]ph,OAsh(1 b)) (2)

Jpno is the photocurrent density measured under
Standard Test Conditions (STC) (25°C,AM1.5,
1000 W/m?). Ag, is given by the ratio of shaded area A
to entire area Ay, thus Agy, = A/A,. T is defined similarly
as the irradiation on shaded areas E divided by the
irradiation on illuminated areas Iy, thus i = E/E,.

Random shading is defined only by Ag, which is
distributed on 1 to ng, individual and randomly shaped
areas. ngy, thereby defines the maximum number of shaded
areas and thus is somewhat in between a parameter and a
random quantity. When creating the shading scenarios, the
number of shading patches is randomly chosen between
1 ...ng, according to the boundary value ngy,. Agy, is then
distributed randomly on the shading patches. Starting from
a shadow seed pixel randomly chosen on the module area,
each shaded area A' is built pixel by pixel. We use 25x25
pixels per solar cell. Exemplary irradiation maps for both
base cases are given in Figure 2. The color code refers to
the average irradiation on the individual solar cells. Note
that in Figure 2 the individual solar cells, not the pixels
per solar cell are displayed.

2.4 Shading Resilience

In prior work we defined a factor called the Shading
Resilience SR quantifying the ability of a PV module to
minimize the partial shading losses. For a more detailed
explanation to the derivation of SR we refer to our
publication [1].

In Figure 3 we show the graphical definition of SR. The
PV module power is given dependent from Agy, . The dotted
lines define the minimum possible power output thus for
Agn = 1. Naturally this value depends on the irradiation of
the shaded areas and therefore Py,;,, = tP, with the initial
unshaded power output P,. The core aspect is the
definition of the upper physical limit for the power output
under partial shading. The limit functions are given by
solid lines. They represent a hypothetical parallel
interconnection of all solar cells in the PV solar module.
Since in parallel interconnections there is no current
mismatch. Assuming ideal interconnection, the solar cells
operate almost independently from each other and only the
power of the shaded solar cells is lost. This defines an
upper physical limit for the power output. Any possible
maximum power point for any shading scenario is found
between these two limiting functions. A PV module
obviously incorporates a higher SR the closer it
approaches Pyjp,.
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Figure 3: Graphical definition of the shading resilience according
to [1]. SR is defined as the ratio of the spotted to the filled areas
for two cases of { = [0; 0.2]. The data points are a result of the
simulations from the power function P(A;,).

To create common and comparable ground, we define
SR as the ratio of two areas: first, the area enclosed by a
power function P(Ag,) and Pn;,. Second, the area
enclosed by Py, and Ppin. P(Agn) is obtained in circuit
simulations based on LTspice with an adequate number of
data points from Ag, = 0 to 1. The area below P(Agy,) is
obtained by integration with the trapezoidal rule. This
graphical definition of SR is also given by Eq. (3). Again
for more details we refer to our previous work [1].
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2.5 LTspice Simulations

As discussed in the previous section, we used LTspice
to obtain P(4g,). Therefore, the equivalent circuit model
of the (extended) two-diode model was implemented in a
python code creating the netlist for LTspice. Each solar
cell is represented by two virtual sub-cells. This is
necessary to adequately represent the shingle matrix
interconnection where the solar cells overlap laterally on
half of their length. In previous work, we discussed this
approach and the non-ideal current transport properties of
this lateral interconnection [7]. Lateral resistors with
absolute values R),; interconnect the solar cells in the
shingle matrix layout. For comparability, we transfer the
virtual sub-cell concept on all topologies. Values of Ry,
measured in [7] are also used in this study. We conducted
validation experiments and found experimental and
computed values to deviate approximately by 2 % over
various shading scenarios [7].

3 SIMULATION STUDY

In the last section we introduced the components
needed to obtain the shading resilience of varying module
topologies. The last missing component is the power
function P(Agy) for both basic shading cases. The entire
process flow from the generation of input to
postprocessing and obtaining SR is summarized in
Figure 4.

We performed parameter studies based on Latin



Hypercube Sampling (LHS) [11], a method to randomly
but uniformly cover a multidimensional parameter space.
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Figure 4: Flowchart of the process performed to obtain the
shading resilience SR for different module layouts and basic
shading cases (rectangular and random). The color code
represents the software or experiment used for each step.

Therefore, each parameter is split in equidistant steps
between given boundaries where the step size is defined
by the chosen number of scenarios. LHS then generates
random combinations of all parameters so that each step
occurs exactly once.

For rectangular shadings there are four input
parameters: wgp, ag, x and y. Their boundary values are
given in Table 1. A, is then computed for each individual
parameter set. We chose 2000 scenarios, from which 777
result in a shaded area fraction of 1. From the remaining
scenarios computed in LTspice the power function P(Agy)
is obtained.

Table 1: Boundaries of the parameters defining the rectangular
shading scenarios

Parameter  Lower limit Upper limit
x / mm 0 ly = 1567.5
y / mm 0 wy = 940.5
asn /° 0 90
Wgp, / mm 0 24/l4 + w§ = 3656.0

In case of random shading there is only one parameter:
Agn. We adjusted the number of computations to
rectangular shading. Thus 1250 random scenarios form
P(Agp) in equidistant steps from Ag, = 0 to 1 for random
shading.

4 RESULTS AND DISCUSSION

Table 2 summarizes the obtained values for the
shading resilience of all module layouts and both basic
shading cases. We emphasize, that due to the large number
of computed scenarios and the capability of LHS to
represent multidimensional parameter spaces the SR
values feature a very high significance. As mentioned
before, SR can be interpreted as the share of the ideal
shading resilient module layout: A parallel interconnection
of all solar cells. Thus, the results show that e.g. a shingle
matrix module under any possible rectangular shading
yields close to 70 % of the maximum possible power,
while e.g. the conventional layout can only generate
~20 %. Hence, in average there is a factor of ~3.5 in the
power output under rectangular shading.

Table 2: Shading resilience computed for all module topologies
and both basic shading cases.

Module SR SR

Layout rectangular random
Shingle Matrix 0.692 0.545
Shingle String 0.602 0.446
Butterfly 0.461 0.319
Conventional 0.213 0.207

We find similar results for random shading. However,
the absolute values of SR are reduced by ASR = 15 %_ps
compared to rectangular shading for all module layouts.
This is explained by the fact that rectangular shading
covers distinct parts of the solar module, which in
consequence can be bypassed. Random shading on the
other hand is very likely to distribute on the entire surface.
Thus, all bypassed substrings are likely to be affected
equally. Since besides the conventional layout all others
incorporate parallel interconnected solar cells, they are
affected more by this resulting in the above-mentioned
differences. The conventional layout however has very
few cases in which only one or two strings are affected by
shading after all.

To further investigate reasons for the differences in SR
we show |-V data of all topologies in Figure 5. Each plot
shows the currents at the MPP on the left y-axis (colored
data) and the voltage at the MPP on the right y-axis (grey
data). On the x-axis the shaded area fraction is shown. In
the left column the results for rectangular, in the right
column the results for random shading are shown. Please
note, that there are slight differences in the I, and V.
between the shingle and the other two topologies which is
due to the fact, that we used 1/5" shingle solar cells. This
leads to slightly higher currents at lower voltages in the
shingle modules. First and most prominent difference is
the fact, that both shingle module topologies produce
currents over the whole range of Ag, from 0 to 1. The half-
cell butterfly and the full cell conventional layout on the
other hand show a distinct threshold at Ag, = 0.9 and
Agn, = 0.8, respectively, where currents drop to 0. For
rectangular shading this threshold is located at Ag, = 0.7
and Ag, = 0.3, respectively. This again is caused by the
fact, that for a concentrated, rectangular shading it is more
likely to affect all strings, while it takes a larger area of
randomly shaped, distributed shading to achieve the same
effect.

All graphs show distinct horizontal lines in the Iypp
data. They correspond to states with active bypass diodes
or in case of the butterfly layout at ~4.5 A to a fully
illuminated module half. They illustrate how bypass
diodes even for large shaded area fractions enable the
extraction of the unshaded Iypp current from the solar
modules. This becomes especially important, when many
modules are interconnected in power plant applications
and the individual module MPP becomes less important
than the global module string MPP. Again, both shingle
topologies show significant more data points at the
unshaded Iypp compared to the butterfly and conventional
layout. These data points are found even for values of
Agn, > 0.5 where both butterfly and conventional layout in
most of the cases are at zero current already.
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Figure 5: Diagrams of the Iypp and Vypp
dependent from the shaded area fraction
Agp. The left  y-axis  shows
Ivpp(colored data), the right y-axis
shows the Vypp values (grey data). a to d
correspond to the different module layouts:
a) shingle matrix, b) the shingle string, c)
the half-cell butterfly and d) the
conventional full cell topology. While
currents distribute over the entire range
from 0 to the unshaded Iypp the Vypp data
points form distinct clusters corresponding
to the number of conductive bypass diodes.
Horizontal lines in the current data also
indicate states of conductive bypass diodes
or in case of the butterfly module at ~4.5 A
one fully operational half of the module.
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Figure 6: 3D plot of the Iypp and Vypp
data shown in Figure 5. Additionally, the
module power is given on the z-axis. It
becomes visible that the data points form
distinct groups again correspond to the
different states of conductive bypass
diodes. For each group the absolute
number of data points and percentage of all
scenarios are shown on the yz-projection
plane. On the xy-projection plane the
average current of each group is added.



Figure 6 shows three-dimensional plots of the Iypp
and Vypp data from Figure 5, adding the module power
on the z-axis. In all cases the data show three respectively
four distinct groups. The first three represent the different
configurations of conductive bypass diodes. The fourth
group corresponds to the data points found at zero
currents. For all groups absolute numbers of data points
and percentages from the entire set of scenarios are shown
on the yz-projection plane. In the same way, the xy-
projection plane incorporates the average MPP currents
I,y for all groups. We use the Vypp values to group the
data points. For the shingle modules we use 5V to 15V,
15V to 25V and 25V to 35V. For butterfly and
conventional layout, we use 10V to 20V, 20V to 30V
and 30 Vto 40 V.

We find the before mentioned differences confirmed,
especially with respect to current extraction and number of
states without conductive bypass diodes. As an example,
the groups with no conductive bypass diodes are
examined: for the shingle matrix it contains 22.0 % of the
data with an average MPP current of 6.63 A. The shingle
string contains 14.5 % of the data at ,, = 6.19 A. The
butterfly slightly exceeds the shingle string with 15.0 % of
the data. However, its I, is at 5.09 A. The conventional
layout only in 6.2 % of the cases is without conductive
bypass diodes and has I,, = 5.07 A.

Random scenarios in general lead to more cases
without conductive bypass diodes. Again, this is caused by
the distribution of shading on the entire surface leading to
less mismatch between bypassed regions.

5 CONCLUSIONS

In this work we present results of partial shading
simulations based on an extended two diode model with
reverse bias characteristics. We compared four different
module layouts: Two modules with shingle solar cells, a
half-cut solar cell module with butterfly layout and a
conventional solar module with full-sized cells.
Rectangular and random shading have been examined to
cover the shading by pylons or chimneys and the shading
by leaves or bird droppings. We calculated > 1000
scenarios each. From the obtained data, we evaluated the
shading resilience SR of the module as defined in [1]. For
rectangular and random shading, the shingle modules
exceed the half-cell butterfly and the full cell modules
significantly. We find the highest values for SR under
rectangular shading with SR = 0.692 for the shingle
matrix, SR = 0.602 for the shingle string, SR = 0.461 for
the butterfly and SR = 0.213 for the conventional layout.
This means that e.g. in any rectangular shading scenarios
the shingle matrix module has in average a factor 3.5
(0.692/0.213) higher power output compared to the
conventional layout. The large parameter space in
combination with Latin Hypercube Sampling ensures a
high significance of the obtained SR values.

In random shading scenarios, SR is reduced for all
module topologies. This is explained by the distribution of
shading on the entire solar module surface, lowering the
overall module current which can be seen by comparing
the average currents, e.g. for the shingle matrix module
6.63 A for rectangular vs. 4.97 A for random shading.
Similar differences are found for all other topologies.

In conclusion, shingle solar modules offer a generally
increased resilience to partial shading. In both rectangular
and random shading cases they are closer to the ideal
shading resilient solar module layoutlayout - a parallel
interconnection of all solar cells - than the half-cell or full
cell topologies. This makes modules with shingle solar
cells especially suited for integrated applications such as
VIPV and BIPV. Future work aims to not only show the
advantage in power output, but also energy yield by
outdoor yield experiments under varying partial shading
situations.
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