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a b s t r a c t

Photovoltaic modules in the urban environment are very often exposed to uneven illumination condi-
tions. The electrical interconnection between solar cells in a photovoltaic module limits the power that a
solar module can generate under partial shading conditions. In this article, we introduce a PV module
that is able to dynamically reconfigure the interconnection between its solar cells to minimise con-
duction and mismatch losses according to the irradiance distribution on its surface. Using an accurate
simulation framework, it is determined that a reconfigurable PV module can generate over 12% more
energy than a standard PV module with fixed topology and six bypass diodes, and as much energy as a
fixed series-parallel module with six parallel strings, but at significantly lower currents. Simulation re-
sults are validated experimentally using a photovoltaic module with six reconfigurable blocks of cells
controlled by a switching matrix on a high-performance solar flash simulator.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

A large number of photovoltaic (PV) systems in urban environ-
ments are often affected by partial shading. Partial shading is
usually caused by trees, building structures, soiling and fouling, and
it has negative effects on both the electrical performance [1] and
the reliability of a PV system [2]. Due to the custom nature of the
urban fabric and its random horizons, onemodule topology with an
a-priori determined topology cannot serve all installations. In
particular, when a PV system is built with conventional c-Si solar
modules, generally made of 60, 72 or 96 solar cells connected in
series, a small shadow on the PV module can cause a dispropor-
tionate reduction on the electrical output power of the module and
the PV system.

Bypass diodes are usually connected in parallel to sub-strings of
series-connected cells to prevent hot-spots and reduce power los-
ses when a module is partially shaded [3]. Conventional c-Si
modules generally include 3 bypass diodes that become conductive
depending on the incident irradiance and the operating point of the
PV module. Due to the electrical interconnection between the solar
cells and the bypass diodes, most c-Si modules in the market
brini).

r Ltd. This is an open access article
experience a reduction of about 30% in the output powerwhen only
1% of the area of the module is fully shaded [4]. As a consequence,
several solutions have been proposed to mitigate the effect of
partial shading on a PV system, both at array- and module-level.
Main approaches are summarised in Table 1, reporting respective
advantages and drawbacks.

One way to improve shade tolerance is to increase the number
of bypass diodes in a PV module [5,6]. This approach is relatively
simple yet it has some considerable drawbacks: (1) under partial
shading the PeV curve can present as many local maxima as bypass
diodes in the module, which makes the maximum power point
tracking task more complex [7]; and (2) the shade tolerance of
modules with many bypass diodes strongly depends on the low
forward voltage drop of the bypass diodes. Active bypass elements
[8] can be used to reduce voltage and power losses, however, these
are still rather expensive [4].

Module level power electronics (MLPE) is a complementary
solution that can help in increasing the shade tolerance of PV sys-
tems. Micro-inverters [9,10] and power optimisers [11,12] allow to
independently performMaximum Power Point Tracking (MPPT) on
each module in the system. Although MLPE devices have some
limitations, such as current decoupling [13] in power optimisers
and higher system's costs compared to string inverters, these de-
vices improve the system's reliability [14] and significantly increase
the electrical yield of partially shaded PV systems [15,16]. Power
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Comparison between different approaches for increasing shade tolerance. MLPE stands for module level power electronics.

Approach Advantages Disadvantages

MLPE þ Allows to operate each module at its MPP.
þ Modular, easily expandable.

- Shading tolerance is limited by module topology.
- More expensive than string converters.

Bypass diodes þ Low cost.
þ Rather simple to implement.
þ High performance under uniform illumination.

- Each diode can introduce a different local maximum in the PeV curve.
- Limited shade tolerance.

Parallel interconnections þ High shade tolerance.
þ Rather simple to implement.

- Low performance under uniform illumination.
- Requires power converter with ultra wide input current range.

PV module reconfiguration þ High shade tolerance.
þ High performance under uniform illumination.

- Complex implementation.
- Requires additional electronics (switching matrix).
- Higher cost.
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electronics can also be implemented at sub-module level to boost
shading tolerance [17,18] at the expense of higher complexity and
cost.

A third approach to increase the resilience against shading
consists in connecting PV generators in parallel. Some of the most
relevant PV array topologies that have been proposed to overcome
the poor shading tolerance of series interconnections are total-
cross-tied (TCT), series-parallel (SP), bridge-link (BL) and honey-
comb (HC) [1,19e23]. Parallel interconnections can also be
applied at module-level to improve the shading tolerance of a PV
system even further such as in the Tesseramodule [24] and half-cell
PV modules [25].

Whereas under partial shading conditions parallel in-
terconnections help to reduce irradiance mismatch losses, under
uniform illumination parallel connected strings may generate high
currents which cause high resistive and power conversion losses. In
these circumstances, the concept of reconfigurable PV generators
allows to adapt the electrical interconnections according to the
illumination conditions [26,27]. Reconfigurable PV arrays are usu-
ally based on TCT [28e30] and SP [31,32] architectures. Reconfig-
urable PV generators require a switching matrix that enables the
system to alternate between series connections (to minimise
resistive and power conversion losses under uniform illumination
conditions) and parallel connections (to minimise mismatch losses
under partial shading). The switching matrix is controlled by an
algorithm that dynamically adapts the system configuration ac-
cording to the illumination conditions [33].

Reconfiguration is also possible at sub-module level [34]. On the
one hand, the design of a reconfigurable PV module involves the
development of a reconfiguration matrix and a suitable power
converter, naturally this implies higher costs compared to a module
with fixed interconnections. On the other hand, a reconfigurable PV
module could compensate the higher costs by boosting the energy
yield and mitigating the effects of module ageing and degradation,
e.g., by disconnecting faulty cells in the module. A simulation study
presented in Ref. [35] suggests that reconfigurable modules can
deliver 5%e10%more energy than a conventional PVmodule with 3
bypass diodes considering different degrees of shading and
assuming constant power conversion efficiencies. The additional
cost of a reconfigurable PV module and its power converter is
roughly estimated between V16 and V20 [35]. Considering the
current prices of conventional PVmodules andmodule-level power
converters, this means that a reconfigurable module could cost
around 6%e8% more than a conventional module. However, to
make a fair evaluation of the potential of reconfigurable PV mod-
ules, the electrical performance should also be compared with
shade tolerant fixed module topologies under realistic conditions.

To make a fair evaluation, in this paper we compare modules
with the same cell layout but different electrical interconnections.
2

In particular, a highly accurate simulation framework is used to
determine the annual DC yield of three PV module topologies: (1) a
PV module with 6 bypass diodes, (2) a fixed series-parallel PV
module with six strings of cells connected in parallel, and (3) a fully
reconfigurable series-parallel PV module with six blocks of series-
connected cells. Additionally, a reconfiguration strategy is pro-
posed to dynamically solve the interconnections in the reconfig-
urable module according to the illumination conditions.
Experimental results are presented to support the simulation
results.

This article is organised in the following way. In section 2, the
design of a fully reconfigurable series-parallel PV module and a
reconfiguration algorithm are presented. In section 3, the simula-
tion framework is described and the electrical performance of the
different PV module topologies are compared. Finally, in section 4,
the simulation results are validated by comparing simulated and
measured IeV curves of the reconfigurable PV module in different
shading experiments.
2. The series-parallel reconfigurable PV module

The general schematic of the reconfigurable PV topology
investigated in this work is presented in Fig. 1. It is considered that
one module consists of b blocks of cells, where each block consists
of c solar cells connected in series, hence the total number of cells in
the module is b , c. The switches shown in Fig. 1b constitute a
switching matrix that allows to connect the blocks in series and
(then) in parallel to obtain different series-parallel module
configurations.

A reconfigurable module can adopt a number of different elec-
trical configurations. The configurations of interest (COI) are
defined as the subset of all possible electrical configurations which
can result in different IeV curves. In a fully reconfigurable series-
parallel PV module with b blocks of cells, the number of configu-
rations of interest is given by:

COI ¼
X

ðs;pÞ

b!
p! ðs!Þp; b; s; p2N∧s,p ¼ b (1)

where s represents the number of blocks connected in series
forming a string and p represents the number of parallel connected
strings. Thus, (s, p) are all possible pairs of natural numbers, whose
product equals to the number of blocks b. For example, a recon-
figurable module that has 4 blocks has 5 configurations of interest
because the pair (s, p) can adopt 3 different values (1,4), (2,2) and
(4,1). It is worth to mention that Equation (1) is also valid for fully
reconfigurable total-cross-tied topologies [28].

A higher number of blocks allows to build more shade tolerant



Fig. 1. Reconfigurable series-parallel PV module. (a) One block of c solar cells con-
nected in series. (b) Generic diagram of a fully reconfigurable series-parallel PV
modules with b blocks. (c) Layout of the studied reconfigurable module. The module is
organised in 6 blocks (b ¼ 6), indicated in different shades of blue) of 4 by 4 solar cells
connected in series. The positive and negative terminals of each block are connected to
the inputs of the switching matrix.
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modules [35]. However, it must be noticed that the number of
switches required to build a fully reconfigurable series-parallel
module increases quadratically with the number of blocks b:

switches ¼ b ðbþ 3Þ
2

(2)

Equation (2) imposes practical cost and complexity limitations
to the design of the switching matrix. Other practical limitations on
the design of a reconfigurable PV module to be considered are: (1)
the maximum drain-to-source voltage that the switches can
tolerate; (2) the maximum allowable continuous drain current of
each switch; (3) the maximum number of solar cells per block, that
is limited by the reverse characteristics of the solar cells. Aiming to
3

build a reconfigurable PV module prototype with commercially
available devices, the proposed module design consists of 96 solar
cells, grouped in 6 blocks as shown in Fig. 1c. According to Equation
(1), this module can adopt 27 different configurations: (1) one
configuration where all blocks are connected in parallel (s1p6); (2)
fifteen configurations where three duplets of series-connected
blocks are connected in parallel (s2p3); (3) ten configurations
where two triplets of series-connected blocks are connected in
parallel (s3p2); and (4) one configuration where all the blocks are
connected in series (s6p1). All possible configurations are illus-
trated and enumerated in Fig. B11 in the appendix.

The switchingmatrix for the proposedmodulewith 6 blocks has
27 switches. In the switching matrix schematic presented in Fig. 1b,
all the switches that connect the blocks to the positive and negative
terminals can be implemented with a single MOSFET. However, the
remaining switches must be bidirectional to avoid shorting blocks
of cells through the MOSFET's body diodes.
2.1. The reconfiguration algorithm

Various algorithms have been proposed to control switching
matrices [33] in reconfigurable PV modules and arrays. Some al-
gorithms involve periodical IeV curve tracings of each block of cells
[36]. Yet in principle, it is possible to control the switching matrix
using only current measurements from each block of cells. For most
PV modules with c-Si solar cells, the short-circuit current of each
block can be considered approximately proportional to the irradi-
ance incident on the least illuminated solar cell in the block. On a
second level, temperature and voltage measurements can be used
to improve the robustness of the algorithm [37].

In this work, a simple yet effective algorithm is proposed relying
only on current measurements. One current sensor is connected in
series to each block of cells in Fig. 1a to measure the short-circuit
current of each block and estimate the irradiance incident on
each block of cells. These current measurements, are dynamically
processed by the algorithm that decides which is the optimal
module configuration and which switches need to be closed. The
algorithm aims to connect blocks of cells with similar irradiances in
series and compares themeasured short-circuit currents with three
predefined threshold constants that are used to determine the
optimal module configuration.

The proposed algorithm is depicted in Fig. 2. It begins by
measuring the short-circuit current of all six blocks of cells (IA to IF).
Then, these currents are sorted in descending order and renamed
from I1 to I6 and six relative differences between the sorted currents
are calculated: d1�6, d1�3, d4�6, d1�2, d3�4 and d5�6, where:

dx�y ¼ Ix � Iy
Ix

(3)

Next, d1�6 is compared to a first threshold value T1. If the
maximum irradiance deviation between all the blocks (d1�6) is
lower than T1, all blocks are connected in series (configuration
s6p1). Otherwise, the largest difference between the sorted triplets
of currents (d1�3 and d4�6) is compared to threshold T2. If both d1�3
and d4�6 are smaller than T2, the best s3p2 configuration is chosen.
It is considered that the best s3p2 configuration (among the 10
possible) is determined by the order of the sorted currents. For
example, if the order of the sorted currents is {IB, IC, IE, IF, IA, ID}, then
the best s3p2 configuration has one string formed by groups B, C
and E connected in parallel to a second string formed by F, A and D.
If a solution is not yet found, the algorithm checks if the largest
difference between the sorted duplets of currents (d1�2, d3�4 and
d5�6) is smaller than threshold T3 and, if so, it chooses the best s2p3
configuration (also determined by the order of the sorted currents).



Fig. 2. Block diagram of the proposed reconfiguration algorithm. In every iteration of
the algorithm, the currents of the blocks (named from A to F) are sorted in descending
order and then renamed from 1 to 6. According to the notation convention, I1 repre-
sents the highest measured current while I6 represents the lowest measured current.

Table 2
Solar cell parameters at STC for the double diode model. The parameters are pre-
sented in the following order: photogenerated current, ideality factor and saturation
current of the first and second diodes, series resistance, shunt resistance and short-
circuit current temperature coefficient.

Iph0 (A) n1 (-) Is1 (pA) n2 (-) Is2 (mA) Rs (mU) Rp (U) aIsc (%/K)

5.67 1 108.9 2 5.645 2.80 20.1 þ0.024
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Finally, if all differences are larger than the established thresholds,
configuration s1p6 is chosen and all groups are connected in par-
allel. In this work, the threshold values are decided based on an
optimisation process which considers the electrical characteristics
of the solar cells. However, these thresholds can also be adjusted
considering the efficiency of the power converter to favour the
operation of the reconfigurable PV module in specific voltage and
current ranges.

It is worth noting that the proposed algorithm is adaptable to
reconfigurable modules with different numbers of blocks. For
example, for a module with 8 blocks, 4 sets of configurations would
be possible (1 � s1p8, 105 � s2p4, 35 � s4p2 and 1 � s8p1). In this
case, the algorithm would require 3 threshold values and the
calculation of 7 relative differences (d1�8, d1�4, d4�8, d1�2, d3�4, d5�6
and d7�8).

Since the short-circuit measurements only represent a single
point of the IeV curves of each block, even when current mea-
surements are free of noise, the proposed algorithm does not
ensure that the best configuration is always the chosen one. It is
also evident that the performance of the reconfigurable module
depends on the chosen values of the thresholds T1, T2 and T3. With
higher threshold values, the algorithmwill have a higher tendency
to avoid the all-parallel configuration and the reconfigurable
module will deliver lower currents. On the other hand, higher
threshold values imply a lower shade tolerance. This trade-off
brings out the importance of the choice of the threshold values
for the algorithm. In practice, there are two additional aspects that
should be considered when selecting the threshold values. First,
threshold values must be larger than the relative measurement
error of the current sensors. Second, in the case of reconfigurable
PV modules with bypass diodes, the threshold values should be
smaller than the relative difference between the maximum power
point current and the short-circuit current of the solar cell to avoid
choosing configurations with more than one maximum in the PeV
curve.

In the simplest version of the proposed algorithm, the interval
between reconfiguration events is fixed and generally ranges be-
tween 1 and 5min. As a result, the variations in the power output of
a reconfigurable PV module in timescales shorter than 1 min (e.g.
due to rapid changes in irradiance expected during a partially
4

cloudy day) are the same as for conventional PV modules.
Under specific circumstances, the fixed time interval between

reconfiguration events could potentially cause hot-spots. For
example, if the module is being operated in the all-series configu-
ration (s6p1) and a single cell is totally shaded, the shaded cell
could be forced to dissipate a large amount of power until the next
reconfiguration event. This problem can be avoided by adding a
bypass diode in parallel to each reconfigurable block. Alternatively,
the algorithm can be modified to constantly monitor the operating
voltage of each block of cells, and generate an interruption if the
voltage of one of the blocks suddenly drops. In turn, the interrup-
tion would trigger a new reconfiguration event which would find a
module configuration where the shaded cell is not reversed biased.

3. Energy yield comparison

3.1. Simulation framework

The additional complexity and cost of a reconfigurable PV
module topology compared to fixed module topologies can be
justified if the energy yield of the reconfigurable PV module is
significantly higher. In this section the potential of a reconfigurable
module is assessed by comparing its annual DC yield to that of two
fixed module topologies. This comparison is done using a simula-
tion framework which consists of three highly accurate and vali-
dated models: (1) an irradiance model to determine the irradiance
incident on the solar cells; (2) a thermal model to determine the
cells' temperature, and (3) an electrical model to calculate the PV
module's IeV curve.

The irradiance on each cell is simulatedwith Radiance backward
ray-tracer [38] considering 2 ambient bounces and using direct
normal irradiance (DNI) and diffuse horizontal irradiance (DHI) as
inputs for the Perez sky model [39]. For simplicity, it is assumed
that all the surfaces surrounding the PV modules are Lambertian
reflectors with an average reflectivity of 0.15.

The cell temperature is calculated using the Faiman model [40].
It is considered that the modules are mounted close to the rooftop.
The irradiance and wind parameters of Faiman model used in this
work (u0 ¼ 14.4 W m�2 K�1 and u1 ¼ 34 mW m�3 s�1 K�1) were
derived from the empirical coefficients reported in Ref. [41] for
close roof mount. For simplicity, Faiman model is decoupled from
the electrical model by assuming (only for the thermal calculation)
that each cell is operated at its maximum power point (MPP).

The cell temperature and irradiance are combined to calculate
the IeV characteristics of a solar cell using the 2-diode electrical
equivalent model [42e44]. Both the series (Rs) and parallel (Rp)
resistances in the 2-diode model are assumed to be temperature
independent, and it is considered that the saturation current of the
diodes varies with the cell temperature as described in Ref. [45]. For
the simulations, 5-inch solar cells with a maximum power at
Standard Test Conditions (STC) of 2.72Whave been considered. The
parameters for the 2-diode model given in Table 2, have been fitted
using measured IeV curves in dark and at STC of commercially
available cells following the approach in Ref. [46]. Finally, the IeV
curves of the cells are combined together to calculate the IeV
curve of the entire PV module. In this step, the following
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electrical losses are included: (1) the equivalent resistance of tab-
bing wires (2 mU) calculated according to Ref. [47]; (2) the resis-
tance of the interconnecting tabs (2 mU) calculated considering the
length and cross-section of the ribbons [48]; (3) conduction losses
in the switches calculated assuming a constant channel resistance
(2.1mU) [49]; (4) losses in the bypass diodes calculated considering
the diode's IeV characteristics at 25 �C [50]. In practice, bidirec-
tional switches can be implemented with two back-to-back MOS-
FETs, hence it is considered that the resistance of the bidirectional
switches is twice as high as that of the unidirectional switches.

The shading scenario considered in this study is shown in Fig. 3.
Results are analysed for the three highlighted module positions in
the figure. On each of these positions, the energy yield of the
proposed reconfigurable module (6REC) has been simulated and
compared against two module topologies with fixed cell in-
terconnections, namely: (1) a modulewith all 6 blocks connected in
series and one bypass diode in parallel to each block (6BPD); and (2)
a module with all 6 blocks connected in parallel (6SP). It has been
assumed that in all casesmodules with ideal local power converters
with MPPT capability are used.

3.2. Results

The above-mentioned models were combined to simulate the
IeV curves of the different PV modules using 1-min resolution
METEONORM climate data [51] for the city of Utrecht, the
Netherlands. At this location, during 35% of the daytime (in
average), the PV modules only receive diffuse radiation. During
these periods of time with no direct light, the reconfigurable PV
module is expected to operate mostly in the s6p1 configuration
since the irradiance distribution on the PV module surface is rather
uniform.

Irradiance simulations results indicate that module positions 1,
2 and 3 in Fig. 3 are exposed to highly uneven1 illumination during
32%, 14% and 7% of the daytime hours, respectively. Therefore, the
DC yield differences between the 6REC and the 6BPD modules are
expected to be larger at position 1. At position 3, where the module
is barely affected by partial shading, all three module topologies are
expected to perform similarly, but REC and 6BPD are expected to
generate lower currents than 6SP.

Fig. 4 presents the IeV and PeV curves of the three simulated
modules at the most shaded position on the rooftop at different
Fig. 3. Simulated PV array. The analysed PV modules are highlighted in different
colours. The red module (1) is the most shaded PV module while the green module (3)
is the least shaded one.

1 In this context, highly uneven illumination means that the irradiance incident
on the least illuminated cell in the PV module is at least 50% lower than the irra-
diance incident on the most illuminated cell.

5

times of the day. In Fig. 4a and b, the reconfigurable module adopts
the all-series (27) and all-parallel (1) configurations, respectively. In
Fig. 4c, blocks C and F are unshaded, hence the reconfigurable
module adopts configuration 4, where these blocks are connected
in series (refer to Fig B11).

The DC yield simulation results are summarised in Table 3. The
yield of the 6BPD module was calculated assuming two cases: (1)
an ideal MPPT algorithm that can always find the absolute MPP
(6BPD ideal) and also (2) a more realistic MPPT algorithm that
performs an IeV scans every 5min andmight temporarily get stuck
at local maxima. The significantly lower performance of the more
realistic 6BPDmodule compared to the ideal case demonstrates the
challenge of distinguishing between the true MPP and the local
peaks in the PeV curve. In Table 3, the yield of the 6RECmodulewas
also calculated assuming two cases: (1) the switching matrix is
controlled by an ideal reconfiguration algorithm that always finds
the actual best configuration (6REC ideal) and (2) the switching
matrix is controlled by the proposed reconfiguration algorithm
(6REC algorithm). In both cases, reconfiguration events are trig-
gered every minute.

From the results, it is found that the reconfigurable module
(6REC) with the proposed algorithm and the fixed series-parallel
module (6SP) perform better than the module with 6 bypass di-
odes (6BPD) in all the cases. In particular, in the case of the most
partially shaded module position, the difference between the 6REC
and 6BPD modules is 12.7%. It is worth noticing that, despite the
shadows being shorter in summer due to the higher solar elevation,
the energy yield difference between the 6SP and the 6BPDmodules
and between the 6REC and the 6BPD modules become higher in
summer months as shown in Fig. 5. Owing to the larger number of
clear sky days in summer months than in winter months, PV
modules are subject to partial shading for longer periods of time in
summer. Similar gains to those given in Table 3 were obtained for
simulations performed using METEONORM climate data for Bar-
celona in the same shading scenario (see Table A5 in appendix).
Once again, in Barcelona the shadows cast by the chimneys are
even smaller but there are many more clear sky days compared to
Utrecht.

In all the cases, the 6SP module achieves a marginally higher
yield than the 6REC module despite the expected higher resistive
losses at module level. Nevertheless, the 6SP module delivers po-
wer at a significantly higher currents than the 6REC module as
shown by the histograms in Fig. 6. While the 6SP module can
deliver current up to 34A, the current generated by the 6REC
module at the position of the least (Fig. 6a) and most (Fig. 6b)
shaded positions almost never exceed 20A. These observations
suggest that a DC-DC converter for the 6REC module has lower
input current requirements and can achieve higher conversion ef-
ficiencies than a converter for the 6SP module.

As it wasmentioned before, themodule configuration chosen by
the algorithm can sometimes differ from the actual best configu-
ration. Based on the design of the reconfigurable module, the
characteristic of the cells in Table 2 and considering the trade-offs
discussed in subsection 2.1, a Pareto optimal solution was found
with threshold coefficients T1 ¼ 3%, T2 ¼ 5% and T3 ¼ 8%. Fig. 7
shows the effect of the threshold values on the annual DC yield of
the PV module. As expected, lower threshold values favour the all-
parallel configuration and imply a higher shading tolerance. With
the mentioned threshold values, the match between the algo-
rithm's choice and the actual best configurations varies from 51% at
module position 1, to 20% at positions 2, to 13% at position 3. Even
so, from the results in Table 3 that correspond to the 6RECmodules,
it can be concluded that the energy efficiency of the proposed
reconfiguration algorithm is over 99.9% for all cases.



Fig. 4. Simulation results at module position 1 at (a) 11:10 a.m. on the 11th of April, (b) 11:30 a.m. on the 11th of April and (c) 12:20 p.m. on the 11th of April. The configuration
chosen by the algorithm at each time is indicated next to the corresponding IeV and PeV curves.

Table 3
Annual specific DC yield comparison of the analysed PV module topologies in
different positions on the rooftop shown in Fig. 3 using typical meteorological year
data from Utrecht, the Netherlands.

Yield (Wh/W_p) Position 1 Position 2 Position 3

6BPD ideal 384.80 (ref.) 622.91 (ref.) 776.67 (ref.)
6BPD 5-min scan 364.84 (-5.2%) 615.97 (-1.1%) 773.98 (-0.3%)
6SP 435.06 (þ13.1%) 648.24 (þ4.1%) 787.32 (þ1.4%)
6REC ideal 434.13 (þ12.8%) 646.45 (þ3.8%) 784.91 (þ1.1%)
6REC algorithm 433.74 (þ12.7%) 645.97 (þ3.7%) 784.68 (þ1.0%)

Fig. 5. Monthly yield comparisons of the analysed module topologies in position 1 on
the rooftop in Utrecht. It is assumed that the 6BPD module is always operated at the
true MPP and that the switching matrix of the 6REC module is controlled by the
proposed algorithm.

Fig. 6. DC current distribution of the analysed module topologies in Utrecht. (a) His-
togram of the DC energy generated by the analysed module topologies as a function of
the module's output current for the most shaded position (1) on the rooftop. (b)
Histogram of the DC energy generated by the analysed module topologies as a function
of the module's output current for the least shaded position (3) on the rooftop. It is
assumed that the 6BPD module is always operated at the true MPP and that the
switching matrix of the 6REC module is controlled by the proposed algorithm.
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Fig. 7. Annual energy yield of the PV module on rooftop position 1 in Fig. 3 for
different threshold values. (a) Effect of T1 on the annual specific yield considering
T2 ¼ T3 ¼ 0%. (b) Effect of T2 and T3 on the annual specific yield considering T1 ¼ 3%. The
circles indicate the yield obtained with the chosen threshold values.

Fig. 8. Experimental setup. (a) Prototype of the reconfigurable module with 6 blocks,
each with 16 solar cells (module dimensions are 120 cm by 180 cm). (b) Prototype of
the reconfiguration matrix board. (c) Reconfigurable PV module on an EternalSunSpire
A þ A þ A þ Xenon Single Long Pulse flash simulator. The image depicts one of the
shading experiments.
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4. Experimental validation

In order to validate the results presented in this work, a proto-
type of a reconfigurable module was built and tested on a
A þ AþAþ flash simulator. The prototype shown in Fig. 8a consists
of 6 reconfigurable blocks, eachmade of 16 series-connected 5-inch
mono-crystalline Si solar cells with the parameters listed in Table 2.
A reconfiguration board was designed and built (see Fig. 8b) to
allow themodule to operate in any of its 27 possible configurations.
Although the details of the design of the electronic circuit of the
switching matrix are out of the scope of this article, it is important
to mention that the board includes a microcontroller where the
proposed algorithm was programmed and that switches were
implemented with the transistors referred in subsection 3.1.

The board and the modules were tested at EternalSunSpire fa-
cilities using the A þ AþAþ flasher shown in Fig. 8c. From an initial
characterisation at STC, it was determined that the 6 reconfigurable
blocks of cells have a mismatch lower than 1% in Pmpp, Isc and Voc.
Later, the blocks were connected to the inputs of the reconfigura-
tion board and the output of the board to the electronic load of the
flash tester setup. The IeV curves of the 27 module configurations
were measured and simulated for the 3 shading experiments
shown in Fig. 9.

During shading experiment A, in Fig. 9a, two blocks of cells were
partially shaded with a foil about 30% translucent. It was found that
configurations 4, 7 and 14 (refer to Fig. B11) were the best per-
forming. These three configurations are all the s2p3 configurations
in which the two shaded blocks are connected in series. Fig. 10
7

shows the measured and simulated IeV curves of 4 different con-
figurations during experiment A. Results show good agreement
between the measured and the simulated maximum power of each
configuration. In some of the IeV curves, steps in the IeV curve are
visible since bypass diodes were connected in parallel to each block
of cells as a protective measure. Nevertheless, it is worth pointing
out that reconfigurable modules can be safely operatedwithout any
bypass diodes given that the reconfiguration algorithm is robust
enough to avoid hot-spots. At the same time, the addition of bypass
diodes in these experiments does not affect the maximum power
delivered by the optimal configuration (e.g., configuration 4 in
Fig. 10). Furthermore, simulations comparing a reconfigurable
module with and without bypass diodes revealed a negligible dif-
ference in the annual yield (below 0.05%) and that over 99% of the
time all bypass diodes are reverse biased at the MPP of the best
module configuration.

In experiment B, corner shading was evaluated by covering 3
blocks of cells with a 60% translucent fabric as illustrated in Fig. 9b.
In this case, both the measurements and the simulations agree that
the best configuration is number 18 (s3p2), where blocks C, E and F
are connected in series. In experiment C, blocks D and E were
shaded with a foil about 16% translucent and block F was shaded
with a foil around 30% translucent. For this shading case, the
resulting best configuration is number 17 (s3p2).

Despite the small mismatch between the electrical character-
istics of the blocks of cells and other possible sources of error, such
as small temperature differences and the non-uniformity of the
shading objects, it was determined that the maximum mean ab-
solute error in the simulated maximum power point for all the
configurations is 4.0% for shading case A, 2.7% for shading case B



Fig. 9. Measured and simulated maximum power of the reconfigurable PV module. The figure shows the irradiance distribution on the module as well as the simulated and
measured maximum power for each of the 27 module configurations for three different shading experiments.

Fig. 10. Measured and simulated IeV curves of configurations 1, 4, 17, and 27 in
shading experiment A.

Table 4
Algorithm performance for the 3 shading experiments analysed.

Exp. A Exp. B Exp. C

IA (A) 5.81 5.81 5.79
IB (A) 5.82 5.82 5.83
IC (A) 5.79 3.61 5.80
ID (A) 1.73 5.78 0.97
IE (A) 1.70 3.58 0.92
IF (A) 5.73 3.49 1.77

Algorithm's choice Config. 4 Config. 18 Config. 1
Actual best choice Config. 14 Config. 18 Config. 17
Relative power loss �0.1% 0% �1.3%
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and 4.4% for shading case C. These small errors reflect the high
accuracy of the simulation model presented in section 3.1.

The performance of the algorithm was also evaluated for the
three shading experiments. Table 4 summarises the measured
short-circuit current for blocks A to F, the chosen configuration by
algorithm using the measured currents as inputs and the actual
best configuration from the power measurements presented in
Fig. 9. While in experiment B the algorithm's choice matches the
actual best configuration, in experiment A and C the algorithm
chooses a sub-optimal configuration. In experiment A, configura-
tions 4 and 14 are equivalent, and therefore the power loss in this
case is negligible. On the other hand, in experiment C there is a
8

more relevant discrepancy between the algorithm's choice and the
actual best choice. The algorithm chooses configuration 1 (s6p1)
instead of the better performing configuration 17 (s3p2). Although
the power loss is still low (only 1.3%), configuration 17 delivers
lower currents than configuration 1 and it would allow a higher DC-
DC conversion efficiency. In experiment C, increasing the value of T2
would force the algorithm to choose the right configuration, yet it
would be possible to find a different shading experiment inwhich a
higher value of T2 would have the opposite effect. It is therefore
concluded that the proposed algorithm cannot avoid this type of
situations using only short-circuit current measurement. The use of
complementary sensors, such as voltmeters across each block of
cells, could help to improve the algorithm's performance. At the
same time, voltage measurements could be used to immediately
identify when a single block of cells is reversed biased. Thus, the
addition of voltage measurements to the reconfiguration algorithm
can also ensure the safe operation of a reconfigurable module
without any bypass diodes.



Table A.5
Annual DC yield comparison of the analysed PV module topologies in different
positions on the rooftop shown in Fig. 3 using typical meteorological year data from
Barcelona, Spain.

Yield (Wh/W_p) Position 1 Position 2 Position 3

6BPD ideal 611.32 (ref.) 960.18 (ref.) 1216.93 (ref.)
6BPD 5-min scan 592.28 (-3.1%) 950.77 (-1.0%) 1214.56 (-0.2%)
6SP 690.67 (þ13.0%) 1003.65 (þ4.5%) 1230.73 (þ1.1%)
6REC ideal 688.84 (þ12.7%) 1000.25 (þ4.2%) 1226.18 (þ0.8%)
6REC algorithm 688.37 (þ12.6%) 999.76 (þ4.1%) 1225.89 (þ0.7%)
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It is important to consider that, in practice, the output of the
switching matrix is momentarily disconnected from the power
converter during each reconfiguration event. This is needed to
short-circuit the blocks and measure each of the currents. With the
experimental prototype it has been determined that the total time
required to measure the short-circuit of each of the 6 blocks and
run the algorithm is below 150 ms. Considering a reconfiguration
event occurs every minute, the annual loss in the energy yield due
to reconfiguration events would be limited to 0.25%. Moreover,
simulations suggest that the reconfiguration interval can be
increased up to 5 min with a minimal impact on the DC energy
yield. In particular, for the 6REC algorithm module in Table 3, the
annual yield at position 1 would drop from 433.74 Wh/W_p to
432.89 Wh/W_p if reconfiguration events occurred every 5 min
instead of minutely. Under slowly changing shading conditions, it is
probably desirable to increase time between reconfiguration events
as it could smooth the operation of the power converter with a
limited impact on the shading tolerance of the PV module.

As a final note, it must be reminded that in practice there are
other sources of partial shading that were not included in the
presented simulations, such as soiling, vegetation and bird drop-
pings. Some of these shading sources can have a random effect on
the irradiance distribution on the PV module's surface. Random
shading can have a disproportionate impact on the output power of
modules with fixed interconnections because each block of cell is
generally limited by the least illuminated cell. In these cases, the
ability of a reconfigurable module to group together blocks of cells
that are affected in a similar way would help to reduce the negative
effects of random shading.

5. Conclusions

PV systems in the urban environment are frequently partially
shaded. Partial shading has a significant impact on the electrical
performance of conventional modules, hence shade tolerant PV
module topologies are required to increase the yield of urban PV
systems. Among the many solutions that have been proposed to
increase shading tolerance, reconfigurable PV modules are inves-
tigated in this article. In particular, a reconfigurable PVmodulewith
96 solar cells arranged in 6 reconfigurable blocks and its switching
matrix have been presented. The proposed module can adopt 27
different series-parallel electrical configurations.

A simulation framework with experimentally validated models
has been used to determine the energy yield of the reconfigurable
module. Different PV module topologies have been simulated and
compared on different positions on the rooftop of a house in
Utrecht, the Netherlands. On the one hand, it has been found that
when a PV module is 32% of the time shaded, the reconfigurable PV
module topology can deliver up to 12.7% more energy than a shade
tolerant PV module topology with 6 bypass diodes. Similar results
were also obtained for simulations using climate data for Barcelona.
On the other hand, a module with 6 strings of cells connected in
parallel performs only marginally better than the reconfigurable
module in terms of annual DC yield but it delivers much higher
9

electrical currents, which implies a lower DC-DC conversion effi-
ciency. Simulations also allowed to determine that the proposed
reconfiguration algorithm based only on short-circuit current
measurements can achieve an energy efficiency over 99.9%.
Nevertheless, it is recommended to include additional sensors,
such as voltage sensors, to increase the robustness and perfor-
mance of the reconfiguration algorithm.

Finally, a prototype of the proposed PV module and the recon-
figuration matrix have been tested using a large area solar flash
simulator. The measured electrical performance of all module
configurations was evaluated for three shading cases and resulted
in an excellent match with the simulation results.

This work paves the way for the realisation of PV-based intel-
ligent energy agents as postulated in our recent work on the arising
research field of photovoltatronics [52].
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Appendix B Configurations of interest

Fig. B.11. Configurations of interest of the proposed PV module with 6 reconfigurable
blocks. In each configuration, blocks with the same number (and colour) are connected
in series with each other, then the series-connected groups of blocks are connected in
parallel. Configuration 1 is also referred to as s1p6 or all-parallel. Configurations 2 to 16
are the 15 possible s2p3 configurations. Configurations 17 to 26 are the 10 possible
s3p2 configurations. Configuration 27 is also referred to as s6p1 or all-series.
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