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ABSTRACT

In urban environments, more and more building added and building integrated photovoltaic (PV)
systems are found. These systems use conventional PV modules which have a poor performance
under non-uniform illumination conditions. When the module is partially shaded, either at least
one subgroup is bypassed or the module current is limited by the current of the worst performing
cell. This leads to significant and disproportionate power losses. One way to address this issue is to
implement a dynamic module architecture which changes its electrical configuration depending on
the shading profile.

This report evaluates the potential and performance of reconfigurable modules in urban landscapes
and describes the optimal module configuration. An electrical simulation framework was developed
in MATLAB to trace the current-voltage (I-V) characteristics of several static and dynamic module
architectures. For a PV module with 72 solar cells, it was found that a series-parallel connected
reconfigurable architecture with six subgroups is the optimal trade-off between a high shading
tolerability and a simple module design. The potential of these PV modules increases for locations
further away from the equator since shadows are larger and occur more frequently. The annual
energy yield of a shaded module of a typical PV system in an urban landscape located in Rotterdam
(the Netherlands) can increase up to 9% when replacing a conventional with a reconfigurable
module. Reconfigurable modules require additional components, but the negative effect on the
power output under uniform illumination conditions is marginal. Consequently, reconfigurable PV
modules make complex shading analysis for PV systems superfluous.

Compared to a static parallel topology, the module current is generally much lower which in turn
leads to lower power losses on system level. Other advantages of the reconfigurable PV module are
the smaller seasonal fluctuations in energy yield and the absence of local maxima in P-V curves.
Finally, a proof of concept was made to validate the simulation framework. Only minor deviations
between the simulation results and the measurements were found. Experiments also showed that
solar cells with a soft breakdown must be used to prevent the formation of hot-spots under all
circumstances.
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INTRODUCTION

A rapidly increasing energy consumption and the impact of global climate change demand a
transition towards renewable energy systems. Solar energy has a high potential because it can
be harvested by decentralized systems and is widely abundant. However, there are still some
challenges such as a poor energy yield under partial shading conditions. This chapter addresses
the relevance and trends in solar energy research as well as the current challenges and ends with
an overview of the aim and outline of this report.

1.1. ENERGY DEMAND AND CLIMATE CHANGE

Population growth resulted in a massive increase in the global energy consumption. Moreover,
higher living standards resulted in an increase of the energy demand per capita [1]. Although
energy efficiencies have improved, the global energy consumption has doubled in the past 40
years as shown in Figure 1.1. The large majority of the primary energy is generated from fossil
fuels such as coal, crude oil and natural gas. Burning these fossil fuels caused a drastic increase
in the atmospheric carbon dioxide (CO,) concentration to over 400 ppm [2]. Global warming is a
direct consequence and leads to rising sea levels and more extreme weather conditions.
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Figure 1.1: Primary energy consumption [1] and carbon dioxide emissions [3] between 1800 and 2017.
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If these trends continue, the world will run out of fossil fuels in a few decades and the impact of
the greenhouse effect might be irreversible [4]. Clean and widely abundant renewable energy
sources are essential to meet the future energy demand, while limiting global warming.
Photovoltaic technologies use sunlight for energy extraction and have by far the largest potential
in terms of capacity. Furthermore, utilizing solar energy is non-polluting and cheap, it can be
harvested by decentralized systems and requires little maintenance because of the absence of
moving parts [5]. The most important challenges are its relatively low conversion efficiency, the
daily and seasonal fluctuations in energy yield and the electrical mismatch losses due to non-
uniform operating conditions. Wind, hydro and biomass are other important renewable energy
sources which each have their own advantages and disadvantages.

1.2. TRENDS IN SOLAR RESEARCH

Solar energy can be used for electricity or heat production. The most common method for
harvesting solar energy is the direct conversion of sunlight into electricity using a photovoltaic
(PV) cell. The operation of a solar cell is based on the photovoltaic effect. Electron-hole pairs are
generated in the semiconductor of the solar cell when exposed to light. However, only photons
with an energy higher than the bandgap energy of the semiconductor contribute to this process.
Separating these charge carriers with a p-n junction and using metal contacts for collection,
results in a current. The operating principles of solar cells will be discussed in more detail in the
next chapter. The energy of sunlight can also be absorbed in a thermal collector to heat up water
for a variety of purposes. A more advanced approach uses mirrors to concentrate sunlight on a
small area to obtain very high temperatures and then use a steam turbine to convert the heat
into electricity.

The photovoltaic effect was first demonstrated by Edmond Becquerel in 1839. In his experiment,
he submerged two platinum electrodes in an electronically conducting solution and measured a
current under illumination. The first solar cell was made by Charles Fritts in 1883 using selenium
as semiconductor which was coated with a thin layer of gold. The cell had a conversion efficiency
of about 1% [6]. In 1905, Albert Einstein explained the principles behind the photoelectric effect
and was later awarded the Nobel prize in physics. In 1954, researchers at Bells Laboratory
discovered that silicon is more efficient than selenium in electron-hole generation and resulted
in the first practical solar cell with an efficiency of 6% [7]. The combined effort of universities and
businesses resulted in significant technological improvements and costs reductions ever since.

Nowadays, cells can be made from a wide variety of semiconductor materials. Most common is
monocrystalline and multi-crystalline silicon. These solar cell are referred to as first generation
PV technologies which have a conversion efficiency that has steadily increased up to 25.3% [8].
Second generation technologies are also extensively used and comprises thin-film cells made of
cadmium telluride (CdTe), copper indium gallium selenide (CIGS) or amorphous silicon (a-Si).
Although their conversion efficiency is generally lower, these cells require significantly less
material and can therefore potentially be manufactured at much lower costs. Finally, third
generation solar cells use special techniques such as multi-junctions or light concentration to
overcome the Shockley Queisser limit, which is the maximum theoretical efficiency of a single
bandgap solar cell [5]. Third generation solar cells are currently only cost-effective in specific
circumstances such as space applications. Other emerging cell concepts include dye-sensitised,
organic, perovskite and quantum dot solar cells. These are still extensively being researched.
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Mass production and improved production methods significantly reduced the costs of solar cells.
The price of conventional crystalline silicon solar cells has dropped exponentially from almost
$100/W in the mid-1970s to less than a dollar per Watt today [9]. The costs are expected to
decrease even further which stimulates the deployment of photovoltaic energy systems. These
systems already contributed to 45% of all new installed power generation capacity in 2017 [10].
Moreover, the International Renewable Energy Agency projects that in 2020 the electricity of PV
systems is cheaper than electricity from conventional sources [11].

1.3. PROBLEM STATEMENT

Growing awareness about climate change leads to rapid developments in the energy sector. In
2017, more than 400 GW of PV was deployed worldwide [12]. This is an increase of 95 GW (31%)
year-on-year as shown in Figure 1.2. Approximately a quarter of this new capacity is installed in
residential PV systems (generally up to 10 kW) and around 18% in PV systems on commercial
rooftops (generally between 10 kW and 2 MW) [10]. Retail grid parity in many countries allowed
building owners to also invest in PV systems at non-ideal locations which do not have an optimal
tilt or orientation, or suffer from partial shading which is inevitable in urban environments [13].
Shading is often caused by clouds, bird droppings and static objects such as trees, chimneys,
dormers and surrounding buildings.
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Figure 1.2: Cumulative global installed PV capacity between 2000 and 2017 [10].

A conventional PV module (used in utility scale projects) consists of multiple solar cells connected
in series. The PV module is generally divided into three subgroups, each with a bypass diode
connected in parallel. Bypass diodes are mainly used to prevent hot-spot formation which can
permanently damage the module. In the ideal case, the reduction in the output power is equal
to the reduction in the irradiation incident on the module, and is known as shading linearity or
the optimal shading tolerability. In partial shading conditions, the irradiation incident on a PV
module is not uniformly distributed. Due to the series connection of solar cells and the limited
number of bypass diodes in a conventional PV module, current mismatch leads to significant and
disproportionate power losses. Shading only a small fraction of a module can reduce the power
output with more than 30%. This is because either at least one subgroup is bypassed or the
module current is limited by the current of the worst performing (i.e. most shaded) cell.
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Improving the shading tolerability of modules increases the performance of PV systems in urban
landscapes. Additionally, the potential of indoor, facade and other novel PV concepts can be
explored. These applications help buildings to meet their energy demand and can be divided into
building added photovoltaic (BAPV) and building integrated photovoltaic (BIPV) systems. It is
widely acknowledged that shading in urban landscapes has a huge impact on the performance
of these systems. Most research is currently focused on improving the conversion efficiency and
reducing the costs of PV modules [14]. Leading-edge research looks into reconfigurable modules.
These dynamic PV modules change their cell interconnections in real-time to improve the power
output under electrical mismatch conditions, which are often caused by partial shading. Although
a conventional module has all its individual cells connected in series for practical reasons, shade-
tolerant module topologies such as the reconfigurable module are essential to further increase
the deployment of PV energy systems in urban landscapes.

1.4. RESEARCH GOAL AND OUTLINE

The aim of this report is to evaluate the potential and performance of reconfigurable PV modules
and to find the optimal module configuration. This objective can be subdivided into the following
research questions:

1. What is the ultimate potential of reconfigurable PV modules in urban landscapes?

2. Which reconfigurable PV module topology is the optimal trade-off between high shading
tolerability and a simple module design with minimal losses under uniform conditions?

3. How does the performance of the reconfigurable PV module compare with other series
and parallel connected module layouts?

These questions will be answered by creating an equivalent mathematical and electrical model
of the reconfigurable PV module which will be validated with measurements of a prototype. The
model will be simulated for a typical PV system in an urban landscape. The simulation results are
used to determine the potential and performance of the reconfigurable PV module. Finally, a
sensitivity analysis is performed on all parameters affecting the performance of the PV module.

This report addresses both the existing and proposed methodologies to improve the shading
tolerability of PV modules, and is structured as follows. Chapter 2 gives a brief introduction on
the operating principles of photovoltaic technologies. This chapter also introduces an equivalent
mathematical model to simulate the electrical behaviour of solar cells. Chapter 3 provides a
detailed overview of existing approaches to reduce mismatch power losses under partial shading
conditions as well as their limitations. Chapter 4 addresses the architecture of the proposed
reconfigurable module and its potential in a typical urban landscape. A comparative performance
study between conventional, reconfigurable and several other reference PV modules will be
presented and discussed in detail in chapter 5. The manufacturing process of the prototype and
the validation of the simulation model is addressed in chapter 6. Finally, chapter 7 provides
conclusions and recommendations for further research to substantially improve the potential of
PV modules in the urban environment.
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The main component of these systems are PV modules which consist of multiple solar cells. This
chapter addresses the operating principles of solar cells as well as an equivalent mathematical
model to simulate the electrical behaviour of solar cells. Finally, relevant parameters describing
the performance of a solar cell are given, including their dependence on the irradiance and cell
temperature.

2.1. SOLAR CELL OPERATION

Solar cells form the basis of a photovoltaic (PV) module. A solar cell is able to convert light into
electricity using the photovoltaic effect. Here, generation, separation and collection of charge
carriers occur in a semiconductor material when exposed to light [5]. When a photon is incident
on a solar cell and its energy is larger than the bandgap of the semiconductor, an electron-hole
pair will be formed. These charge carriers can be separated by the p-n junction and results in an
electrical current. Spectral mismatch, recombination and others losses should be minimized to
ensure high efficiencies. The current density of a single junction solar cell is usually between 25
and 45 mA/cm? which yield currents up to 10 A with 6-inch solar cells. However, the voltage of a
solar cell is independent of the cell’s area and is in the order of 0.6-0.7 V which is too low for
many applications. Therefore, cells in a module are connected in series to obtain a higher voltage.
The electrical behaviour of a module is similar to individual cells.

A solar cell can operate in forward and reverse bias. This can be explained by looking at the p-n
junction. Doping causes an excess of free holes in the p-type semiconductor and a surplus of free
electrons in the n-type semiconductor. At the junction, holes will diffuse into the n-layer leaving
behind a negatively charged ion in the p-region and vice versa. Consequently, all free charge
carriers near the p-n junction will recombine and result in a depletion region which functions as
a potential barrier. Due to thermal generation, there are always some electrons in the p-type
region and holes in the n-type region. These minority carriers result, under the influence of the
electric field in the depletion region, in a drift current opposite to the diffusion current. In
equilibrium, both currents are equal and the net current is zero. When the cell is in complete
darkness and a positive voltage is applied to the p-type semiconductor, holes in the p-type are
repelled towards the junction whereas electrons in the n-type semiconductor are attracted
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towards the junction. As a result, the depletion region becomes narrower and free charge
carriers can move more easily across the junction. The diffusion current increases and leads to a
net positive current. When the voltage is sufficiently high, the depletion layer almost completely
vanishes and the diode starts conducting. This operating condition is known as forward bias and
is shown in Figure 2.1a. In normal conditions, a solar cell operates in forward bias.

When the solar cell is in the dark and a negative voltage is applied to the p-type semiconductor,
the opposite occurs and the potential barrier increases as shown in Figure 2.1b. This operating
principle is known as reverse bias. Due to the larger width of the depletion region, the diffusion
current becomes negligible. Consequently, the net current is negative and equal to the relatively
small current of the minority carriers and is known as the saturation current. However, when the
reverse voltage is high enough, the kinetic energy of a minority carrier is sufficient to break
covalent bonds when the particle hits an atom. This results in the formation of an electron-hole
pair. The charge carriers set free in the collision can in turn be accelerated by the electric field
causing a chain reaction that leads to an excessively high flow of electrons through the junction
known as breakdown. Although there are also other breakdown mechanisms present in solar
cells, localized avalanche multiplication in micro-plasma regions is the dominant process in front-
back contact monocrystalline silicon and polycrystalline silicon solar cells [15].
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Figure 2.1: Solar cell operating in (a) forward and (b) reverse bias.

2.2. EQUIVALENT CIRCUIT OF A SOLAR CELL

Tracing the current-voltage (I-V) curve of a solar cell is a fast and reliable method to determine
its performance. It is achieved by measuring the voltage across and current through the solar cell
while changing the value of the series connected resistive load. However, experiments are often
subjected to changes in measurement conditions such as fluctuations in the irradiation and cell
temperature. Therefore, a mathematical model which is electrically equivalent to the solar cell
is often simulated. An ideal solar cell can be modelled as a current source in parallel with a diode.
Since losses are inevitable, a shunt resistance and series resistance are added to the model. This
equivalent circuit is often referred to as the single diode or five-parameter solar cell model and
is schematically shown in Figure 2.2.
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Figure 2.2: Equivalent circuit of the single diode solar cell model.
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The shunt resistance is caused by manufacturing defects and provides an alternative path for
current between the positive and negative terminals of the solar cell. The series resistance comes
from the bulk resistance of the p-n junction, the contact resistance between the junction and
electrodes and the resistance of the electrodes [5]. Ideally, the shunt resistance should be infinite

and the series resistance should be zero. The current generated by the solar cell can be derived
using Kirchhoff’s law and is given by

I'=1Ipy —Ip —Isy (2.1)

where [ is the output current of the solar cell, Ipy is the photogenerated current, I is the diode
current and Iy is the current through the shunt resistance. The voltage across both the diode
and shunt resistance is the sum of the output voltage of the solar cell and the voltage across the
series resistance and equals V + IRg. Substituting this in the Shockley diode equation gives

where [, is the saturation current, g is the charge of an electron, n is the diode ideality factor, k

is the Boltzmann constant and T is the temperature of the solar cell. The ultimate equation for
the single diode solar cell model is given by

q(V + IRg) V + IRg
I =1Ipy—1 _ -1 2.3
PH 0 (EXP[ kT Ry (2.3)

The main challenge of modelling a solar cell is to find representative values for the parameters
such as the saturation current and ideality factor. In literature, there are many other models
proposed, including the two diode solar cell model. This is a more advanced model and allows to

separate different recombination processes [16]. Each of these solar cell models have their own
advantages and drawbacks.

2.3. I-V CURVE AND EXTERNAL PARAMETERS

An |-V curve shows all possible operating points of a PV cell, module or array. The current-voltage
relation can be used to derive a number of important parameters which are used to describe the
performance. The I-V and corresponding P-V curve of a typical PV cell is shown in Figure 2.3.
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Figure 2.3: I-V and P-V curve of a typical solar cell.
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These curves allow to determine the short-circuit current, open-circuit voltage, maximum power
point, fill factor and efficiency. The short-circuit current (Isc) and open-circuit voltage (V) are
respectively the maximum current through and maximum voltage across the solar cell. Since
these operating points are either in short-circuit conditions (i.e. when the voltage is zero) or in
open-circuit conditions (i.e. when the current is zero), the generated power is zero. The point
where the product of current times voltage reaches a maximum is known as the maximum power
point (MPP) and is indicated in Figure 2.3. The mathematical expression to find the maximum
power point uses the derivative with respect to the voltage and is given by

dpP _ d(Iv) _
v dv
Note that power is only generated when both the current and voltage are positive. The solar cell

will dissipate power when either the current or voltage is negative. The fill factor (FF) is defined
as the ratio between the maximum power of the PV cell and the product of Is¢ and V.

(2.4)

P IvppV)
FF — SMPP__ 'MPPVMPP

_ (2.5)
IscVoc IscVoc

where Pypp, Impp and Vypp are respectively the power, current and voltage in the maximum
power point. The fill factor can be visualized as the ratio between the blue and grey rectangles
in Figure 2.3. Here, the blue area is the largest possible rectangle that fits within the |-V curve.
The efficiency reflects the performance of the solar cell and is given by

_ Pupp _ IscVocFF
P, 2

(2.6)

where Py, is the irradiance incident on the solar cell in Watt. Since the performance of a cell is
dependent on both the irradiance and temperature as will be explained in the next section, tests
are usually performed at standard test conditions (STC). These conditions require an irradiance
of 1000 W/m? using the AM1.5 spectrum and a cell temperature of 25°C.

The I-V curve also gives an indication of the shunt and series resistance. A smaller slope at short-
circuit conditions corresponds to a higher shunt resistance and a smaller slope at open-circuit
conditions means a higher series resistance. These parameters strongly affect the fill factor.

2.4. IRRADIANCE AND TEMPERATURE DEPENDENCE

Most external parameters of a solar cell are dependent on both the irradiance and temperature.
The photogenerated current depends linearly on the irradiance. It is assumed that the spectral
distribution of the solar radiation is maintained. Since the diode current and the current through
the shunt resistance are much smaller than the photogenerated current in equation (2.1), the
short-circuit current can be approximated with

G
Isc(G, Tstc) = @ISC,STC (2.7)

where G is the irradiance, Gsrc is 1000 W/m? and Isc stc is the short-circuit current at standard
test conditions. Since both the current and incident irradiance change equally, this will not affect
the efficiency. The open-circuit voltage on the other hand depends logarithmically on the solar
irradiation and is given by
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nkT IPH nkT G
VOC(GITSTC) =——1In <— + 1) = VOC,STC + —1In <—) (28)
q Iy q Gstc
where Vocstc is the open-circuit voltage at standard test conditions and Ipy =~ Isc > Ij. The
I-V curves for a range of irradiation intensities are shown in Figure 2.4a. From the graph it is clear

that the maximum power point voltage slightly increases with light intensity.
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Figure 2.4: Impact of (a) the irradiance intensity and (b) the cell temperature on the |-V curve of a solar cell.

Since multiple solar cell parameters are temperature dependent, the overall impact of the cell
temperature requires a more thorough approach. When temperature increases, the bandgap of
the semiconductor decreases. This increases the photogenerated current because more photons

have enough energy to create electron-hole pairs. The overall effect of temperature on the short-
circuit current can be approximated by

Isc(Gstc, T) = Isc(Gstc, To) (1 + a, (T - To)) (2.9)

where ;. is the temperature coefficient of Isc and is positive and Ty is the reference cell
temperature and often equals 25°C [17]. Equation (2.8) suggests that the open-circuit voltage
should increase with temperature. However, the saturation current drastically increases with the
cell temperature and therefore the overall effect on the open-circuit voltage is given by

Voc(Gste, T) = Voc(Gste, To) (1 + ay, (T — To)) (2.10)

where ay, . is the temperature coefficient of Vo and is negative. Since the relative temperature
coefficient of V¢ has the largest magnitude, the maximum power point power decreases with
increasing temperature. The |-V curves for a range of cell temperatures are shown in Figure 2.4b.






EXISTING METHODOLOGIES

In conventional photovoltaic (PV) modules, solar cells are connected in series. Since the current
in a series connection is limited by the worst performing cell, current mismatch causes significant
power losses under non-uniform illumination conditions. A combined effort of universities and
businesses resulted in the development of techniques to improve the shading tolerability. In this
chapter, commercially applied methodologies are discussed as well as methodologies that are
still in a research phase. The focus is on the module level rather than the system level.

3.1. BYPASS DIODES

A conventional commercial PV module has all its solar cells connected in series. The module is
usually divided into three subgroups, each with a bypass diode connected in parallel as shown in
Figure 3.1. The blue solar cells indicate the size and orientation of a single subgroup.

Figure 3.1: Conventional PV module with 72 series connected solar cells and three bypass diodes.

Hot-spot heating occurs when a large number of series connected solar cells force a shaded cell
to operate in high reverse bias. A detailed explanation of the hot-spot phenomenon is given in
Appendix A. Bypass diodes provide an alternative path for current to flow around the shaded
cell(s), but are mainly used to prevent hot-spot formation. These diodes are placed in parallel
with a certain number of solar cells. The maximum number of solar cells a bypass diode should
be connected across to prevent these cells from operating in high reverse bias is given by

Vep — VepD

Npax < 1+——— (3.1)
Voc

11
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where Ny, is the maximum number of cell per bypass diode, Vgp is the breakdown voltage of
the solar cell, Vgpp is the forward voltage across the bypass diode. Equation (3.1) shows that
Nmax depends on the characteristics of the solar cells, but is in the order of 20 cells for a typical
breakdown voltage of 15 V. Consequently, a conventional PV module has three bypass diodes.

Under uniform illumination, all solar cells generate power and a positive potential difference
arises between the p-type contact and n-type contact of each cell. Bypass diodes are connected
in anti-parallel to the solar cells and will therefore be reverse biased and act as an open-circuit.
If a shaded cell is forced to operate in low reverse bias (see appendix A), the current would be
limited by this solar cell and causes the bypass diode to conduct. Once a bypass diode is activated,
the current will pass through the diode and the power potential of bypassed cells is lost. Since
bypass diodes are intended to prevent the formation of hot-spots by ensuring low bias operation,
shading one cell would already activate the bypass diode. Therefore, the |-V curve under different
shading intensities as shown in Figure 3.2 is almost independent of the number of shaded cells
which share the same bypass diode. Whether the module is placed in landscape or portrait
orientation has a tremendous impact on the performance of the module due to the connection
of the bypass diodes.
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Figure 3.2: Impact of the shading factor on (a) the I-V curve and (b) the P-V curve of the conventional PV module
when a single solar cell is shaded.

Under uniform operating conditions, the P-V curve only shows one maximum power point (MPP).
Maximum power point tracking (MPPT) algorithms are used to ensure that modules operates at
their MPP. Common MPPT algorithms include the ‘perturb and observe’ and the ‘incremental
conductance’ method. As shown in Figure 3.2, bypass diodes alter the P-V curve drastically under
non-uniform illumination conditions. Shaded cells lead to multiple peaks of which only one is the
global maximum. It is important to note that bypass diodes of strings containing shaded cells are
not necessarily activated in the global maximum power point. In order to find the global rather
than local maximum power point, advanced MPPT is required. The MPPT algorithm should be
selected based on its accuracy, tracking speed, simplicity and costs. The power increment or load-
line techniques provide a good trade-off, and can be adopted for global MPPT [18].

Although the power of bypassed cells is lost, the module's output is generally higher with respect
to a PV module without bypass diodes. This is because in most situation the shaded cells will not
limit the current of the solar cells under a different bypass diode. Consequently, bypass diodes
improve the shading tolerability of a PV module especially when multiple cells within the same
subgroup are shaded. Since a bypassed string will probably contain unshaded or partially shaded
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cells which still produce power, there is a huge potential to improve the shading linearity [19].
Increasing the number of bypass diodes decreases the power loss of bypassed cells and therefore
increases the shading tolerability. However, adding bypass diodes increases the manufacturing
costs and potentially leads to many local maxima in the P-V curve [20]. Furthermore, each
activated bypass diode has conduction losses due to the voltage drop across the diode.

Not all PV modules require bypass diodes to prevent hotspots. Chu et al. have reported that some
indigitated back contact (IBC) solar cells can safely operate in reverse bias for a prolonged period
of time without having a significant effect on the performance of a solar cell [21]. Nevertheless,
commercially available modules made of this type of solar cells do contain bypass diodes. In this
case, these diodes are only used to improve the shading tolerability rather than to prevent the
formation of hotspots. Consequently, the limit defined in equation (3.1) is not valid anymore.
When more cells than n,,,x share the same bypass diode, shaded cells might be forced to
operate in high reverse bias when the fraction of shaded cells within the subgroup is relatively
small. The current is then not limited by the shaded cells and hence the bypass diode will not be
activated. Increasing the number of shaded cells within the subgroup moves the operating point
from high to low reverse bias and the bypass diode will still activate as shown in Figure 3.3.
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Figure 3.3: Impact of shading on the I-V curve of a conventional PV module when solar cells have a low breakdown
voltage. All shaded cells belong to the same subgroup and receive an 80% lower irradiation.

3.1.1. Smart bypass diodes

When a conventional bypass diode is activated it will generally dissipate a couple of Watt. This
power loss is proportional to the forward voltage across the bypass diode. A normal silicon diode
has a typical forward voltage of 600 mV, whereas the conventional Schottky bypass diode has a
forward voltage around 400 mV. Although adding more bypass diodes would in principle improve
the shading tolerability, a larger number of bypass diodes also implies higher conduction losses
in partial shading conditions and therefore a reduction in the output power of the module under
non-uniform illumination conditions. Several companies such as Texas Instruments developed a
new bypass diode which has a 10 times lower forward voltage [22]. Consequently, the power loss
of these so-called smart or active bypass diodes is drastically reduced. This allows to implement
more bypass diodes while the conduction losses remain acceptable. Less power dissipation will
also result in less heating of the bypass diode and improves the reliability of the module.

Smart bypass diodes contain a body diode, MOSFET, capacitor, charge pump, controller and FET
driver. When shaded solar cells activate a smart bypass diode, current will initially flow through
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the body diode and will enable the charge pump to charge the capacitor. When the voltage of
the capacitor reaches a certain level (i.e. fully charged), the controller activates the MOSFET and
the charge pump is switched off. The activated MOSFET provides a low resistive path resulting in
marginal power dissipation. The stored energy in the capacitor is used to power the controller
while the MOSFET is active. When the capacitor is completely discharged, the MOSFET is
deactivated and the cycle repeats. The power dissipation in a smart bypass diode is minimized
by maximizing the duty cycle of the MOSFET. The main disadvantage is that smart bypass diodes
are currently too expensive to implement on large scale. The costs of a Schottky diode is $0.16
whereas a smart bypass diode is around $1.50 [13]. However, significant cost reductions seem
realistic when these smart diodes are manufactured in mass production.

3.1.2. Overlapping bypass diodes

Besides the number and distribution of bypass diodes within a module, their configuration is also
relevant. It is important to distinguish between PV modules without and with overlapping bypass
diodes. In non-overlapping bypass diodes, each solar cell can be bypassed by only one bypass
diode as shown in Figure 3.4. This is the most common configuration.

N
1

// A 4 4 74 4

_°_=fl-:\®_ o+
NGV ANV A NG A N P N A N

N
1

Figure 3.4: Non-overlapping bypass diodes.

If bypass diodes overlap, there are two alternative paths for current to flow around shaded cells.
Silvestre et al. described how overlapping bypass diodes alter the I-V curve of a PV module [23].
An example of the connection of overlapping bypass diodes is schematically shown in Figure 3.5.
When any of the two central solar cells are shaded, both bypass diodes are activated. As a result,
the power of only two cells is lost and the shading tolerability is improved. There are two
disadvantages. First, overlapping bypass diodes can potentially lead to overcurrent production
[24]. This is because the current of the four outer solar cells will now flow through each of the
two bypass diodes and results in current accumulation at the PV module terminals. Second, the
power of four rather than three solar cells is lost, in case only one bypass diode is activated. As a
result, the overall impact on the shading tolerability is hard to determine.
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Figure 3.5: Overlapping bypass diodes.

3.2. STATIC CONNECTION TOPOLOGIES

A PV module consists of a certain number of interconnected solar cells. The way in which these
cells are connected is described by their topology or architecture. The most common topologies
are series, parallel, series-parallel, total cross-tied, bridge-linked and honeycomb [25]. Currently,
most of these topologies are used to interconnect modules at system level rather than solar cells
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at module level. Cells in commercial PV modules are usually connected in series. These strings
carry the same current which cannot exceed the current of a single cell and the module voltage
is the sum of the individual cell voltages as shown in Figure 3.6a. In contrast, cells connected in
parallel operate at the same voltage and the module current is the sum of the individual cell
currents as shown in Figure 3.6b. Power losses in cell interconnections can be calculated with
I’R (3.2)
where R is the wire resistance. Consequently, connecting all cells in series would result in the
best performance under uniform irradiance, because the resistive power losses are minimized.
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Figure 3.6: |-V curve of (a) series and (b) parallel connected solar cells.

As mentioned in section 2.4, the current changes linearly and the voltage logarithmically with
irradiance. In absence of bypass diodes, the current through a series connected string is limited
by the worst performing cell, as shown in Figure 3.7a. As a result, the series architecture is hardly
resilient to partial shading. Connecting all cells in parallel provides maximum shading tolerability,

because shaded solar cells cannot limit the current of unshaded cells and the voltage does hardy
vary with irradiance.
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Figure 3.7: Impact of current and voltage mismatch on the I-V curve when a shaded and unshaded solar cell are
connected in (a) series and (b) parallel.
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The main disadvantage of a parallel connection is that it significantly increases the current and
therefore the resistive power losses and cable costs. Series-parallel (SP) and total cross-tied (TCT)
architectures provide better solutions for an urban environment.

3.2.1. Series-parallel

The series-parallel (SP) topology is a middle ground between connecting all cells in series or
parallel. The aim is to minimize the power losses while maximizing the shading tolerability. In this
topology, cells are connected in series to form strings and multiple strings are then connected in
parallel [26]. As an example, a module of 16 cells with 4 parallel strings of each 4 cells in series is
schematically shown in Figure 3.8a. Non-uniform irradiance will now only affect the current of
the strings containing the (partial) shaded cells. Compared to connecting all cells in parallel, the
current and therefore the resistive power losses will be lower. For a given number of cells within
a module, several SP topologies exist. In the example with a PV module of 16 cells, the other
configurations are 2 strings of 8 cells in series (8x2 SP) and 8 strings of 2 cells in series (2x8 SP).
The optimal configuration depends on the shading conditions and system requirements.

3.2.2. Total cross-tied

The total cross-tied (TCT) topology is another module architecture to balance between shading
tolerability and power losses [27]. This topology is derived from the SP architecture by connecting
ties across the different strings. In other words, cells are connected in parallel to form rows and
multiple rows are then connected in series as schematically shown in Figure 3.8b. Compared to
a SP topology, TCT can mitigate mismatch problems for a wider range of partial shading profiles.
As a result, research showed that PV modules in urban landscapes which have a TCT topology
generally outperform a SP architecture [28], [29].
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Figure 3.8: (a) Series-parallel and (b) total cross-tied topology.

The most important drawback of a TCT configuration is the increased complexity due to the large
number of ties. Bridge-linked and honeycomb architectures require even more complex wiring
and are outside the scope of this report.
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3.3. DYNAMIC CONNECTION TOPOLOGIES

Bypass diodes and parallel topologies are static techniques to improve the shading tolerability
and have hardwired interconnections. In dynamic topologies, interconnections can be changed
in real-time using switches. The switching moments can be at regular or variable time intervals
and should be chosen carefully to minimize mismatch losses. Algorithms are used to find the
optimal configuration for a specific shading pattern. Depending on the degree of flexibility (i.e.
the number of configurations provided by the switches), dynamic topologies can result in a much
higher shading tolerability compared to static techniques. Several dynamic topologies exist and
are mostly implemented on system level. The operating principles, advantages and drawbacks of
different dynamic topologies will be addressed below.

3.3.1. Irradiance equalization

The irradiance equalization method enables changing the interconnections between individual
solar cells. It is commonly implemented and investigated on system level [30], [31]. It can also be
implemented on module level. In this case solar cells are connected in total cross-tied through a
switching matrix [32]. Each row generally contains an equal number of solar cells. This is referred
to as ‘exact row sizing’. The current produced by a row is proportional to the sum of its parallel
connected cell irradiances. Cells will be relocated to ensure that each row receives almost the
same irradiance as shown in Figure 3.9. It is important to realize that only cell interconnections
are changed and that the physical location of these solar cells remain the same.
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Figure 3.9: Irradiance equalization (a) before and (b) after reconnection. The switching matrix is hidden for simplicity.
The cell interconnections are changed while the physical location of each solar cell within the module is maintained.
Since each solar cell can potentially be relocated to each row of the TCT topology, many switches
are required to enable the large amount of possible configurations. This drastically increases
resistive power losses and costs. The optimal topology is found by determining the power of each
possible configuration. However, this requires an impractical number of calculations. Storey et
al. found a more efficient method in which solar cells are sorted based on the irradiance incident
on cells [33]. This array is then converted into a matrix with a size corresponding to the TCT
topology. Next, matrix transformations are used to equalize the available power in each row. As
a result, the current mismatch losses between the series connected rows are minimized. The
researchers also proved that the output power will increase if the switching matrix is able to
dynamically change the dimensions of the TCT topology, but this requires a more complex control

algorithm.
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3.3.2. Adaptive banking

The adaptive banking technique is a variant of the irradiance equalization method and is also
mainly implemented on system level [25], [30]. In this case, the PV module is divided into a fixed
and adaptive bank. Only solar cells in the adaptive bank can be relocated [34]. The two parts are
connected through a switching matrix. Under uniform illumination conditions, the solar cells of
the adaptive bank are equally distributed across the rows of the fixed part. Therefore, it is
essential that the number of cells in the adaptive bank is a multiple of the number of rows in the
TCT topology. Under partial shading conditions, cells from the adaptive bank are relocated to
compensate for the shaded cells. This leads to a TCT topology with an arbitrary row size [35].
Obtaining the optimal configuration is an iterative process where the most illuminated cell of the
adaptive bank is connected in parallel to the poorest performing row as shown in Figure 3.10b.
Here, the current is initially limited by the left row which only contains one unshaded solar cell
and therefore receives most cells from the adaptive bank. It should be noted that the adaptive
bank can also contain shaded cells which will be connected to non or less shaded rows.
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Figure 3.10: Adaptive banking under (a) uniform illumination and (b) partial shading conditions. Only solar cells

within the adaptive bank can electrically be relocated.
The optimal size of the adaptive bank is a trade-off between high shading tolerability and system
complexity. A small adaptive bank allows to drastically reduce the number of switches, resistive
power losses and costs with respect to the irradiance equalization method. However, when the
adaptive bank is too small, the mismatch losses cannot be sufficiently mitigated. The adaptive
banking technique provides a relatively high shading tolerability when the adaptive bank is larger
than the number of shaded cells [36].

3.3.3. Other concepts

Irradiance equalization and adaptive banking are the most common dynamic topologies. There
are several other dynamic module layouts which also increase the shading tolerability. These
architectures generally require less switches, but only allow to switch between a limited number
of configurations.
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Snake-like SP topology

The snake-like topology proposed by Baka et al. uses 10 subgroups of 6 series connected solar
cells [37]. The PV module can only switch between two configurations: all subgroups are either
connected in series or in parallel. Due to the snake-like wiring between cells within the module,
the additional resistive wiring losses are minimized. This is especially the case when elongated
(I-type) subgroups are used at the sides as shown in Figure 3.11b. In partial shading conditions,
the module will generally switch to its parallel configuration. Note that it is impossible to prevent
current mismatch losses within a subgroup. Since hot-spot formation cannot occur in the parallel
configuration and the interconnections are updated in real-time, no bypass diodes are required
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Figure 3.11: Simplified schematic of the (a) U-type and (b) I-type snake-like SP topologies. The subgroups are either
connected all in series (dotted grey lines) or all in parallel (solid grey lines).

Switches are always present in the current path of this architecture. Low on-resistance switches
are used to ensure high performance under uniform illumination conditions. Compared to the
conventional PV module, the power loss of the snake-like topology is only 0.4% at STC. Multiple
local DC-DC converters are integrated within the module to boost the voltage and to reduce the
impact of current accumulation in the parallel configuration. Baka et al. discovered that dynamic
PV modules outperform conventional PV modules at locations where partial shading is dominant.
The gain increases with irradiation intensity and shading factor [38], [39]. The disadvantage of
this topology is the limited amount of possible configurations. When partial shading occurs, the
module can only switch to a parallel configuration and still requires 29 switches. Baka et al. did
not compare the performance of the snake-like topology with a static parallel architecture and
the size of the subgroups is not optimized.

Dynamic TCT topology

Series-parallel (SP) and total cross-tied (TCT) are two static topologies. As discussed in section
3.2, TCT is derived from the SP architecture by connecting ties across the different strings. Chao
et al. proposed a dynamic TCT interconnection where switches are installed in each tie [25]. The
optimal position of the switches is found by a particle swarm optimization algorithm and depends
on the shading pattern. Under uniform irradiance, all switches are open leading to a conventional
series-parallel topology. However, in partial shading conditions, this reconfiguration method can
result in asymmetric and unpredictable configurations as shown in Figure 3.12. Although its
effectiveness is only demonstrated on system level, an equivalent methodology can be applied
on module level. The disadvantage is that it would again require a large amount of switches
which affects the resistive power losses, costs and reliability of the module.
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Figure 3.12: Dynamic TCT topology (a) before and (b) after reconnection.
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Mini solar cells

All of the above mentioned methodologies connect solar cells or strings of series connected cells
in parallel to increase the shading tolerability. The most important drawback is the higher output
current which leads to larger resistive power losses. Cutting standard solar cells (i.e. 125x125 mm
or 156x156 mm) into smaller pieces reduces the photocurrent of individual cells. Therefore, more
solar cells can be connected in parallel while the current still remains within an acceptable range.
These mini solar cells can be used in both static and dynamic topologies.

Carr et al. designed a static shade robust PV module in which each solar cell was cut into 16 mini
cells [40]. These sub-cells are connected in series and bypassed by a low current Schottky diode
to form a building block. The short-circuit current of the cell is now reduced to roughly 0.6 A. The
use of back contact cells allows to connect these solar cells on the backside which reduces the
complexity. The PV module has a series-parallel topology with 15 parallel strings of 4 blocks in
series. Their research showed that an annual yield gain of around 4% can be achieved in urban
environment [41]. The main disadvantages are that more material is wasted, the spacing
between mini solar cells is relatively large and the cells have a relatively large perimeter to area
ratio and therefore suffer from larger edge recombination which leads to a lower cell efficiency.

Q Cells recently developed and commercialized a shade tolerant DUO/Twin Peak PV module [42].
The PV module is divided into six subgroups of 20 series connected half cells. The subgroups are
connected in a total cross-tied topology where each row contains two subgroups as shown in
Figure 3.13. Furthermore, a bypass diode is placed across each of the three rows. Since only two
subgroups are connected in parallel and the cell current is halved, the resistive power losses
remain roughly the same. Due to its architecture, the module will outperform the conventional
PV module especially when shading occurs on only one of the two parallel connected sides of the
module. However, a detailed performance analysis in partial shading conditions is not available.

Figure 3.13: DUO PV module with 120 half cells and three bypass diodes.



POTENTIAL OF SERIES-PARALLEL
RECONFIGURABLE PV MODULES

The proposed reconfigurable topology combines the strengths of several existing methodologies
and is a trade-off between high shading linearity and a simple module design with minimal losses
under uniform illuminations conditions. A detailed description of the module layout will be given
in this chapter. Furthermore, an urban landscape scenario is introduced to evaluate the potential
of such reconfigurable modules in locations where partial shading conditions are dominant.

4.1. RECONFIGURABLE UNITS AND SWITCH MATRIX

Partial shading causes a non-uniform irradiance on PV modaules. In a reconfigurable module, the
interconnections between solar cells can be changed in real-time using switches to mitigate the
negative effect of shading. A reconfigurable unit is defined as the smallest group of cells in a PV
module which can be electrically relocated. The electrical connection between solar cells within
a reconfigurable unit is fixed. The most elementary reconfigurable unit consists of a single solar
cell, but reconfigurable units can be made of multiple solar cells. Each reconfigurable unit within
a PV module should have the same interconnection topology and number of solar cells to avoid
current and voltage mismatch [31]. A PV module with reconfigurable units consisting of a single
cell is referred to as a fully reconfigurable module. There are N! different ways of connecting N
reconfigurable units. Since conventional modules generally consist of 60, 72 or 96 solar cells, a
fully reconfigurable PV module can adopt decillions of configurations. Fortunately, the majority
of these configurations are equivalent from an electrical point of view.

The configurations of interest (COIl) are only those that under a certain shading pattern result in
different I-V curves. An example with 4 reconfigurable units in a series-parallel (SP) connection
shows how the configurations of interest can be obtained. The units can be connected all in series
(4x1 SP), all in parallel (1x4 SP) or as two parallel strings of each two units in series (2x2 SP).
Swapping units within the same string or changing the order in which strings are connected in
parallel does not affect the output of the module. Therefore, the 2x2 SP configurations shown in
Figure 4.1 are electrically equivalent.

21
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Figure 4.1: Equivalent configurations in a 2x2 SP connection.

For the 2x2 SP connection, there are three configurations of interest (i.e. unique configurations)
as shown in Figure 4.2. When all reconfigurable units are either connected in series or parallel,
there is only one unique configuration. As a result, there are in total 5 configurations of interest
for a module with 4 reconfigurable units in a series-parallel connection.

Figure 4.2: Unique configurations in a 2x2 SP connection.

Using this methodology, the initial N! possible configurations is reduced to

N!

p! (sHP
where s is the number of series connected units per string and p is the number of parallel strings
and equals N /s [31], [43]. The result for a module with 72 reconfigurable units is shown in Figure
4.3. By summing the configurations of interest of all possible SP combinations, the total number
of unique configurations can be obtained.
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Figure 4.3: Number of unique configurations for a SP connected reconfigurable PV module with 72 units.

A reconfigurable PV module requires switches to change from one configuration into another.
The switching matrix defines the switch positions for each configuration of interest. For the PV
module with 4 reconfigurable units in a series-parallel connection, the configurations of interest
can be obtained using the layout shown in Figure 4.4.
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Figure 4.4: SP connected reconfigurable PV module with 4 units. The red switches are always closed and can
therefore be omitted.
As discussed before, the output power is independent of the order in which units are connected
in series or strings are connected in parallel. Therefore, the ‘first’ and ‘last’ unit can always be
connected to the negative and positive terminal respectively and consequently switch 1 and 5
can be omitted. The total number of required switches can now generally be calculated with

N-1
S=2m41}+§y=%UW+3N—® (4.2)
i=1
It is obvious that for a module consisting of a prime number of units, these can only be connected
all in series or all in parallel. In this specific case, the number of switches is given by

S=3(N-1) (4.3)

Using equation (4.1) to (4.3), the number of unique configurations as well as the required number
of switches can be calculated for a variety of unit and module size combinations as shown in
Figure 4.5.
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Figure 4.5: Total number of unique configurations and switches in a SP connected reconfigurable PV module for a
range of unit and module size combinations.
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Similar equations can be derived for other PV module topologies, such as total cross-tied (TCT).
Although TCT has the same number of unique configurations, it requires many more switches. In
an example of a TCT connected reconfigurable PV module with four units, the configurations of
interest can be obtained using the layout shown in Figure 4.6. This PV module architecture is also
capable of switching to SP interconnections and therefore has twice as many configurations of
interest. Switches 1 and 20 can be omitted, because the ‘first’ unit can always be connected to
the negative terminal, while the ‘last’ two units can directly be connected to the positive terminal
when these units are connected in parallel. It is important to realize that for several unit and
module size combinations, some additional switches can be neglected. When units Il and IV or
Il1 and IV in this example are connected in parallel, these units can also directly be connected to
the positive terminal and therefore switches 17 and 19 are superfluous.
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Figure 4.6: TCT connected reconfigurable PV module with 4 units. The red and grey switches are superfluous.

As mentioned in section 3.2.2, a static TCT configuration generally outperforms a SP connection.
However, in a reconfigurable SP connected PV module, units with similar shading conditions are
grouped together in a string to prevent these units from limiting the current of the other units.
Since interconnections in a reconfigurable SP connected PV module are already optimized with
respect to the shading conditions, the additional gain of a TCT architecture is assumed to be very
limited and will be verified in the next chapter. The units in the proposed reconfigurable module
will therefore only be connected in SP configurations. Furthermore, since resistive power losses
increase with the number of units connected in parallel and the number of unique configurations
and switches is unmanageable for a fully reconfigurable module, the interconnections between
subgroups of series connected solar cells rather than individual cells are changed. This reduces
the system complexity drastically.

4.2. URBAN LANDSCAPE

The potential of reconfigurable PV modules and their optimal subgroup size can be determined
by estimating the maximum amount of solar radiation that a module can convert as a function
of its layout. Therefore, different module architectures are simulated in the urban landscape
shown in Figure 4.7a. The landscape represents a street where a shading study is performed on
the marked rooftop of the middle house. The roof is facing south and has a tilt of 30°.
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(b)

Figure 4.7: (a) 3D urban landscape where PV modules will be placed on the marked roof of the middle house. The roof
is facing south and tilted 30 degrees. (b) Projected grid on the roof to evaluate the irradiance throughout the year.
To obtain the irradiance profile on the roof, sensitivity and sky maps should be combined [44].
The first step is to create a 3D building model of the urban landscape and includes surrounding
obstacles which can directly or indirectly affect the irradiance incident on the selected rooftop.
Then, a grid is created on the rooftop with a size of 125x125 mm as shown in Figure 4.7b and is

equal to the area of a solar cell.

By means of ray tracing, sensitivity maps are obtained for each cell on the roof. These maps show
the sensitivity of a surface to light incident from all possible directions. For a single cell, the
sensitivity to light from one specific direction can be calculated by illuminating the whole urban
landscape from that direction and taking the reflections from the surroundings into account. The
sensitivity is then the absorbed ray intensity at the cell divided by the radiative power of the light
source. The obtained sensitivity maps for two cells on the rooftop are shown in Figure 4.8. It is
clear that the cell high up the rooftop is less shaded throughout a year and will therefore
generally receive a higher irradiance. Note that the sensitivity is independent of the geographical
location of the urban landscape and can be larger than one due to light reflection.
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Figure 4.8: Sensitivity maps of two cells on the rooftop of the urban landscape. The dark blue area in the south is due

to the shadow caused by the neighbour’s house.

In the next step, climate data and the Perez luminance model are used to obtain sky maps. The
Perez model uses the Direct Normal Irradiance (DNI), Diffuse Horizontal Irradiance (DHI) and the
sun’s position to reconstruct the luminance distribution across the sky [45]. Sky maps combine
the direct irradiance with the diffuse sky irradiance. In the simulation, Rotterdam was chosen as
the location of the urban landscape. The sky maps are generated for each 10-minute interval
during an entire year. Multiplying the sensitivity and sky maps, gives the irradiance on each cell
on the roof. As an example, the sky maps and irradiance profiles on the rooftop for a sunny and
cloudy day are shown in Figure 4.9.
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Figure 4.9: (a) Sky maps for a sunny day (DNI = 600 W/m?Z, DHI = 80 W/m?) when the sun is in the south (A; = 180°)
and 45° above the horizon (ay = 45°). (b) Irradiance profile on the roof for the sunny case. (c) Sky maps for a cloudy
day (DNI = 60 W/m?, DHI = 400 W/m?) when the sun is in the southwest (A; = 225°) and 35° above the horizon (ag =
35°). (d) Irradiance profile on the roof for the cloudy case.

4.3. OPTIMAL SUBGROUP SIZE AND ORIENTATION

The irradiance on each cell throughout an entire year is obtained by combining sensitivity and
sky maps. A PV system is then created by accommodating as many 72-cell modules on the roof
as possible. For conventional PV modules, a landscape orientation is generally preferred over a
portrait orientation, because of the positioning of the three bypass diodes. Consequently, the PV
system consists of 31 modules which are positioned in landscape mode as shown in Figure 4.10a.
to allow a fair comparison. Each PV module can be divided into a fixed number of subgroups (i.e.
reconfigurable units). Lefevre et al. defines several criteria to consider when selecting a module
architecture [46]. It is important that all subgroups have an equal number of cells to prevent
mismatch losses under uniform irradiation and that the shape is rectangular and consistent to
enhance the manufacturing process. Consequently, there are 24 possible subgroup size and
orientation combinations which can be separated into four families as shown in Figure 4.10b.
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Figure 4.10: (a) Accommodation of 31 PV modules on the rooftop of the urban landscape. (b) Division of the 24
possible subgroup size and orientation combinations for 72-cell PV modules into four families.
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Most of these layouts vary in their subgroup size and therefore require a different amount of
switches as derived in section 4.1. Solar cells within a subgroup are connected in series. The
subgroup current is therefore limited by its worst performing cell. Since the current of a solar cell
changes linearly with irradiation while the voltage remains almost constant, the solar radiation
could be used as indicator for the potential of each of the 24 module layouts. Hence, a good
estimation of the maximum amount of solar radiation that a module can convert (i.e. effective
irradiation), is using the minimum cell irradiation within a subgroup as the solar radiation incident
on the whole subgroup. The results are shown in Figure 4.11 for the entire PV system as well as
the modules which suffer the least and the most from partial shading. Note that these modules
will have the lowest and highest gain respectively when switching to a reconfigurable PV module
and do not necessarily receive the highest and lowest irradiation. It can be observed that smaller
subgroups have a higher effective irradiation and that layouts within Family D perform worst.
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Figure 4.11: Maximum harvestable solar irradiation in Rotterdam (the Netherlands) for each of the 24 module
layouts when considering (a) only the module which suffers least from partial shading, (b) the entire PV system and

(c) only the module which suffers most from partial shading. The yellow arrow indicates the selected module layout.

Smaller subgroups seem beneficial and also allow more possible configurations, but require more
components and complex wiring which results in power losses. The number of switches increases
drastically when decreasing the subgroup size. The optimal size of the subgroups is therefore a
trade-off between shading linearity, resistive power losses, complexity, costs and reliability. The
simulations showed that the optimal layout for a 72-cell module contains 6 reconfigurable units,
each with 12 series connected cells. This means that there are four possible subgroup shapes of
which family B and C both provide an optimal output. Family C is preferred, because it would
perform more equally in the case of row, column and corner shading. Figure 4.12 visualizes the
proposed reconfigurable module. For illustration purposes, the terminals are drawn at the sides,
whereas the actual terminals are located at the centreline of the module to reduce wire losses.
The proposed reconfigurable module can switch between 27 unique configurations and requires
25 switches. A complete list of these configurations is presented in appendix B.

Figure 4.12: Proposed PV module layout with 6 reconfigurable units of 12 series connected solar cells each. The
module can adopt 27 unique configurations using 25 switches.
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4.4, WORLDWIDE POTENTIAL

To determine the potential of the proposed reconfigurable module, its effective irradiation is
compared with the conventional PV module for different climates around the world as shown in
Figure 4.13. The methodology is slightly modified for the conventional module, because a
subgroup will not produce any power when a bypass diode is activated. Hence, the effective
irradiation is calculated for each combination of activated and deactivated bypass diodes and the
maximum value is used. It should be noted that for locations on the southern hemisphere, the
urban landscape is rotated to ensure that the considered rooftop is facing north. It appeared that
module 4 and 30 (almost) always have the lowest and highest gain respectively and is irrespective
of the latitude of the location. The module which suffers most from partial shading has a global
average annual irradiation increment of roughly 11%. This would mean that a reconfigurable PV
module with 20% efficient solar cells would produce as much energy as conventional PV modules
with 22% efficient solar cells. Furthermore, it can be concluded that the gain is larger for location
further from the equator, because the average sun’s position is lower and therefore shadows
caused by surrounding objects are generally larger and occur more frequently.
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Figure 4.13: Annual irradiation increment of the proposed reconfigurable module layout with respect to the
conventional PV module.
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COMPARITIVE PERFORMANCE
ANALYSIS OF PV MODULES

In this chapter, electrical simulations of the reconfigurable PV module are discussed to evaluate
the module performance. The chapter starts by introducing relevant reference topologies and
an overview of the parameters used in the simulation framework. Next, a case study is presented
in which the performance of the reference and reconfigurable modules is compared. This done
for several static shading patterns as well as the earlier introduced urban landscape. A detailed
sensitivity analysis is carried out to analyse the validity of the results in the presence of design
uncertainty. Finally, the practical implementation of a reconfigurable PV module is addressed.

5.1. REFERENCE TOPOLOGIES

To put the proposed reconfigurable module into perspective, its performance is compared with
several relevant reference topologies shown in Figure 5.1. The blue solar cells represent the size
and orientation of a single subgroup.

(a) (b) () (d)
Figure 5.1: Reference topologies: a) three series connected subgroups with bypass diodes, b) three parallel connected
subgroups, c) six series connected subgroups with bypass diodes and d) six parallel connected subgroups.
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The four relevant reference topologies are referred to as 3 series, 3 parallel, 6 series and 6 parallel
respectively. Most important is the 3 series architecture, because it is the standard in commercial
PV modules. In this topology, a bypass diode is connected in parallel with each of the three series
connected subgroups. The 3 parallel architecture is the parallel equivalent of the conventional
module and has no bypass diodes. Two similar reference topologies are obtained when switching
to six subgroups with the same shape as used within the reconfigurable PV module. In Figure 5.1,
the subgroup interconnections for these last two topologies are drawn at the sides for illustration
purposes. In reality, these interconnections are located at the centreline of the PV modules.
Furthermore, subgroups in the fixed parallel topologies are in reality connected at the junction
box and therefore current accumulation does not occur in wires within a module.

5.2. SIMULATION PARAMETERS AND LOSSES

Simulations of the reference and reconfigurable modules are performed in MATLAB Simulink
[47]. The PV modules considered in this report contain 72 solar cells with a size of 125x125 mm.
The single diode solar cell model in Figure 2.2 is adjusted to include the reverse characteristics
associated with shading. This is done by connecting the combination of a voltage source, resistor
and diode in parallel with the current source [48]. The values used in this eight-parameter model
are given in Table 5.1. Both solar cells with a low and high reverse bias voltage are considered.

Table 5.1: Parameters in the modified single diode solar cell model.

Parameter ~ Symbol Value
Series resistance Rg 6.4 mQ
Shunt resistance Rsy 64 Q
Saturation current Iy 1.56 nA
Ideality factor n 1.2
Photogenerated current Ipy 5.78 A
Saturation current (reverse) lyrB 0.01A
Ideality factor (reverse) NRp 10
Reverse bias voltage VRB -25Vor-15V

The |-V curves of these solar cells in both reverse and forward bias are shown in Figure 5.2. All
simulations are performed at a cell temperature of 25°C which corresponds to the standard test
conditions (STC). In the electrical simulations, the temperature effects described in section 2.4
are not taken into account, because these would drastically increase the computation time.

20 y
—Low reverse bias voltage
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Figure 5.2: I-V curve of a solar cell at standard test conditions in both reverse (V < 0) and forward (V > 0) bias
operation. Note that the scale on the horizontal axis is not linear.
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The I-V curve under forward bias can be used to determine the external parameters of the solar
cells. These are listed in Table 5.2. The power produced by each solar cell at STC is around 3 W.

Table 5.2: External solar cell parameters.

Parameter \ Symbol Value
Open-circuit voltage Voc 0.69V
Short-circuit current Isc 5.78 A
Power in MPP Pyvpp 3.04 W
Voltage in MPP Vmpp 0.56 V
Current in MPP Ivipp 543 A
Fill factor FF 0.76
Efficiency n 19.5%

Wiring losses

It is assumed that all solar cells in the reference and reconfigurable modules have these electrical
properties and are therefore identical. The modules contain 72 solar cells which are connected
using flat tabbing wire made of tin coated copper. The power dissipation in these wires can be
calculated with equation (3.2) in which the resistance is given by

l
R = pz (5.1)

where p is the resistivity and equals 1.68-10® Qm for copper, L is the length of the wire and A is
its cross-sectional area. Conventional solar cells have both front contacts (fingers and busbars)
and rear contacts. Solar cells are tied together by connecting the front contacts of one cell to the
rear contacts of another cell as shown in Figure 5.3. Narrow tabbing wires are used to minimize
the inactive (i.e. shaded by metal) area of cells. Due to the use of multiple busbars, the current
through each of these wires is only a fraction of the cell current. As a result, the relatively high
resistance of narrow tabbing wires does not cause significant power losses. Thicker wires would
further reduce the losses, but are stiffer and therefore can easily lead to cell breakage [49].

Bus tabbing wire

N\

Cell tabbing wire

“

Figure 5.3: Solar cell interconnections with tabbing wire.

The narrow solar cell tabbing wires on each busbar are brought together at the end of a string
via a bus tabbing wire. This wider tabbing wire carries the whole cell current and is used for all
other interconnections within a PV module, such as to connect side-to-side strings or subgroups
to the junction box. The width and thickness of the used wires are listed in Table 5.3.

Table 5.3: Tabbing wire parameters for solar cell interconnections.

Parameter | Value
Cell tabbing width 2.0 mm
Cell tabbing thickness 0.2 mm
Bus tabbing width 6.0 mm
Bus tabbing thickness 0.3 mm
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Each of the reference and reconfigurable modules differ in their interconnections and hence also
in their wiring losses. These losses can be attributed to solar cell or subgroup interconnections.
Modules with an identical subgroup size require the same wiring within a subgroup. It is assumed
that the solar cells have a perfect square shape and contain three busbars and that its current is
uniformly generated. As a result, the current through each of the busbars is one third of the cell
current. To account for the subgroup losses in the simulations, a single resistor is modelled in
series to each subgroup. Its resistance is the sum of the resistance of all wires within a subgroup.
Since the current through this resistor equals the whole cell current, an equivalent resistance
should be used to compensate for the lower current in cell tabbing wires. It is assumed that the
type of cell interconnections are independent of the reverse bias voltage of solar cells.

To account for the losses in the wires for subgroup interconnections, several additional resistors
are added to the equivalent models of the modules. Most of these wires are connected between
subgroups and the junction box as shown in detailed schematics in appendix C. The length of
these wires is therefore dependent on the position of the subgroups with respect to the junction
box. The junction box is generally positioned at the backside of a module near the edge of the
short side. The required wire length in modules with three subgroups is therefore relatively small,
but increases significantly for PV modules with six subgroups. Whether a current flows through
a wire in the 3 series and 6 series topologies, depends on the activation of bypass diodes. Since
the diodes are located inside the junction box, the relatively long wires only carry a current when
one or more bypass diodes are activated. Series connected modules therefore have lower wiring
losses compared to their parallel counterparts. Placing the junction box in the centre of a module
would reduce the wiring losses in modules with six subgroups. However, in reality this leads to a
higher temperature of the junction box. This in turn leads to a lower performance of the solar
cells behind the junction box. When wires are connected to the junction box, there is a small
contact resistance of 0.5 mQ/contact which is also taken into account in the simulations [50].

Other losses

In the reconfigurable module, metal-oxide-semiconductor field-effect transistors (MOSFETs) are
used as electric switches. These transistors have the ability to change their conductivity with the
applied voltage. A MOSFET has four terminals: source, drain, body and gate. The body is always
directly connected to the source. When the applied voltage at the gate of a standard MOSFET is
below a certain threshold, the transistor will not conduct and the switch is turned off and vice
versa. These transistors can only block current in one direction. To block current in both
directions, two MOSFETs must be connected in series and in opposite polarity [51]. Since both
transistors should operate synchronously, their gates are connected. The back-to-back n-channel
MOSFET as shown in Figure 5.4 is an example of a suitable switch for the reconfigurable module.
It is assumed that each switch has a resistance of 10 mQ when closed.

Figure 5.4: Schematic overview of the switch in a reconfigurable module.
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The reconfigurable PV module requires 25 switches to change between all unique configurations.
These switches are positioned on a central switchboard close to the junction box. Under uniform
irradiance, the PV module will operate in its series configuration and only 5 switches are closed.
In partial shading conditions, the module will likely operate in another configuration. When the
moduleisin a3x2, 2x3 or 1x6 SP configuration, there are respectively 6, 7 and 10 switches closed.
Switches are non-ideal components that contribute to the power losses, especially when closed.
The total power loss in the switchboard therefore depends on the selected configuration.

In the series connected reference topologies, bypass diodes are connected in parallel with each
subgroups. SM74611 Smart Bypass Diodes of Texas Instruments are used. The specifications of
these diodes are listed in Table 5.4 [22]. Smart bypass diodes are preferred over conventional
Schottky diodes, because the power losses are much smaller when activated. This allows for a
comparison between the optimal conventional module and the reconfigurable module.

Table 5.4: Overview of the smart bypass diode parameters.

Parameter | Symbol Value
Activated diode resistance Rgpp 3.2mQ
Saturation current 1y BPD 0.10 nA
Ideality factor NpD 0.02

The |-V curve of the smart bypass diode is shown in Figure 5.5. When only one diode is activated
and the other subgroups operate at STC, the maximum power point current is around 5.4 A. The
smart bypass diode will then dissipate approximately 0.16 W.
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Figure 5.5: |-V curve of the smart bypass diode.

Finally, each module has a DC-DC power converter. The converters optimize the output power
by constantly tracking the maximum power point of each individual PV module. The performance
of a PV module is thus independent of other modules in the PV system. This allows comparing
different module architectures in partial shading conditions rather than the system performance.
The losses of the DC-DC converter are neglected for the time being.

5.3. PERFORMANCE IN STATIC SHADING PROFILES

A PV module can operate under uniform and non-uniform conditions. In uniform conditions, each
solar cell has identical electrical and physical properties and therefore all cells produce the same
output power. Non-uniform operating conditions lead to mismatch losses. These can be caused
by a wide range of both internal and external factors. Manufacturing defects, malfunctioning and
faulty solar cells are known as internal causes of variations in electrical properties between solar
cells [14]. External factors include degradation of solar cells, dirt deposition, non-uniform surface
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temperatures and partial shading. Shading is often caused by clouds or row-to-row shading of
modules. In the urban environments, there are significantly more contributors to partial shading
conditions. Partial shading is primarily due to static objects such as surrounding buildings, trees,
chimneys and dormers. It can also be cause by soiling, bird droppings and fallen leaves. Some of
these causes are unpredictable due to their random occurrence. As a result, the direction, shape
and density of shadows cannot be fully known beforehand [37]. The proposed reconfigurable PV
module was designed to improve the performance under quasi-static shading conditions.
Nevertheless, its output power would definitely be higher than the conventional module in case
of fixed random shading due to its smaller subgroup size.

First, the performance of the reference and reconfigurable modules are analysed for a variety of
static partial shading conditions. Representative and commonly occurring shading patterns in the
building environment are considered, including row, column and corner shading. It is obvious
that the output power of a module does not only depend on the shading pattern, but also on the
shading intensity. The shading factor is used to quantify the shading intensity and varies between
0 (non-shaded) and 1 (completely shaded). Shading patterns do not respect the borders of solar
cells and results in partial shading of individual cells. It is important to realize that shading 10%
of a solar cell with a shading factor of 1 is almost equivalent to shading the entire cell with an
effective shading factor of 0.1 [52]. This is because the same energy is incident on the solar cell
and the effect of the series resistance is negligible under normal irradiation concentrations. In
the simulations of static shading profiles, a typical shading factor of 0.8 is used.

5.3.1. Row shading

The performance of the reference and reconfigurable PV modules is analysed by tracing the I-V
curve and finding the maximum power point for all reference topologies and each configuration
of the reconfigurable PV module (see appendix B). Power losses in wires are hereby neglected to
facilitate the explanation of the results. First, solar cells with a high reverse bias voltage are
considered. The simulation results for row shading are shown in Figure 5.6.
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Figure 5.6: Maximum power point power for the reference and reconfigurable PV modules under row shading.
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When one row of cells is shaded, each subgroup in the 3 series and 3 parallel topologies contains
two shaded solar cells. The current through and voltage across the three subgroups are therefore
identical. As a result, no bypass diodes are activated. Moreover, since current and voltage
mismatch losses do not occur between subgroups, the 3 series and 3 parallel architectures result
in the same output power. Switching from three to six subgroups increases the output power of
the module by a factor larger than two. The gain is both due to the size and shape of the
subgroups. In the 6 series topology, the bypass diodes of the two partially shaded subgroups are
conducting. It is important to realize that whether a bypass diode is active in the maximum
power point depends on the shading factor as shown in Figure 3.2. Due to the activation of the
two bypass diodes, the power potential of 24 solar cells is lost. In contrast, each subgroup in the
6 parallel topology contributes to the output power. The voltage mismatch losses caused by the
partially shaded subgroups are marginal. This is because the voltage depends logarithmically on
the irradiance whereas the current has a linear dependence. As a result, parallel topologies
generally outperform series connections.

The maximum power point power of each of the 27 configurations of the reconfigurable module
is also shown in Figure 5.6. The highest power is obtained when subgroups with very similar |-V
curves are connected in series to prevent current mismatch losses. Consequently, the 1x6 SP and
three 2x3 SP configurations in which the equally shaded subgroups are connected in series (i.e.
configurations 14 to 16) perform best. The main advantage of these last three configurations is
that the module current is two times lower compared to the 6 parallel topology while its output
power is almost identical. The lower module current significantly reduces the power losses at
system level and the costs of converters and cables. Note that the three 2x3 SP configurations
perform slightly better than the 1x6 SP configuration since less switches are closed resulting in
lower resistive losses.

5.3.2. Column shading

Column shading is the most common shading profile in large PV power plants. A conventional PV
module has elongated subgroups and is optimized for this type of shading. Column shading also
frequently occurs in urban landscapes and is often due to surrounding buildings and row-to-row
shading of modules. The simulation results for column shading are shown in Figure 5.7.
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Figure 5.7: Maximum power point power for the reference and reconfigurable PV modules under column shading.
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The most important observation is that modules with three subgroups now outperform the other
topologies. The reason is that a smaller fraction of the module is affected due to the shape of the
subgroups. Independent of the size of the subgroups, there is a gain when switching from a series
to a parallel architecture. The gain is largest for a topology with six subgroups, because a smaller
fraction (one third rather than half) of the solar cells within the shaded subgroups are shaded
and therefore voltage mismatch losses are smaller too. As in the case of row shading, the
reconfigurable PV module can achieve roughly the same output power as the 6 parallel topology,
but with a current that is three times lower.

5.3.3. Corner shading

Corner shading is characteristic for urban landscapes and can be caused by a wide range of static
objects such as chimneys and dormers. In this case, shaded subgroups do not contain the same
number of shaded solar cells. The simulation results for corner shading are shown in Figure 5.8.
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Figure 5.8: Maximum power point power for the reference and reconfigurable PV modules under corner shading.

When solar cells with a high reverse bias voltage are used, shading only one solar cell within a
subgroup is already sufficient to limit the entire subgroup current and activate its bypass diode.
As a result, the current of each shaded subgroups is equal, but the voltages differ. In the 3 series
topology, the maximum power point occurs when no bypass diodes are activated. This module
topology slightly outperforms the 3 parallel architecture, because the parallel connection suffers
from voltage mismatch losses. Finally, the power output can be doubled when a module with six
subgroups is used. The current of the reconfigurable module is again three times lower.

Impact reverse bias voltage

When solar cells with a low reverse bias voltage are used, the results change slightly. When only
a small fraction of the solar cells within a subgroup is shaded, the shaded solar cells will not limit
the subgroup current in the maximum power point. Series connected reconfigurable units should
here be considered as one subgroup. Consequently, several configurations of the reconfigurable
PV module as well as reference topologies with three subgroups can produce a noticeable higher
power in row and corner shading scenarios as shown in Figure 5.9. One of the reasons why PV
modaules with these cells produce a higher power is because partial shading does not necessarily
lead to the activation of bypass diodes as demonstrated in Figure 3.3. It should be noted that the
gain decreases when smaller subgroups are used, because the probability that a small fraction
of a subgroup is shaded is reduced.
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Figure 5.9: Maximum power point power for the reference and reconfigurable PV modules under (a) row and (b)
corner shading when the solar cells have a low reverse bias voltage.

Reconfigurable TCT topologies

The proposed reconfigurable module can adopt 27 unique series-parallel configurations using 25
switches. A reconfigurable module which can adopt total-cross tied configurations requires many
more switches as explained in section 4.1. Although static TCT configurations are generally more
shade tolerant than static SP connections, the gain in reconfigurable modules was assumed to
be limited since the interconnections are already optimized with respect to the shading pattern.
To verify this claim, the output power of a reconfigurable PV module with TCT interconnections
is analysed for both row, column and corner shading. As an example, the results for row shading
are shown in Figure 5.10. Note that when two reconfigurable units are connected in parallel to
form a row and three rows are connected in series, it is referred to as a 2x3 PS configuration.
These configurations do not correspond to the configurations in appendix B.
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Figure 5.10: Maximum power point power for the reference and TCT (i.e. PS) connected reconfigurable PV modules
under row shading.
The highest maximum power point power of the TCT connected reconfigurable PV module never
exceeds the optimal power of the SP connected reconfigurable module. The main difference is
that more configurations can achieve the maximum power. It should be mentioned that for some
shading patterns, the SP connected reconfigurable module only produces optimal power when
all subgroups are connected in parallel, while its equivalent TCT topology has the option to obtain
the same power at a lower current. This is the case when the current of each parallel row is
almost the same and there is always one subgroup receiving an unique shading intensity. Most
of these scenarios are however very unlikely and do not compensate for the additional module
complexity and costs due to the extra required switches.
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5.3.4. Ultimate performance

Similar simulations can be performed taking into account wiring losses. To analyse how much
power is lost in the wires, the module topologies are also simulated under uniform illumination
conditions. As a reference, the power in the maximum power point when losses are neglected is
219.08 W and 41.53 W at an uniform irradiation of 1000 W/m? and 200 W/m?respectively. The
output power for each topology is shown in Table 5.5.

Table 5.5: Maximum power point power [W] for the reference and reconfigurable modules for uniform conditions and

several partial shading scenarios. The output power for PV modules containing solar cells with a low reverse bias
voltage and distributed switches are shown in red and blue respectively.

Module topology 1000 W/m? 200 W/m?

. 53.11
3 series 216.23 41.42 61.00 144.00 50.93
53.10 49.84
3 parallel 216.08 41.41 60.92 159.20 5755
. 107.14
6 series 215.74 41.40 143.35 107.12 107.29
6 parallel 213.42 41.31 156.78 129.30 128.28
6 reconfigurable 212.06 41.25 154.88 128.32 127.29
& 214.26 41.34 156.25 129.16 128.78

The maximum power point power at uniform illumination conditions clearly shows the higher
wiring losses for modules with six parallel or reconfigurable connected subgroups. Since power
losses increase quadratically with current, the losses in the reference and reconfigurable module
topologies are much smaller at a lower irradiation. Subgroups containing shaded cells generally
conduct a lower current and hence contribute less to the wiring losses. Consequently, the output
power of modules with six subgroups slightly differs when the modules are rotated 180°. This is
due to the fact that the junction box is not placed symmetrically with respect to the subgroups.
The impact of the position of the junction box will be discussed in the sensitivity analysis.

As explained earlier, when only a small fraction of the solar cells within a subgroup is shaded, the
output power of a PV module depends on the reverse bias voltage. In these cases, the red value
in Table 5.5 corresponds to PV modules with cells with a low reverse bias voltage. In the standard
reconfigurable module, switches are placed at a central switchboard for simplicity and reliability.
However, when each switch is located at its optimal position, the wire lengths and therefore the
power losses can be minimized. The maximum powers of the reconfigurable PV module with
distributed switches are presented in blue in Table 5.5. It is clear that the reconfigurable module
can now outperform the PV module with a 6 parallel topology. The impact of distributed switches
will also be discussed in more detail in the sensitivity analysis.

5.3.5. Shading tolerability

It is shown that the reference and reconfigurable modules have a different output power for the
considered static shading scenarios and hence have a different shading tolerability. A measure
to quantify the shading linearity is the Shading Impact Factor (SIF) and is given by

1

P
SIF = (1 - —)— 5.2
Pgrc/ SF (5:2)
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where P is the actual power in the maximum power point, Pstc is the power output at standard
test conditions (i.e. without shading) and SF is weighted shading factor of the module [13]. A SIF
of 4 means that the mismatch losses are 4 times larger than the power reduction that the shading
profile would suggest. A SIF of 1 is unfeasible, because there is always a difference between the
incident and actual solar energy that can be harvested under partial shading conditions. The
shade impact factors for each of the three partial shading scenarios are given in Table 5.6 when
solar cells with a high reverse bias voltage are used. It can be concluded that a PV module with
the 6 parallel topology and the reconfigurable PV module have the highest shading tolerability.

Table 5.6: Shade impact factor of the reference and reconfigurable modules for several partial shading scenarios.

Module topology Row \ Column Corner  Average
3 series 11.32 2.51 3.82 5.88
3 parallel 11.31 1.97 3.85 5.71
6 series 5.03 3.78 2.52 3.78
6 parallel 3.98 2.96 1.99 2.98
6 reconfigurable 4.04 2.96 2.00 3.00

5.4. ANNUAL ENERGY YIELD COMPARISON

Partial shading and uniform illumination conditions often alternate. To compare the annual yield
of the reference and reconfigurable modules, the irradiation data of the aforementioned urban
landscape in Rotterdam (the Netherlands) is used as input. Simulations are performed for an
entire year using 10-minute interval data to obtain the annual energy vyield. It is important to
note that the reference topologies responds immediately to changing shading conditions.
However, the reconfigurable PV module only changes its configuration at a specified switching
interval. Between these time instants, the reconfigurable module might be in a non-optimal
configuration due to changes in the shading conditions. Furthermore, the reconfigurable PV
module cannot produce any useful power during the switching process. It is assumed that the
switching interval and process are sufficiently short that these power losses can be neglected.
These practical implementation issues will be discussed in more detail in section 5.6.

To reduce the simulation time, several simplifications are made. These affect the performance
of the PV modules almost equally. First, it is assumed that the solar cells have a perfect square
shape rather than the conventional octagonal shape. This makes raytracing simulations much
less complex. Second, the margin between adjacent solar cells is neglected, because the margin
is much smaller than the size of a solar cell. Finally, optical gains and losses in the module are
neglected. Even with these simplifications, the computation time is too long to simulate each PV
module in the urban landscape. Therefore, only the modules which suffer the least or the most
from partial shading (i.e. module 4 and 30 respectively) are considered. An overview of the
annual energy yield of the reference and reconfigurable topologies is given in Table 5.7.

The simulations are performed for both solar cells with a high and low reverse bias voltage. The
results show that modules with six parallel or reconfigurable connected subgroups can increase
the annual energy yield with around 9% when partial shading occurs frequently. Furthermore,
modules which are hardly partially shaded lose less than 0.5% when switching from a
conventional 3 series to another module topology. Finally, the impact of the reverse bias voltage
on the energy yield is hardly noticeable. Therefore, the remaining results are only discussed for
PV modules containing solar cells with a high reverse bias voltage.
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Table 5.7: Annual energy yield [kWh] for the reference and reconfigurable topologies of the least (4) and most (30)
partially shaded modules in the urban landscape in Rotterdam. Solar cells with a high and low reverse bias voltage
are considered.

High RB voltage Low RB voltage
Module topology 4 30 a 30
3 series 273.86 164.10 274.03 164.85
3 parallel +0.26% +4.33% +0.21% +3.91%
6 series +0.21% +2.96% +0.16% +2.61%
6 parallel -0.04% +9.26% -0.10% +8.77%
6 reconfigurable -0.45% +8.70% -0.51% +8.21%

As an example, the power output for the different topologies of the most partially shaded PV
module is shown in Figure 5.11 for a sunny day. It clearly illustrates that the gain of reconfigurable
module only occurs during partial shading conditions (i.e. grey marked periods). Under uniform
conditions, the module slightly underperforms due to the switches and longer wires. This effect
is strongest around noon, because of the high irradiance which results in a higher current.
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Figure 5.11: (a) Power output of the most partially shaded module in the urban landscape throughout a sunny day.
The grey areas mark the partial shading periods. (b) Direct and diffuse irradiation during the considered sunny day.

5.4.1. Contribution of configurations

The reconfigurable PV module can adopt 27 unique configurations which can be divided into four
categories: 1x6, 2x3, 3x2 and 6x1 SP. The reconfigurable module updates its configuration once
per switching interval. Under uniform irradiance, the module operates in its series configuration.
In partial shading conditions, other configurations will most likely provide a higher power. The
least partially shaded PV module in the urban landscape is therefore most of the time in its series
configuration, while the most partially shaded module is in its parallel configuration as shown in
Figure 5.12. Both modules are also around 20% of the year in a 2x3 or 3x2 SP configuration.
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Figure 5.12: Optimal configuration division throughout a whole year for the reconfigurable topology of (a) the least
and (b) the most partially shaded modules in the urban landscape.
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The contribution of each category to the monthly energy yield is shown in Figure 5.13. Although
the least partially shaded PV module is 72% of the year in its series configuration, it contributes
to 90% of the annual energy yield. This is because the series configuration is preferred at uniform
illumination conditions which is generally related to a relatively high output power. Likewise, the
most partially shaded PV module is 75% of the year in its parallel configuration, while it only
contributes to 57% of the annual energy yield.
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Figure 5.13: Monthly energy yield for the reconfigurable topology of (a) the least and (b) the most partially shaded
modules in the urban landscape.

The results also show that the energy yield in summer is more than 8 times higher compared to
winter months. This large difference is both due to the higher irradiation in summer as well as a
longer time from dusk till dawn. An important remark is that these seasonal fluctuations would
even be higher for conventional PV modules. As an example, the energy yield of the least partially
shaded module is slightly reduced (<1%) in summer months, whereas the energy yield in winter
months increases up to 7%. The monthly energy yield of the most partially shaded module always
increases. The gain in summer months is around 7% and increases up to 20% in winter months.
Consequently, the difference between the maximum and minimum monthly energy yield for the
least and the most partially shaded modules is reduced by 5% and 9% respectively. This has a
positive effect on energy storage requirements.

5.4.2. Module current distribution

The results presented in Table 5.7 show that a PV module with the 6 parallel topology slightly
outperforms the reconfigurable PV module. Furthermore, this architecture is less complex, more
reliable and easier to manufacture. This may sound like there is no point in having reconfigurable
PV modules. However, losses in the DC-DC power converter, losses in the cables at system level
and the costs of the PV module are not yet taken into account. The main advantage of the
reconfigurable module is that it can produce roughly the same output power as the fixed parallel
topology with six subgroups, but at a much lower current. Power converters with a large current
range are either less efficient or more expensive. Furthermore, lower currents result in less cable
losses at system level when cables with the same cross-sectional area are used.

Since modules with six parallel connected subgroups or six reconfigurable units have the highest
potential by far, the current distribution of these modules will be analysed and compared with
the conventional PV module. The power generated by a PV module changes more or less linearly
with the current. The proportionality factor depends on the layout of the PV module and is
affected by the activation of bypass diodes in the series connected PV modules or switching
between the configuration categories in the reconfigurable PV module. The relation between the
maximum power point power and current for all time instants is shown in Figure 5.14.
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Figure 5.14: Power against current in the maximum power point of the most partially shaded module in the urban
landscape with (a) three series connected subgroups, (b) six parallel subgroups and (c) six reconfigurable units.

For the 3 series topology, the results show three slopes. This is due to the activation of zero, one
or two bypass diodes. Some points have an offset from the linear trends. This is the case when
only a small fraction of cells within a subgroup is shaded. This is more likely to occur in a larger
subgroup and results in a relatively high maximum power point voltage. The non-linear part of
the |-V curve near the MPP will then show a sharp rather than a smooth transition. The current
distribution of the same three topologies is shown in Figure 5.15. It is obvious that the 3 series
and 6 parallel topologies have the smallest and largest current range respectively. The relatively
high probability of low currents is caused by (partial) shading as well as the lower irradiation in

winter months and around sunrise and sunset.
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Figure 5.15: Histogram of the current in the maximum power point of the most partially shaded module in the urban
landscape with (a) three series connected subgroups, (b) six parallel subgroups and (c) six reconfigurable units.

Smaller current range

It is also observed that the current range of the reconfigurable module is almost the same as the
current range of the module with a 6 parallel topology. However, the probability of high currents
is smaller. To relax the requirements of the DC-DC power converter, two options are investigated
to reduce the current range of the reconfigurable PV module. First, the 1x6 SP configuration is
discarded as shown in Figure 5.16a. At least two subgroups have to be connected in series and
therefore the maximum module current can be reduced with a factor two. However, higher
mismatch losses are inevitable and drastically affect the annual energy vyield (-1.74%).

The second option is based on the ability of the reconfigurable PV module to operate in another
configuration when the output current exceeds a certain threshold. The module is then forced
to operate in its second best or an even worse configuration. This methodology limits the current
range to the set threshold. The impact on the annual energy yield is now much smaller, because
the 1x6 SP configuration is only disregarded at high currents. The relation between the maximum
power point power and current when the current is limited to 15 A is shown in Figure 5.16b.
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Figure 5.16: Power against current in the maximum power point of the most partially shaded module in the urban
landscape with six reconfigurable units discarding (a) the 1x6 SP configuration and (b) currents above 15 A.
When the current is limited to 15 A, approximately four percent of the 1x6 SP configurations are
substituted with mostly 2x3 SP configurations. Although the maximum current is even smaller
than in the first option, the annual energy yield only decreases with 0.61%. The impact of both

options on the current distribution is shown in Figure 5.17.
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Figure 5.17: Histogram of the current in the maximum power point of the most partially shaded module in the urban
landscape with six reconfigurable units without (a) the parallel configuration and (b) currents above 15 A.
Similar results can be obtained for the least partially shaded PV module in the urban landscape.
Since this PV module is in its 6x1 SP configuration most of the time, the current range is already

much smaller without implementing any restrictions.

5.5. SENSITIVITY ANALYSIS

Many parameters are defined in the simulation framework and assumptions were made. In a
sensitivity analysis, the impact of changes in these input parameters is studied and often serves
as a what-if analysis. To determine the robustness of the simulation results, a sensitivity analysis
is performed for the most relevant parameters of the reference and reconfigurable topologies.

5.5.1. Absorption and reflection

It is assumed that the irradiation incident on a PV module is completely absorbed. In reality, a
fraction of the light is reflected on the protective glass encapsulation layer and depends on the
angle of incidence. Research performed by De Soto et al. uses Snell’s and Beer-Lambert’s laws to
obtain an incident angle modifier (IAM) which is multiplied with the irradiation [53]. It should be
noted that all light incident on the module is treated as direct irradiation. Therefore, the IAM is
zero when the sun is behind the PV module. The method uses the sun’s position to calculate the
angle of incidence on the roof for each time instance with

cos(6;) = cos(ay,) cos(ag) cos(A,, — Ag) + sin(ay,) sin(ag) (5.3)
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where 6; is the angle of incidence, a,, is the module altitude and equals 90° minus the roof tilt,
a, is the altitude of the sun and A,;, and A are the azimuth of the module and sun respectively.
Given the index of refraction of the glass layer n, the angle of refraction can be calculated with

1
0. = arcsin (H sin(@i)> (5.4)
The refractive index of glass is around 1.5. The incidence angle modifier can now be obtained by
7(6;)
1AM = 5.5
0) (5.5)

where 1 is the transmittance of the glass encapsulation layer of the module and is given by

Kd [ 1 (sinz(er —6i) + tan®(6; — 91))]

6.) = “cos(Br) 1—-— 5.6
W) =e 2\sin2(6, + 6,) tan?(0, + 6)) (5.6)

where K is the glazing extinction coefficient and d is the glazing thickness. The transmittance at
normal irradiation can be rewritten into

1— 2
7(0) = glgn() 7(6;) = e7Ka [1 - (1 = Z) ] (5.7)

A typical glazing extinction coefficient is 4 m™* and a common thicknesses is 2.0 mm. The incident
angle modifier can be plotted for all possible angles of incidence as shown in Figure 5.18.
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Figure 5.18: Incidence angle modifier as a function of the angle of incidence.

When this correction factor is applied to the irradiation data of the urban landscape, the annual
energy yield of the least and the most partially shaded PV modules is reduced with around 4%
and 6% respectively. The difference between both modules is caused by shading which alters the
relative yield contribution at large angles of incidence. The IAM does not change the uniformity
of the irradiation incident on the module and hence each topology is similarly affected. Strobach
et al. found that the IAM for diffuse irradiation is around 95% and only depends on the module
tilt [54]. Hence, the reflection of diffuse irradiation is overestimated for large angles of incidence
and vice versa. Since the urban landscape is facing south, the highest irradiation and therefore
the largest contribution to the annual energy yield occurs for relatively small angles of incidence.
The impact of the IAM of the diffuse irradiation is therefore marginal.

Optical gains and losses due to for example reflection of light on the back sheet of a PV module
or shading caused by tabbing wires are neglected. Complex raytracing simulations are required
to account for these factors and this would significantly increase the simulation time. The solar
cells in each topology are affected in almost the same way.
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5.5.2. Interconnection wires

In the reference and reconfigurable topologies, both narrow and wide tabbing wires are used.
The wider tabbing wires have a lower resistance and therefore cause smaller power losses. These
wires are used for subgroup interconnections. When only narrow tabbing wires are used in the
PV module, the power losses can significantly increase. The impact of the wire dimensions on the
performance of the most partially shaded PV module in the urban landscape is shown in Figure
5.19a. The annual yields when losses in wires are completely neglected, are given as a reference.
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Figure 5.19: Annual energy yield of the most partially shaded module in the urban landscape when changing (a) the
dimensions of the tabbing wires and (b) the position of the junction box. The reference topologies are indicated with

3S, 3P, 6S and 6P. The reconfigurable topologies with central and distributed switches are referred to as 6R and 6r.
Since PV modules with three subgroups hardly contain wide tabbing wires, the additional loss is
relatively small when narrow wires are used instead. It is observed that the annual energy yield
reduces the most for the 6 parallel topology. The reason is that PV modules with six subgroups
require longer wires due to the larger distance between subgroups and the junction box.
Furthermore, current mismatch in these architectures is lower due to the smaller subgroup size.
This leads to a higher average current through the subgroups. Finally, wires in the 6 parallel
topology always conduct a current, whereas most long wires in the 6 series topology only conduct
a current when one or more bypass diodes are activated. The losses in the reconfigurable module
with a central switchboard are similar to the fixed parallel topology with six subgroups. However,
the length of wires can significantly be reduced when distributed switches are used. As a result,
replacing wide with narrow tabbing wires has a much smaller impact on this reconfigurable
module. The same conclusions are valid for the least partially shaded PV module in the urban
landscape, although the annual yield reductions are even larger due to the higher currents.

Solar cell size

The resistive power losses in wires depend quadratically on the current. The current density of a
solar cell is usually between 25 and 45 mA/cm?. The size of a solar cell is typically 125 x 125 mm?
or 156 x 156 mm?2. The current of the latter cell size is therefore significantly higher. In contrast,
the voltage of a solar cell is almost independent from the cell’s area. As a result, modules
containing larger solar cells produce roughly the same output power per square meter, but result
in a much higher current. The power losses in both cell and subgroup interconnections therefore
increase. Since the module topologies with six subgroups require most wiring, the gain of these
architectures will partially be negated. This is especially the case for the 6 parallel topology and
reconfigurable module. The impact can be limited by using solar cells with more busbars, cutting
cells in half or increasing the dimensions of the tabbing wires for subgroup interconnections.
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Position junction box

The junction box is positioned at the backside of a PV module near the edge of the short side.
For modules with six subgroups, the wire lengths for the subgroups closest to the junction box
are therefore much shorter than for those further away. As a result, the annual energy yield
differs slightly when these modules are rotated 180°. When the module has a 6 series topology,
the optimal performance is achieved when the junction box side of the module has the highest
shading probability. The reason is that current will only flow through certain wires when one or
more bypass diodes are activated. The power losses are therefore minimized when the shaded
subgroups are closest to the junction box. The opposite is valid for the 6 parallel topology. Each
wire always conducts a current. Therefore, the current though the longest wires should be
minimized. This is the case when the subgroups furthest away from the junction box are most
shaded. The gain of changing the module orientation is especially noticeable when only narrow
tabbing wires are used and is the largest for the 6 parallel topology.

When the junction box is centred in modules with six subgroups, the wire lengths and therefore
power losses can be reduced. The main reason not to implement a central junction box is the
increase in its operating temperature which leads a lower performance of the solar cells behind
the junction box. Nevertheless, the impact of the position of the junction box on the annual yield
is analysed and shown in Figure 5.19b. A central junction box only increases the yield for the 6
parallel or reconfigurable topology. The annual energy yield is now independent of the previous
mentioned module rotation. When only narrow tabbing wires are used, the gain is much larger.

5.5.3. Switches and bypass diodes

The switch resistance directly affects the power output of the reconfigurable PV module, because
there are always switches present in the active current path. The output power of the module is
analysed for a sunny day and a switch resistance of 0, 1, 5, 10 and 25 mQ as shown in Figure 5.20.
The losses in wires are neglected in these simulations.
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Figure 5.20: Daily energy yield of (a) the least and (b) the most partially shaded modules in the urban landscape as a

function of the closed switch resistance. (c) Direct and diffuse irradiation during the considered sunny day.
It is observed that the power decreases almost linearly when increasing the switch resistance.
The slope of the most partially shaded PV module is the smallest, because the current and power
losses are generally lower. The linear fit for the PV modules in the urban landscape which suffer
the least and the most from partial shading have a standard deviation of respectively 0.80% and
1.45%. The small deviation from the linear trend is due to changes in the preferred configuration.
When more subgroups are connected in series, less switches are closed which contribute to the
module resistance. For the series configuration in the reconfigurable module, higher switch
resistance results in higher energy yield compared to other configurations, when subgroups
receive almost the same irradiance.
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The shift in the optimal configuration while increasing the closed switch resistance is shown in
Figure 5.21. Due to the almost uniform irradiation incident on the least partially shaded module,
the optimal configuration changes significantly when the switch resistance becomes non-zero.
The series configuration is preferred for a typical closed switch resistance of 10 mQ. When partial
shading occurs frequently, the module is less sensitive to the switch resistance. Even for a closed
switch resistance of 25 mQ, the parallel connection still provides optimal power during most time
instants. Consequently, there is a clear distinction between the optimal configuration of modules
which suffer the least and the most from partial shading. Although only one day is considered in
this analysis, the division for a switch resistance of 10 mQ is similar to the results in Figure 5.12.
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Figure 5.21: Optimal configuration division during the sunny day of (a) the least and (b) the most partially shaded
modules in the urban landscape when the closed switch resistance is increased (0, 1, 5, 10 and 25 mQ).
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When conventional Schottky bypass diodes are used rather than state-of-the-art smart bypass
diodes, the power losses increase by approximately 2 W per activated bypass diode when the
other subgroups operate at STC. For example, in the case of column shading, the modules with
three and six subgroups will then generate 141.96 W (-1.4%) and 101.03 W (-5.7%) respectively.
Since partial shading conditions alternated with uniform illumination conditions, the annual
energy yield in the urban landscape is only reduced with less than 0.4%. The impact is the largest
for the module with a 6 series topology, because generally more bypass diodes are activated.

5.6. PRACTICAL IMPLEMENTATION

The fixed series and fixed parallel topologies are relatively easy to implement. The reconfigurable
module has a dynamic topology and is therefore more complex. In the simulations, the maximum
power point power of each of the 27 configurations was determined and the configuration which
provides the highest power was selected. However, this approach cannot be applied in reality,
because tracing the I-V curve of each configuration requires a substantial time during which the
PV module cannot generate any useful power. The power losses during this selection process are
referred to as reconnection losses. It is thus essential that the number of traces is minimized.

5.6.1. Optimal configuration

The optimal power of a reconfigurable module is obtained when only subgroups with very similar
I-V curves are connected in series to prevent current mismatch losses. Comparing short-circuit
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currents of subgroups is a simple method to predict relevant configurations. As a result, current
sensors are connected in series to each subgroup. In the example of the PV module with four
reconfigurable units in Figure 4.4, the short-circuit current of unit Il can be measured by closing
only switches 2, 3 and 12. When subgroups are sorted based on these currents, the |-V curves
only have to be traced for one configuration of each of the four series-parallel configuration
categories (i.e. 1x6, 2x3, 3x2 and 6x1 SP). For both the 2x3 and 3x2 SP configurations, the optimal
configurations can be predicted by connecting respectively the two or three subgroups in series
with the highest short-circuit currents as well as the subgroups with the lowest short-circuit
currents. The two remaining subgroups of the 2x3 SP configuration are also connected in series.
This approach decreases the number of traces from 27 to 4. Simulations show that the optimal
configuration is in 97.4% of the switching instant a member of the four selected configurations.
Furthermore, the reduction in the annual yield is less than 0.01% when this method is applied.

It is possible to totally prescind from I-V curve tracings. This is done by applying a relatively simple
algorithm which estimates the current mismatch for series connected subgroups. It is an iterative
process in which the 6x1 SP configuration is considered first. If the relative difference between
the highest and lowest short-circuit current of individual subgroups is below a specified first
threshold, this configuration is selected. However, if the first threshold is exceeded, the 3x2 SP
configuration is investigated. The relative difference is calculated for each of the two parallel
connected strings. The 3x2 SP configuration is selected if the maximum of these two values is
smaller than a specified second threshold. Otherwise, the 2x3 SP configuration will be examined.
If the third threshold for this configuration is also exceeded, the 1x6 SP configuration is chosen.
The order in this iterative process is important to minimize the output current of the
reconfigurable module. Simulations show that the annual energy yield is reduced with roughly
0.04% if the three thresholds are set to 3, 2 and 1% respectively. Figure 5.22 shows an example
of the operation of the algorithm. It should be noted that other relatively low thresholds give
similar results. The small deviation in annual energy yield is due to the time instants when the
irradiation is almost uniform. It is then very hard to estimate the current mismatch losses with
the short-circuit currents. As a result, the division of the optimal configurations can then
significantly change without affecting the yield.
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Figure 5.22: Selection process of the algorithm to find the optimal configuration of the PV module with six
reconfigurable units.



CHAPTER 5: COMPARITIVE PERFORMANCE ANALYSIS OF PV MODULES 49

In the example in Figure 5.22, the algorithm selects the 1x6 SP configuration. The study of the
performance in static shading conditions in section 5.3 suggests that the 3x2 SP configuration
would be most optimal. However, this configuration is discarded due to the small irradiation
differences within the shaded and unshaded areas. These are mainly caused by the limited
accuracy of the ray tracing simulations. When the irradiance within the shaded and unshaded
regions is more uniform, the division of the optimal configurations will slightly change. Moreover,
several 1x6 SP configurations are substituted by configurations in which multiple subgroups are
connected in series. The impact on the annual energy yield is assumed to be negligible, although
the module current can significantly decrease.

5.6.2. Switching interval

Since the shading conditions change in real time, the configuration should be updated frequently
to ensure optimal performance. If the switching interval is too long, the gain of the reconfigurable
PV module can decrease significantly. The recommended switching interval is therefore between
1 and 5 minutes for quasi-static shading conditions [55]. Instead of a regular update time, also a
variable switching interval can be used. The interval is extended when the optimal configuration
remained the same for a prolonged period of time.

It is important to realize that the irradiance incident on the module can drastically change within
the switching interval. When the reconfigurable module is uniformly illuminated and therefore
in its series configuration, hot-spot heating might occur if a single solar cell is suddenly heavily
shaded by a bird dropping for example. If heating continues for a prolonged period, this can lead
toirreversible damage as explained in appendix A. As a result, a relatively short switching interval
or solar cells with a soft breakdown must be used to prevent hot-spots or rapid cell degradation.






PROTOTYPE AND MODEL
VALIDATION

To demonstrate the feasibility of module architectures and to verify that the MATLAB Simulink
model is performing as expected, an adjustable prototype is made. Using this prototype, the |-V
curve under a range of partial shading patterns is determined and compared with simulations.
The simulations show that PV modules with six parallel subgroups or reconfigurable units have
the highest performance in urban landscapes. This chapter addresses the manufacturing process
of the prototype and the measurement set-up, and investigates the deviations between the
measurements and simulations.

6.1. MANUFACTURING PROCESS

The prototype contains six subgroups with a total of 72 mini solar cells and can switch between
the fixed series, fixed parallel and the reconfigurable module topology. To create mini cells,
monocrystalline silicon solar cells of 156 by 156 mm? are cut with a fibre laser scriber into cells
of 39 by 39 mm? as shown in Figure 6.1. Note that each mini solar cell must contain both a front
and rear contact, ideally centred in the cell.

(a) (b)
Figure 6.1: (a) Frontside and (b) backside of a monocrystalline silicon solar cell with four busbars and a size of 156 by
156 mm?Z. The black squares mark the mini solar cells of 39 by 39 mm?Z.
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The laser beam is directed using adjustable mirrors. It is possible to control the power, scanning
speed, frequency, pulse width and the number of scans. The high energy density in the focus
point of the laser beam causes the material to melt and evaporate. It should be noted that the
laser only marks the solar cell. The actual cut is achieved by breaking the solar cell along the
marked lines. Cells are marked from the backside to minimize the impact of the cutting process
on the cell performance. The cuts can be visualized using a microscope as shown in Figure 6.2b.

Frontside

| Backside

(a) (b)
Figure 6.2: (a) Mini solar cell with a size of 39 by 39 mm?Z. (b) Cross-sectional microscope image of the mini solar cell
in the direction parallel to the busbar. The dark porous structure corresponds to the molten metallization layer of the
solar cell whereas the bright strip corresponds to the broken silicon layer.

Next, the external parameters of the mini solar cell are determined by tracing its I-V curve under
a solar simulator. A solar simulator approximates natural sunlight and allows measuring under
standard test conditions. It should be noted that for an accurate measurement, a tabbing wire
has been soldered on top of the entire busbar. This lowers the series resistance which is caused

by the non-continuous busbar. Rosin flux was used to facilitate the soldering process by removing

the oxidation from the metals to be joined. The I-V curve of each mini solar cell is very similar
and is shown in Figure 6.3.
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Figure 6.3: Measured I-V and P-V curve of the mini solar cell.
The external solar cell parameters are derived from the |-V curve. These are listed in Table 6.1.

Each mini solar cell produces around 0.3 W under standard test conditions. The current density
of these cells is almost identical to the value used in the earlier simulations.
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Table 6.1: Measured external solar cell parameters.

Parameter \ Symbol Value
Open-circuit voltage Voc 0.66 V
Short-circuit current Isc 0.59 A
Power in MPP Pypp 297 mW
Voltage in MPP Vmpp 0.54V
Current in MPP Ivpp 0.55A
Fill factor FF 0.77
Efficiency n 19.5%

In order to compare the measurements with the simulation results, the mini solar cells must be
parameterized. The parameters in an equivalent solar cell model are obtained by fitting both the
illuminated and dark |-V curve. The dark |-V curve of the mini solar cell is shown in Figure 6.4 on
both a linear and semi-logarithmic scale. The shunt resistance, saturation current and ideality
factor describe the slope and curvature in the low current region, whereas the series resistance

dictates the slope at high current levels [56].
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Figure 6.4: Dark |-V curve of a mini solar cell on a (a) linear and (b) semi-logarithmic scale.

To increase the accuracy of the fits, a more advanced double diode model is used. This solar cell
model takes the junction recombination losses into account by placing an additional diode in
parallel to the one in the single diode model in Figure 2.2 [16]. The resulting parameters are listed

in Table 6.2.

Table 6.2: Parameters in the double diode solar cell model.

Parameter \ Symbol Value
Series resistance Rg 37.2mQ
Shunt resistance Rsy 19.7 kQ
Saturation current lo1 28.2nA
Ideality factor ny 1.2
Saturation current Iy 0.12 pA
Ideality factor n, 3.0
Photogenerated current Ipy 0.59 A
Saturation current (reverse) lyrB 0.01A
Ideality factor (reverse) NRp 200
Reverse bias voltage VrB -3V
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Before interconnecting the mini solar cells to form subgroups and eventually the module, several
tests are performed. First, several electroluminescence images are taken. Electroluminescence
is both an optical and electrical phenomenon in which a material emits light in response to the
flow of an electric current or a strong electric field. Here, current is fed into the cell in forward
bias and radiative recombination of charge carriers causes light emission. Electroluminescence
images provide information about the uniformity of solar cells as well as possible damage on the
cells. Figure 6.5a shows an image of an undamaged cell. Solar cells with serious damage such as
cracks or relatively large inactive areas have not been used in the prototype.

When a solar cell operates in forward bias, the cell temperature is uniform. The temperature of
a solar cell was measured during the electroluminescence test with a thermal infrared camera.
The temperature distribution when a current of 0.6 A is fed into the solar cell is shown in Figure
6.5b. It can be observed that the tabbing wire appears much colder than the solar cell, although
their actual temperature is equal. The reason is the difference in emissivity between the two
materials. The small gradient in the cell temperature is caused by the view angle of the camera.
Note that the solar cell is not yet laminated and that the cell temperature in the assembled PV
module will be higher.

Temperature [°C]

(a) (b)
Figure 6.5: (a) Electroluminescence and (b) thermal image of a mini solar cell when a current of 0.6 A is fed into the
cell in forward bias.

Next, a hot-spot test is performed. When current is fed into the mini solar cell in reverse bias,
the cell starts dissipating power. As explained earlier, avalanche multiplication in conventional
solar cells leads to localized hot-spot heating. This might result in permanent damage to the solar
cell. The current in reverse bias can never exceed the short-circuit current of an unshaded solar
cells. Hence, the hot-spot test is performed at a current of 0.6 A. An electroluminescence image
after the hot-spot test is shown in Figure 6.6a. It clearly shows that a hot-spot is formed in the
top-left side of the solar cell. This hot-spot reduces the active area of the solar cell and therefore
leads to a lower current and hence a lower performance. The temperature distribution during
the formation of this hot-spot is shown in Figure 6.6b. There was a tremendous increase in the
temperature at the position of the hot-spot. The temperature rose to 400°C and the solar cell
started smoking.

Solar cells only operate in high reverse bias in very specific circumstances. The reconfigurable PV
module must be connected in its series configuration and only one or two cells must be shaded.
This scenario could occur due to bird droppings or fallen leaves. In all other cases, the reverse
bias voltage is not sufficient to cause hot-spots. To prevent the formation of hot-spot in the
reconfigurable module, solar cells with a soft breakdown must be used. In the prototype, solar
cells with a high reverse breakdown voltage are used.
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Figure 6.6: (a) Electroluminescence and (b) thermal image of a mini solar cell when a current of 0.6 A is fed into the
cell in reverse bias and resulted in a hot-spot.

Each subgroup in the prototype contains 12 mini solar cells which are connected in series. Solar
cells are tied together by soldering a tabbing wire between the front contact of one cell and the
rear contact of another cell. Note that wide tabbing wires are used for interconnections between
side-to-side strings. An electroluminescence image is made of each subgroup and the poorest
performing cells are replaced. The subgroups are then laminated between two layer of ethylene
vinyl acetate with a 4 mm thick glass plate on top and a white back sheet underneath to protect
the solar cells. The prototype has a size of 60 by 40 cm? and the spacing between cells is 5 mm.
Each subgroup is connected through the back sheet to its own junction box with an integrated
smart bypass diode. Wires with a cross-sectional area of 2.5 mm? with banana plugs on one side
are then used to switch between the 6 series, 6 parallel and 6 reconfigurable module topologies.
The main advantage of using a single prototype is that the solar cell characteristics and alignment
in each architecture are identical. The ultimate prototype is shown in Figure 6.7 together with an
electroluminescence image. It is clear that no cracks are created in the lamination process.
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Figure 6.7: (a) Frontside, (b) backside and (c) electroluminescence image of the prototype.
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6.2. MEASUREMENT SET-UP

The I-V curves of the three different module architectures of the prototype will be traced under
a large area solar simulator (LASS) for multiple static shading scenarios. The LASS contains gas
discharge and halogen lamps to mimic natural sunlight. Mirrors are used to ensure an uniform
irradiation of approximately 1000 W/m? is incident on the PV module. In the experiments, thin
sheets of plastic are stacked to shade parts of the prototype. It is obvious that a thicker layer of
sheets results in a lower transmissivity. To determine the number of sheets required to obtain a
certain shading factor, the spectral irradiance of the LASS is measured when the spectrometer is
covered with different layer thicknesses as shown in Figure 6.8. The ratio between the irradiation
(i.e. integral of the spectral irradiance over the relevant wavelengths) when the spectrometer is
covered with the stack of plastic sheets and the unobstructed irradiation gives the shading factor.
The relevant wavelengths correspond to photons with an energy higher than the bandgap energy
of silicon. It was found that a typical shading factor of 0.8 requires a stack of around 38 plastic
sheets.
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Figure 6.8: Spectral irradiance when the spectrometer is shaded by a various stacks of plastic sheets. The dashed lines
mark the boundaries of the visible spectrum.

The measurements also show that the plastic sheets affect the spectral irradiance distribution.

To quantify the uniformity, the irradiation is calculated between several smaller consecutive

wavelength intervals and is compared with the irradiation over the entire spectrum as shown in

Table 6.3. Itis clear that the absorption of photons with lower wavelengths is significantly higher.

Table 6.3: Measured irradiation and transmittance for different wavelength ranges when the spectrometer is shaded
by a range of plastic layers in a stack.

Wavelength range 0 layers \ 10 layers \ 20 layers 30 layers 40 layers
300 <A <1050 nm 465.0 W/m? 51.7% 33.8% 24.3% 18.6%
300 <A <450 nm 36.5 W/m? 34.1% 14.9% 6.7% 3.1%
450 <A < 600 nm 138.4 W/m? 39.9% 19.8% 10.1% 5.7%
600 <A <750 nm 95.8 W/m? 48.8% 30.0% 20.1% 14.0%
750 <A <900 nm 94.0 W/m? 63.4% 47.6% 38.6% 32.0%
900 <A < 1050 nm 98.9 W/m? 66.8% 51.0% 41.3% 34.1%

Due to the change in spectral distribution, the equivalent shading factor differs slightly. This
corrected shading factor depends on the spectral response of the solar cell, the spectrum of the
LASS and the transmittance of the stack of plastic sheets. The spectral response (SR) is given by
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SR(1) = EQE(A)Z—'C1 (6.1)

where EQE is the external quantum efficiency of the solar. This is the ratio between the number
of carriers collected by the solar cell and the number of photons with a given wavelength incident
on the solar cell. Furthermore, q is the charge of an electron, 4 is the wavelength, h is Planck’s
constant and c is the speed of light. The equivalent shading factor (ESF) is then given by

fymax7(2) SR(A) G(A) dA

ESF = 7
Jmex SR(2) G(2) dA

(6.2)

where 7 is the transmittance and G is the spectral irradiance of the LASS. Using the external
guantum efficiency of a typical solar cell gives an effective shading factor of approximately 78%.
This factor is equal to the ratio of the short-circuit current of the shaded and unshaded solar cell.

The simulation framework is updated to include the double diode model with the parameters of
the mini solar cells as well as the modified subgroup interconnections and the relatively long
wires to the measurement equipment. Before tracing the I-V curves of the three different PV
module architectures of the prototype, each subgroup is measured individually and compared
with the simulations as shown in Figure 6.9. The subgroups share almost the same open-circuit
voltage, while the short-circuit current differs per subgroup. The main reason is that the
irradiance under the LASS is not perfectly uniform. Furthermore, the short-circuit current of a
subgroup depends on the active area of the worst performing cell within a subgroup. In Figure
6.7c, it can be seen that each subgroup is slightly different.
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Figure 6.9: Simulated and measured I-V and P-V curves of the six subgroups in the prototype.

The current of the measured I-V curves is higher in comparison with the simulated |-V curves,
whereas the voltage is lower. The reason is that all simulations are performed at a solar cell
temperature of 25°C which corresponds to the standard test conditions. The temperature under
the LASS can easily exceed this value. The impact of the cell temperature on the performance of
solar cells has already been discussed in section 2.4. The temperature of each subgroup is
measured with temperature probes on the backside of the prototype. Since conduction is a
relatively slow process compared to radiation, the actual subgroup temperature will be slightly
underestimated. The |-V curves are traced from open-circuit to short-circuit conditions. Although
each trace only takes a couple of seconds, the temperature rises a few degrees throughout the
measurement. It should be noted that the temperature cycle is kept constant between different
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measurements. According to the datasheets of typical monocrystalline silicon PV modules, the
temperature coefficient of the open-circuit voltage is -0.30%/°C, whereas the coefficient of the
short-circuit current is around +0.06%/°C. If the module temperature is around 30°C at the start
of the measurement, the reduction in open-circuit voltage is completely due to the temperature
difference. The probes indicates that this is realistic. The increase in the short-circuit current is
significantly higher than the temperature coefficient suggests. The higher measured current is
also a consequence of the optical gains which are neglected in the simulations. The prototype
has a white back sheet and a relatively large cell spacing. Therefore, internal reflections increase
the irradiation incident on the solar cells. This leads in turn to a higher photocurrent.

Similar measurements are performed at Eternal Sun using a flash solar simulator. This device is
able to trace the |-V curve of a module within the time of a single flash. This prevents the module
from heating up. The flash solar simulator of Eternal Sun also has a better area related uniformity
which leads to more accurate measurements. The results are discussed in appendix D.

6.3. COMPARISON AND DISCUSSION

Models are approximations of real-world systems and therefore a difference between the
measured and simulated values exists. Model verification and validation is the process of
checking whether the model is performing as expected and if the results are sufficiently accurate.
The prototype can adopt the 6 series, 6 parallel and 6 reconfigurable module architectures. The
I-V curves will be traced for both unshaded and partially shaded conditions and compared with
the simulation results to validate the model.

The results for both the 6 series and 6 parallel module architectures are shown in Figure 6.10 for
uniform illumination conditions. It is clear that the simulated and measured |-V and P-V curves
are very similar. Due to the variation in the |-V curves of the six subgroups as shown in Figure 6.9,
some current mismatch losses exist in the 6 series topology. As a result, the I-V curve will show
minor steps in the current due to the activation of bypass diodes. The effects of the temperature
and optical gains are also visible. Under uniform conditions, the reconfigurable PV module is in
its series configuration and therefore the I-V curve will be very similar to Figure 6.10a. However,
since the reconfigurable PV module has no bypass diodes, its current will be limited by the worst
performing subgroup and hence steps in the current will not occur.
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Figure 6.10: Simulated and measured I-V and P-V curves of (a) the 6 series and (b) the 6 parallel module architecture
of the prototype under uniform illumination conditions.
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Next, a comparison is performed for several static shading profiles including the row, column and
corner shading scenarios introduced in section 5.3. The results for both the 6 series and 6 parallel
module architectures are shown in Figure 6.11 when only the ‘top’ row is shaded with a shading
factor of 0.8. The most important difference is the higher measured current when the two bypass
diodes are activated in the series topology as well as the higher current in the parallel topology.
This suggests that the actual shading factor within the two partially shaded subgroups is lower
than used within the simulation framework.

In the experiments, only the solar cells in the top row and the margin between these cells are
shaded by the plastic sheets. Optical gain can therefore arise from both sides of the shaded row.
Moreover, the optical gains are relatively high, because only one side of the top row is
surrounded by other solar cells which have a much lower reflectivity compared to the white back
sheet. The optical gains will therefore be lower when shading a row in the centre of the module.
Furthermore, due to the relatively high shading factor, optical gains contribute much more to
the irradiation incident on the shaded solar cells. As a result, the effective shading factor which
is based on the ratio of the short-circuit current of the shaded and unshaded subgroups is around
0.75 instead of 0.8. Another reason for this deviation is that the shaded part of a subgroups does
not necessarily include the solar cell which limits the subgroup current. Because every subgroup
is unique, the results will also differ slightly when the bottom rather than the top row is shaded.
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Figure 6.11: Simulated and measured I-V and P-V curves of (a) the 6 series and (b) the 6 parallel module architecture

of the prototype under row shading.
The reconfigurable topology of the prototype can be switched manually between the 27 unique
configurations reconnecting banana plugs. For further research, integrated switches, sensors and
a microcontroller can be implemented to automatically select the optical configuration. As
derived earlier from Figure 5.6, the 1x6 SP and three 2x3 SP configurations result in the best
performance under row shading. The simulated and measured I-V and P-V curves are shown in
Figure 6.12a for configuration 14 (see appendix B). Again, the performance gap is mainly due to
the optical gains and temperature. According to the simulations, the curves should be identical
for all three selected 2x3 SP configurations. Since each solar cell and hence each subgroups is
unique, there are some minor variations observed in the short-circuit current of these
configurations.

Finally, the simulation results of all three module architectures are shown in Figure 6.12b when
the top row is shaded. It can be observed that the parallel and reconfigurable topologies lead to
the highest shading tolerability. Furthermore, the current of the reconfigurable PV module is a
factor two lower compared to the parallel topology and therefore leads to much lower resistive
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power losses. An important remark is that the prototype does not contain any additional (switch)
components for the reconfigurable module compared to the parallel architecture. Also, relatively
long wires are used to connect the prototype to the measurement instruments which conduct
the whole module current. As a result, the reconfigurable module slightly outperforms the
parallel module architecture. Another advantage of the reconfigurable PV module compared to
the conventional PV module is that it does not have local maxima in the P-V curve and hence
requires a much simpler and faster maximum power point tracker.
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Figure 6.12: (a) Simulated and measured |-V and P-V curves of the reconfigurable module architecture under row
shading when the module is in its optimal configuration. (b) Comparison of the simulated I-V and PV curves of the
three module architectures of the prototype under row shading.

Similar conclusions are valid for the other shading scenarios and will therefore not be discussed
in detail. To summarize, the performance gap between the simulations and measurements is
small and can be explained by means of the temperature, optical gains and uniqueness of

subgroups which are not taken into account in the simulation framework.



CONCLUSIONS AND FUTURE WORK

The aim of the research was to evaluate the potential and performance of reconfigurable PV
modules in urban landscapes and to find the optimal module configuration. A reconfigurable PV
modaule architecture changes its electrical configuration depending on the shading profile. The
smallest group of solar cells in a PV module which can be electrically relocated is known as a
reconfigurable unit. The potential of reconfigurable modules and their optimal unit size can be
determined by estimating the maximum amount of solar radiation that a module can convert as
a function of its layout.

For a case study, a PV system is modelled on a rooftop facing south with a tilt of 30 degrees. The
rooftop is often partially shaded by a nearby building. Using a module with 72 solar cells, it was
found that six series-parallel connected reconfigurable units is the optimal trade-off between a
high shading tolerability and a simple module design. In this case, the reconfigurable PV module
requires 25 switches to support 27 unique configurations. Simulations showed that the most
partially shaded module can capture up to 15% more irradiation in comparison with conventional
PV modules. The gain is higher for locations further away from the equator.

The put the performance of the reconfigurable PV module into perspective, it is compared with
static series and parallel connected PV module layouts. An electrical simulation framework was
developed to trace the current-voltage (I-V) characteristics of each architecture. For a typical
urban landscape location in Rotterdam, the annual energy yield of the most partially shaded PV
module can increase by around 9% when switching from a conventional to a reconfigurable PV
module. Reconfigurable PV modules require additional electrical components, but the negative
effect on the power output under uniform illumination conditions is marginal.

Compared to a module with six subgroups in a static parallel connection, the reconfigurable PV
module has a slightly lower annual yield. This is mainly due to the presence of switches. However,
the current of the reconfigurable PV module is generally much lower, leading to significantly
lower power losses on the system level. An extensive sensitivity analysis showed that replacing
the central switchboard with distributed switches will lead to a slight increase of the module
output. However, the annual energy yield will significantly decrease if the dimensions of wires
for subgroup interconnections are too small.

61
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The reconfigurable PV module does not outperform the optimal static module architecture for a
certain shading location. However, its marginal power losses at uniform illumination conditions
and its high shading-tolerability, makes complex shading analysis for the design of building added
or building integrated PV systems superfluous. Consequently, reconfigurable PV modules allow
plug-and-play installations. Another advantage is the smaller seasonal fluctuation in energy yield.
This has a positive effect on energy storage requirements. Additionally, the reconfigurable PV
module does not contain any bypass diodes and therefore only shows one maximum in the P-V
curves. This makes maximum power point tracking both simpler and faster. The disadvantage of
the reconfigurable module is the increased complexity due to the required switches, sensors and
microcontroller. This leads in turn leads to a lower reliability and higher module cost. A detailed
cost-benefit analysis must point out whether the reconfigurable module is economically viable.

Finally, a small-scale prototype of the reconfigurable PV module was manufactured to validate
the simulation framework. The prototype also serves as a proof of concept. Deviations between
the simulation results and the measurements are mainly caused by the optical gains, module
temperature and mismatch between solar cells which are not taken into account in the model.
Experiments showed that to prevent the formation of hot-spots in all possible partial shading
conditions, solar cells with a soft breakdown must be used.

Recommendations and prospects

The conclusions in this report are based on simulations of a single PV system. The shape, duration
and intensity of shadows differ per location. Alternative shading scenarios in urban environments
could be considered for further research. This includes building facades and rooftops which are
often partially shaded by trees, chimneys, dormers or surrounding buildings. Since both the least
and the most partially shaded modules in the PV system have been analysed individually, the
conclusions in this report are also applicable in these alternative scenarios.

The modules in this report contain full size solar cells. However, both research and commercial
applications show a trend towards the usage of half cells. Modifying the simulation framework
to support half cells can easily be achieved. This allows a comparison with the DUO/Twin Peak
module, one of the first commercially available shade-tolerant modules using half cells.

In partial shading conditions, the surface temperature of a module is generally non-uniform. The
impact of the temperature on the performance of the module has not been taken into account
in the simulations. This would drastically increase the computation time for the annual energy
yield simulations. However, for static shading profiles this analysis could be performed, because
the complexity is much lower. The difference in the temperature response between conventional
and reconfigurable PV modules can also be investigated.

The current prototype is manually switched between configurations. A new prototype could be
equipped with switches, sensors and a microcontroller that automatically determine and select
the optimal configuration. For this, a more complex control algorithm needs to be developed.
When full size solar cells are used in the new prototype, the impact of optical gains will become
smaller. This would make it easier to compare measurements with simulation results.
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HOT-SPOT PHENOMENON

Hot-spot heating occurs when a large number of series connected solar cells cause a shaded cell
to operate in high reverse bias. The shaded cell will dissipate a significant amount of power which
leads to localized overheating. Severe hot-spot heating results in faster degradation of the solar
cell. Moreover, it can cause permanent damage such as cell cracking and melting of solder. This
chapter gives a detailed explanation of the hot-spot phenomenon and describes a cell technology
which mitigates power dissipation in reverse bias.

A.1.HOT-SPOT HEATING

The current of a solar cell is directly proportional to the incident irradiance and can therefore
drastically be reduced when the solar cell is shaded. Since solar cells are generally connected in
series, the current is limited by the worst performing cell. A heavily shaded cell cannot conduct
the high current of the unshaded cells in forward bias. Consequently, the shaded cell is forced to
operate in reverse bias and acts as a load which dissipates power and leads to heating of the cell.
As discussed in section 2.1, there are multiple breakdown mechanisms in reverse bias. Avalanche
breakdown is most dangerous, because it leads to significant local differences in charge carrier
concentrations [15]. Localized or hot-spot heating is inevitable in partial shading conditions, but
will only cause serious damage under specific circumstances. A solar cell in reverse bias can be
divided into two categories. In low reverse bias, the solar cell acts as an insulator and will conduct
a relatively small current whereas in high reverse bias (i.e. above the breakdown voltage), the
solar cell becomes electrically conductive and the current increases exponentially. Permanent
damage to the cells is most likely to occur at high reverse bias, because the power dissipation is
significantly larger. Malfunctioning of a solar cell can also lead to hot-spot heating.

The |-V curves of unshaded and shaded solar cells can be used to visualize the power dissipation
in the shaded cell(s) and to obtain the overall I-V curve. This method is only applicable in short-
circuit conditions and when the shaded cells receive an equal irradiance. Consider the case where
one cell is heavily shaded and is connected in series with N unshaded cells. First, the I-V curve of
the shaded solar cell in both forward and reverse bias should be obtained. In short-circuit
conditions, all power generated by the unshaded cells is dissipated in the shaded cell(s) and
represents the worst-case scenario. Consequently, by mirroring the I-V curve of the unshaded
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cells in the I-axis, the operating point of the unshaded cell is given by the intersection as shown
on the left in Figure A.1. The marked area corresponds to the power dissipated in the shaded
cell. Note that the unshaded solar cells have a higher current and voltage due to the higher
incident irradiance and the series connection of multiple unshaded solar cells respectively. When
many unshaded cells are connected in series, the shaded cell is forced to operate in high reverse
bias which significantly increases the power dissipation. The temperature of the shaded cell will
then rapidly rise and can lead to irreversible damage [57]. Degradation of solar cells can be
observed by performing electroluminescence tests of solar cells. Bypass diodes are usually used
to create an alternative path for the current to prevent operation in high reverse bias.

1 I — Unshaded
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_, \ \ = Combined

|4 v
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Figure A.1:1-V curves when a shaded solar cell operates in low (top) and high (bottom) reverse bias. The marked area
indicates the power dissipation in the shaded solar cell.

Figure A.1 also shows the overall |-V curve which is obtained by combining the unshaded and
shaded I-V curves and tracing the current of the shaded cell [58]. The short-circuit current is given
by the intersection of the shaded and mirrored unshaded I-V curves. The open-circuit voltage in
a series connection is the summation of the voltage of the unshaded and shaded cells. Note that
the current can never exceed the short-circuit current of the unshaded cells.

A.2.SOFT BREAKDOWN

It is shown that the impact of reverse bias operation is dependent on the number of unshaded
cells connected in series. The severity of hot-spot heating can also be tackled at the source. Cells
with a lower breakdown voltage will dissipate less power at the same current. The breakdown
voltage of conventional crystalline silicon solar cells is typically around -15 V and is caused by
avalanche multiplication [15]. Therefore, roughly 18-25 cells can be connected in series before
the shaded cell is forced to operate in high reverse bias. Interdigitated Back Contact (IBC) solar
cells have both contacts on the rear side. Some of these back contacted cells benefit from a so-
called soft breakdown. Chu et al. showed that breakdown then occurs around -3.7 V and can be
shifted by changing the doping concentrations [21]. Their research also demonstrated that
breakdown in these cells is caused by the tunnelling effect rather than avalanche multiplication
and results in a more uniform thermal breakdown [59]. Consequently, the power dissipation in
reverse bias is considerably lower and will be distributed more uniformly across the shaded cell.
Temperature rise will be limited and therefore hot-spot formation will most likely not occur in a
series connection.



CONFIGURATIONS OF INTEREST

A reconfigurable PV module with 6 subgroups can switch between 27 configurations. When all
subgroups are connected either in parallel or series, there is only one unique configuration and
are referred to as COI #1 and COI #27 respectively. However, when two or three reconfigurable
units are connected in series (i.e. 2x3 SP and 3x2 SP), there are multiple configurations which can
potentially result in a different output power and are shown in Figure B.1.
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Figure B.1: Configurations of interest of a PV module with six reconfigurable units and a 2x3 SP or 3x2 SP connection.



MODULE ARCHITECTURES

To put the performance of the reconfigurable module into perspective, several series and parallel
connected reference topologies are investigated. Each of these PV modules has losses which can
occur due to the resistance of switches, bypass diodes, wires and contacts. A detailed overview
of the implementation of these topologies in the MATLAB Simulink simulation framework is given
in the figures below. Note that these figures are not drawn to scale, grey cables are assumed to
be infinitely short and blue solar cells indicate the size and orientation of the subgroups.

: Backside

(JOCJU : ]

Figure C.1: Detailed schematic overview the series connected PV module architectures with bypass diodes across each
of the (a) three and (b) six subgroups.
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i Backside

(a)

Figure C.2: Detailed schematic overview the parallel connected PV module architectures with (a) three and (b) six
subgroups.

For simplicity, the resistance of several components are combined such as the resistance of wires
and contacts. In the reconfigurable PV module, each subgroup has a current sensors connected
in series which helps to determine the optimal configuration. Furthermore, a microcontroller is
required. It is assumed that these additional components are lossless.

Figure C.3: Detailed schematic overview of the reconfigurable PV module architecture.



FLASH SOLAR SIMULATOR

The |-V curve measurements in section 6.2 and 6.3 are performed under a standard large area
solar simulator (LASS). The main problem with this set-up is that the prototype heats up rapidly
and affects the |-V curve. To mitigate temperature differences, additional measurements are
performed with the 3500SLP flash simulator of Eternal Sun. This simulator produces a very short
light pulse during which the I-V curve of the prototype is measured. As a result, the surface
temperature remains almost the same.

The |-V and P-V curves of each subgroup of the prototype are shown in Figure D.1. The simulated
curves are also shown to analyse the impact on the performance gap. The open-circuit voltage
of the measurements corresponds to the simulations. It can therefore be concluded that the
temperature during the measurements was kept constant at 25°C. The short-circuit current
measured with the flash simulator is around 2.5% higher than the simulated current. This is
comparable to the measurements with the LASS and is caused by the aforementioned optical
gains. Furthermore, the measurements with the flash simulator show a much smaller variation
in the short-circuit current of the subgroups. This suggests that the flash simulator has a better
area related uniformity than the LASS.
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Figure D.1:Measured and simulated I-V and P-V curves of the six subgroups in the prototype. The red lines
correspond to a subgroup with a faulty solar cell.
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To minimize temperature changes under the LASS, only 150 data point were obtained during an
interval or around 10 seconds. The flash solar simulator however, allows tracing the |-V curve at
a rate of 3500 data points per flash which takes less than a second. Therefore, the temperature
of solar cells will not change significantly. Consequently, the accuracy of the I-V curve increases.
Now, a small dip in the I-V curve of one of the subgroups can be seen. This suggests that this
subgroup contains a faulty solar cell. Finally, the measurements show a slightly higher fill factor
than the simulations. The reason is that the tracing the |-V curve of a solar cell for parametrization
is prone to errors in the series resistance of cells. This indirectly affects the fill factor.

The |-V and P-V curves for the 6 series and 6 parallel architectures of the prototype are shown in
Figure D.2. A comparison of the measured and simulated results leads to the same conclusions
about the temperature, optical gains and fill factor. Due to the better area related uniformity of
the flash simulator, the minor steps in the short-circuit current of the series connected module
as shown in Figure 6.10a have now disappeared.
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Figure D.2:Measured and simulated I-V and P-V curves of (a) the 6 series and (b) the 6 parallel module architecture of

the prototype under uniform illumination conditions.
Measurements are performed for the 6 parallel and reconfigurable PV module architectures.
Unfortunately, the I-V curves under partial shading conditions cannot be traced for the 6 series
topology of the prototype. This is because the pulse duration of the flash simulator is too short
to activate smart bypass diodes. As no new conclusions are drawn from these measurements,
the results are not discussed in detail. In summary, the flash simulator increases the accuracy of
the I-V and P-V curves and hence decreases the deviations between the measured and simulated
results.
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