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Photovoltaics in the shade: one bypass diode per solar
cell revisited
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ABSTRACT

Deployment of residential photovoltaic solar energy systems is strongly increasing, which gives rise to problems such as
partial shading and pollution, omnipresent in the built environment. Conventional modules are sensitive to the current
mismatches introduced by shadows because of their series architecture of electrical interconnections. This paper presents
simulations and experiments showing that a new generation of bypass diodes (BPDs) can be used, up to 1 BPD per cell, to
improve the shading tolerance of conventional crystalline modules. We have used cardboard of 0% transmission, and a wire
mesh (net) of 38% transmission. The more BPDs are used, the higher the maximum power under shading conditions. Using 20
smart BPDs, or 1 BPD per three cells, leads to an improvement of a factor 3 in power output; for our netting experiments, a
factor 1.5 is found. Both performance enhancement and lower diode temperatures lead to increased shade resilience and
reliability. © 2017 The Authors. Progress in Photovoltaics: Research and Applications published by JohnWiley & Sons Ltd.
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1. INTRODUCTION

Deployment of photovoltaic (PV) solar energy is rapidly
increasing amounting to a global installed capacity of
~230 GW at the end of 2015. About half of this capacity
consists of residential rooftop systems, and from a global
point of view, this segment is expected to experience stable
growth in the coming years [1,2]. Because the cost of PV
has decreased fast, retail grid parity in many countries has
prompted house owners to invest in PV also at non-ideal
locations, that is, locations that are not optimally tilted or
oriented, and ones that suffer from (some) shading. This
affects PV performance and, in case of shading, introduces
mismatches leading to unnecessary and disproportionate
losses in energy yield. The disproportionality is attributed
to the series architecture of solar cell interconnections of
conventional modules, but also to the limited amount of
incorporated bypass diodes (BPDs) in modules. Usually a
BPD is connected in parallel to strings of 15–24 cells to
prevent shaded cells from reaching junction breakdown.
This also means that in conventional modules (60/72 cells,
with three BPDs), one third of the cells and their power will

be bypassed when a BPD is activated. In addition, the
activated BPD may heat up significantly as a result of the
high currents of today’s solar cells and does not prevent
hot spots in solar cells. This leads to faster degradation of
both diode and solar module in case of partial shading
[3,4]. With a further anticipated increase in degree of
penetration of PV energy, partial shading, and other
mismatch introducing factors (e.g. soiling, manufacturing
tolerances, aging, and thermal gradients) therefore require
the use of other topologies than presently used.

For PV arrays, solutions to negate mismatches involve
different electrical architectures, active or passive
reconfiguration mechanisms, changing the number of BPDs
or combinations of them together with a variety of control
algorithms [5,6]. For residential PV systems, micro-inverters
as well as power optimizers per module have demonstrated
to increase the resilience to mismatches and therefore the
yield [7]. However, to our knowledge, there are only a
few commercially available solutions for single PV modules
that deal with the mismatches. Nonetheless, solutions at
module level are superior because a PV system is in the
end dependent on the performance of single modules.
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Despite the paucity of existing architectures, several
strategies presented in literature could be used to increase
the mismatch tolerance of solar modules. One example is
the use of “smart” topologies that can utilize a variety of
control algorithms to dynamically reconfigure a solar
module’s internal circuitry (not to be confused with micro-
inverters and power optimizers incorporated into a module).
These structures are in general based on parallel
architectures (total cross-tied or series parallel (SP)) because
they are much more resilient to partial shading, as is evident
from Kirchoff’s current and voltage laws. The switch matrix
is a compensation technique that divides a (total cross-tied)
matrix of cells into a fixed bank, consisting of several rows
of solar cells, and an adaptive bank. Cells in the adaptive
bank can form an additional column to compensate for the
shaded cells. This has been experimentally demonstrated
to increase performance of switch matrices under partial
shading conditions for small arrays [8,9]. The application
of this technique on module level however involves
different requirements for components because module size,
energy use, and costs are limiting factors. The conceptual
design of an intra-module switch matrix using fully
integrated solid-state switches without static power
consumption to take into consideration the above-mentioned
limitations is shown in [10]. Increased performance under
partial shading conditions is claimed however without
experimental confirmation. A reconfiguration technique
with a somewhat different approach is presented by Wang
et al. [11], where a PV module is designed with each cell
having three integrated switches allowing for either a series
or parallel connection. With N being the number of PV cells
in the panel, an algorithm can create 1 to N series connected
PV-groups, where each PV group consists of a number of
parallel connected cells.

Another option is to integrate converters into a module
to create sub-module integrated converters (sub-MICs).
These can be configured to only process the mismatched
part of the power (e.g., they are only switched on when
partial shading/a mismatch occurs). Olalla et al. [12] show
two different ways for sub-MICs to balance and maximize
the power output considering one mismatched substring. A
similar architecture, called the delta-conversion concept, is
presented by Bergveld et al. [13]

An approach utilizing the advantage of installing more
BPDs in a module is presented by Carr et al. [14]. The
module consists of metal-wrap-through back-contact
multicrystalline silicon (m-Si) solar cells, which are
divided into 16 series connected mini-cells, resulting in
low-current and high-voltage characteristics. This allows
for the use of a smaller BPD (because it has to conduct less
current) connected across each cell (i.e., 16 mini-cells),
increasing shadow performance significantly, resulting in
an almost linear shadow response.

1.1. Smart bypass diodes

A possible disadvantage of many of the above-mentioned
techniques is the increase in complexity as they often

require additional sensors and/or switches but also control
logic. Furthermore, these techniques require a radically
different approach regarding module architecture, and
often, some form of power conversion is necessary to
obtain the desired current voltage characteristics.

This paper investigates a simple alternative involving the
use of a new generation of BPDs to increase mismatch
tolerance and module performance under partial shading.
Several companies (e.g., Texas instruments, Microsemi, and
STMicroelectronics) have recently developed these
substitutes to the conventional Schottky BPD called lossless,
smart, active, or cool BPDs. They are in fact switching circuits
using transistors to mimic diode-like behavior, resulting in a
10-fold lower forward voltage (VF) (~30 mV) compared with
a Schottky diode. As an example, a simplified schematic of
the Texas Instruments SM74611 IC [15] is shown in
Figure 1. Besides a body diode, an MOSFET, a controller,
and FET driver, a charge pump and a capacitor are included.
Once a solar cell is shaded, current will flow through the body
diode, which creates a potential difference across the anode
and cathode. The potential difference charges the capacitor,
which in turn powers the IC and turns on the MOSFET.
The key to a low VF is minimizing the charging time (FET
off) and keeping a high duty cycle (typical value for duty
cycle is between 96% and 99% with FET on for ~240 ms).

The power dissipation and junction temperature, which
are problematic for Schottky diodes, are therefore much
lower, and this opens up the possibility of incorporating
more BDPs into a module than is today’s practice. The idea
of incorporating more BPDs into a module goes back as far
as 1981 [16], while most studies are based on different cell
architectures using integral BPDs [16–18]. Lefevre et al.
[19] present a comprehensive study where the performance
of different SP configurations in combination with a varying
number of bypass and blocking diodes is simulated. Three
of these SP configurations in combination with two shadow
patterns (tree and pole) were experimentally tested.

The aim of our paper is to determine if the above-
mentioned smart BPDs can be used to increase mismatch
tolerance of a series topology with conventional solar cells.
All the proposed topologies will be tested both
experimentally in a dedicated module and through
simulations using the Python programming language.

This paper is further organized as follows. We first
review the effect of partial shading on PV performance
and the role of BPDs in Section 2. We then present our
experimental and simulation methodology in Section 3.
Results are shown and discussed in Section 4, which is
followed by Section 5 on the potential of the use of BPDs
for shade-resilient modules. After a thorough discussion of
the result in Section 6, Section 7 concludes our paper and
provides recommendations for further research.

2. PARTIAL SHADING

As the basic operation of PV cells and modules, shaded
and unshaded, is already well known and described, we
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refer to textbook literature, for example, [20], which provides
an excellent overview regarding the interpretation of the
performance of PV cells through the IV curve and its most
important parameters, that is, open circuit voltage (VOC),
short circuit current (ISC), maximum power (PMP), series
resistance (RS), and shunt resistance (RSH). The effect of
partial shading and the effect that BPDs have on the shape
of IV curves is treated in literature [21–23], while details
on performance ratio are reviewed by Reich et al. [24].

2.1. The role of BPDs

Shading a solar cell mainly reduces the current of a solar
cell, as its current is directly proportional to irradiance.
Once shaded, a cell is forced to operate in reverse bias by
the other cells in the string to be able to conduct their
higher current levels. It thus acts as a load and dissipates
power, resulting in localized heating. In the worst case,
the cell can be irreversibly damaged, which is generally
referred to as a hot spot-induced malfunction. The
maximum reverse voltage and therefore the maximum
power dissipation in a single shaded cell are determined
by the number of cells in the string, their VOC (typically
~0.6 V) and the forward voltage (VF) of the BPD [25]:

V revj jmax≤ Σcells=string−1
i¼1 Vcell;i þ VF

� �
(1)

Strings are therefore generally not larger than 24 cells
because including more would increase the chance of
reaching junction breakdown voltage, which is generally
in the order of �15 V for crystalline silicon cells. Note that
a BPD does not prevent a cell from dissipating power
because it has to operate in reverse bias in order to
overcome the positive bias in the string and activate the
BPD [25]. Once a BPD is activated, it provides an
alternative route for the surplus current of the other strings
as shown in Figure 2. This does however mean that one
shaded cell can reduce the power of a conventional module
by one third (60/72 cells, three BPDs). In the absence of
BPDs, the power loss could be even greater.

From a shade resilience point of view, it would be better
to incorporate more BPDs because smaller strings will be
bypassed in the case of partial shading [22]. However,
today’s 6-in solar cells reach currents up to 9 A. For
conventional Schottky BPDs, this results in an increase
of VF (up to ~0.45 V instead of ~0.35 V) and a power
dissipation of ~4 W. Consequently, junction temperatures
reaching 150 °C are not uncommon [3,26]. Manufacturers
therefore install heat sinks in junction boxes and limit the
amount of BPDs as increasing their number also increases
the chance of one of them failing. Information on failing
rates of BPDs in the field is unfortunately not widely
available, only one non-representative study on defective
BPDs is available, which shows a large number of
malfunctions [27]. The previous one advocates the use of
different, more shading-tolerant, module architectures.

2.2. Impact

The loss of power due to mismatches depends on several
variables including cell interconnections, PV-system
configuration (i.e., parallel vs. series), inverter type
(central, micro, or power optimizer), and shadow pattern,
which makes quantification difficult. Nonetheless, since
the early 1990s, several large-scale performance studies
provide estimates about performance loss including
shading losses [28–31]. However, the methods to
determine the loss differ, which is also reflected in the
range of the estimations of shading loss (~2–10%). The
main problem is that irradiance data with a high spatial
and temporal resolution is required to accurately determine
the shading loss [22]. A recent PV performance study
among 5000 investigated residential PV systems across
the Netherlands shows that about 10% of these is affected
by some form of shading, resulting in a loss of ~5% [32].
Participants to this study could comment if their systems
were hindered by shade, although this was not obligatory.
A share of 10% is therefore considered a conservative
estimate. In reality, the majority of residential systems
probably deals with shading to some extent [7,28], which
is also reflected in the distribution of the performance
ratios of systems for which no shade was reported. More

Figure 1. Diagram of the Texas Instruments SM74611 IC [15].
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research on this topic is required to gain insight into the
true extent of the impact.

Furthermore, part of the power lost due to shading is
attributed to the reduction in irradiance while the remaining
power loss is attributed to the inability of modules to deal
with mismatches. The shade impact factor (SIF) can be used
to estimate the recoverable amount of power [33]:

SIF ¼ 1� Pshade

Psys

� �
Asys

Ashade
(2)

in which Pshade is the power produced under shaded
conditions, Psys is the nominal system power, Asys is the
system area, and Ashade is the shaded area. Shading half a
cell can lead to an SIF of 40 (for 1 BPD per 20 cells),
which means that the reduction in power is 40 times
greater than the shaded area would suggest. An SIF of 2
has been adopted by the California Energy Commission
as a constant penalty factor for expected performance of
shaded solar modules [34]. In other words, we believe that
at least half of the lost energy could be recovered. This is
however considered a very conservative estimate [33].

3. METHODOLOGY

3.1. Experiment design

We investigate a simple solution for conventional modules
to increase their mismatch tolerance to shading. Only
series architecture of solar cell interconnections is therefore
considered because parallel structures would need
additional power conversion steps to connect to
conventional inverters/system components (i.e., six
parallel strings would deliver ~50 A). Overlapping

structures for the diodes are not considered because they
do not seem to benefit overall performance [35,36]. The
BPDs are connected in parallel across 1, 3, 5, 10, and 20
solar cells, which results in the use of 60, 20, 12, 6, and
3 BPDs, respectively. They are installed across vertical
strings of solar cells in a portrait-oriented module, for
example, for the six BPD configuration, a BPD is
connected across cell 1–10, 11–20, 21–30, 41–50, and
51–60, as indicated in Figure 3(a). For the 20 BPD
configuration, the BPDs are connected across cells 1–3,
4–6, 7–9, and others. The four shadow patterns (Figure 4)
that will be used are row, column, random, and corner.
These represent common shadowing shapes that appear in
the built environment, such as poles, chimneys, dormer
windows, and row-to-row shading of modules. Two
materials were used for the shadow patterns: cardboard
with 0% transmission and a wire mesh (net) with ~38%
transmission. Together, this results in a total of 40 different
experiments: five BPD configurations times four different
shadow patterns times two shadow materials.

3.2. Experimental setup

A dedicated reconfigurable module specifically made for
testing shadow tolerance was constructed for this project
(Figure 3(b)). The module consists of 60 m-Si solar cells
(156 × 156 mm2) manufactured by Solland Solar
belonging to a power class of 3.65 W; module rated
capacity thus was 219 Wp. All cell terminals are located
externally, at the back of the module. The module has a
black backsheet, and the rear of the module was left open
so that cell interconnections could be made externally. To
achieve this, a switchboard was constructed in a 5-mm
thick Plexiglas plate that was later attached to the back of
the module. The switchboard consists of 120 female plugs
(both polarities for each of the 60 cells). Copper wires of
~70 cm (1-mm diameter) were soldered to the strips of

Figure 2. PV module with one shaded solar cell, which results in the bypass of one string of 20 solar cells. [Colour figure can be
viewed at wileyonlinelibrary.com]
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the solar cells and connected to the female plugs in the
Plexiglas plate. In this way, any possible electrical
configuration can be realized; however, at the expense of
adding substantial series resistance R to the module circuit

( R ¼ ρ�l
A ¼ 1:68e�8Ωm�1:4m

π� 5e�4mð Þ2 ¼ 0:029Ω , with ρ specific

resistivity of copper, l length of the wire and A its cross-
section). The male plugs, connecting the solar cells include
a second opening for the BPDs. The smart BPDs used in
this project are manufactured by Texas Instruments, type
SM74611 [15]. Their power dissipation is in the range of
0.2–0.4 W while Schottky diodes dissipate ~4 W, resulting
in a significantly lower junction temperature.

The measurements were performed outdoors at the
Utrecht Photovoltaic Outdoor Test facility [37] on the

Utrecht University Campus, the Netherlands. An MS-802
pyranometer (accuracy ± 2%) developed by EKO
instruments measures global plane-of-array irradiance
(module tilt is 37°). Because the pyranometer and module
in practice were located about 15 m apart, the irradiance
can differ. However, measurements were conducted on
clear-sky days. The temperature is measured by a thermo-
couple attached with thermal paste to cell 36 (mid module,
Figure 3(a)). Both the module and pyranometer were
placed at a 37° angle facing south. An IV tracer developed
by EKO instruments, type MP-160 (accuracy ±~0.5%),
was used for measuring the IV curves of both the module
and the individual cells. Acquiring one IV curve required
~3 s. The IV data (ISC, VOC) of the individual cells will
be used in the simulation model.

Figure 3. (a) Schematic back side of the module with numbered solar cells. The red dashed rectangles represent six BPDs connected
across strings of 10 cells. (b) Photograph of the dedicated solar module. The blue wires represent the BPDs while the white wires

facilitate the electrical connections. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 4. Shadow patterns that were applied.
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3.3. Simulation model

The PV performance simulation model was built in Python
using functions from the PVLIB toolbox provided by the
PV performance modeling collaborative [38]. IV curves
were generated with the one-diode model, following [39]

I ¼ IPH � IS exp
V þ IRS

n VT

� �
� 1

� �
� V þ IRS

RSH
(3)

where IPH is the photocurrent; IS is the diode saturation
current; RS and RSH are the series and shunt resistances,
respectively; n is the diode quality factor, and VT is the
thermal voltage. These parameters were adjusted to
environmental conditions using equations presented by
De Soto et al. [40].

the IV curves of the 60 cells were simulated under
outdoor conditions with varying cell temperature (54–
56.8 °C) and irradiance (632–744 W/m2), corresponding
to the conditions at which the experiments were performed.
The simulated IV curves were fitted to the experimental IV
curves using nonlinear least square fitting with the function
LMfit in Python. A set of individual parameters was created
for each of the 60 cells (Table I). Note that IPH was set equal
to the measured ISC of each individual cell. The optimized
mean value for RS corresponds to the resistance due
including the internal 1.4-m wiring (Section 3.2). Diode
losses were incorporated by applying a voltage drop of
40 mV per activated diode and a leakage current of 0.5 μA
for inactivated BPDs. For determining the true potential
(Section 5), a conventional (low) value for RS is considered,
and resistance losses due to the extra wires and plugs are
not incorporated. Diode losses however are incorporated.

4. RESULTS AND DISCUSSION

4.1. Unshaded IV curve

A measured IV curve of the module containing three BPDs
receiving uniform irradiance is shown in Figure 5. The
shape of the IV curve reveals two important characteristics:

(1) Near ISC, that is, from 0–15 V, there is a clear
cascade visible. This can be explained by either a
power difference in the cells or a difference of
resistance between a cell’s wires and electrical
components. The cascade shows the function of
the three BPDs that were incorporated for these
measurements.

(2) For voltages >15 V, a clear resistive behavior is
observed. This is attributed to the high series
resistance caused by the many wires, plugs, and
connectors incorporated into the experimental
module. The high RS limits the power output
significantly, but does not change the shadow
response of the module.

4.2. Experiment

Both the measured (solid lines) and simulated (dashed
lines) IV curves are shown in Figure 6. Each subplot shows
the IV curves of the five different BPD configurations for a
specific shadow pattern and material. Because the
experiments were conducted outdoors, ambient
temperature (T) (30.0–51.8 °C) and irradiance (G) (680–
980 W/m2) varied uncontrollably. A higher value for ISC
and/or VOC does therefore not necessarily imply better
performance of the configuration. It is however still useful
to examine the IV curves because their shapes provide
valuable information about the performance of the
different configurations in response to the shading
experiments.

4.2.1. Measured IV curves.
The main findings/observations regarding the measured

IV curves are

• The BPDs function well because they are activated by
the shadow patterns (e.g., Figure 6(h)).

• The shadow materials function as expected:
cardboard completely blocks all irradiation while the

Figure 5. Unshaded IV curvemeasured at irradiance of 875W/m2

and ambient temperature of 29.4 °C. [Colour figure can be viewed
at wileyonlinelibrary.com]

Table I. Parameters from fitting the 60 individual cells at
measurement conditions (temperature range 54–56.8 °C and

irradiance range 632–744 W/m2).

Fitting results

Mean Lower Upper

RS (Ω) 0.0399 0.0382 0.0447
RSH (Ω) 13.34 5.02 16.67
n 1.20 1.13 1.25
IS (A) 9.26 × 10�7 3.87 × 10�7 1.00 × 10�6

IPH (A) 6.047 5.442 6.547
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wire mesh blocks only a part, which is evident from
the distinctive knees in many of the IV curves
(Figure 6(b),(d),(f),(h))

• The orientation of the shadow pattern (i.e., horizontal
or vertical) greatly affects the performance (cf.
Figure 6(a),(b) and Figure 6(c),(d)). This is explained
by the vertical orientation of the BPDs. As a result,

horizontally orientated shadow patterns bypass more
strings.

• The knees in the curves for cardboard corner are
explained by the fact that 50% of four cells is
completely shaded (Figure 6(g)).

• The potential drop of the smart BPDs is small
compared with conventional Schottky diodes,

Figure 6. Measured (solid lines) and simulated (dashed lines) IV curves of the experiment with cardboard shading patterns (a, c, e, and
g) on the left and netting (wire mesh) shading patterns (b, d, f, and h) on the right. The shading patterns are from top to bottom: row,
column, random, and corner. The number of bypass diodes was changed during the experiments, and the color-coded solid (and
dashed) lines uniquely link to the number of bypass diodes used. In every graph, the sequence of colors (top to bottom in one graph)
is 3, 6, 12, 20, and 60 BPDs, with colors blue, green, red, light blue, and purple, respectively. As during the outdoor experiments both
irradiance (G in W/m2) and temperature (T in °C) varied, their values have been added as well in the legends of the subplots. [Colour

figure can be viewed at wileyonlinelibrary.com]
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demonstrated by column shade where 10 BPDs are
active in the 60 BPD configuration compared with
one active BPD in the six BPD configurations
(Figure 6(c),(d)). A large difference in VOC is not
observed, while in both cases 10 cells are bypassed
(e.g., with Schottky diodes there would be an
additional drop of ~4–6 V for the 60 BPD
configuration).1

• For some cardboard shadow patterns (Figure 6(a),(e),
(g)) the current does not decrease to zero while it
should because cardboard is supposed to completely
block all irradiance. Apparently some irradiance did
reach the cells during the experiments, because of
“leaking” at the edges.

• Several of the curves show small dips (Figure 6(a),
(e),(g)). A possible explanation for this behavior is
the internal circuitry of the smart BPDs as explained
in the introduction. After activation, current flows
through a body diode, which allows a capacitor to
be charged, which in turn powers the MOSFET.
The dips that are visible in the IV curves could be
related to this switching and charging behavior.

• The curve for the 60 BPDs netting random
configuration (Figure 6(f)) shows many dips and
deviates from the expected shape. A possible
explanation could be drops in irradiance during the
measurement.

Overall, we conclude that the different configurations
and shadow patterns behave as expected. The main
functioning of the smart BPDs is proven because they
bypass when expected while having a much lower VF.

4.2.2. Simulated curves.
In general, there is good agreement between the

measured (solid line in Figure 6) and simulated (dashed
line in Figure 6) curves as the simulation model bypasses
the strings that are shaded and follows the general shape
of the curves. There are however also some discrepancies.
There seems to be an overestimation of simulated current
values in the knees of the cardboard IV curves, and an
underestimation for the netting material. The deviations
are especially large for the three BPD netting row
configuration (Figure 6(b)) and for the three and six BPD
netting random configurations (Figure 6(f)). In addition,
the ISC value for the measured curve of the 6 BPD
cardboard random configuration is considerably higher
than the simulated ISC value. The average mean average
error (MAE) for all full I–V curves is 4.04%. For most of
the situations, MAE < 5%, with a maximum of 14.7% in
one case (six BPD cardboard random), which can be
explained by an experimental issue (the cardboard did

most probably not fully cover the module). For PMP, the
average MAE was 2.15%. For most of the situations,
MAE < 4%, with a maximum of 7.8% in one case (6
BPD cardboard random).

Both the discrepancies between the measured and
simulated curves and the unexpected spikes and voltage
drops of the measured curves are likely explained by the
nature of the experiment:

• The experiments were conducted outdoors in a
limited timeframe. Because there was about 15 m
distance between the pyranometer and solar module,
irradiance values may have differed between the two
locations. Furthermore, irradiance may have also
changed during the experiment.

• The netting material seems to transmit more
irradiation. Repeated use of the flexible material
may have resulted in a smaller surface area, which
leaves the edges of the solar cells open for full
irradiance. For example, a 2-mm gap between the cell
edge and shadow material edge represents ~5% of the
total cell area. For the netting material, this would
result in an increased average transmission for the cell
of ~41% instead of 38%.

• Experiments were executed in rapid succession, that
is, without temperature stabilization.

• The wires that facilitate the electrical
interconnections, the smart BPDs, and accompanying
wires and plugs were connected randomly for the
conducted experiments. In other words, different
wires and BPDs were connected to different cells
for the experiments. During handling, some
connections may have deteriorated, resulting in a
possible increase in resistance.

• Discrepancies between the expected and observed IV
curves may also be explained by the effect of shunt
resistance on diode activation, as pointed out by
Lim et al. [41]. Solar cells are not tested on shunt
resistance while it affects diode activation greatly.

The simulation model works adequately well,
considering the many different experiments, the varying
environmental conditions, the fact that 60 curves were
generated for each experiment (individually fitted to the
experimental data of each cell), the fact that there is a
power difference between the cells and taking into account
the high series resistance due to the incorporated electrical
components to conduct the experiment.

4.2.3. Summary.
Notwithstanding its limitations, the experiments do

serve as a proof of principle: the BPDs function well
(i.e., are activated and have a lower VF) under a variety
of irradiance conditions and different topologies.
Furthermore, the simulation model in most cases follows
the shape of the curves and bypasses strings when they
are shaded. The discrepancies are mainly attributed to the
nature of the experiment.

1The temperature of the 60 BPD configuration is 5 °C lower,
which has a positive effect on VOC. However, looking at the
linear relationship for VOC and temperature presented in Section
4.1, this would amount to a difference of ~0.5 V.
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It is clear that the module has a high series resistance
because of the many plugs, wires and interconnectors,
which was to be expected. Furthermore, there is a small
power difference between the cells, which could be due
to the solar cells themselves, because of a difference in
resistance of the wires and electrical components, or a
combination of the two.

The high series resistance combined with the changing
environmental conditions makes it difficult to compare
the performance of the different topologies and thus the
true potential of diode incorporation. Therefore, in the next
section, we will explore this potential by simulating the
same set of experiments but with a normal value for RS

and without a power difference between the cells.

5. TRUE POTENTIAL: SIMULATED
PERFORMANCE AT STANDARD
TEST CONDITIONS (STC)

5.1. Unshaded module

The solar cell and module parameters used in the
simulation to determine the true potential of employing
smart BPDs in the PV module are listed in Table II. As a
reference, the parameters of the datasheet of the m-Si solar
cell (156 × 156 mm2) manufactured by Solland Solar
belonging to a power class of 3.65 W were used. RSH and
n are the average optimized values from Table I while RS

and IS were optimized to match the module performance
values.

The characteristics of a panel including 60 of these cells
and the simulation model performance are summarized in
Table III. There is less than half a per cent difference
between the datasheet values and simulation model values.

5.2. Shading simulation results

The PMP for each configuration normalized to the
unshaded PMP is shown in Figure 7. The average
performance of the four shadow patterns for each BPD
configuration is indicated by the horizontal pink bars.
The 3 BPD configurations can be seen as the conventional
reference cases.

For the cardboard shadow patterns, there is, besides
some exceptions, an increase in performance with an
increase of incorporated BPDs. There are three
configurations, row shade 3 and 6 BPDs and random shade

3 BPDs, where the panel produces 0 W. This is because, in
these configurations, the shadow patterns bypass all
strings/cells in the module. For column shade, the 6 and
12 BPD configurations outperform those of the 20 and 60
BPD configurations, which can be explained by the fact
that less BPDs are activated to bypass the shaded
cells/strings. The 20 BPD configuration performs about
3% lesser than the 60 BPD configuration because of
the string topology, that is, 12 cells instead of 10 are
bypassed.

For the netting shadow patterns, there is also an increase
in performance with an increase of incorporated BPDs.
The performance of the three and six BPD configurations
for row, column, and random shadow patterns is nearly
the same. The shape of the IV curves, however, is
different, as is evident in Figure 8 in which IV curves for
the netting shadow patterns of the six BPD configurations
are shown. The maximum power points of the row,
random, and corner shadow patterns are all located at
high-voltage levels and a current level of ~3 A (dictated
by the ~38% transmission of the netting material).
However, the shape of the curve above 3 A is different.

The performance values for all the shadow patterns for
the 20 and 60 BPD configurations are the same for
cardboard and netting, as is clear from Figure 7. This has
a similar reason as explained in Figure 8; the shapes of
the actual IV curves differ, but the values for VMP and
IMP are similar, but now at a higher current and slightly
lower voltage.

On the basis of the graphical representation of results
previously, a metric is proposed that allows to quantify
the benefits of using more BPDs than is commonly used
today. We define the figure of merit FBPD as the ratio of
PMP and unshaded PMP, relative to the same ratio for the
case of 3 BPDs, as follows:

FBPD ¼
PMP ið Þ

PMP;unshaded ið Þ
PMP 3ð Þ

PMP;unshaded 3ð Þ
(4)

with i the number of diodes (3, 6, 12, 20, or 60). The
results are shown in Figure 9, in which we have
summarized the results for cardboard and netting (the pink
horizontal bars in Figure 7). The error bars reflect the
standard deviation of the mean, which is large for the
cardboard cases as the PMP at row shading are zero. It
can be seen that using one diode per cell leads to 3.43

Table II. Solar cell and module parameters with low RS.

Cell Module (60 cells)

RS (Ω) 2.7 x 10�3 0.163
RSH (Ω) 13.3 800.4
n 1.2 72
IS (A) 2.807 × 10�8 2.807 × 10�8

IPH (A) 7.93 7.93

Table III. Cell and module performance at STC conditions.

Datasheet H-cell Model Difference (%)

ISC (A) 7.93 7.93 —

VOC (V) 35.82 35.88 0.17
IMP (A) 7.44 7.41 �0.40
VMP (V) 29.58 29.52 �0.20
PMP (W) 219 218.7 �0.14
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times more power compared with the standard case should
be case of three diodes per 60 cells in case of the cardboard
shading experiments. For the netting experiments, the use
of one diode per cell leads to 1.69 times more power.
Adding more than 20 diodes per module leads to modest
improvements only.

Although the normalized performance is useful in
analyzing the performance of the configurations, it does
not take into account the shaded area of the different
patterns. We have therefore plotted the shade impact
factors (see Equation(2)) in Figure 10 to provide an
indication of the linearity of the shadow response and thus
how much power is recoverable/wasted. For example, an
SIF of 10 indicates that the power loss is 10 times greater
than the loss in irradiance (e.g., row shade involves six
shaded cells, while the output for the three and six BPD

configurations is 0 W; thus, the loss of 10 × 6 cells).
Clearly, the 60 BPD configuration nearly has a complete
linear response to the shadow patterns.

It is further found that smaller strings increase the
shadow resilience of panels drastically (Figures 8–10).
However, they do not provide information about IMP and
VMP, which are important for determining if a panel can
contribute to power generation. When IMP is the same or
higher than the string IMP, the BPDs remain inactivated
and the panel contributes to power generation. When IMP

is lower, the BPDs will be activated to conduct the higher

Figure 7. Results of simulations of PMP normalized to the unshaded PMP for cardboard (left) and netting (right). The x-axis shows the
number of incorporated bypass diodes. The average performance of the four shadow patterns for each BPD configuration is indicated

by the horizontal pink bars. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 8. Simulated IV curves of the netting shadow patterns
for the six BPD configurations. The markers indicate PMP.

[Colour figure can be viewed at wileyonlinelibrary.com] Figure 9. Figure of merit FBPD: ratio of PMP and unshaded PMP

for the number of BPDs per cell relative to the standard case
of three BPDs per module of 60 cells. Error bars are standard
deviations of the mean of the four types of shading for
cardboard and netting. [Colour figure can be viewed at

wileyonlinelibrary.com]
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string current and the power of the shaded module is lost.
An alternative way of showing shading effects is presented
in Figure 11, which includes IMP and VMP values. The
color indicates normalized PMP for all subplots, while the
size of the circles is proportional to IMP for the top two
subplots and proportional to VMP for the bottom subplots.
It is clear that IMP has the same value for all shadow
patterns and BPD configurations once 12 or more BPDs
are incorporated. This means that these configurations
would still contribute to power generation in a PV system
containing a number of unshaded modules. For VMP, large
differences are observed for the 3 and 6 BPD
configurations, with relatively high values for the netting
material and zero-to-low values for cardboard. Excluding

these configurations, there is a general increase in VMP

for an increase in incorporated BPDs.

6. DISCUSSION

We have shown and re-confirmed in this work that the
more BPDs are incorporated in a PV module the lower
the effect of shading is on the power output. In other
words, more BPDs lead to shade-resilient modules and
therefore less economic loss to shading.

However, cost of smart BPDs is considered to be a
barrier for market introduction. The new BPDs discussed
in this paper can be purchased presently at about $1.50

Figure 10. Shade impact factor for cardboard on the left and netting on the right. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 11. Normalized PMP (color) for cardboard (left) and netting (right). The size of the circles is proportional to IMP for the top two
figures and VMP for the bottom two figures. [Colour figure can be viewed at wileyonlinelibrary.com]
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per piece at quantities of 1000, while present cost of
Schottky diodes is around $0.16 per piece at very high
quantities. With average module rated capacity of
270 Wp and three diodes per module, this amounts to
$0.48 per module, or diode cost of 0.0018$/Wp.

Integrating 20 new BPDs, perhaps in the backplane of
the module, will lead to higher module cost, that is, adding
~0.11$/Wp to the present module cost of ~0.40$/Wp.
However, modules with these diodes are much more shade
resilient. Assuming that a PV system has a yield of
1000 kWh/kWp, and a feed-in tariff of 0.10$/kWh is in
force, the benefit of overcoming the average 10% loss in
performance due to shading would amount to a benefit of
10$/kWp annually. With present BPD cost of $1.50, this
would therefore not be feasible. Thus, if BPD cost could
be lowered to $0.15 per piece, the payback time of this
additional cost would be about 1 year. Given that
economies of scale lead to much lower BPD cost, this
10-fold lowering of cost can be seen as realistic, which is
corroborated by the fact that a 500-MWp PV factory needs
over five million BPDs (three per module) today.

Besides a potential economic benefit due to
performance improvement, smart BPDs well have lower
temperatures when activated. Using datasheet information,
at a current of 8 A and a worse case of 125 °C, about 0.5 W
is dissipated in a smart BPD compared with some 4 W for
a Schottky diode, which is due to the different operating
principle. Typically, junction temperatures in smart BPDs
are 50–80 °C lower in temperature than Schottky diodes.
This will very likely increase the reliability of the whole
module and will lead to much lower failure rates in the
field, which is another argument for using these smart
BPDs as they improve lifetime of modules and
consequently reliability of PV systems.

7. CONCLUSIONS

In this work, we confirm by experiment and simulation that
a new generation of BPDs with much lower power
dissipation and voltage drops than present day BPDs can
be used to increase the shading tolerance of conventional
solar modules. Measurements and simulations were
performed for a series of different topologies, shadow
materials (cardboard and wire mesh), and shadow patterns
(row, column, random, and corner). Measurements were
validated with a simulation model created in Python,
which performed well, especially considering the many
different configurations, materials, and shadow patterns
that were simulated. The extent of the performance
increase is highly dependent on the shape of the shading
pattern, its transmission, and the configuration of the
BPDs. Once more than ~20 diodes are incorporated in a
60-cell module, the performance of a module stabilizes in
the sense that the yield is less affected by shading. For
our cardboard experiments, the use of 20 smart BPDs
(one BPD per three cells) leads to an improvement of a
factor 3 in power output under shading conditions; for

our netting experiments, a factor 1.5 is found. Besides,
performance increase as a result of higher shade resilience;
also, lower BPD temperatures will lead to increased
reliability in the field. Cost of smart BPDs is now
hampering widespread use; however, economic feasibility
can be expected once these BPDs are produce by the
millions. Because of the low voltage drop of the smart
BPDs, even one BPD per cell could be incorporated, which
is not possible with conventional diodes. Of course, this
would increase the module cost without additional shading
resilient action.
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