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Abstract
The growing need for sustainable energy has led to a particular popularity of solar PV in the
Netherlands. In the urban environment, the placement of PV systems is often subject to shading
from surrounding objects. These objects usually partially cover the PV array for multiple hours
per day, leading to massive drops in system performance. With the introduction of module-level
power electronics (MLPE) such as DC optimizers, the impact of partial shading on a system
level can be reduced significantly. However, it is unclear what situation warrants the usage
of power optimizers, and when they provide little benefit to system performance. PV system
designers try to predict the yield of their systems by digitally replicating the system, a digital
twin. Whereas optimizers have been available for a number of years, detailed methods of performance prediction for systems with optimizers have not yet been developed, even as the demand
for such tools grows under designers and developers of solar PV components and systems.
This research contributes on the following two aspects. First, a bottom-up approach PV system
modeling tool chain has been further developed to calculate system performance of partially
shaded PV systems equipped with DC optimizers. This contrasts the calculation method of
many preexisting modeling suites for yield prediction, which are more often focused on component behavior instead of system behavior. Second, through the exploration of the modeling
tool chain, the behavior of partially shaded PV systems equipped with DC optimizers can be
better understood.
The modeling toolchain presented in this model was able to accurately portray PV system behavior. It allows for a high spatial and temporal resolution to make it quick and adaptable
to changing irradiance levels on the PV array for weather conditions or due to shading effects.
Furthermore, the model is flexible enough to accommodate different system topologies and optimizer deployment strategies, although the latter is not demonstrated in this report. With
help of the modeling toolchain, a convenient dashboard was created that is invaluable to understanding the behavior of the PV system. It is a summary of the step-by-step approach showing
the most relevant inputs and outputs of the system that contribute to its performance, allowing
the designer to see the evolution of partial shading over the geometry and identify the effect of
power optimizers on power and yield generation at a glance. Furthermore, it was possible to
perform yield prediction with this model. A particularly strong aspect of this model is that it
really highlights the case-by-case effectiveness of power optimizers.
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Introduction
1.1

Background

Thanks to the rapid growth of Photovoltaic (PV) generation, the share of renewable energy
generation in the Netherlands has increased significantly. With an increase of 50% (4.5 to 6.9
GWp) in 2019 alone, solar PV continues the trend of exponential growth from the past few
years (Madsen & Hansen, n.d.; CBS, 2020). Well-performing PV systems are a profitable investment with break-even points that are typically below 7 operational years, resulting in high
returns on investment (Consumentenbond, 2019). However, many potential customers desire a
PV system at locations where the optimal yield cannot be achieved, often due to suboptimal
orientation and/or substantial shading throughout the day. Shading presents a major challenge
to PV systems in the built environment, most notably in dense residential areas where there is
high demand for energy as well as installation of solar PV. Due to the limited usable surface
area, it is often unavoidable for the system to be partially shaded for certain periods each day.
Continuously changing, complex shade patterns can be observed that move over the PV array.
Because PV systems are sensitive to partial shading, their performance suffers tremendously.
With the introduction of module-level power electronics (MLPE) such as microinverters and DC
optimizers, the effects of partial shading on PV systems can be significantly reduced. However,
the profitability of optimizers is case-specific. Even if the optimizers contribute to the yield of
partially shaded PV systems, the additional cost is often out of proportion compared to the
gains. The case specificness for this problem requires a quantification of the benefits of PV
optimizers to the yield of the system.
An accurate modeling tool can contribute significantly to informed decision-making by rationalizing the costs and benefits of power optimizers. Furthermore, modeling results can be used to
enhance co-optimization of PV string layouts and optimizer deployment. The yield prediction
for PV systems is typically performed by creating a system design in a virtual environment.
Multiple software packages exist that are capable of creating these “digital twins” with different
capabilities and goals. Examples of this are Autarco’s Remote Survey (Autarco, 2019), Solar
Monkey (Solar Monkey, 2021), and SolarEdge Designer (Solar Edge, 2021). These are often
result-oriented software solutions with the main focus on annual yield prediction for system
1
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designers and the end-user.
These software packages are well-designed to perform their basic function, though not capable
of handling complex shading situations which are often observed with partial shading. First,
these models have too little regard for system behavior. The calculative complexity that this
underlying system behavior brings is not required for accurate yield prediction for most PV
systems. Second, the spatial resolution of these models is not sufficient for capturing partial
shading. The intricate shading patterns are not fully appreciated at a module level. To account
for both these issues, a more bottom-up approach is required in which PV performance can
be calculated on a cell level, using the governing electrical properties that determine system
behavior: IV curves. With a powerful model in place that can quantify the effect of partial
shading, it is finally possible to create a meaningful tool to assess the effects DC optimizers have
on partially shaded PV systems. The primary aim of this thesis is thus to create a bottom-up
approach for modeling the performance of partially shaded PV systems equipped with power
optimizers.

1.2

Research Objective

A good modeling approach is firmly tied to reaching the objectives of this thesis. As will be
discussed in Section 2, PV system design can be an intricate process involving multiple decisionmaking steps on different levels. The flexibility associated with designing PV systems should
be reflected in such a model. To achieve this, multiple modeling tools are used, adapted, and
expanded in this project, forming a modeling toolchain.
An existing Python library, PVMismatch (Mikofski, Meyers, & Chaudhari, 2018), provides the
backbone for this modeling process. PVMismatch can be used to define PV systems and calculate relevant characteristics on the component level. This includes the system losses of partially
shaded PV systems. Using the fundamental building blocks of the PV system, the PV cells, a
system is created by combining these components in multiple configurations, with an emphasis
on system behavior.
The PVMismatch package will be extended with a separate model that incorporates the power
optimizers in this workflow. After the modeling phase, the modeling steps are presented with
in-depth visualization to reveal PV system behavior. This helps facilitate co-optimization of PV
string topologies and optimizer deployment. To properly assess the effect of partial shading on
optimized PV systems, the modeling workflow has to be followed, applying intermediary steps
to grasp what is going on inside the system. Using specific case studies, the system behavior
is clarified in more detail. Finally, conclusive remarks about the performance of PV optimizers
are given. This includes the question of where and when the placement of power optimizers
generally leads to great improvements in system performance, and how this relates to the cost
of PV optimizers.
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In summary, these following tasks form the three main pillars of this thesis:
• Develop a method to calculate system performance of partially shaded PV systems equipped
with DC optimizers.
• Create a better understanding of partially shaded PV systems equipped with DC optimizers through means of modeling and visualization. The effects of partial shading on the
performance of optimized and unoptimized. Combined with illustrative tools, PV system
behavior should be made imaginable.
• Bridge the gap between the model and real-world application: analyze the modeling results
and determine when optimizers provide good value when used in a PV system.

1.3

Thesis Outline

Present-day tools used to perform system yield calculation are not suitable for inclusion of PV
optimizers. As has been discussed in this section, a new simulation tool is required to perform
accurate yield calculations for PV systems equipped with DC optimizers.
To this effect, the relevant background information towards understanding PV systems and
PV system behavior is covered in 2. In this Chapter, the components of the PV system are
introduced. Furthermore, the electrical properties that conduct the behavior of the individual
components are explained. Finally, the effect of partial shading on PV system performance is
highlighted.
Chapter 3 introduces the model and modeling processes. The requirements for the model are
discussed and the contribution of this thesis is placed in perspective. Each step of the modeling process is then described accordingly, introducing the tools and modules that were used,
adapted, and created. One of the main contributions of this thesis, the optimizer model is explained in detail using the electrical properties, leading to the behavior of the power optimizer.
In Chapter 4, the case studies created with the modeling toolchain presented in this report are
presented. First, basic building characteristics are introduced. Then using one of the cases from
the case study, the entire modeling workflow is executed step by step. Intermediate results are
visualized and clarified. This final result of this workflow is presented as a “dashboard”. This
dashboard visualizes the input, behavior, and output of the PV system.
Chapter 5 covers the conclusion to this research. The usefulness of the modeling toolchain is
assessed. Afterward, potential research directions for this model are touched upon and possible
improvements for this model are discussed.

3
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PV-System Theory and Behavior
This chapter highlights the theoretical knowledge about PV systems to help understand their
behavior. Furthermore, some of the modeling decisions for the optimizer model can more clearly
be understood with the material in this section in mind. In Section 2.1, the IV characteristics
are described, which are paramount to understanding PV system behavior. In Section 2.2, the
relevant components of conventional PV systems are introduced, together with a description
of the effects of partial shading conditions on PV performance. Finally, different components
that can be used to tackle shading mismatch issues are introduced in Section 2.3. This includes
an introduction and functional explanation of DC optimizers, which runs like a thread through
this report.

2.1

Current Voltage (IV) Characteristics

In the research and development of PV systems, the foremost method of assessing PV behavior
is by examination of IV characteristics. These are the operating characteristics of electronic
devices such as PV cells. As the naming suggests, the IV characteristic illustrates the relationship between current and voltage in a PV cell. The electrical properties of such a cell, which
can be modeled as a photosensitive diode, are commonly presented as illustrated in Figure 2.1.
The output power for each cell is the multiplication of the voltage and current along the line of
the IV graph. The point where the product of these quantities is the largest, the MPP, is thus
the point that results in the greatest power generation. The short circuit current (Isc ) is at the
point where the curve intersects the current axis at voltage zero. The intersection between the
curve and the voltage axis is called the open-circuit voltage (Voc ).
The solar cell only produces electricity when both the voltage and current are positive. This
section of the graph is called the first quadrant. It encompasses the area between Isc and
Voc . Operation of the cell with positive voltage is called forward bias. When the cell voltage
is negative, the cell operates in reverse bias. While the cell operates in reverse bias, the top
left corner (quadrant II) or positive bias with negative current (quadrant IV), it will dissipate
energy. Consequential to partial shading issues on the PV system, the occurring reverse bias
causes significant issues for the performance of the PV system. Bypass diodes are introduced
A bottom-up Approach for Modeling the Performance of Partially
Shaded PV Systems with Power Optimizers
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to reduce the adverse mismatch effects. This will be further elaborated on in Section 2.2.

Figure 2.1: IV Characteristics of a PV Cell, adapted from Yang et al. (2019)

2.2

PV System Layout

The PV system is a fairly straightforward combination of electrical components that produce,
transport, and transform electrical energy. Residential PV in the Netherlands is almost exclusively grid-connected, as net metering regulations have not required the need for investment
in battery storage (Londo et al., 2020). Since the panels only produce DC power, conversion
to AC power through an inverter or transformer is required to allow a grid connection. The
system hierarchy is schematically depicted in Figure 2.2.

Figure 2.2: System Hierarchy of Grid-Connected PV System
The working principle of PV systems is to capture and then transform solar radiation into electricity. The conversion of power takes place in the PV cells. When these cells are interconnected
and embedded in a casing, they form the PV module. Power optimizers can be connected to
each module to allow distributed maximum power point tracking (DMPPT). Solar panels are
then connected in series to a string inverter, forming a string. A PV system is then one or more
strings connected to a single string converter. The number of solar panels that can be put in
a string depends on the capacity of each panel and the capacity of the inverter. The output
voltage of the string of panels may not exceed the maximum specification nor undercut the
5
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minimum specification given for the inverter. Exceeding voltage limitation can result in suboptimal usage of MPP tracking, and power loss, whereas undercutting the voltage requirement
leads to no generation at all. To prevent overvoltage on the PV system, connecting PV strings
to the inverter in parallel is a possibility. The maximum current specification of the inverter
will dictate how many panels can be installed in such an arrangement. Evidently, the design of
photovoltaic systems offers a great amount of flexibility. Unfortunately, this results in multiple
layers of complexity for optimizing the system.
A suitable combination of PV panel topology and inverter type should be selected for any PV
system design. This depends primarily on the wishes of the customer regarding for example
capacity, size, and placement. As the focus of this report is on performance optimization of PV
panels under partially shaded conditions, encompassing the (inter)connection of PV components
up to the DC input for the inverter, design optimization for PV systems is a major theme in
this report. Therefore, considerable attention is given to the design of multiple PV systems for
the case studies in this report.

2.2.1

PV Cells and Modules

The fundamental building blocks of typical PV systems are the smallest components relevant to
this project: the PV cells. The solar cell is the component that converts solar radiation into electrical power. Different types of cell technologies exist, which all have distinct (dis)advantages.
The type of PV cell represented in this report is a conventional crystalline silicon (c-Si) cell
technology. Each PV cell has an IV characteristic similar to the ones shown in Figure 2.1. Note
that energy generation only occurs when the product of current and voltage is positive: at the
first quadrant. The modeling tool used in this report, PVMismatch, uses a two-diode model to
model a PV cell as explained by (Dehghanzadeh, Farahani, & Maboodi, 2017). A calculation
using this two-diode model with the design parameters of the reference PV panels is presented
in Figure 2.3. In this figure, two c-Si PV cells are connected in two different configurations:
series (a) and parallel (b). The blue line represents one single PV cell, the yellow line represents
two PV cells in their respective configuration. In both situations, the cells are identical.

(a)

(b)

Figure 2.3: IV Characteristic of an illuminated PV Cell
A bottom-up Approach for Modeling the Performance of Partially
Shaded PV Systems with Power Optimizers
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The power that can be extracted from a single PV cell is not very impressive. The amount, type,
and size of the cells determine the resulting output of the PV panel. Increasing the number
of cells in a series connection will increase the output voltage, consequently providing more
electrical power. For this reason, a number of cells are connected in series in a PV module.
Such a topology is illustrated in Figure 2.4. PV cells can be connected in series and parallel
as comparable to that of any conventional electrical power source. This is illustrated in Figure
2.3. In a series connection, the string current is leading, even though voltages may be different.
This means that at any location where the current of the two panels is equal, the voltages can
be summed up. This is expressed in the doubling of the voltage in a series connection. For
parallel connections, this situation is reversed. Now, the voltage in the string will be leading and
the output current can be determined by straightforward addition of currents at corresponding
voltages.

Figure 2.4: Internal Circuit Diagram of a PV module

For two identical cells as seen in Figure 2.3, the combination of IV curves of two cells is straightforward for both series and parallel connected cells. However, as soon as shading is introduced
in the system, this becomes more complicated. Such a shaded situation is illustrated in Figure
2.5. Note that the addition of IV characteristics for series-connected cells becomes much less
imaginable, increasing in complexity for each added PV cell. Therefore, performing yield calculations on the cell level requires a model such as the PVMismatch to accurately calculate a
mismatched PV module.

(a)

(b)

Figure 2.5: IV Characteristic of Two Mismatched PV Cells
7
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Bypass Diodes

Bypass diodes are essential for operating efficient PV systems. These are illustrated on the left
in Figure 2.6. They split the 60-cell PV module into three separate substrings. The main task
of the bypass diode is to prevent critical system failure in case of a major mismatch between
cells within a PV system. Mismatch occurs when PV cells in the system do not share similar
electrical properties or experience different conditions. Partial shading is a type of mismatch
because dissimilar levels of irradiance between unshaded and shaded cells effectuate different
electrical behavior in the cell. Figure 2.5 illustrates the result of such a mismatch means for the
PV cells. This issue occurs for example when some cells in the system are shaded (partial shading), which leads to different levels of irradiance on the PV array. Another issue might be that
some of the cells have degraded at a higher rate than other cells. The effect of a mismatch on the
electrical properties of a cell is illustrated in Figure 2.5 where the third PV cell (PV3) is shaded.

Figure 2.6: IV Characteristics for a String of 3 PV Cells
(Yang et al., 2019)
Consequential to the shading of PV3, its IV characteristic changes dramatically. Especially
the generated current drops drastically. As a consequence, to maintain the string current, the
current of PV1 and PV2 has to decrease as well. Furthermore, PV3 becomes reverse biased and
starts to consume energy. Apart from the performance drop due to undesirable energy loss, a
reverse bias may lead to serious issues on system longevity when the cell acts as a load on the
system and starts to dissipate heat (Yang et al., 2019). The voltage is then either limited by
non-idealities or the supply of power. This often leads to accelerated degradation of the PV cells
or potentially the entire string. In some cases, the temperature generated by heat dissipation
at these “hot spots” can easily rise to such levels that a solar cell can be irreversibly damaged.
Furthermore, the soldered connections may melt, and the casing of the PV module may well be
ruined. In severe cases, hotspotting may lead to fires, potentially causing damage to more than
just the PV system (Breltenstein et al., 2009; Breitenstein et al., 2011).
Bypass diodes remedy the hotspotting issue to a large extent. Under normal operation of the
PV system, when there is no mismatch, each PV cell is in forward bias. The bypass diodes
are not restricting the flow of energy, which can be freely extracted from the PV cells. As
elaborated in the previous section, for any type of mismatch, a PV cell goes into reverse bias,
conducting electricity at a negative voltage. With a bypass diode installed over this PV cell,
A bottom-up Approach for Modeling the Performance of Partially
Shaded PV Systems with Power Optimizers
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the energy dissipation is restricted significantly. A typical silicon-based bypass diode activates
(goes into forward bias) at 0.6V. This has also been incorporated in the PV model.
Generally, bypass diodes are connected to substrings of PV cells to save manufacturing and
production costs. In the internal circuit diagram illustrated in Figure 2.4, three bypass diodes
are connected, forming substrings of 20 cells. To further reduce the effects of mismatch, they
can also be connected in parallel with opposite polarity to each cell. The type of cell and its
breakdown voltage dictates the number of cells that should at most be grouped in one substring.
If one cell in a substring performs poorly, the good cells will still make the poor cell operate in
reverse bias. For c-Si cells, to avoid any damage to the cells, this is about 15 cells per bypass
diode (PVeducation, 2020).

2.3

Power Optimization through DMPPT

If partial shading on a PV array is not addressed, losses to the PV system can be tremendous.
Bypass diodes ensure system operation in the event of shading or with other mismatch effects.
However, the major disadvantage is that entire panels may be bypassed while these could still
produce some power as long as they are illuminated. Introducing Module Level Power Electronics (MLPE) to the PV system makes it is possible to create a distributed maximum power
point tracking (DMPPT) architecture that allows shaded panels to still contribute to the system
power. With the introduction of MLPE, shading issues of PV systems can be partially resolved,
allowing PV systems to be installed at locations where this would otherwise be unattractive due
to high yield losses. Multiple technologies exist on the market today to realize such DMPPT.
These include microinverters and power optimizers.
Microinverters are similar to string inverters in that they convert DC into AC power which is fed
to the electricity grid. However, where the string inverter can do this for (multiple) strings of
PV panels, the microinverter only converts the power supplied by a single PV panel. Contrary
to microinverters, power optimizers still rely on a string inverter for DC to AC conversion. The
optimizers perform DC to DC conversion to increase the output current of shaded PV panels
while decreasing the output voltage. This is done to extract the maximum power of the PV
module at the current level of the PV string.
Although power optimizers can be highly efficient, for any system equipped with optimizers,
there are conversion losses in the optimizers as well as the string inverter. At this point in time,
there is no clear-cut advantage to either one of the MLPE technologies substantial enough for
one to outshine the other. Power optimizers are however more flexible in their deployment.
Furthermore, they are smaller and can be incorporated in the junction box of a PV panel as
demonstrated by Taylor Solar (2020). In this report, the Tigo TS4-O optimizers are used as
reference optimizers.

9
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Modeling of Partially Shaded PV
Systems
In Section 3.1, the requirements for the model developed in this thesis, as well as the modeling
flow are outlined. Each step in this process is thereafter explained in Section 3.2.

3.1

Requirements and Modeling Process

The model has been created to specifically address the knowledge gap that exists in PV optimizer
literature. The foremost requirement for this model is to generate a better understanding of
PV system behavior when equipped with optimizers and to facilitate co-optimization of PV
string topologies, including the usage of optimizers. This understanding is realized through a
process of step-by-step quantitative modeling and allows for inter-and intra-model comparison.
The building blocks of the model together form a digital interpretation of the DC side of the
PV system. It should allow the user to evaluate each of these building blocks to disclose the
electrical behavior, and subsequently, evaluate the performance of a system based on proven
models. Figure 3.1 illustrates the modeling flow.

Figure 3.1: Modelling processes, adapted from Karanth (2020)
The research process has been split up into three distinct parts. The first two parts contain
the two modeling steps: the “Environmental Model”, and the “PV-System Behavior Model”.
Finally, the output of the models is visualized under the “Results” section. Preexisting parts
of the modeling process are highlighted in blue. These parts of the process require fairly small
A bottom-up Approach for Modeling the Performance of Partially
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changes to adapt the existing material to suit the needs of this research. The main contribution
of this thesis is emphasized in orange and green. It includes optimizer modeling and evaluation
of modeling results. The added modeling steps are part of a toolchain extension, expanding
the usability of the preexisting models with the inclusion of an optimizer model. Highlighted
in green is the performance evaluation of the PV system where unoptimized and optimized
systems can be compared through visualization of previously unavailable data. It represents
the ultimate goal of the modeling process, to enable co-optimization of PV string and system
performance.
The environmental model relies heavily on weather data and custom-made geometry. It is necessary to ensure that the weather data used in the modeling process reflects real-world weather
conditions. The temporal resolution of the data needs to be relatively high to capture volatile
clouding events. The 10-minute resolution in this report requires weather data of at least a
similar resolution. The model must also be able to represent a real-world system, or “digital
twin”. The location of the PV system, as well as its direct surroundings, have to be accurately
represented in the geometry. This includes the irradiance receiving surfaces, which must correspond with the PV system in a meaningful way. The resolution of the “PV System Behavior
Model”, which builds on the environmental models, is at the cell level. Therefore, the spatial
resolution of the irradiance simulation has to match the PV cells on the dedicated irradiance
receiving surfaces of the geometry.
Creating a tool that can perform yield prediction accurately for more than one type of system.
PV systems are complex and diverse. For residential PV, each system has to be tailored to the
architecture of the building and its surroundings, offering a lot of freedom in each design. Important considerations for system designers may be, among others, the cell technology, system
and module topology, location, and central or distributed MPP tracking. For this reason, a high
level of customizability and adaptability is required from the “PV System Behavior Models”.
While the focus of this thesis will be on modeling of c-Si type PV cells, Karanth (2020) has
shown that separate parts of the model presented in this report can be adapted and be made
applicable for thin-film technology (CiGS).
The visualization step is not just for the output of the model. Visualizations in between the
different modeling steps will create an understanding of the evolution of system behavior at each
increment of the model. PV system performance can be evaluated with and without optimization while illustrating underlying electrical constraints to support this behavior. Furthermore,
comparing outcomes for multiple systems at the same point in this model highlights where
optimizers truly contribute to system performance, and when installing them does not provide
any benefits. It is crucial that the rationale for the inclusion of optimizers in the design of a
solar system can be grounded purely on the outcome of this model.
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PV System Modeling

3.2.1

Environmental Modeling

The environmental model comprises the virtual representation of the PV site in a 3D environment, a sky model, a geometry with user-defined irradiance receiving surfaces, and possible
obstructions to simulate shading. Through the solar irradiance model and irradiance mapping
model, the irradiance on all PV cells of the PV system is calculated on the irradiance receiving
surfaces. Next to these geometrical parameters, weather data is an important input for this
model. A combination of these inputs provides the calculated irradiance on each PV cell. In
this section, the two subsections of the Environmental model are detailed.

3.2.1.1

Solar Irradiance Model

The main function of the Solar Irradiance Model is to determine the irradiance levels on the
PV panels. The tools available for this step of the modeling process are DAYSIM and Daypym.
Daypym is a project created at the Eindhoven University of Technology to preprocess and run
DAYSIM solar irradiance simulations with Python. It serves as a wrapper for the DAYSIM
package and related applications (Bognar, 2020). The DAYSIM package has been validated
and used for multiple applications in the modeling of building performance, including daylight
simulation in and around buildings (MIT Sustainable Design Lab, 2018).
Two main inputs are required to run irradiance simulations with DAYSIM. First is the geometry of the system, illustrated in Figure 3.2. As stated before, the geometry must be a digital
representation of a PV system and its direct environment, the site, in a three-dimensional environment. Solar panels are represented in this 3D environment as rectangle planes placed on top
of a roof or facade, whose dimensions and surface areas correspond with the real-world panels.
These are designated as irradiance receiving surfaces. Within these surfaces, a set of sensor
points are divided over the length and width of the panel to represent solar cells in accordance
with the irradiance mapping model discussed in section 3.2.1.2. The circles in each of the 12
rectangles illustrated in Figure 3.2 represent the PV cells. The two larger center squares are
a dormer which is part of this particular geometry and will generate shading on the sensor points.
This model geometry is created with SketchUp Make with the Euclid extension. The extension
is used to save the data in Energy Plus’s Input Data file “.idf” format (National Renewable
Energy Laboratory, 2021), which is accepted by DAYSIM through conversion by Daypym.
Since the site of the model geometry has to be related to the position of the artificial sun for
irradiance simulation, it is given geographical coordinates (latitude and longitude) to represent
its location on earth. This metadata is included with the geometry to serve as an input for
DAYSIM. By running the DAYSIM and Radiance functions, the solar irradiance on the sensor
points is calculated using raytracing.
A bottom-up Approach for Modeling the Performance of Partially
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Figure 3.2: Top View of Geometry with Sensor Points

The second input, the weather data, is used to superimpose the given irradiance level over the
sensor points given the location of the sun. The irradiance level for each irradiance receiving
surface is calculated based on the solar angle and possible obstructions of the direct sunlight
onto the sensor points in the geometry, as well as indirect light sources through reflection. The
input weather data is recorded at the solarBEAT test facility at the Eindhoven University of
Technology (Eindhoven University of Technology & TNO, 2020). The measurement devices at
this site are regularly checked and used for other scientific purposes. Furthermore, the reporting
of the data is much more frequent compared to open-source weather data from for example the
Dutch institute of meteorology (KNMI). This allows a higher temporal resolution for the model.
The weather data is then converted to the Energy Plus Weather file “.epw” format. Using the
Daypym wrapper, the sensor points that each have an irradiance level are now linked to the
corresponding PV module and cell they represent. This data is then stored for further processing
with the “PV System Behavior Model”.

3.2.1.2

Irradiance Mapping Model

The accuracy of the modeling result is partially dependent on the discretization strategy. As
one of the main focal points of this project is to determine the performance of PV systems
under partial shading conditions, it is essential to ensure that the PV panels are accurately
represented in the modeling process. The reference PV panel has square crystalline silicon cells
which are equally distributed over the length and width of the module in a 10 x 6 formation,
respectively. Figure 3.3 illustrates two of such panels under different shading conditions as seen
in real life, as well as modeled. On the left of both figures, the PV Cells are shown as squares.
On the right, the sensor points are illustrated as smaller squares. Shade is represented by the
grey obstructions. Note that one PV cell is represented by one sensor point.
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(a)

(b)

Figure 3.3: Real Panel and Sensor Points Situation 1 (a) and situation 2 (b)
In figure 3.3, the solar cells which are at least partially shaded are colored black. The unaffected
cells are white. As with the PV cells, the shaded dots are black, whereas the unshaded ones
are white. For both figures, red and blue dots are visible as well. These represent a difference
in shading situation between reality and model. Red dots indicate “false negatives”, where the
PV cell is supposed to be shaded but the sensor point is unshaded. Blue cells represent cells
that are partially shaded but are considered fully shaded in the model. A partially shaded
PV cell will suffer from shading and produce less energy. Therefore, the disparity between real
and model may cause some inaccuracies in the calculation. Table 3.1 illustrates the number of
shaded sensor points for both reality and model, as well the false negatives and partially shaded
cells.
Table 3.1: Cell and sensor points number

Real Shaded
Model Shaded
False Negatives
Partially Shaded

Situation (a)
36
30
6
5

Situation (b)
37
33
4
3

It is possible to reduce these inaccuracies by increasing the resolution of the sensor point grid,
which allows for complex types of shading that can be modeled accurately on the surface of the
PV panel. There are, however, several drawbacks as well. First and foremost, the allocation of
multiple sensor points to one PV cell adds a level of complexity that requires a model in itself.
IV characteristics of individual cells need to be calculated assuming non-uniform irradiance.
Moreover, very detailed discretization will lead to a grid where information is generated for
spaces on the PV module outside of the crystalline cells, which wastes computational resources.
Overall, the calculation time is increased, as more sensor points need to be calculated through
ray tracing.
While it is possible to attempt a more detailed approach by adding more sensor points, this
may not be necessary for this project. Shade is generated by the trajectory of the simulated sun
A bottom-up Approach for Modeling the Performance of Partially
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over the object. For this reason, the mismatch between the cells and sensor points will change
over time. The intended time resolution for this model is from about ten minutes and higher,
simulated for several days, to a year. For long-term yield prediction, errors that arise from the
one cell one point discretization strategy are averaged out by the sheer amount of data points.
Considering the scale and detail of other inputs for the model, as well as the added complexity
of using multiple sensor points per PV cell, it is assumed that one sensor point per PV cell is
sufficient to achieve accurate modeling results.

3.2.2

PV system Behavior Modeling

It is not possible to understand the behavior of DC optimizers without first understanding the
behavior of conventional PV systems. The generated power depends on the amount of incoming
irradiance. The irradiance data generated in the environmental model is used as an input to
perform yield calculation in two steps. Initially, the IV characteristics of the PV system are
calculated with the “PV System Behavior Model”. The “PV Optimizer Model” then computes
the IV curves for the same system equipped with optimizers. This Section explores the PV
system and optimizer models.
3.2.2.1

PV system model: PVMismatch

To calculate optimized PV systems, the underlying tool to model partially shaded systems
without optimizers needs to be accurate as well. PVMismatch (Mikofski et al., 2018) is an
open-source scientific tool written in Python that is capable to do so from a fundamental level.
The code follows a logical stepwise approach of defining a PV system, whose flow is visualized
in Figure 3.4. The PVMismatch system hierarchy represents the building blocks of every PV
system from the ground up. The PV modules are modeled after Autarco MC305 modules. Relevant cell parameters such as open-circuit voltage, short circuit current, and (shunt) resistances
are extracted from I-V measurements on 11 of these modules. These measurements can be
found in Appendix D

Figure 3.4: Global PVMismatch system hierarchy
PVMismatch calculates the IV characteristic of the cell under illumination using the two-diode
model. Concluding from the validation of (Masmoudi, Ben Salem, & Derbel, 2016), the methods
used in this model provide accurate representations of PV systems. Figures 2.2 and 2.3 in this
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report, which illustrate the series and parallel connection of PV cells, are created with modeling
outputs of PVMismatch. It should be noted that PVMismatch does not have a way to allocate
PV strings to separate MPPs. This may occur when multiple strings should require separate
MPPs due to varying panel orientations or real-world inverter capacity limits. Therefore, with
the existing capabilities of PVMismatch, a new "pvsystem" should be created for additional
MPP tracking capabilities.
3.2.2.2

PV optimizer model

Power optimizers are used to perform DC to DC power conversion. A power optimizer can regulate the relation between the current and voltage in the output power. As the power handled
by the optimizer is constant, Ohms law dictates that an increase in current has to result in a
decrease of output current, and vice versa. Reducing the voltage while increasing the current
is called “buck” conversion, whereas boosting the voltage while decreasing the current is called
“boost” conversion. A typical use case for increasing output voltage is when the overall output
of the system is low. A string inverter’s performance is dependent on the electric potential at the
DC input. When the cut-in voltage has not yet been reached, the system does not produce any
power. Furthermore, depending on the system layout, the string inverter could operate more
efficiently at a higher voltage (Baumgartner, 2005). For these reasons, the optimizer could use
a “boost” conversion. The main task of the power optimizer, to reduce mismatch losses on
PV systems, is done through buck conversion. In this report, boost conversion is disregarded
entirely. It is, however, an interesting topic for future investigation.
The optimizers as modeled in this report are a type of buck converter resembling the Tigo TS4
manufactured by Tigo Energy. Apart from general information about the performance and
operational constraints of the optimizer, detailed information on how the device works or which
components are inside it is not publicly available. As the market for DMPPT is still a niche
market with a limited number of suppliers, it makes strategic sense for companies to protect
their intellectual property. Fortunately, an Eindhoven-based designer of micro-electronics aided
in the understanding and creation of a functional model for DC optimizers (Taylor Solar, 2020).
It is assumed that the working principle between the optimizers of both manufacturers is comparable.
The optimizer model utilizes the input from the PV-system model to perform optimizer calculations. Therefore, the optimizer model can be regarded as an addition or extension to the
current modeling tool PVMismatch. It extends upon the modular structure of the package,
retaining its ease of use and allowing for easy integration. The optimizer model consists of two
parts: a more generalized calculation linking the power input and output to the duty cycle of
the DC optimizers, as well as a calculation for the optimizer efficiency given the used electrical
components. Together, these integrated models provide an accurate representation of the power
optimizer.
The operation of the power optimizer (buck-converter) relies on the switching action of switch
SW as illustrated in the circuit diagrams in Figure 3.5. At the starting condition, the switch
is open. Therefore, there is no flow of current in the circuit: the off-state. When the switch
A bottom-up Approach for Modeling the Performance of Partially
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is closed, the current in the circuit increases and runs through the inductor. In response,
the inductor counteracts the voltage from the source Equation 3.1, resulting in a net reduced
potential VL over the load Rz . Applying Kirchhoff’s voltage law, stating that the sum of all
voltages must be equal to 0 results in as Equation 3.2. The current increase through the circuit
(rate of change) diminishes after a certain period as the switch remains closed. Consequently,
the reverse polarity of the inductor VL , decreases, resulting in a higher voltage over the load Vo .

(a)

(b)

Figure 3.5: Circuit Diagram for a buck-converter in open (a) and closed (b) state

dIL
dt

(3.1)

Vi = VL + Vo

(3.2)

VL = L ·

When the switch is opened, the input voltage is removed from the circuit and the current is
drawn from the circuit. The decrease in current induces a potential over the inductor, now
in opposite direction. The inductor now functions as a current source to keep the capacitor
charged, drawing from the magnetic field that was created in the on-state.
To express the timing of the switching action in power electronics, the duty cycle or power cycle
is used. The duty cycle is the ratio between on and off states of the switch and is expressed as
the active time of the switch over period T , and is one of the most relevant design parameters
of power optimizers. Given that the Voltage over the inductor VL is equal to Vi − Vo for the
on-state, and equal to −Vo during the off-state, the increase in current can be derived. The full
derivation is presented by (Cristri & Iskandar, 2017) and leads to the Equations 3.3 - 3.6.
ton = DT
∆ILon =

Vi − Vo
· ton
L

tof f = (1 − D)T
∆ILof f =

−Vo
· tof f
L

(3.3)
(3.4)
(3.5)
(3.6)

The electrical behavior is illustrated in Figure 3.6. The switch state indicates the opening
and closing of the switch in the circuit. The voltage given is representative over the three
components, the input voltage Vi when the system is “on”, the counteracting voltage over the
inductor VL and the voltage over the load Vo . Finally, the current through the conductor IL
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illustrates the increase and decrease of current through the system. The net result is a lower
voltage Vo and a higher current IL .

Figure 3.6: Evolution of Voltage and Current Waveforms
Assuming steady-state conditions, the current drop and gain in each cycle have to be equal.
This means that the current has to be equal at the beginning and end of each cycle. Equations
3.7 and 3.8 relate both the on and off state given this constraint.
∆ILon + ∆ILof f = 0

(3.7)

Vi − Vo
Vo
ton − tof f = 0
L
L

(3.8)

Substituting the Duty Cycle for on and off times in Equation 3.9 results in Equation 3.10, which
relates the output Voltage to the input Voltage and Duty Cycle. This steady-state calculation
relation is at the basis of the optimizer model.
(Vi − Vo )DT − Vo (1 − D)T = 0

(3.9)

Vo = D · Vi

(3.10)

In the model, the input voltages and currents are known. As one wishes to extract the highest
possible power from the system, the power optimizer will locate the MPP of the module. Vi
and Ii thus represent the input voltage and current on the input side at the MPP. Because it
is not certain beforehand at which current level the PV string will operate, the IV curves of
optimized modules have to be calculated for all possible voltages the modules operate at. Since
this is a buck converter without boost functionality, the duty cycle cannot exceed 1, resulting
in a maximum voltage of Vi .
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The law for the conservation of energy demands that the input power to the optimizer must
be equal to the output power of the optimizer, assuming a 100% efficient optimizer. This
assumption will later be corrected by another model dedicated to the optimizer component
efficiency. Similar to an MPP tracker in an inverter, the optimizer matches the input and
output power through impedance matching. Ohm’s law relates the voltage and current with the
load of the PV system. This is illustrated in Equation 3.11. Ri is the impedance on the input
side of the optimizer for the power supply. Similarly, Ro is the load resistance from the PV
string.
Vo = Io · Ro

(3.11)

Considering the relations between input and output Voltage Vi and Vo are known, it is possible
to derive a similar relation between the current and duty cycle as for the voltage in Equation
3.11. Assuming the input and output power are equal, Vi Ii = Vo Io , substitution of 3.11 leads
to equation 3.12.
Io =

1
· Ii
D

(3.12)

Now the voltages and currents are known, an expression of duty cycle D is now required that
relates it to the input and output load. Substituting Equations 3.9 and 3.12 in Equation 3.11
results in Equation 3.13 and can be rewritten as Equation 3.14.
Ri =

Vo
1
1
·
= 2 Ro
D Io D
D
s

D=

Ro
Ri

(3.13)

(3.14)

Using Equation 3.14, the duty cycle of all points on the IV curves can be calculated. Having
calculated the duty cycle, the output current and voltage can be calculated. As the input Vi and
Ii are constant, output current and voltage are thus regulated by duty cycle D. The optimizer
model calculates the load R for all existing output currents with exception of those with an
infeasible duty cycle. The limitations of the duty cycle in the model are set at a minimum of
D = 0.1 and a maximum of D = 0.95.
In the calculation above, the efficiency loss for the optimizer was neglected. However, a correction for energy loss from the input to output side is required as the optimizer cannot be
100% efficient. As with any electrical component, energy loss can be attributed to component
efficiency losses and heat generation. Reaching high efficiencies with a buck converter is possible
with a duty cycle approaching 100% (Glasner & Appelbaum, 1996). Conversion losses in the
power optimizer can however still not be overlooked. In this thesis, the efficiency calculation is
based on a proprietary calculation from Taylor Energy. Therefore, the corresponding details will
not be published in this report. However, it is possible to create a linear model with reasonable
accuracy given empirical results for tests with PV modules. Glasner and Appelbaum (1996)
present such a model based purely on the duty cycle of the power optimizer. An illustration of
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the differences in the IV-curve between an unoptimized and optimized PV module is given in
Figure 3.7.

(a)

(b)

Figure 3.7: IV and PV CHaracteristics for an Unoptimized (a) and Optimized (b) PV Module
The power that can be extracted at the MPPs of these modules is fairly similar. Due to conversion losses in the optimizer, the power that can be extracted is slightly less. The most notable
difference in the IV curves shown in Figure 3.7, is the “power plateau” for the optimized PV
module. The plateau is the result of the DC-DC conversion by the optimizer. Note that the
efficiency and thus power for this optimized module is highest on the right side of this plateau.
Recall Equation 3.14, indicating that the duty cycle decreases at lower voltages, which harms
the efficiency of the optimizer. The graph shows a slight decrease in the power for the plateau
at lower voltage levels. The IV curve below the power plateau illustrates the behavior of the
power optimizer, increasing the output current for a decrease output voltage. The result is that
the power is accessible at a broad current range. This phenomenon is even more pronounced
for shaded PV modules, as will be illustrated with a case study in Figure 4.3.
This optimizer model has been validated for a specific case in the master thesis report by
Karanth (2020), “Shade tolerant PV systems under partial shading conditions: modelling and
simulation for improved design decisions". In this research, she conducted measurements on
partially shaded CIGS modules connected to a Taylor optimizer designed for use with CIGS
modules. After indicating the appropriate current constraint, the model was able to predict the
behavior of the optimizer with reasonable accuracy.
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Chapter 4

Model Demonstration Case Studies
The system behavior model is demonstrated in this Chapter. The results of the model are
presented in three temporal frames to satisfy the original goals of this thesis: momentary, daily,
and annual. Momentary and daily data is used to illustrate system behavior. A twelve-monthly
resolution is used to assess the yield prediction capabilities and results of this model. Section
4.1 introduces the case studies with which the model is demonstrated. The most important
decisions towards creating the geometries are discussed. In Section 4.2, the modeling results
for both momentary and daily timeframes are presented. This is done by first going through
each modeling step of the modeling process described in Section 3.1. The annual results are
presented in Section 4.3. The annual system performance of multiple digitally created systems is
examined. Furthermore, the effectiveness of optimizers is reflected upon, identifying situations
where installing optimizers is beneficial or not.

4.1

Case Study Sites

The model is tested for a number of projects representing real-life dwellings. These modeling
sites include shading obstructions in the geometries to ensure that different shading profiles are
represented in this report. Whereas the geometries share common roof surfaces, their orientation
and intended shading obstacles vary. For each case, 12 panels are located on the roof with 2 cm
of separation between them. A similar number of panels makes the output of the case studies
directly comparable. Another reason for going for 12 panels is the large area of 20m2 on which
a shadow can be cast by shading obstacles. Consequently, larger shade or shade patterns can
be analyzed. The modules are modeled after the Autarco MC305B series of PV panels. All the
objects have a gutter height of 3.8m and a roof tilt angle of 45 degrees. Even though this angle
is not the most efficient for capturing solar irradiance throughout the day, it often applies to
Dutch dwellings. The reasons for using a steeper angle are, among others, to present realistic
structures and to have sufficient vertical coverage in the PV array. Depending on the kind of
obstruction, a steeper roof angle makes seasonal shading differences more pronounced. Another
point of separation between the case studies is the angle of the geometry towards the south.
Three different orientations are included in this project, ranging from south to west in steps of
30-degree angles. The relevant building characteristics are highlighted in Table 4.1.
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Table 4.1: Typical building characteristics
Azimuth (face of PV array)
Roof angle
Gutter height
Roof ridge
PV Panels
Peak Power

180o (south)/ 210o / 240o
45o
3.5 meters
8.1 meters
12 x Autarco MC305B 305Wp
3660 Wp

Six geometries are illustrated in Figure 4.1. The top left figure represents the base case, a
situation where no shading should occur. The other five are derivatives of this basic structure.
These geometries all have different purposes with regards to shading and orientation.

Figure 4.1: Geometries used in the analysis

4.2

Momentary Performance and Daily Yield

In each period of 10 minutes, a snapshot is taken of the digital system. This contains all information on IV characteristics, from which the generated power can be calculated. Daily or
annual yield figures are created by the integration of the momentary data over a period of time.
In this section, the steps of the modeling process as described in Chapter 3 are followed from
the perspective of the visualization phase of “results”. Starting with the results obtained from
the environmental model, followed by the PV system behavior model, all intermediate steps for
this system are presented with visual aids.
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The case selected is called “Demo Terraced Dormer”. It represents a block of terraced houses,
facing 30° to the west from the azimuth. In Spring of 2019 at 10:40:00, the sun passed over
this system, casting partial shading over about half of the PV modules. Figure 4.2 illustrates
the output of the environmental model. The geometry of this case is shown from a top and
side angle. The colored dots represent PV cells of which the irradiance levels on the surface
correspond to a certain irradiance level. The difference in coloration indicates that partial
shading occurs on the PV system. Purple indicates very low irradiance levels, whereas green
and red represent moderate to high levels of irradiance, respectively. The large difference in
irradiance is due to the shading of the dormers on the PV array. Whereas the red-colored cells
receive direct and diffuse sunlight, the blue cells only receive diffuse irradiation. About 40% of
all cells are shaded by the dormers. This effect is also clearly visible in the IV characteristics of
this system.

Figure 4.2: Geometry with Irrandiance Profile

The system behavior model processes the irradiance levels over the PV cells and calculates the
IV curves for the unoptimized and later optimized system. Figure 4.3 illustrates the resulting
IV curves for this situation. Each graph represents a module similar to the placement on the
PV array. The red lines represent the module IV curve for an unoptimized system. Blue lines
represent an optimized module. The dotted lines show the string current for both optimized
and unoptimized cases. The string current is calculated by determining the current level at the
MPP of all of the model IV curves combined. Projecting the string current back on the module
level IV curve gives more insight in the contribution of each PV cell to power and voltage. Since
the string current is represented by the dotted lines, the power extraction from the PV module
occurs at the intersection of the dotted and solid lines of similar color. The voltage at this
intersection is the voltage that the module contributes to the PV string. Multiplication of the
current and voltage at this point yields the contributing power of the PV module to the string.
Note that the six most shaded panels do not produce any power when these are not equipped
with optimizers. The red dotted line does not intersect with the IV characteristic curves. For
the optimized situation represented by the blue lines, however, all modules contribute power to
the PV string.
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Figure 4.3: IV Curves of PV Modules in Similar Configuration

Interestingly, modules 1, 3, 4, and 6 show a similar shape to the IV curve of a shaded PV
system. The substrings of the PV module are series-connected and therefore behave similarly
to a PV system. The recognizable dip shows that one of the three substrings is in bypass,
which results in a total loss of energy generation for this substring. The other substrings are
not shaded and continue to produce power. Even though these panels are both shaded and
optimized, the optimization does not provide a higher yield. If these panels were equipped with
substring optimization instead of module optimization, all three substrings in these modules
would be optimized separately. The power generated in the shaded substrings in these four
modules would not be lost.
Comparison of IV characteristics between unshaded and shaded systems clearly illustrates the
effect of shade on PV systems, illustrated in Figure 4.4. One can now move on from the module
level to the string level and combine the PV modules. Since this PV system only has one string,
the string level characteristics are equal to the system level IV characteristics. On the left,
the “Base Case” system is modeled for which no partial shading occurs. The middle and right
columns depict the shaded unoptimized and shaded optimized systems, respectively. The MPP
of the IV curves is marked by the intersecting dotted lines.
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Figure 4.4: Intra-Model Comparison of IV Characteristics

From these graphs, the electrical properties of the PV systems can be extracted. The current,
voltage, and power at the MPP of the system are tabulated in Table 4.2. It is now possible to
assess the system performance in greater detail. Furthermore, this case exemplifies the benefit
of installing optimizers for this particular time, since the yield increases by more than 50%.

Table 4.2: System level IV characteristics

IMPP [A]
VMPP [V]
PMPP [kW]

Unshaded Unoptimized
8.11 A
390 V
3.17 kW

Shaded Unoptimized
7.42 A
160 V
1.19 kW

Shaded Optimized
8.44 A
218 V
1.84 kW

The next step is to calculate the power for multiple timesteps. With the model as demonstrated,
the smallest timestep is 10 minutes. Daily results show when the system performs well overall.
For this timestep at 10:40 in the morning, the optimizer yield indicates a 50% increase in
power. However, as the solar position and shading situation change throughout the day, the
yield contribution of the optimizers change. Assessing the system throughout the day will allow
the designer to understand when shading occurs and evaluate the impact this has on system
performance. It becomes evident when the optimizers are functional, and when they do not
contribute much to recovering energy in partial shading conditions. A visual tool that intuitively
shows the inputs and outputs of this system would be beneficial to quickly understand system
behavior. For this reason, a digital dashboard was created, which includes a visualization that
best describes each modeling step of the modeling workflow. In Figure 4.5, the geometry is
presented accompanying relevant metrics to explain the system performance.
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Figure 4.5: Dashboard: Hourly System Performance Overview

The top-left graph “Global Irradiance” shows two measures of solar irradiance. The first is
global horizontal irradiance (GHI), the second is plane of array (POA) irradiance. The GHI is
the total direct and diffuse insolation on a horizontal surface on Earth in [W/m2 ]. The POA is a
measure for all irradiance, direct, diffuse, and reflected on a given surface. Since the energy per
square meter depends on the incident angle of the sun, the POA is corrected for the roof angle
and azimuth of the modeled objects. Therefore, the POA reflects the maximum irradiance that
the PV modules can receive. The peaks in this curve indicate that the PV system suffers from
clouding throughout the day. It is important to note that cloud cover does however not cause
partial shading in this project. Whereas it is possible for cloud cover to result in discrepancies
in the irradiance profile over the PV system, this is not included in this model. Further research
is required to determine the influence of cloud cover on the accuracy of the prediction. If so,
another model dedicated to predicting irradiance profiles on clouded days could be introduced.
To the right of this graph, the model geometry is plotted, including the sensor point irradiance.
These sensor points portray the outcome of the Environmental model, whereas the Irradiance
graph presents the input. Note the “viewing angle” is equal to the angle of incident radiation
of the sun.
Below the irradiance graph, the power generation of the PV system, as well as the cumulative
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yield, are illustrated. The red lines represent the unoptimized case, and the blue lines the
optimized system. The power is also shown by the PV curve below. However, it is displayed
on a time axis in this figure. This allows the simulation users to see the differences between
optimized and unoptimized systems over time. For example, the blue line is higher and the
red one indicates that the PV System benefits from employing PV optimizers. The cumulative
yield illustrates the energy the system has generated that day.
The bottom row of the dashboard shows the IV and PV characteristics. These graphs are
representative of the entire PV system as is explained in the theory section. On the left, the
IV curve is presented. Typical for this graph is that the blue line climbs to 12A, the current
limit of the optimizer, whereas the current of the red line is fully dependent on the insolation
of the PV panel. On the right, the PV characteristic is shown. The dotted lines in both plots
illustrate where the MPPs of the system can be found. The difference between horizontal dotted lines is the difference in generated power for the optimized and unoptimized system. This
value is derived from the aggregate of the behavior of all PV modules which are equipped with
optimizers. The yield and power figures presented above are calculated using the power output
from these IV curves. These four graphs are the result of the PV system behavior models in
the modeling tool chain.
The Shade Characteristics graph below the model geometry illustrates two metrics to quantify
partial shading on the PV array. The “shade fraction” embodies the fraction of PV cells that
are “shaded” compared to the other PV cells. For this metric, if the irradiance level of any cell
is less than 90% of that of the most irradiated cell, it is regarded as shaded. The second metric
is the “shade intensity”. This metric represents the severity of the shading. It shows the relation
Gmin
between the least and most irradiated sensor point, according to 1 − G
. The shaded fraction
max
is thus an expression for the number of cells that are shaded. The intensity measures how severe
the partial shading is. A high average shaded fraction thus means that the PV array is shaded
for extended periods of time during the day. A high average shading intensity indicates that
partial shading occurs at high irradiance levels. Therefore, it illustrates when shading is most
detrimental to PV system performance as the system produces more energy at high irradiance
levels.
System designers have tools available to model shade over PV arrays to identify shading over a
PV module. However, the bottom-up approach in this report allows the assessment of partial
shading on a cell level. The shading pattern on the PV module in this module is of great importance to the power this module generates. What is unique about the modeling chain approach is
the evolution of IV characteristics from cell to string to PV system. With this modeling chain,
the influence of shading partial can be accurately modeled, leading to accurate numbers for
system performance. Optimization of PV roof modeling and decision-making between similar
cases as Figure 4.6, can now be supported using the dashboard provided in this thesis. Furthermore, optimizer engineers can compare test results using this model for different topologies
and deployment strategies.
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Figure 4.6: Decision PV System Designer

4.3

Annual Performance

One of the spearheads of this research is to contribute to accurate yield prediction of PV systems
with DC optimizers. For each project, the simulation is run for a duration of one year, from
2019-06-01 until 2020-06-01. The yield of the system is calculated by integrating the power
throughout the day. This is expressed perfectly in the curvature of Figure 4.7. The time and
system correspond with the illustrations from Section 4.2.

Figure 4.7: Power and Yield from Simulation
After calculating the yield for the six case studies introduced in Section 4.1, the performance
is evaluated for six geometries. The different cases were selected with consideration for their
variation in shading duration, seasonality effects, topology, and orientation. Figure 4.8 illustrates the total yield of the six systems. The partially shaded time fraction under illumination
indicates the fraction of time that the system is shaded when the sun is up. If this fraction is
high, the system experiences a mismatch for a long time each day. This is illustrated in Figure
4.9. The yield difference between optimized and unoptimized systems is illustrated in Figure
4.10. These three figures cannot be seen independently from each other.
A bottom-up Approach for Modeling the Performance of Partially
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Figure 4.8: Yield of Optimized PV System
Figure 4.8 shows the seasonal influence of energy generation of an optimized system. The
major seasonal difference in yield for all systems can be attributed to the longer duration of
days, providing more sun hours and the higher irradiance provided by the sun. The difference
in yield between the systems is caused by partial shading objects in the geometry.

Figure 4.9: Partially Shaded Time Fraction
The fraction of power recovered by optimizers is presented in Table 4.3. As illustrated in both
Figure 4.7 and Table 4.3, the “Base” case only draws power as it does not have to sort out
shading. Installing optimizers is therefore detrimental to the performance of the unshaded
PV system. It should be noted that the PV system is assumed to be in pristine condition. All
modules are identical and there is no soiling on the PV array. As Appendix D illustrates that the
properties of each module are slightly different. Still, these differences for these modules to are
too small warrant installing optimizers. There a several other reasons to install optimizers other
than to improve the yield of the system that go beyond the scope of this research. Therefore,
as the performance drop of an unshaded optimized PV system is small, there is little harm for
the customer to install them.
The “Tall Object” case does not receive much shading in the summer, as the sun is higher in
the sky, yet it is increasingly shaded when approaching winter. Since the yield is significantly
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lower in winter, the optimizers do not recover a large yield overall.
Contrasting to the “Tall Object”, the “Highrise” case is partially shaded in summer as the sun
is high enough to cast direct irradiance over the building and cast partial shade over the system.
In winter, the system is either fully shaded or fully unshaded. However, as the shading object is
further removed from the building, there is still a small irradiation gradient over the PV system.
The primary gain for the optimizer during this time is when the shade moves over the object
sideways, which does not take more than several hours each day. Still, the system performance
is better as compared to the previous to the “Tall Object” since most of the optimization occurs
in summer.
The difference in yield for “Self Shade 1.5” seems to be highest in spring and autumn. The
solar angle affects this system significantly. The roof ridge and chimney cause considerably more
shading on the PV modules when the sun is “low”. For this reason, the shaded time fraction is
less in summer.
“Self Shade 2” is quite heavily mismatched due to the double orientation of the PV array. For
as long as there is irradiance, the panels are subject to spectral mismatch. When the sun moves
over towards the west, this mismatch effect is reduced. The most important factor for the high
yield recovery, is that the mismatch is not caused by shading. Furthermore, as the mismatch
effects occur throughout the day, the recovered yield by the optimizers is substantial. The yield
recovery of the optimizers is especially large around solar noon.
The dormers in the “Terraced Dormer” case cause significant shading throughout the year.
Similar to the other cases, this effect is more pronounced in summer as the days are longer.
Although the shaded time fraction is similar to that of “Self Shade 2”, the yield recovery by this
system is significantly less. The majority of the power optimization occurs during the morning
and evening.
Table 4.3: Annual Fraction of Yield Increase Through Optimization
Type
Percentage O-U [kWh]

Base
-1.2%

Tall
Object
1.7%

Highrise
2.3%

Self Shade
1.5
4.6%

Self
Shade 2
22.7%

Terraced
Dormer
4.8%

Figure 4.10: Yield Difference Between Optimized and Unoptimized Systems per Month
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Even though the power draw of the base case as compared to the gains seems to be significant,
the optimizer is modeled to be highly efficient. By comparing two unshaded systems, of which
one is equipped with optimizers, the optimizer appears to run at 99.2% efficiency. No conversion
takes place. Since the optimizer efficiency largely depends on the duty cycle, and optimizers
cannot always operate in the most efficient region. This results in a mean operational efficiency
for most systems of around 98.8%.
The yield recovery from optimizers is only relevant when also considering the cost of installing
optimizers. Power optimizers need to recover a considerable yield to justify the cost premium
they require. To exemplify this, Figure 4.11 illustrates the optimizer yield for the modeled year.
The blue bars indicate the recovered yield by the optimized systems for all six cases. These
systems are all equipped with an optimizer on each panel. The vertical lines represent the
payback time.

Figure 4.11: Annual Optimizer Yield with Payback Time
The cost per kWh is assumed to be the current market price of €0.24 per kWh in the Netherlands
in 2021 (Consumentenbond, 2019). In reality, this number will likely be lower as not all energy
will directly be consumed by the user. The cost of these optimizers is currently around €40
each after tax deduction. Since both optimized and unoptimized systems use a string inverter,
the only cost difference between the two systems is in the optimizers. After calculating the cost,
the break-even point can be calculated in terms of yield recovered as illustrated in Equations
4.1 and 4.2. To express the yield that optimizers have to recover annually to break even in a
number of years, the break-even yield can be divided by this time. In Figure 4.11, the annual
yield requirement has been calculated for four payback periods, from 5 to 20 years. If the
optimizers cannot break even within 20 years, there is no justification for installing them on the
PV system.
Copt = 12 ∗ € 40 = € 480

Break − evenY ield =

Copt
€ 0.24/kW h

(4.1)

(4.2)

The reduction of a payback period leads to higher profit margins for the consumer more quickly.
As can be concluded from Figure 4.11, installing optimizers on “Demo Self Shade 2” is an obvious
choice. This system is mismatched to such a degree that installing optimizers is expected to
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reduce the payback period for the system overall. The cases “Terraced Dormer” and “Self Shade
1.5” have payback times which are achievable, but not desirable. For other cases, optimizers
should not be installed as the payback times are beyond 20 years.
Selective deployment can reduce the cost of the PV system with little effect to the overall
performance of the PV system. Figure 4.12 illustrates the irradiance profile for the system “Self
Shade 1.5” for two different times in Summer. In Figure 4.13, the different irradiance profiles
are given for winter and summer.

Figure 4.12: Annual Change for Demo Self Shade

Figure 4.13: Seasonal Change for Demo Self Shade
From Figure 4.12 4.13, it is evident that in summer, optimizers are not required in the top left
portion of the PV array. Even in winter, the top left panel will never be shaded. Installing
an optimizer for this panel will therefore not be necessary from a partial shading perspective.
On the right side of the building, next to the chimney, partial shade is expected to occur
throughout the year. Installing optimizers on these panels will therefore likely contribute to
A bottom-up Approach for Modeling the Performance of Partially
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system performance enough to recover the installation cost. This also depends on the duration of
the shading each day, as well as the irradiance over the PV system when partial shading occurs.
To achieve the best value for system performance, the recommended deployment strategy for
this system is likely not to install optimizers on each of the 12 modules. This example shows
why selective deployment is extremely valuable for PV systems that do not experience shading
on the entire system. Furthermore, it underlines the need to have more accurate modeling
tools to make informed decisions about selective deployment. It also further demonstrates the
difficulty of drawing generalized conclusions on the benefit of optimizers to the PV system from
both a value and performance standpoint.
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Conclusion
The growing need for sustainable energy has led to an increase in the popularity of solar PV
in the Netherlands. Unfortunately, new systems installed in the built environment are often
subjected to partial shading, leading to a substantial decline in system performance. DC optimizers can be introduced to reduce the negative effect of shading on system performance. Yield
prediction provides the designer and potential customer with a quantification of the profitability of a PV system. Due to the complexity of partial shading on series-connected PV modules,
present-day methods of PV system modeling are not accurate in portraying PV system behavior. The initial “problems” of conventional modeling approaches presented in the introduction
can now be further reinforced based on the toolchain presented in this model:
1. The behavior of PV systems is often reduced to a sum of behaviors of individual components, which does not capture the behavior of partially shaded systems properly. The
conventional modeling method is not well-equipped to accurately quantify the yield loss
of partially shaded PV systems, as can be concluded from Chapter 4. Whereas these
methods may be sufficient to assess minor shading situations, they struggle when more
complex shading patterns are introduced.
2. To calculate the output and efficiency of PV optimizers on a system level, electrical characteristics on a PV cell level are required. This requires a fundamental modeling approach
in which the electrical properties are leading in explaining system behavior.
3. The spatial resolution of these models is often presented at the module level and thereby
fails to capture cell and substring shading behavior. The shading pattern over module
substrings dictates whether or not the optimizer can contribute.
In response to these issues, a bottom-up approach towards PV system modeling was created in
this thesis. This first led to the expansion and creation of a modeling toolchain to accurately
model shaded PV systems. In this toolchain, validated modeling tools such as EnergyPlus,
Daysim and PVMismatch were adapted to model the system geometry, determine the irradiance on the PV system and calculate the system performance. Subsequently, this toolchain was
extended to accommodate the inclusion of PV optimizers.
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After this modeling process, the system behavior model was demonstrated on a momentary,
daily, and annual basis. Both the momentary and daily periods are used to illustrate the system behavior using the case study in which an array of 12 PV modules is shaded by 2 protruding
dormers on a roof. The modeling toolchain is visualized throughout this case study. This process highlights the dependence on system behavior. It shows that omitting the crucial steps
from module to string to system performance will rarely lead to accurate results for partially
shaded PV systems.
The dashboard is the culmination of this step-by-step process in which the behavior of partially
shaded PV systems is visualized. It is a summary of the step-by-step approach showing the
most relevant inputs and outputs of the system that contribute to its performance. Visual representation of these inputs, intermediate results and outputs shown in the dashboard contribute
significantly to a better understanding of optimized and unoptimized PV system behavior. It
allows the designer to see the evolution of partial shading over the geometry and identify the
effect of power optimizers on power and yield generation at a glance.
Finally, using 6 case studies, the capability of this modeling toolchain to perform yield prediction was demonstrated. The yield figures indicate that this model is capable of performing yield
prediction for extended periods of time. With the help of the dashboard created before, the
exact times that shading occurs can be identified.
Conclusively, the modeling toolchain in this model was able to accurately portray PV system
behavior. It allows for a high spatial and temporal resolution to make it quick and adaptable to changing irradiance levels on the PV array for weather conditions or due to shading
effects. Furthermore, the model is flexible enough to accommodate different system topologies
and optimizer deployment strategies, although the latter is not demonstrated in this report.
With help of the modeling toolchain, a convenient dashboard was created that is invaluable to
understanding the behavior of the PV system. Furthermore, it was possible to perform yield
prediction with this model. A particularly strong aspect of this model is that it really highlights
the case-by-case effectiveness of power optimizers.
It should be stressed, though, that input-output calculations for PV systems are extremely
multi-faceted. A culmination of minor mismatches caused by inadequate product quality, degradation, and soiling may together warrant the use of optimizers even on otherwise unshaded
systems. If the results of this project should have conveyed one message unambiguously, it is
that the application of optimizers is extremely case-specific. In the discussion, uncertainties, as
well as future potential improvements and future steps for this model are discussed.

5.1

Discussion and Future Research

The model toolchain created with this thesis allows for a system performance assessment that
could contribute to making design decisions for multiple stakeholders in the field of photovoltaics. PV system designers and power optimizer engineers are probably most interested in
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the outcome of this thesis. The goal of the system designer is ultimately to design the best
overall PV system and convince the customer to buy one. Accurate yield prediction can help
the designer meet the customers’ needs. To aid the designer in this design process, digital
representations of the PV system help the designer in his approach towards optimizing a PV
system design and securing a contract. Especially since the focus is not just about creating the
best system, but doing this at a certain price point, providing the highest possible value for
money. This value can be communicated to the customer in several ways. First is the annual
system yield, which is coupled to a system cost and payback time. To further incentivize the
potential customer to order the system, the visualizations make the design decisions imaginable
for the customer, and the yield figures imaginable. This is especially the case for PV optimizers,
which add significant cost to the system without increasing its irradiance receiving surface. The
dashboard created in this project is particularly useful for this. To increase the value of the
modeling process even more, the predicted yield can be guaranteed. If the PV system did not
produce the expected yield, the customer is reimbursed for every missed kWh. This is similar
to an insurance policy. It is a given that the yield prediction model must be up to the task to
prevent pay outs. However, if the model undercuts the actual yield figure, the yield guarantee
is worth less, as the payback time is expected to be longer than reality.
Whereas the focus of this project has been on residential PV, the tool is not only suitable for
small roofs but is also for large projects, such as large office buildings with PV built in the
facade. The downside of this is the extensive calculation time. To fully execute the toolchain
and simulate one case, the model has to be run on an average computer for about 9 hours for
12 PV modules. As the number of panels would increase, so too does the calculation time.
Trained software engineers could be employed to optimize the program to improve its performance. Small optimizations can have major impacts due to the fact that for the temporal
resolution of 10 minutes, the optimizer power is calculated around 52,500 times for a year (365
days). However, as is done with current PV prediction models, this number can be reduced to
have a number of characteristic days for each month to represent the system yield for the entire
year. Either way, calculation time need not be an excluding factor for this model to be used for
accurate yield prediction.
The model offers an exclusive outlook on the behavior and performance of PV systems with
optimizers. The flexibility of the modeling toolchain allows system designers to switch to different cell types and cell topologies. Whereas the focus in this report has been on similar 305 Wp
c-Si panels for all case studies, different types of cells and different configurations can be tested
with this model as well. The modules used have three substrings of 20 PV cells each. Some
high-range PV modules these days have bypass diodes connected in reverse polarity to each cell.
Smaller substrings may affect the yield of the system positively, perhaps further complicating
the trade-off between more expensive PV panels and power optimizers. As demonstrated by
(Karanth, 2020), it is possible to model different kinds of modules. In this report, thin-film
(CIGS) cell technology was used, as well as a more complex bypass diode topology. This opens
the door for more types of comparisons in the field of solar PV, which is interesting with many
upcoming PV cell technologies.
As has been explicitly explained in Chapter 3, a mismatch between a few cells may already have
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a significant impact on system performance. Furthermore, the performance of these systems is
largely dependent on the quality of different components in the system, as well as regular maintenance and cleaning of the system. This modeling toolchain easily allows researchers to study
degradation or soiling events in a fully controlled environment. The effects of cell deterioration
of a PV system can be studied in detail, for example performing Monte Carlo style analysis to
model degradation of each cell in a period of 20 years. Optimizers are likely to have an impact
when mismatches start to occur as a consequence of soiling or degradation/defects. This analysis allows system designers or researchers to model the effects of optimizers on a long-term basis.
More tools can be created to extend the depth of information presented in this model. For
example, additional visualization tools can be created to add to all information that can already be provided using the visualization tools in the PVoptimizer package. Power and yield
indicators on a module level could help the designer select the modules that do not produce
enough energy to be cost-effective. This could be further integrated with selective optimizer
deployment strategies. As described in Section 4.2, power optimizers are roughly one-third the
cost of a PV module. Full optimizer deployment thus increasing the cost of the PV array by
about 30%. Only equipping shaded PV panels with optimizers improves the value proposition
of a PV system as not all modules need to be equipped with optimizers. Selective deployment
has already been partially integrated into the PVoptimizer package accompanying this thesis.
The model presented in this thesis certainly looks promising as a new approach towards yield
prediction for PV systems, however, it has not reached its full potential. As with most models,
there is usually some room for improvement. Fortunately, due to the modular nature of the
toolchain, this is not difficult to achieve. Three potential improvements that may directly or
indirectly improve the accuracy of the model to perform yield prediction are listed below.
• Perhaps the most relevant point of improvement is the inclusion of temperature effects
on cell efficiency. As high cell temperatures have a direct negative effect on the cell output power, its inclusion may contribute significantly towards improving the accuracy of
this model. The PVMismatch package is already equipped with an input parameter for
cell temperature, which makes integration fairly straightforward in the current toolchain.
However, determining cell temperature requires a new model. (Dubey, Sarvaiya, & Seshadri, 2013) propose several suggestions to design a separate model using at least the
ambient temperature and insolation of the PV array.
• Another opportunity to improve the accuracy of this model is to introduce a model for
uneven irradiance patterns during clouding events. During cloud cover, one can often
see shading patterns move over the surface. For PV systems, this is likely to result in
an irradiance mismatch over the array. Larger PV arrays will be struck by these effects
more significantly. Currently, the irradiance data for this model is accurate although it is
measured at a single location. It is therefore not representative of a larger area. Therefore,
it may be worth investigating these effects as doing this may improve the accuracy of the
model.
• A final point of potential criticism to this model which cannot be overlooked is that,
apart from module-level validation, the model has not yet been mirrored to a real-world
PV system. At the beginning of this project, an experimental test site was planned
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as a reference source for the validation of the optimizer model. However, due to the
2019-2021 COVID pandemic, preparation was delayed to such a degree that the test site
was eventually canceled. The focus of this project has afterward shifted towards the
development of a full-fledged tool to calculate and portray the effects of partial shading
on PV systems with DC optimizers. For future research, recreating a digital twin of a PV
system that has been equipped with monitoring equipment for a year is a true test of the
accuracy of the proposed modeling toolchain. If such a system can be monitored on both
module and system levels, the accuracy of the optimizer model can be assessed, allowing
for further improvement for the accuracy of this model.
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Appendix A

Model Geometries

Figure A.1: Demo Base and Demo Highrise

"Demo Base" is the base case for this report. This geometry does not contain any shading
surfaces or obstructions. Therefore, this base case is suited as a reference for the other objects
with regards to performance.
"Demo Highrise" is comparable to *Demo Tall Object*, but substantially more sizable. It
represents a large shading object such as a high rise building. The reason for including such an
object is to create a moment of universal shading over the PV system, which is relevant for this
study.
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Figure A.2: Demo Self Shade 1 and Demo Self Shade 1.5

"Demo Self Shade” projects represent a semi-detached house, which is also a prevalent type
of dwelling in the Dutch streetscape. These particular geometries are very similar. The only
difference is the placement of the chimney. Since the chimney is closer to the PV modules in
“Demo Self Shade 1.5”, it casts more shade on the PV modules. The chimney in “Demo Self
Shade 1” casts an interesting shape on the modules as the chimney protrudes from the top of
the building.

Figure A.3: Demo Self Shade 2 and Demo Self Shade 3

“Demo Self Shade 2” and “Demo Self Shade 3” are also geometrically identical. Especially
interesting about the first configuration is the orientation of the PV panels which are offset by 90
degrees. Installing PV modules of multiple orientations on one MPPT is considered bad practice.
One field faces towards the azimuth, the other towards the west, resulting in different incident
angles of irradiance. A permanent mismatch is built into the system. However, no matter what
causes irradiance mismatch, be it shade or array azimuth, the difference of irradiance caused
by the offset should at least be partially resolved by power optimizers. The mismatch in this
system can thus be created through shading of sunlight as well as a mismatch in orientation.
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For consistency in this report with other geometries, the mismatch will often be described as
"shade", even though this can sometimes be attributed to just the array orientation.

Figure A.4: Demo Self Shade and Demo Tall Object
"Demo Self Shade" is a very typical layout for a detached house in the Netherlands. The Lshaped building is often seen in rural areas and more affluent areas in cities. It is called *self
shade* as the roof ridge of the house casts a shade on the PV modules.
"Demo Tall Object" is a fairly simple obstruction. It is modeled after the columnar tree which
often graces Dutch sidewalks with its presence. These trees are relatively thin yet quite tall.
Due to it being 4 meters removed from the facade of the dwelling, direct sunlight can still pass
over the object. Seasonal evolution will have a significant influence on this object as the "height"
of the sun in the sky will determine how much the object is shaded.

Figure A.5: Demo Terraced Dormer and Demo Terraced Dormer 2
"Demo Terraced Dormer" and “Demo Terraced Dormer 2” represent a terraced house with
extruding dormers for each dwelling. This type of terraced house building is a very common
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occurrence in the Dutch urban landscape. The PV panels are sandwiched between these dormers
on both sides, which will effectuate shading throughout the day. In both cases, six panels are
linked to each dwelling. But for modeling purposes, they are taken together for all objects that
have 12 PV panels. The overall shape of these systems with dormers shows very comparable
results when it comes to shading and performance. Therefore, only one of these projects is
included in the workflow file. Still, a lot of interesting and realistic geometries can be created
using dormers.
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PV System Mismatches
As discussed in the introduction, PV systems are often prone to underperforming, undercutting
the expected yield results. Furthermore, a string of solar cells will only operate at the rate of
the worst performing module. The performance deviation between modules in an array is called
a mismatch. A number of issues can cause a mismatch to occur. These are differentiated as
direct, out-of-the-box mismatches, which occur when the panels are newly installed and distant
effects, which develop over time. The types of PV mismatches are summarized in Table B.1.
Table B.1: Characterization of Module- and System-Level PV Mismatches
Out of box mismatch
Cloud shading and refraction
Built-in mismatch
Manufacturing mismatch
Thermal gradients

B.1

Distant mismatch
Failed bypass diodes
Uneven soiling
Uneven degradation
Wear and tear

Out of the Box Mismatch

Cloud shading and refraction are the first out-of-the-box mismatches. Changes in the power
generation of solar panels will occur when clouds pass over an array. Direct sunlight is blocked
by the clouds, so that normal direct irradiance is blocked. This evidently leads to a temporary
loss in energy generation. When clouds move off the array, edge effects may be observed. The
direct irradiance will fall on the modules, as well as reflected sunlight from the cloud. The result
is a sudden rise in solar irradiation. The resulting power spike can be up to 125% of an array’s
maximal power (Tigo, 2015). Because these clouds often move relatively quickly, the power
drop and especially the power spike can happen quickly. Inverters may struggle to address
the changes adequately. Next, a built-in mismatch concerns the most straightforward issues of
solar panel placement. Because of placement limitations, often observed in residential areas,
concessions must be made which negatively affect the production of solar panels. For example,
rooftops are often not ideally situated in the optimal trajectory of the sun. Additionally, shading
can be an issue, as some panels may be shaded for several hours due to the limited space in
urban environments. Manufacturing mismatch occurs due to a difference between individual
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cells in the PV panel. The series connection of typically 60 cells influences the energy output
between modules of the same type usually 1.5%, but sometimes up to 5%. Thermal gradients are
the last type of direct mismatch. Most c-Si panels have a thermal coefficient of approximately
0.44% per degree Celsius. This means that a 9% discrepancy in power output is measurable
when the difference in temperature between both modules is 20°C.

B.2

Distant Mismatch

The quality and performance of individual components will go down over time. Due to degrading
components, mismatches may occur which can severely impact system performance (Hanson,
Deline, MacAlpine, Stauth, & Sullivan, 2014). Failing bypass diodes may, for example, lead to
approximately 0.5 % loss of system power for a residential system (Tigo, 2015). Solar modules
will drop in quality as well, on average 0.8 % per year (Jordan & Kurtz, 2013). A major issue
is that each panel can degrade at different rates, meaning that the fastest degrading module
dictates the efficiency of the site. This phenomenon typically referred to as variable degradation
can be a significant detriment to system performance that hard to detect if individual modules
are not monitored. Environmental effects like soiling reduce the performance as well since the
insolation of soiled panels will be reduced. Heat accumulation due to resistive loss within the
panel can subsequently reduce the module efficiency even further. Wear and tear are also an
issue. Exposure to harsh environments may also lead to micro-cracks and moisture uptake.
Short-circuiting is then likely to happen at exposed connections (Tigo, 2015).

B.3

PV Mismatch and MLPEs

In new, unshaded solar panel system configurations, some PV mismatch always occurs regardless of size. According to Tigo, the manufacturer of the optimizers used by Autarco, this energy
loss is typically between 2-5 % (Tigo, 2019). MLPEs like microinverters or DC optimizers are
installed to eliminate the bottleneck presented by these mismatches. The Tigo TS4-O utilizes
an innovative method that incorporates MPPT and impedance matching to correct this issue.
Moreover, historic behavior statistics of the module are collected as well, allowing an algorithm
to create optimal conditions for maximum energy extraction. Effectively, it makes the optimizer
able to predict the behavior of the module more accurately and thus produce more energy. The
optimizers operate independently from other modules or the string inverter. To solve any of
the aforementioned mismatch issues in PV systems, inverters can be installed on any panel.
Typically, they are placed only on heavily or partially shaded panels to guarantee the operation
of the other modules in the string remains undisturbed. Subsequently, the bottleneck will be
the worst-performing panel that does not have an optimizer installed.
The two available MLPEs that can deal with this issue have a similar approach, yet a dissimilar
output. The initial step for both a microinverter and DC optimizer is to determine the MPP
(Maximum Power Point) for each module so that the maximum power can be extracted. Every
module installed with either a microinverter or optimizer will thus have distinct MPPT (Maximum Power Point Tracker). Both MPP and MPPT will be further explained in the following
section. A microinverter will directly perform DC/AC conversion. For systems placed in the
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EU, the output will fit the grid characteristics of 230V at 50Hz, which can immediately be fed
into the grid. Optimizers perform DC/DC conversion. Optimizers will accustom their output to
the maximum current they can provide to the system, typically increasing output current and
decreasing output Voltage. The string inverter will then determine the MPP for that particular
Voltage and current characteristic.
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Case Studies System Performance
Table C.1: PV Project Properties
Project

Demo Base
add30
4581.445

Demo Tall
Object
add30
4002.563

Demo
Highrise
add30
3089.050

Demo Self
Shade
add30
4072.795

Demo Self
Shade 2
add30
2542.322

Demo
Terraced
Dormer add30
3390.883

Yield
Unoptimized
Yield
Optimized
Yield
Theoretical
d Yield O-U
d Yield T-U
Fraction
Gained O-U
Fraction
Gained T-U
Max Opt Eff
Apparent
Opt Eff
PSF
PSF Illum
PST
PSTF
PSTF Illum
Shade
Intensity
Shade
Weight

4526.303

4068.823

3159.869

4126.490

3118.509

3554.063

4581.445

4106.601

3188.666

4159.863

3122.757

3566.681

-55.142
0.000
-0.012

66.260
104.037
0.017

70.819
99.616
0.023

53.695
87.069
0.013

576.186
580.435
0.227

163.180
175.798
0.048

0.000

0.026

0.032

0.021

0.228

0.052

0.992
0.988

0.992
0.988

0.992
0.986

0.992
0.988

0.992
0.986

0.992
0.987

0.000
0.001
5.000
0.001
0.001
0.006

0.028
0.053
920.833
0.105
0.202
0.160

0.088
0.170
1814.167
0.207
0.397
0.211

0.095
0.182
2109.667
0.240
0.462
0.238

0.280
0.538
4008.000
0.456
0.878
0.443

0.162
0.311
3873.167
0.441
0.848
0.561

0.000

0.015

0.038

0.041

0.128

0.092
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Autarco MC305 Flash Data
Table D.1: Autarco MC305 Flash Data

6124937191301250
6124937191301500
6124937191301250
6124937191301510
6124937191301390
6124937191301490
6124937191301210
6124937191301220
6124937191300710
6124937191301220
6132437251301990
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Pmp [W]
307.18
307.81
307.18
307.81
307.43
306.84
307.18
307.18
306.82
307.18
306.79

Isc [A]
9.91
9.88
9.91
9.88
9.89
9.89
9.91
9.91
9.89
9.91
9.88

Voc [V]
39.96
40.15
39.96
40.15
39.98
40.06
39.96
39.96
39.98
39.96
39.91

Imp [A]
9.42
9.41
9.42
9.41
9.42
9.40
9.42
9.42
9.41
9.42
9.41

Vmp [V]
32.62
32.70
32.62
32.70
32.64
32.64
32.62
32.62
32.60
32.62
32.60

RS (Ω)
0.45
0.46
0.45
0.46
0.45
0.45
0.45
0.45
0.45
0.45
0.44

RSH (Ω)
241.71
1689.4
241.71
1689.4
439.75
452.71
241.71
241.71
361.71
241.71
366.12

FF
77.58
77.63
77.58
77.63
77.72
77.46
77.58
77.58
77.56
77.58
77.80
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