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Abstract

PV systems in urban environments frequently get shaded by nearby objects, which greatly reduces
their yield. A potential solution for such situations is the use of reconfigurable PV modules.

Reconfigurable PV modules are a type of modules which can reconfigure themselves under varying
illumination conditions to ensure optimum yield at all times. The individual PV cells of the module are
grouped into reconfigurable units/ cell blocks which can be interconnected in various ways to form
a variety of unique configurations. The modules have an inbuilt algorithm which is responsible for
controlling the reconfiguration process.

There are various kinds of reconfiguration algorithms found in literature, each working with varying input
parameters and operating principles. One such algorithm is the short circuit current sensing (SCCS)
algorithm developed by the PVMD research group at TU Delft. The algorithm is meant for series-
parallel connected reconfigurable modules and uses each cell block’s short circuit current as input. It
is a synchronous reconfiguration algorithm, which means it runs at regular time intervals and not when
there is actually a change in the module’s irradiance conditions. Therefore, the aim of this thesis was
to develop a robust reconfiguration algorithm with a shade detection mechanism.

Consequently, numerous versions of a reconfiguration algorithm with shade detection mechanism were
defined and tested using a simulation framework for modelling reconfigurable PV modules. It was
observed that the reconfiguration algorithm that performed the best in terms of yield, reconfiguration
count and accuracy was the one referred to as the "CC4AP+IR algorithm”. The algorithm used the
module’s and a single cell block’s operating current and voltage as inputs for the shade detection
and its highest DC vyield for a single day was calculated to be 98.9% of an ideal scenario’s yield. In
comparison to the SCCS algorithm being run at 5 minute interval, it ran only 34 times in the day while
the SCCS algorithm ran 176 times in the day. Hence, despite having a low reconfiguration count, the
DC yield of the new algorithm was comparable to the SCCS algorithm.

The new algorithm was also tested using real-life data from an experiment involving reconfigurable
modules. This experiment indicated that if the module were to be run using the new reconfiguration
algorithm instead of the SCCS algorithm, it would have run only 6% of the time that the SCCS algorithm
ran, but have a comparable DC yield. The significantly lower reconfiguration count is relevant because
in practice, the PV modules are connected to power converters which will not be able to tolerate the
high fluctuations in output owing to frequent reconfigurations.

The final output of this thesis is in the form of a simulation framework for reconfigurable PV modules
and a new asynchronous reconfiguration algorithm with a shade detection mechanism.
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Introduction

The world is relying increasingly on renewable energy resources, out of which solar energy plays a
significant role. According to International Energy Agency, solar PV was set to have the fastest growth
amongst all renewable energy technologies in 2020 [1]. They also published figures which show that
in 2019, one-fifth of all renewable capacity installed was in the form of small and medium-scale com-
mercial/residential PV systems [1].

One of the major differences between utility-scale PV systems and residential/commercial PV systems
is that the residential systems are installed in environments with a lot of objects casting shadows on
the modules. Due to this, their energy output is reduced greatly. A solution for this is the use of
reconfigurable PV modules, which adapt themselves to provide optimum energy yield in all irradiance
conditions.

The aim of this thesis is to develop a robust control strategy for such reconfigurable PV modules.
The PVMD research group has already developed a control strategy for series-parallel type connected
reconfigurable modules - the SCCS reconfiguration algorithm [2]. During this thesis, the objective is to
further develop this control strategy, particularly in terms of a sensing mechanism which will help detect
partial shading conditions.

In this chapter, section 1.1 introduces the concept of reconfigurable modules and summarizes the
findings of the literature review done to understand the existing control strategies for reconfigurable PV
modules. Based on the findings of the literature review, section 1.2 defines the scope of the thesis.

1.1. Literature review

This section serves as an introduction to reconfigurable modules. Subsection 1.1.1 gives a background
of various technologies used for addressing partial shading in PV systems. Subsection 1.1.2 goes into
the details of one such technology - reconfigurable PV modules. The next subsections - 1.1.3, 1.1.4 and
1.1.5 - give an overview of the different control strategies for reconfigurable PV systems with respect
to their inputs, operating principle and switching circuit.

1.1.1. Improving shade tolerance of PV systems

Conventional PV modules have certain drawbacks when installed in urban settings. Modules installed
on buildings are often partially shaded by nearby objects and end up receiving non-uniform irradiation.
Although there have been varied ways of quantifying power loss due to shading in literature, various
case studies have estimated shading losses as high as 10% in PV systems installed in urban areas
[31-[5].

In case of partial shading, a PV module’s power output would be limited by its most shaded cell, but
this would lead to a disproportionate decrease in power output [6]. Instead, in commercially available
modules, a complete block of shaded cells are bypassed by the bypass diode. Bypass diodes are also
important for mitigating the effects of partial shading, such as hot-spot formation [7]. In conventional
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2 1. Introduction

modules, the PV cells are divided into three blocks, each connected to a bypass diode. This means
that just one shaded cell could result in the module’s power output reducing to two third of its unshaded
value [8].

Therefore, additional ways to address the problem of partial shading have been found in literature -
such as module level power electronics (MLPE), parallel connection of PV arrays and reconfigurable
PV arrays [2]. Each technology has a set of advantages and disadvantages, which are discussed
below.

Module level power electronics (MLPE) can be classified into two categories: micro inverters and power
optimisers [9]-[13]. MLPE enable MPPT tracking of modules independently. However, the disadvan-
tage with MLPE is the higher cost and complexity of the systems.

Connecting PV modules in combinations other than an all-series topology has also shown to be benefi-
cial for shade tolerance. Examples of such topologies are parallel (P), series-parallel (SP), total-cross-
tied (TCT), honeycomb (HC) and bridge-linked (BL) (see figure 1.1). There is a wide range of literature
studying the performance of these topologies under non-uniform irradiance conditions which show the
significance of parallel connected topologies in limiting mismatch losses due to partial shading [14]-
[18]. A disadvantage of these topologies is the high system current due to parallel connected modules,
which will result in high power conversion losses.

A third type of solution for non-uniform irradiance conditions is the use of reconfigurable PV arrays
[19], [20]. There are various types of reconfigurable PV systems in literature, most of them being for
series-parallel (SP) or total-cross-tied (TCT) topology-based PV arrays [21]-[24]. These arrays will
reconfigure in such a way that their power output is maximised in non-uniform illumination conditions.

The concept of reconfiguration could also be applied to module level, where the individual PV cells act
as reconfigurable units. This would increase the granularity, and consequently shade tolerance, of the
PV system. Subsection 1.1.2 will discuss the concept of reconfigurable modules further.
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Figure 1.1: Figure showing the different types of PV array topologies: series (a), parallel (b), series-parallel (c), total-cross-tied
(d), bridge-linked (e) and honeycomb (f) [25]
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1.1. Literature review 3

1.1.2. Reconfigurable PV modules

Reconfigurable modules are those which reconfigure in such a way that their power output is max-
imised in non-uniform illumination conditions. The optimum configuration is chosen based on module
and weather data collected using sensors, after which the module’s control strategy tries to detect if
reconfiguration needs to take place. The best configuration is then determined for the module and a
switching matrix is given the command to reconfigure it. The switching matrix is a set of switches which
help reconfigure the module by connecting the individual reconfigurable units in the desired configura-
tion.

The main aim of the thesis was to develop a reconfiguration algorithm which has a shade detection
mechanism and triggers reconfiguration whenever required. Before this was pursued, existing recon-
figuration algorithms found in literature were studied [25]-[31]. In particular, each control strategy was
analysed using the following research questions:

* What is the input data that is required for the control strategy? Does it also have a shade detection
mechanism?

» What is the algorithm used for deciding the optimal configuration of the PV module?
» What kind of switching matrix is required for each control strategy?

The following sections answer each of these questions for the control strategies that were studied. A
point that needs to be noted is that most of these control strategies are defined for PV arrays, where
reconfiguration can be done by modifying the interconnection between the individual PV modules. How-
ever, these control strategies can also be valid for the purpose of this thesis, where the individual PV
cells act as the reconfigurable units in a single module.

1.1.3. Data acquisition

The control strategies that are studied mainly use the short circuit current, open circuit voltage and/or
temperature of the modules in a PV array to determine the irradiance incident on each module. The
variation lies in the number of sensors that would be required to procure this data.

Some control strategies use the current of the PV module as input data for the control algorithm. For
instance, the control strategy developed in the PVMD research group by Calcabrini et al uses the short
circuit current of each of the PV modules as input to the control algorithm [32]. Some more examples of
control strategies with module current and temperature as input are the ones proposed by Velasco et
al and Pattnaik et al [33]. Velasco et al propose a control strategy that needs irradiance of each module
as input [34]. They use individual module’s current and voltage to estimate the incident irradiance. The
irradiance is calculated using the following equation:

G=a*(1+10*(e%—1)) (1.1)

where G is the estimated irradiance, I, V and T are the module’s current, voltage and temperature.
a and [, can be determined from the module short circuit current, open circuit voltage and maximum
power point of the PV module (this data is available on the datasheet).

Pattnaik et al propose a control strategy in which the individual module’s short circuit currents are
measured and based on these values, the modules are grouped into categories and connected in
series. They sense shading using a diode connected across each module - if the diode current is high,
then module is shaded. If it is negligible then it is not shaded/partially shaded.

Some control strategies use the voltage of the PV module as input data for the control algorithm.
Nguyen et al suggest a reconfiguration algorithm in which there is a fixed part and an adaptive part
in the PV array [35]. The algorithm monitors the voltage V of every row in the fixed part of the PV array.
It also monitors the open circuit voltage V, ¢ 4 of every module in the adaptive part. Using these voltage
values, the photogenerated current of each PV module is calculated using the following equations:

Ve aVoc.a
Iy= =22 + 5% (e a —1) (1.2)
Rsy
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where I, is the photo-generated current of a PV module in the adaptive part, V¢ 4 is the open-circuit
voltage of that PV module, Rgy is the shunt resistance of the module

q

4, V+1,u:R
Ip = Ioye +n* I % (€akT V+loueRsm) _ 1)+ — owtrSM

RSHM

(1.3)

where I is the photo-generated current of a PV module in the fixed part, I,,,,; is the PV array’s output
current, Rg,, is the series resistance, Ry is the shunt resistance of the solar cell, I is the saturation
current of the solar cell, and n is the number of solar cells in the row.

1.1.4. Control strategy

The two most common interconnection topologies seen in reconfigurable PV arrays is series-parallel
(SP) and total-cross-tied (TCT) topology [36]. Additionally, the control strategies are also different for
each of the topologies. The following subsections gives some examples of control strategies for both
topologies.

Control strategy for TCT topology

TCT topology consists of PV modules connected in the form of an m xn matrix (m rows and n columns),
where n modules are connected in parallel and m such units are then connected in series. In case of
partial shading, the row of modules which receives the least irradiation will limit the current of the entire
array. Therefore, the underlying principle for all the control strategies observed for TCT topology is to
choose the configuration which ensures that each of the rows receives approximately the same level of
irradiation. This is done by choosing the configuration with the lowest equalization index. Equalization
index can be represented as:

El = max(Gavg,l' Gavg,z---Gavg,m) - min(Gavg,l' Gavg,z---Gavg,m) (1 4)

where Guyg,1, Gavg,2Gavg,m are the average irradiance values for the modules in each row of the m *n
PV array. An example illustrating this control strategy is shown in figure 1.2.

:; :: :: 100 + 200 + 300 2 :; :: :: 100 + 500 + 300 2

100 200 300 Gavy,l = f =200 W/m 100 500 300 Gavg,l = f =300W/m
w/m? w/m? w/m? w/m? w/m? w/m?

200 + 300 + 400 2 200 + 300 + 400 2

200 300 400 Gavg2 = T — =300 W/m 200 300 400 avg2 = - 3 =300W/m
w/m? w/m? W/m? W/m? w/m? W/m?

300 + 400 + 500 2 300 + 400 + 200 2

wo | || | 0| Gawgs= e =400 W/m wo | || | 0| Gawgs = g =300W/m
W/m? W/m? W/m? W/m? W/m? W/m?2

Figure 1.2: An example from [34], illustrating the reconfiguration of a 3*3 TCT PV array. The figure on the left shows the PV
array before reconfiguration, the figure on the right shows the array after reconfiguration.

Velasco et al calculate the approximate irradiance received by each module using Equation 1.1 [34].
Then, considering an m * n array, all possible m * n configurations (which give unique power output)
are determined. The configuration with the lowest equalization index is then determined as the optimal
configuration. Before reconfiguring, however, the algorithm redetermines the optimal configuration 75
times. In case the optimal configuration is the same for the 75 runs, then reconfiguration is carried out.
This helps in avoiding reconfigurations due to short-lived partial shading conditions, and also ensures
a more efficient utilization of the switching matrix. One of the drawbacks of this method is that it needs
to calculate all possible configurations of the PV array before narrowing down to the most optimal one.
This could be computationally expensive for large-scale PV arrays.
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Romano et al give a more efficient control algorithm as compared to the method suggested by Velasco
et al because it does not need to determine all possible configurations and then narrow it down to the
best one [37]. This algorithm, called the deterministic search algorithm, first arranges the modules in
decreasing order of irradiance. The first m modules are then placed one by one in each of the m rows
of the PV array. The remaining modules are then arranged in such a way that the one with the highest
irradiance is placed in the row of already placed modules with the lowest irradiance. This leads to
reduction of the computational time.

Nguyen et al suggest a control strategy similar to the deterministic search algorithm [35]. They calculate
the photogenerated current of the modules using Equation 1.2 and Equation 1.3 and use that as input
to the control algorithm. As they propose a system where most of the PV array has a fixed configuration
while only a few of the modules are flexible, the number of switches and sensors required are lesser
than other control strategies.

Control strategy for SP topology
SP topology consists of PV modules connected in the form of an m = n matrix (m rows and n columns),
where m modules are connected in series and n such series strings are then connected in parallel.
In case of partial shading, the module which receives the least irradiation will limit the current of the
series string it is a part of. Therefore, all the control strategies for SP topology aim to combine similarly
irradiated PV modules in one series string.

The control strategy developed by Calcabrini et al is for SP reconfigurable PV modules. As per this con-
trol strategy, the short circuit currents of the individual reconfigurable units are measured and sorted
in descending order. The best module configuration is determined by comparing the difference be-
tween the short circuit currents and certain predefined threshold values [32]. For instance, in case
the difference between the highest current value and lowest current value is very low, this implies that
the module is receiving approximately uniform irradiation throughout. Therefore, all the reconfigurable
units are connected in series. In case of partial shading condition, the difference between short cir-
cuit currents would be greater, and a different configuration will have to be selected, with the modules
arranged in multiple series strings.

Some more examples of control strategies for SP reconfigurable PV modules were proposed by Alah-
mad et al and Pattnaik et al [38][33]. Both control strategies monitor the irradiance received by the
PV modules, and classify the modules based on their irradiance levels. For instance, Pattnaik et
all classify the modules as dark (G < 400W/m?), grey (400W/m? < G < 600W/m?) and bright
(600W /m? < G < 1000W /m?). They also propose monitoring the rate of change of short circuit current
(di/dt) of the PV modules, particularly for the grey modules. In case di/dt value is negative for a grey
module, that means the module is transitioning from a grey to dark. Similary a positive di/dt would
imply that the module is transitioning from grey to bright. This is important to detect if the grey mod-
ules are transitioning to bright or dark modules. Once the modules are classified, the bright modules
are connected in one series string, while the grey modules are connected in a separate series string.
The dark modules are bypassed as they are generating insignificant amount of power. An example
illustrating this control strategy is shown in figure 1.3.

1.1.5. Switching matrix

Once the control algorithm determines the optimum configuration for a PV array, the switching matrix
acts as the actuator that implements the new configuration. The switching matrix will vary for different
control strategies, both in terms of the kind of switches and the number of switches required. The table
below gives an overview of the number of switches that will be needed for each of the control strategies
mentioned in the previous sections.
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Figure 1.3: An example from [33], illustrating the reconfiguration of a 3*3 SP PV array. Figure on the left shows the PV array
before reconfiguration, figure on the right shows PV array after reconfiguration. After reconfiguration it is now a 4*2 SP PV array

Topology Authors Input parameters No. of switches
TCT Velasco et al. [4] Row voltage, current and (2*N,, ) m-throw switches
(considering Npy temperature of the module
modules arranged in an . .
Romano et al. [6] ; 2*N,, 2+ Np, ) single throw switches
m X n matrix, n modules Irradiance ( v bv) sing
in parallel per row, m | Nguyen et al. [5] Operating voltage of fixed (2*N5*m) single throw switches
suc_h rows connected in part, open circuit voltage of (Npy = no. of rows of fixed modules
series) adaptive part, temperature Nag = no. of reconfigurable modules)
SP Calcabrini et al. [2] ( (Npy - 1) +0.5%(Np,*(Npy+1)) ) single throw

Module short circuit current switches

(considering Npy
modules arranged in an
m X n matrix, n series
strings in parallel, m
modules per string) Patnaik et al. [3] Short circuit current and Not specified

temperature of the module

Alahmad et al. [7] (2*N,, + 4) single throw + 2*N,,, double

Irradiance .
throw switches

1.2. Thesis scope and objective

Section 1.1 gave an introduction of reconfigurable modules and some examples of reconfiguration al-
gorithms found in literature. It was observed that most algorithms relied on open circuit voltage/short
circuit current of the individual reconfigurable units as input for the algorithm. However, using open
circuit voltage and short circuit current would mean that the module will have to be periodically discon-
nected from the system for the reconfiguration algorithm to run.

Therefore, the objective of the thesis is ”To develop a robust control strategy for reconfigurable
PV modules” with a shade detection mechanism that will trigger reconfiguration whenever required.
In order achieve this broad objective, the problem statement is divided into the following sub-parts:

1. Modelling reconfigurable modules in the PVMD toolbox
PVMD toolbox is the PV energy yield simulation framework developed by the PVMD research
group at TU Delft. The toolbox currently only allows simulation of conventional (non-reconfigurable)
PV modules. Therefore, the first goal is to enable modelling reconfigurable PV modules in the
toolbox. Elaborating further, this would involve first simulating partial shading/non-uniform irradi-
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ance conditions necessary to observe the behaviour of reconfigurable modules, then using this
data to simulate their |-V characteristics.

2. Defining a shade detection mechanism for reconfiguration algorithm
Most control strategies, including the one developed in the PVYMD research group [2], are syn-
chronous and/or require short circuit current/ open circuit voltage of the modules as input. The
aim is to devise an asynchronous algorithm with a shade detection mechanism, which will trigger
reconfiguration only in the case of partial shading. Various module parameters will be explored
for using as inputs to the new shade detection algorithm.

3. Defining a reconfiguration algorithm using the shade detection mechanism
Using the shade detection mechanism defined in the previous sub-goal, a reconfiguration algo-
rithm will be defined. The ideal algorithm should be optimised in such a way that it maximises
the module yield, minimises reconfiguration count and has a good accuracy. Additionally, the
number of sensors must be optimised such that a limited number of them are required for the
algorithm to work efficiently.

4. Validating developed control strategy
The final aim is to validate the control algorithm’s efficiency by using experimental data. Its per-
formance will be compared against the control strategy already developed in the PVMD research
group. This will be used to ensure that the new algorithm indeed does function more efficiently
than the already implemented control strategy.

1.3. Thesis outline

This chapter introduces the concept of reconfigurable modules and introduces numerous reconfigura-
tion algorithms found in literature. The reconfiguration algorithms were studied based on their three
main aspects - the input data required for the algorithms, their main operating principle and the switching
circuit used for reconfiguration. The chapter also introduced two main types of reconfigurable modules
in terms of their topology - the total cross tied (TCT) and series parallel (SP) reconfigurable modules
(the work in this thesis is solely pertaining to reconfiguration algorithm for modules of the series-parallel
topology). The chapter also established the scope of this thesis. It divided the main aim of the thesis
into four sub-goals, which will be addressed in the next chapters.

The organisation of rest of the report is as follows: Chapter 2 describes the simulation framework
that was established for modelling reconfigurable PV modules. Chapter 3 explores various module
parameters that could be used as triggers for shade detection and also suggests a potential shade
detection mechanism. Chapter 4 defines numerous reconfiguration algorithms using the proposed
shade detection mechanism and determines the optimum one. Chapter 5 describes an experiment
done to compare performance of the new reconfiguration algorithm with the SCCS reconfiguration
algorithm. Finally, chapter 6 concludes the report by recapitulating how each sub-goal defined in section
1.2 was achieved and provides recommendations for future research.






Modelling reconfigurable PV modules in
PVMD toolbox

The current version of the PVMD toolbox is not capable of modelling reconfigurable modules and it
can only simulate partial shading conditions in a limited manner (such as the ones caused by a row
of modules in front). Therefore, this chapter will elaborate on the first sub-goal defined in section 1.2,
which is to enable simulation of reconfigurable modules in the PVMD toolbox. Section 2.1 gives an
overview of the simulation framework. The next sections describe in detail some aspects of the simu-
lation framework - section 2.2 describes the methodology used to simulate partial shading conditions
to test on the reconfigurable modules and section 2.3 describes the electrical simulation of the recon-
figurable modules. Section 2.4 describes the reconfigurable module simulated in this thesis using the
described framework.

2.1. Reconfigurable module simulation framework

The PVMD toolbox has 6 "levels”, which model PV systems in a step-by step manner. Figure 2.1,
inspired from the schematic given in Abdallah Nour El Din’s master thesis, shows a simple flowchart of
the PVMD toolbox [39].

The CELL level calculates the optical properties of all the layers of the PV cell as a function of wave-
length. This is done using the MATLAB-based "GenPro4” software, which uses wave optics and ray
optics to achieve this at low computational cost [40]. The output of the CELL level are the angle and
wavelength dependent optical properties, which can be used to calculate the photocurrent density in
the solar cell.

The MODULE level creates the sensitivity map of the PV module using "Lux” software [41]. It uses the
optical properties calculated in the CELL level as well as geometric dimensions and mounting angle
of the PV module as input. Using these inputs, it calculates the sensitivity map of the module using
forward ray tracing. A sensitivity map of a PV module is an indicator of its sensitivity to incident light. It
can be used to calculate the Plane of Array (POA) irradiance incident on the module.

The WEATHER level then creates a sky map using irradiance data. This is done using the Perez model
and module location’s DNI and DHI data. The integration of the sky map and sensitivity map gives the
cell-wise POA irradiance. Using optical properties assigned at the CELL level, the WEATHER level
also determines the cell-wise photocurrent density.

The THERMAL level calculates the cell-wise temperature using a fluid dynamic model. This level uses
the photocurrent density calculated in the previous level, irradiance and weather conditions as input to
calculate the cell temperatures.

The ELECTRIC level models the PV module’s IV curves and determines DC yield. Using the pho-
tocurrent density and the PV cell’s temperature coefficients, it uses the single diode model to generate

9
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Figure 2.1: Schematic of the PVMD toolbox showing the simulation steps for a conventional (non-reconfigurable) module

numerous IV curves at varying irradiance and temperature conditions. These IV curves are used to
determine the PV module’s IV curve at each time step, from which the module’s DC yield is calculated.

The current version of the PVMD toolbox is not equipped to simulate reconfigurable modules and test
them under non-uniform irradiance conditions. Therefore, an alternate methodology was needed which
would achieve what the CELL, MODULE and WEATHER level does, but for partial shading conditions.
In this thesis, external softwares were used to simulate non-uniform irradiance conditions and calcu-
late POA irradiance and photocurrent density of the PV modules (refer to section 2.2 for the detailed
methodology). For electrical modelling of reconfigurable modules, a new simulation framework based
on the control strategy defined in [32] was added to the ELECTRIC level to make this possible (refer
section 2.3). Figure 2.2 shows a schematic summarising the new simulation framework established for
modelling reconfigurable modules.

2.2. Simulating irradiance conditions

There are two main components of simulating non-uniform irradiance conditions. First is to simulate
the PV module and its surroundings and second is to calculate the incident irradiance on the modules
using the simulated scene. For this thesis, the first step of modelling the module and its surroundings
was done using a 3D modelling tool called Rhinoceros 6 and the second part of calculating incident
irradiance was done using MATLAB-based RADIANCE software.

Rhinoceros 6 is a CAD (Computer Aided Design) software which can be used for a wide range of
applications [42]. Using Rhinoceros 6 and its plugins (Grasshopper and Ladybug), a 3D model of the
PV array and its surroundings can be made and irrradiance simulation can then be done, as has been
demonstrated in literature [43]. Grasshopper is a graphical algorithm editor that is used to assign optical



2.2. Simulating irradiance conditions 11

Rhinoceros + Grasshopper + Ladybug
3D model of module and surroundings
RADIANCE

Cell-wise POA irradiance (irr)

v

Convert irradiance to
photocurrent density (Jpn)

1

1

: THERMAL
: Cell-wise temperature
1

1

. !

1

1 ELECTRIC
1

1

1

1

1

Module IV curves and DC yield

PVMD toolbox

Figure 2.2: Simulation framework for reconfigurable PV modules using a combination of PVMD toolbox and external software

properties to the surfaces in the 3D model developed in Rhinoceros 6 [44]. Ladybug is a plugin which
is used for modelling the irradiance conditions using the 3D geometry defined in Grasshopper and the
climate file of the module’s location [45].

Irradiance simulation in Grasshopper and Ladybug can be computationally intensive, so it is used only
to simulate the 3D model of the module and its surroundings and assign them optical properties. The
output of performing irradiance simulation in Rhinoceros+Grasshopper+Ladybug is in the form of the
following data:

» A ”.res” file which contains the resultant irradiance incident on each test point defined on the PV
module.

» A ”.sky” which contains the time duration of the simulation and its location’s coordinates . It also
gives the description of the light sources in the 3D model.

» Two ".rad” files containing information of the geometry and optical properties of the surfaces in
the 3D model.

» A”.pts” file containing the x,y,z coordinates of each test point defined on the PV module. The test
points are the points on the PV module where the incident irradiance of the PV module will be
calculated.

* A”.msh” file, which is a binary file containing information about the geometry of the surroundings.

From these files, the ".rad”, ”.pts” and ".msh” files contain information about the geometry and optical
properties of the PV module and its surroundings. These files, along with weather data, can be used as
input for the MATLAB-based RADIANCE software, which is a tool for performing irradiance simulations
[46]. RADIANCE does the irradiance calculation at all the test points on the PV module at a lower
computational time as compared to Grasshopper and Ladybug. Additionally, since it is a MATLAB-
based software, its output can be easily used for further computations in the MATLAB-based PVMD
toolbox. The software employs backward-ray tracing to determine the cell-wise plane of array irradiance
(Gpoa)- The time resolution of the irradiance data is same as that of the weather data provided.

Once the cell-wise irradiance is known, the optical properties calculated by the CELL module can
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be used to accurately determine the cell-wise photocurrent. However, for the purpose of the thesis,
approximate cell-wise photocurrent density was calculated using equation 2.1. Here, rsd; is the relative
spectral photon flux density for AM1.5 spectrum and Gp 4 is the plane of array irradiance.

Jon = Groa*cf *q+ ) rsd; (2.1)

Here J,,5, is the cell-wise photocurrent density (A/m?), Gpo 4 is the cell-wise irradiance (W /m?), cf is the
conversion factor used to account for the absorption and reflection losses in the cell, q is the charge on
a single electron (1.6+10~1°C) and rsdy is the relative spectral photon flux density for AM 1.5 spectrum.

The value of cf was calculated as follows: Most commercial PV cells generate around 400 A/m?
photocurrent density at 1000 W /m? irradiance [47]. Using this fact and substituting it in equation 2.1,
the conversion factor is calculated as: 400/(1.6 * 107*% * 1000 * ¥, rsd;) = 0.5358.

2.3. Modelling reconfigurable PV modules

PVMD toolbox - WEATHER and
THERMAL level

Irr, Jph and and cell-wise
temperature

PVMD toolbox - ELECTRIC level

Simulate cell-wise IV
curves

Y

Simulate block-wise
IV curves

Y

Reconfiguration algorithm
determines optimum configuration

Y

Simulate module IV
curves

Figure 2.3: Simulation framework for electric modelling of reconfigurable modules

After calculating the cell-wise irradiance, photocurrent density and temperature, the cell-wise IV curves
are determined. The PVMD toolbox does this using a single-diode model. In case of conventional
modules, the PV cells are all connected in series. Hence, obtaining the module IV curve from the
individual cell IV curves is relatively straightforward. On the other hand, reconfigurable modules can
be interconnected in various different configurations, hence modelling of reconfigurable modules varies
from that of conventional modules.

Reconfigurable modules can be made of a number of reconfigurable units or blocks, which are made of
multiple cells in series/parallel. These individual cell blocks act as building blocks and can be connected
in different ways to obtain multiple unique module configurations. Therefore, the first step to obtain the
reconfigurable module’s IV curves is to model the block-wise IV curves from the cell-wise IV curves.
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Figure 2.4: Flowchart explaining the SCCS reconfiguration algorithm with an illustrative example [2]

The block-wise IV curves will be used to model module IV-cures based on its configuration at each time
step.

Figure 2.3 is a schematic showing how the functionality of modelling reconfigurable modules was added
to the PVMD toolbox. Using cell-wise irradiance, photocurrent density and temperature, the individual
cells’ IV curves are simulated using the existing single diode model in the toolbox. The cell-wise IV
curves are then used as input to model block-wise IV curves. Additional series resistances like shading
resistance (to account for metallization losses) and resistance of switches are factored in for determin-
ing the block-wise IV curves. Since the reconfigurable module could be in a different configuration
in each time instant, the module IV curve will depend on the module’s configuration. The optimum
configuration for each time instant is chosen by the module’s control strategy. The current framework
uses the control strategy defined in [2] for determining the optimum configuration for each time instant.
Figure 2.4 shows the flowchart of the control algorithm. Hereon it will be referred to as the short circuit
current sensing (SCCS) algorithm.

The SCCS algorithm is developed in the PVMD research group at TU Delft and is used for series-
parallel type of reconfigurable modules. It uses the short circuit current of each cell block as an input.
Given below are the steps of the algorithm explained using an example of a module with six cell blocks:

» The short circuit current of each cell block is the input to the algorithm. For a module with six cell
blocks, this would mean that there are six short circuit current values.

+ Arrange the short circuit current values in ascending order. As an example, consider the sorted
order in figure 2.4. Here, the lowest short circuit current is of the fourth cell block and highest
short circuit current is of the third cell block.
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+ Calculate the A values using equation 2.2.

_ max[lsc,x'lsc,y] - min[lsc,x: Isc,y]
y max [Isc,x' Isc,y]

2.2)

Table 2.1 shows the A value calculations for the example in figure 2.4. As an example, A,., would
be calculated using the first and last element in the sorted order of short circuit currents. These
A values are an indicator of the relative difference between the sorted short circuit currents, and
hence the relative difference between the irradiance incident on their corresponding cell blocks.

Ay, | Value
Isc3=Isca
A1:6

s
A sc1 " Isca
1:3

o)
A sc,3 7 1sc,5
4:6

s
A sc2 " Isca
1:2

s
A sc,5 " Isc1
3:4

el
sc3 " Isce
As:6

Isc3

Table 2.1: Table showing the A value calculations for the example in figure 2.4. As an example, A,.; would be calculated using

mamatll ===

the first and last element in the sorted order of short circuit currents

» Compare the A values with the predefined thresholds T, T, and T3, as shown in figure 2.4. The

thresholds are determined based on a trade-off between two extremes - if the thresholds are set
too high, then the module will not be very sensitive to the partial shading conditions and may
not deliver maximum yield. If the thresholds are set too low, then the module might be in series-
parallel configuration too often. As more parallel strings means higher module current and higher
Ohmic losses, this is not favourable either. The literature referred for this algorithm determine
optimum values for T; at 3%, T, at 5% and T; at 8% [2]. These threshold values were used for all
simulations in this thesis.

Based on the checks mentioned in figure 2.4, choose the best configuration. For the example
of a six block reconfigurable module, there are 4 types of configurations - S, P, S,P;, S3P, and
Se¢P; (refer figure 2.5). If A is less than Ty, then the SgP; configuration is chosen. If A, is
greater than T; and A;.3, A, are less than T,, the best S3P, configuration is chosen. The best
S3 P, configuration for the example in figure 2.4 can be seen marked in blue arrows. Similarly, the
best S, P;, S; P, configurations are chosen based on the checks shown in figure 2.4.

JIIIL

Figure 2.5: Figure showing all configuration types of a six block reconfigurable module. Each configuration type can be referred
to using an S, P, notation. Here x stands for the number of cell blocks in series and p stands for the number of cell blocks in
parallel. In order (from left to right), this figure shows that the six block module can have a S¢P;, S3P,, S, P; or S; P configuration

The SCCS algorithm also has some drawbacks. Since the control algorithm requires short circuit cur-
rent of each cell block as input, this leads to energy loss every time the cell blocks are disconnected to
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measure the short circuit currents. Additionally, since the algorithm does not have any shade detection
mechanism, it needs to be run at regular time intervals. The duration of time between two subsequent
runs of the algorithm needs to be a trade-off between running the algorithm too often (even when re-
configuration is not needed) or not often, which might result in the system missing some time instants
when reconfiguration was necessary.

2.4. Details of simulated reconfigurable module

For the purpose of this thesis, all simulations were done using a 96 cell module consisting of 6 cell
blocks, which can be interconnected in different ways to obtain numerous series parallel configura-
tions. For such a configuration, the number of electrically unique configurations of a single type can be
calculated using the following equation [32]:

N!

c = —r! " (s!)r (23)
where c is the number of configurations of the type S, P, (x is the number of cell blocks in series and y
is the number of cell blocks in parallel). N is the total number of cell blocks, r is the number of parallel
strings and s is the number of cell blocks per string. A 6-block module has four types of configurations:
SeP1, S3P, S, P; and S, P,. Using equation 2.3, there is one unique configuration for SgP, and S; P, each,
10 configurations for S5 P, and 15 configurations for S, P;. Therefore, there are 27 total unique configu-
rations for a 6-block module. Figure 2.6 shows how the module’s reconfigurable units are defined and
figure 2.7 shows all possible ways they can be connected.

Figure 2.6: A 96 cell reconfigurable module with 6 cell blocks. The cell blocks are marked using red numbers. Each cell block
is actually a set of 16 cells connected in series.

2.5. Conclusion

This chapter pertains to the first sub-goal of section 1.2 - establishing a simulation framework for mod-
elling reconfigurable PV modules using Rhinoceros, RADIANCE and the PVMD toolbox. The simu-
lation framework covers all steps from simulating non-uniform irradiance conditions to modelling the
IV characteristics of the reconfigurable modules. The reconfiguration algorithm that was used for the
simulating the reconfigurable modules’ IV characteristics was the SCCS control algorithm. Section 2.3
described the algorithm in detail and also mentioned some of its drawbacks, which will be addressed
in future chapters. Finally, the 96 cell, 6 block series-parallel reconfigurable module that was used for
all simulations in this thesis was also introduced.
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Figure 2.7: Possible configurations for the six block PV module shown in figure 2.6 [2]




Shade detection using voltage and
current

As mentioned in chapter 2, the drawbacks of the SCCS algorithm stem from one main aspect - it does
not have a sensing mechanism for detecting partial shading conditions. Therefore, there is a need for
a shade detection mechanism to improve the algorithm further. This chapter explores a possible shade
detection algorithm that could be used for triggering the reconfiguration algorithm.

A PV module is a source of a wide range of data which could be used to detect partial shading condi-
tions. Section 3.1 lists out the possible module parameters that could be explored for shade detection.
Using this information, section 3.2 describes a possible shade detection mechanism and explains why
it has potential to be an improvement over the reconfiguration algorithm described in section 2.3.

3.1. Control variables for detecting partial shading

Variables that can be used to detect partial shading can be non-electric (such as cell temperature) or
electric (such as V., Is¢, Vinpp OF Inmpp). The advantage of using electric control variables for detecting
partial shading is that electric control variables such as voltage and current react instantaneously in
case of any change in irradiance conditions. Therefore, only electric variables are explored in this
thesis.

To quantify the correlation between partial shading and module parameters, a metric called relative
irradiance difference (Airr) was defined:
max(irtyin) — min(irtyin)

Airr = max(irr,) (3.1)

Here irn,,;, signifies the irradiance received by the most shaded cell in each reconfigurable unit of the
PV module. Since the current in each reconfigurable unit is limited by its most shaded cell, that's why
irrnin Was considered in the calculation of relative irradiance difference (RID).

The variation in RID with respect to relative difference in module parameters such as V., Is., Vipp and
Impp Was observed to locate any correlation between them. Here V,,./V;,,,, signify the open circuit/MPP
(maximum power point) voltage of each cell block and I/, denote the short circuit/MPP current of
each cell block. The relative difference in module parameters were calculated as follows:

_ max(Xpiock) — MiN(Xpiock)

3.2
max(Xpiock) (32)

Here, x is V,¢, Lsc, Vinpp OF Lnpp-

There were two main purposes to explore the relationship between module parameters with the irradi-
ance:

17
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Figure 3.1: Shading scene used for observing relationship between irradiance and module parameters. The module used in
the simulation is the one described in section 2.4

+ First was to locate a possible "fingerprint” in the module parameter that could help in shade detec-
tion. This could be seen in the form of a quantifiable relationship between the module parameter
and irradiance, or it can be seen in the form of a threshold value for the module parameter (for
instance, before reconfiguration, the parameter might be observed to be over a certain threshold
value and after reconfiguration, it is always below that threshold value).

» The second purpose for exploring the relation between module parameters and irradiance was
to locate a module parameter that would be a reliable indicator of the irradiance incident on the
module, and hence can also be used as a control variable for reconfiguration.

The relationship between irradiance and module parameters was analysed by simulating a partial shad-
ing scene with a 96 cell PV module mounted in front of a tall concrete structure (refer figure 3.1 for the
scene that was simulated) in Delft. The simulation was carried out for an entire year with 1 hour reso-
lution weather data from Meteonorm [48].

The simulation was carried out assuming a perfect knowledge approach. At each time step, block-wise
IV curves were calculated using the simulation framework discussed in chapter 2. Module IV curves
were then calculated assuming an ideal reconfiguration algorithm in which the algorithm will always
choose the configuration which gives the highest yield. At each time step, the simulation recorded
module parameters (cell block V,¢, Isc, Vinpp, Impp @nd Prpp) before and after reconfiguration. The
module parameters before reconfiguration were considered as parameters for sub-optimal configura-
tions, and their relationship with irradiance and RID was observed. Any relationship observed here will
essentially help in defining a condition for partial shade detection. The next subsections elaborate on
the relationships that were observed between the module parameters and RID/irradiance.

3.1.1. Irradiance and short circuit current

The first graph in figure 3.2 shows the relationship between the relative difference in short circuit current
(ALs.) and RID. ltis clear from the figure that Al is equal to RID. This is because a PV cell’s short circuit
current varies proportionally with respect to irradiance [49]. Since the most shaded cell’s short circuit
current determines the cell block I, the relative difference in short circuit current (Al ) is equal to RID.
Due to the clear relationship between the two, Al is a reliable indicator for level of partial shading.

The second graph in figure 3.2 shows the relationship between each cell block’s short circuit current
(Is¢) and irradiance of the most shaded cell in that block. As mentioned above, I, is proportional to
irradiance and we see that reflected in this plot as well. Since there is a tangible relation between
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irradiance and ., we can conclude that I, is a good indicator of irradiance levels.
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Figure 3.2: Variation in I, with respect to irradiance

The short circuit current sensing algorithm described in section 2.3 uses cell block I, as an input
variable for reconfiguration. However, a disadvantage of using I, as an input variable is that of energy
loss during I, measurement. Additionally, the algorithm will have to be synchronous in nature and will
not be able to detect partial shading conditions without the PV module being disconnected.

3.1.2. Irradiance and open circuit voltage
The first graph in figure 3.3 shows the relationship between the relative difference in open circuit voltage
(AV,.) and RID. The graph shows that AV, varies very little compared to RID. This is because V,. has a
logarithmic relation to irradiance and varies very little with respect to irradiance [49]. In figure 3.3, RID
varying between 0-100%, AV, only varies in the 0-10% range. Based on these observations, AV, is
not suitable for using as a trigger for shade detection.

The second graph in figure 3.3 shows the relationship between each cell block’s open circuit voltage
(V,¢) and irradiance of the most shaded cell in that block. It shows that V. is also not a good indicator
of irradiance level as there is no quantifiable relationship between the two. For example, voltage of
11V could mean that irradiance is anywhere between 0-600 W /m?.

3.1.3. Irradiance and MPP current

The top two graphs in figure 3.4 shows the relationship between the relative difference in MPP current
and RID. It is clear from the graph that before reconfiguration, Al,,, does not show a quantifiable
relationship with RID. Additionally, on comparing it with the Al,,,,,,, values after reconfiguration, it does
not indicate any threshold dividing the AL,,, values of optimum and sub-optimal configurations. Based
on these observations, ALy, does not appear to be a reliable indicator of partial shading conditions.
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Figure 3.3: Variation in V,. with respect to irradiance

The bottom two graphs in figure 3.4 show the relationship between I, (before reconfiguration) and
irradiance of the most shaded block. As expected, some datapoints show a proportional relationship
with irradiance. However, there are some outliers which are for situations when two (or more) cell
blocks are in series and the most shaded cell block in that series will limit the current of all other cell
blocks in that series. Due to this, cell block’s ,,,,;, is not a reliable indicator of irradiance incident on it.

3.1.4. Irradiance and MPP voltage

The top two graphs in figure 3.5 show the relationship between the relative difference in ;,,,,,, and RID.
Similar to V., it is clear that there is neither a discernible relationship between the two, nor is there any
threshold dividing the AV, values of optimum and sub-optimal configurations. Therefore, AV, is
not suitable for using as a trigger for shade detection.

The bottom two graphs in figure 3.5 show the relationship between each cell block’s MPP voltage (1,5,
and irradiance of the most shaded cell. Similar to V., it is clear that V;,,,, is not a suitable indicator of
irradiance level. For example, voltage of 10V could mean that irradiance is anywhere between 0-600
W /m?.

3.1.5. Irradiance and power

The top two graphs in figure 3.6 show the relationship between the relative difference in B, and RID.
Similar to I,,,, and V;,,,,,, there is neither a discernible relationship between AP,,,,,, and RID, nor is there
any threshold dividing the AP,,,,,, values of optimum and sub-optimal configurations. Therefore, AR,
is not suitable for using as a trigger for shade detection.

The bottom two graphs in figure 3.6 shows the relationship between each cell block’s power output and
irradiance of the most shaded cell in that block. From the graph, you can see that B,,,,, appears to be
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Figure 3.4: Variation in L, with respect to irradiance

varying proportionally with respect to irradiance. However, there are some outliers which correspond
to situations when there are two (or more) cell blocks in series and the most shaded cell block in that
series will limit the current (and hence power) of all other cell blocks in that series. Due to this, there
is no quantifiable relationship between P, and irradiance and it cannot be used as an indicator for
irradiance levels.

3.2. Shade detection mechanism

From the above analysis, if cell block parameters were to be used as indicators for partial shading or
irradiance, only I, is a clear indicator of irradiance levels and Al can be used as an indicator for partial
shading. However, this would mean that the algorithm will be synchronous in nature and will only run
periodically. The aim of the thesis is to develop an algorithm that gets triggered due to the occurrence
of a partial shade condition.

Therefore, an alternate approach suggested in [35] is used for shade detection. The shade detection
and reconfiguration algorithm described in [35] is for TCT connected reconfigurable modules. For the
shade detection part of the algorithm, the voltages of one of the blocks 1, and the complete module’s
voltage V,,,4 is monitored. In case of uniform illumination conditions, V,,,q4 = m * V4, where m is the
number of cell blocks. In case of non-uniform illumination conditions, V;,,,4 # m = V;. Therefore, the
reconfiguration algorithm is triggered if |V, — m * V;| > 6V, where 6V is a predefined threshold
value. One of the advantages of this mechanism is the requirement of only two voltage sensors for
partial shade detection. Inspired by this concept, a new shade detection mechanism for series-parallel
connected modules is developed in this thesis.

This modified mechanism uses module voltage, module current and one cell block’s voltage and current
as inputs for shade detection. Similar to the mechanism described in [35], the voltage of one of the
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Figure 3.5: Variation in V;,,;,,, with respect to irradiance

cell blocks as well as the module voltage are continuously monitored. Additionally, the cell block’s
current and module current are also monitored. Using these module parameters, two types of checks
are performed - a voltage check and a current check - to detect partial shading. Equations 3.3 and 3.4
define the voltage and current checks. If either of these checks is true, then the module will reconfigure.

Vimoa — b * Vpiock1
‘ e % - > A[/;.“hreshold (3-3)
mod
Imoa — M * Ipiock1
| =2 I o < AIt.‘hresholai (34)
mod

Here b stands for the number of cell blocks per string and n stands for number of parallel strings in the
configuration.

The voltage check will detect if there is non-uniform illumination condition and trigger the reconfiguration
algorithm. This means that if the cell blocks’ voltages differ from each other (over a range decided by
AVinresnora), the module will reconfigure. The current check helps in situation where the module is in a
series-parallel configuration, particularly an all-parallel configuration. The module will be in an series-
parallel configuration when the RID is high and the individual cell block’s currents are unequal. In case
the RID drops and the cell block currents are close to each other (within a range decided by Al esh01d)s
then the current check will ensure that the module reconfigures out of the series-parallel configuration.
Figure 3.7 shows a flowchart explaining the new shade detection algorithm.

Since the proposed shade detection mechanism does not depend on V,. or I, measurement, there
is no energy loss during input data collection for the control algorithm. Additionally, it only needs two
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Figure 3.6: Variation in Py, with respect to irradiance

current sensors and two voltage sensors, irrespective of the number of cell blocks in the module. Lastly,
the sensing mechanism ensures in principle that the reconfiguration algorithm does not run when it's
not required and also ensures that no partial shading conditions are missed.

However, in order for the shade detection mechanism to be able to detect all shade detection conditions
and also prevent nuisance triggers, it needs to be optimised. The optimisation of the mechanism needs
to be done for two main aspects: determining the optimum Al esnoia @Nd AVipresnoia @nd determining
which of the cell blocks will act as the most optimum sensor block. The next chapter discusses the
optimization process further.

3.3. Conclusion

This chapter pertains to the second sub-goal of section 1.2 - exploring various module parameters and
their potential as shade detection triggers/irradiance level indicators for using as inputs in a reconfigu-
ration algorithm. The parameters that were explored were - cell blocks’ short circuit current, cell blocks’
open circuit voltage, cell blocks’ MPP current/voltage and cell blocks’ MPP power. From this, it was
concluded that only the individual cell blocks’ short circuit current is a reliable shade detection triggers
and irradiance level indicator.

However, using the cell blocks’ short circuit currents as input would mean that the reconfiguration algo-
rithm will be synchronous. Therefore, an alternate shade detection mechanism inspired by reference
[35] was proposed. In this, a combination of the module’s and a single cell blocks’ operating voltage
and current is used as an input to the shade detection mechanism. The next chapter discusses the
process followed to optimise the algorithm.
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Optimising the shade detection
mechanism

Chapter 3 introduced a shade detection mechanism which relies on the module’s and a cell block’s
operating current and voltage. It also mentioned that it needs to be optimised for two main aspects -
choosing the optimum threshold values and optimising the position of the sensor block. This chapter
will discuss the process followed for optimising the said shade detection mechanism.

It should be noted that the shade detection mechanism introduced in section 3.2 only detects partial
shading condition. Therefore, a reconfiguration mechanism also needs to be defined, which will be
triggered when partial shading is detected. A possible approach for reconfiguration can be switching
the module between all its possible configurations and choosing the one with the highest yield. From
hereon, this approach will be referred to as the ideal reconfiguration mechanism (it is named this way
because in theory, this approach would always choose the optimum configuration). The shade detection
mechanism and ideal reconfiguration mechanism in totality will be referred to as the reconfiguration
algorithm.

Section 4.1 explains the optimisation procedure followed for the above mentioned reconfiguration al-
gorithm. As the results from section 4.1 point out that this algorithm can be further improved, section
4.2 discusses possible improvements to the algorithm, analyses their performance and determines the
best version of the algorithm. Finally, section 4.3 discusses the second component of the optimisation
process - optimising the position of the sensor block for the shade detection mechanism.

4.1. Optimising the reconfiguration algorithm

The shading scene used for the optimisation is the same as the one described in section 3.1, that is,
a single 96 cell module installed in front of a tall concrete structure in Delft. The weather data used is
one minute resolution and due to computational limitations, the simulation is run for a single day only.
The day chosen for the simulation is 4th May because in the year long simulation performed in section
3.1, 4th May had on of the highest reconfiguration counts for the given shading scene. Therefore,
optimising the thresholds for this day would imply that the algorithm has been optimised for a scenario
where the reconfiguration algorithm is frequently needed.

4.1.1. Establishing a range for thresholds of the shade detection mechanism
To determine the optimum value of Al;presnoia @Nd AVipreshota, first @ range was established for both
the values. This was done by observing the values of Al and AV for the simulation scenario described
in section 3.1.

As mentioned in section 3.1, the simulation generates the cell block and module voltage and current
at each time step, before and after reconfiguration. The value of Al and AV at each time step was
calculated from the voltage and current values of the module before reconfiguration (here AV is referring

25
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to the LHS of equation 3.3 and Al is referring to LHS of equation 3.4). This way, the range in which Al
and AV vary before reconfiguration was observed.

Figure 4.1 shows distribution of the Al and AV values for the duration of the simulation. It is observed
that AV varies between 0% and 7.06% while Al varies between 0% and 1637.9%.
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Figure 4.1: AV and Al values before reconfiguration

Therefore during optimisation, Alip esnoia @Nd AVipresnoia Were varied between the said intervals to
determine their optimum values. For deciding which specific Al preshora @Nd AVipresnoia Values to use,
first their percentile distribution was calculated. Based on this, some Al;jresnoia @Nd AVipreshora Values
were selected. Tables 4.1 and 4.2 show the threshold values that were used for algorithm optimisation.

Percentile | Alipresnora (%)
50 0.00
60 0.09
70 0.63
80 1.32
90 2.57
100 1637.95

Table 4.1: Table showing the values of Alpresnoig Used during algorithm optimisation

4.1.2. Optimising the thresholds of the shade detection mechanism

During the optimisation process, Alipreshoia @Nd AVipresnora Values were varied between the intervals
derived from section 4.1.1. For each combination of the threshold value, the DC yield of the module
was calculated. The optimum threshold values were the ones that corresponded to the highest module
yield.

The losses for the new reconfiguration algorithm also needed to be determined for calculating DC
yield. Since the shade detection mechanism needs operating voltage and current values, the module
will not have to be disconnected from the system and thus no DC yield losses. For the reconfiguration
mechanism, the module is switched between all its possible configurations and the one with the highest
yield is chosen. For this, the maximum power point of each configuration is determined by sweeping
the module IV curve. Since the module will not be connected to the system during this process, the
energy lost during this time was considered as reconfiguration losses.

The time it takes to perform a single IV sweep can vary for different cell technologies, and may take
anywhere between 40 to 100 milliseconds [50] [51]. Since the module that was simulated has 27
possible configuration (see figure 2.7), every time reconfiguration is triggered, it was assumed that
the algorithm will spend almost 3 seconds to reconfigure to its optimum configuration (assuming that
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Percentile | AVipreshota (%)
86 0.04
87 0.07
88 0.11
89 0.15
90 0.19
91 0.26
92 0.35
93 0.44
94 0.55
95 0.71
96 0.89
97 1.12
98 1.46
99 2.02
100 7.06

Table 4.2: Table showing the values of AVip esno1a Used during algorithm optimisation

a single IV sweep takes 100 milliseconds). The fraction of DC yield that will be lost owing to the
reconfiguration process will vary depending on the number of times reconfiguration is triggered. The
highest losses would be when reconfiguration were to happen every minute, in which case 5% of the
DC yield will be lost due to reconfiguration.

In addition to the optimisation procedure the reconfiguration algorithm’s performance was also com-
pared to some reference cases. For that purpose, the following scenarios were also simulated:

» Perfect knowledge scenario - In this scenario, an ideal situation was assumed in which the
module is always reconfigured to its optimum configuration at every time step. Another impor-
tant assumption here was that there are no losses during reconfiguration. Comparing the new
reconfiguration algorithm with this scenario would help in understanding how close (or far) its
performance is in terms of an ideal situation.

* No reconfiguration - A scenario assuming a conventional PV module. In this scenario, the
module is always in an all-series configuration. This scenario will give an idea of how much more
efficient the new reconfiguration algorithm is with respect to conventional modules.

+ SCCS algorithm run at 5 minute interval - In an ideal scenario, the SCCS algorithm would
be run as often as possible, say at 1 minute time intervals. In practice, however, a PV module
will usually be connected to a power converter which will not be able to tolerate frequent power
fluctuations that might occur if the SCCS algorithm were to run per minute. Therefore, duration
between subsequent runs of the algorithm will depend on the power fluctuations the converter
can tolerate, and will possibly be in the range of 5-15 minutes. Therefore, an additional scenario
was simulated where the SCCS algorithm is run at 5 minute time interval, as the yield calculated
in this scenario will be much closer to real-life application of the algorithm. One additional thing to
note here is that each run of the algorithm takes up to 150 milliseconds - from measuring the cell
blocks’ short circuit currents to the actual reconfiguration [2]. Therefore, whenever the algorithm
runs, 0.25% of the DC yield for that will be deducted as reconfiguration losses.

Figure 4.2 shows the result of the optimisation process. All yield values are calculated as a percentage
of the DC yield in the perfect knowledge scenario. For varying threshold values, the new reconfigu-
ration algorithm’s yield varied in the range of 94.44-99.07% and the average yield was 95.82%. The
threshold values corresponding to the maximum yield were 0.7% for AVipeshota @Nd 0% for Alipreshola-
In comparison, the SCCS algorithm’s yield was 99.13% and for the no reconfiguration scenario it was
95.3%.
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4.2. Modifying the reconfiguration algorithm
In section 4.1, the reconfiguration algorithm that was optimised had some key drawbacks, which could
possibly be limiting its performance:

» Current check is causing nuisance triggers

From the current check expression (see equation 3.4) it can be inferred that that the optimum
Alipresnoia Value should be low enough such that it minimises the number of nuisance triggers.
The fact that optimum value for Alyp esn01a Was found to be 0% implies that any non-zero value of
the threshold was causing a lot of nuisance triggers and therefore limiting the module yield (see
figure 4.3).

High losses due to the reconfiguration mechanism

As explained in section 4.1.2, if the algorithm were to trigger reconfiguration every minute, the
module will be reconfigured exactly as per the perfect knowledge scenario but 5% of the module’s
yield would be lost during reconfiguration. As a consequence, the module’s yield will be 95% of
the perfect knowledge scenario. This is also visible in figure 4.2, where the DC vyield for the al-
gorithm was observed to be as low as 94.5% for certain values of Alipeshora @Nd AVipreshoia- 1N
comparison, the module in the no reconfiguration scenario also produced around 95% yield as
compared to the perfect knowledge scenario. This indicates that in case of poorly selected thresh-
old values causing frequent reconfiguration triggers, the algorithm may lead to high percentage
of losses and not offer any added advantage over using conventional modules.

Shade detection mechanism failing to detect situations when module should be in all par-
allel configuration

To investigate if the shade detection mechanism is failing to detect any specific reconfiguration
situations, the configurations chosen by the algorithm were compared with the configurations cho-
sen in the perfect knowledge scenario at each time step. This way, it could be observed which
configuration was being missed the most by the reconfiguration algorithm.

Averaging over all the simulations done for different threshold values, it was observed that the all-
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parallel configuration was the one which was missed the most (see figure 4.4). This implies that
in some instances where the module would have generated the highest yield by connecting all its
cell blocks in parallel, the shade detection mechanism had failed to detect this and reconfigure
the module accordingly.

The conclusion from this was that this reconfiguration algorithm had three potential sources for ineffi-
ciency - first was an inefficient current check, second was high energy loss during reconfiguration and
third was the inability for the algorithm to detect situations when the module should be in an all-parallel
configuration. A number of modifications were proposed to tackle these issues, which can be classified
into two categories - first category of improvements aimed to improve the shade detection mechanism
and the second category aimed to reduce the energy loss during reconfiguration.

To improve the shade detection mechanism, the following alternatives were explored:

» Performing current check only when module is in an all-parallel configuration

The current check was found to be a cause for lot of nuisance triggers and hence causing a
lot of energy loss due to unnecessary running of the reconfiguration algorithm. However, the
current check cannot be completely eliminated because it is especially important in a situation
where the module is in an all-parallel configuration, where a voltage check would not be relevant.
Therefore, a possible modification to the shade detection mechanism is to perform the current
check only when the module is in an all parallel configuration. The voltage check will be performed
irrespective of the module configuration.

* Introduce a new current check
An alternate current check was defined to see if it can perform better than the old current check.
From hereon, to differentiate between the two kinds of current checks, the new current check
will be referred to as the I,,,,,, check and old current check will be referred to as the Al check.
The steps for the I,,,,,,, check are shown in figure 4.5. For this check, each cell block’s current is
measured and then arranged in ascending order. The consecutive current values are then paired
and their relative difference is calculated. If all these relative differences are lower than a pre-
defined threshold Al thresnota, then the current check is true and reconfiguration is triggered.
Similar to Al check, the performance of L, check will be analysed in two ways - running the
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check irrespective of module configuration and running the check only when the module is in an
all-parallel configuration.

To improve the reconfiguration performance, the following alternatives were explored:

* Never reconfiguring the module to an all-parallel configuration

One of the drawbacks of the reconfiguration algorithm was that it failed to reconfigure to an all-
parallel configuration whenever necessary. Due to this, the module’s yield might be limited. On
the other hand, reconfiguring the module to an all-parallel configuration also implies that there
will be increased Ohmic and power conversion losses due to higher module current when it is in
an all-parallel configuration. Therefore, a possible algorithm can be explored where the module
never goes to an all-parallel configuration. If the resultant loss in yield is less than the Ohmic
losses encountered in the all-parallel configuration, then the reconfiguration algorithm does not
need to reconfigure to an all-parallel configuration.

Using the SCCS algorithm for reconfiguration

In the original shade detection algorithm, reconfiguration is done by switching between various
possible configurations and choosing the one with the highest yield. Since this is a very time
intensive process and leads to a high fraction of energy loss, an alternative approach would be to
use the SCCS algorithm for reconfiguration. Since the SCCS algorithm only takes 150 millisec-
onds per run, this would greatly reduce the energy loss during reconfiguration. As concluded
in chapter 3, short circuit current is the best indicator of incident irradiance and therefore SCCS
algorithm has another advantage of being a reliable reconfiguration algorithm (since it uses the
cell blocks’ short circuit current as input).

Based on the different ways listed to improve the shade detection/reconfiguration mechanism, eight
modifications of the reconfiguration algorithm were defined and compared to see which is the most
efficient one. The modifications of the algorithm are given in the table 4.3. To be able to easily differen-

tiate between the modifications, they were each assigned a name and acronym based on their salient

features. The first half of the acronym conveys what modification has been made to the original shade

detection mechanism while the second half of the acronym conveys which reconfiguration mechanism

is employed.
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Figure 4.5: Flowchart demonstrating the I,,,,, current check

4.2.1. Comparing the algorithm modifications

For comparing the algorithm modifications, the same shading scene described in section 3.1 was sim-
ulated and the module yield for a single day was calculated for each modification. For the simulations,
Alipreshota @nd AVipresnoia Was varied in the range established in section 4.1.1. One thing to be noted
is that Alipresnoia iS Never set to 0% for algorithms in which module can be in an all-parallel configura-
tion; because in that case current check will never get triggered. Also, for algorithms with AL, check,
Almpp,threshora Was varied from 1% to 10%.

The next three subsections discuss the performance of the algorithms based on three main metrics
- the DC yield of the module under a particular algorithm, the number of times the algorithm triggers
reconfiguration (referred to as the reconfiguration count) and the accuracy of the algorithm.

DC yield

Figure 4.6 shows the module yield for all the modifications over varying values of Alipreshotas AVinreshotd
and Alppp cnreshota- Each modification’s highest, mean and lowest yield (with respect to the perfect
knowledge scenario yield) is shown in the figure. Two more reference lines can be seen in the figure,
one is of the yield for the SCCS algorithm running every 5 minutes and other is for the scenario assuming
a conventional module (with no reconfiguration).

The OSD + IR algorithm is the original reconfiguration algorithm proposed in section 4.1. The average
yield for this algorithm is 95.21% of the perfect knowledge scenario, which is close to the yield in the
no reconfiguration scenario. The maximum yield for this algorithm is 97.67% of perfect knowledge
scenario and corresponds t0 AVipreshota Of 0.44% and Alipresnoia Of 0.09%. Refer section 4.2 for a
detailed analysis of this algorithm.

The OSD + SCCS algorithm shows the highest yields for all values of AV,j,esn01qa @Nd Alipreshora- The
average vyield is 98.9% of the perfect knowledge scenario and the maximum yield is 99.08% (corre-
sponding to highest Al eshoia Value of 1637.95%).

As compared to other modifications, the OSD + IRwWoAP algorithm shows the lowest average yield of
94.96%. In this algorithm, the shade detection mechanism is similar to that of the OSD + IR algorithm,
but the module is never reconfigured to an all-parallel configuration. The maximum yield is 98.5% of
the perfect knowledge scenario and corresponds to AV;p esnoia Of 0.26% and Alypyeshoia Of 0%.
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Algorithm name

Shade detection mechanism

Reconfiguration mechanism

Original shade detection
+

Ideal reconfiguration

Voltage check (equation 3.3)
(irrespective of module configuration)

AI check (equation 3.4)

Switch between all possible configurations
and choose the one with highest yield

(OSD + IR) (irrespective of module configuration)
Original shade detection Voltage check (equation 3.3)
+ (irrespective of module configuration)

SCCS reconfiguration algorithm

(OSD + SCCS)

Al check (equation 3.4)
(irrespective of module configuration)

Reconfiguration using SCCS algorithm

Original shade detection
+

Ideal reconfiguration without
all parallel configuration

(OSD + IRwWOAP)

Voltage check (equation 3.3)
(irrespective of module configuration)

AI check (equation 3.4)
(irrespective of module configuration)

Switch between all possible configurations
(except the all parallel configuration) and
choose the one with highest yield

Original shade detection
+

SCCS algorithm without
all parallel configuration

(OSD + SCCSwWoAP)

Voltage check (equation 3.3)
(irrespective of module configuration)

AI check (equation 3.4)
(irrespective of module configuration)

Reconfiguration using SCCS algorithm,
but never reconfigure to an all parallel
configuration

OSD, but current check for

all-parallel configuration only
+

Ideal reconfiguration

(CC4AP + IR)

Voltage check (equation 3.3)
(irrespective of module configuration)

AI check (equation 3.4)
(only for all-parallel configuration)

Switch between all possible configurations
and choose the one with highest yield

OSD, but current check for
all-parallel configuration only
+

SCCS algorithm

(CC4AP + SCCS)

Voltage check (equation 3.3)
(irrespective of module configuration)

Al check (equation 3.4)
(only for all-parallel configuration)

Reconfiguration using SCCS algorithm

OSD, but with new current check

for all-parallel configuration
+

Ideal reconfiguration

(NCC + IR)

Voltage check (equation 3.3)
(irrespective of module configuration)

Impp Check (figure 4.5)
(only for all-parallel configuration)

Switch between all possible configurations
and choose the one with highest yield

OSD, but with new current check
for all-parallel configuration
+

SCCS algorithm

(NCC + SCCS)

Voltage check (equation 3.3)
(irrespective of module configuration)

Linpp check (figure 4.5)
(only for all-parallel configuration)

Reconfiguration using SCCS algorithm

Table 4.3: A list of all possible modifications of the reconfiguration algorithm. Each modification has been assigned a name and
acronym. In further text, the modifications will be predominantly referred to using the acronyms.

In the OSD + SCCSwoAP algorithm the average yield is 98% of the perfect knowledge scenario. Ad-
ditionally, the yield is never lower than the "no reconfiguration” scenario. The maximum yield is 98.4%
of perfect knowledge scenario and corresponds to the Al pyesnorq Of 1637.95%.

In the CC4AP + IR algorithm the average yield is one of the highest amongst all modifications and the
maximum vyield is 98.9% of the perfect knowledge scenario and corresponds t0 AV,peshota Of 0.89%
and Alipresnoia Of 0.63%. Additionally, the yield is never lower than the "no reconfiguration” scenario.

The CC4AP + SCCS algorithm is similar to the CC4AP + IR algorithm in terms of the shade detection
mechanism, but the reconfiguration is done using SCCS algorithm. Therefore, the reconfiguration
energy loss is lower in this case, which is reflected in the average yield, which is higher than the
CC4AP + IR algorithm. Consequently, the yield is never lower than the "no reconfiguration” scenario.
The highest yield is 99.01% of perfect knowledge scenario and corresponds to AV, esnoia Of 0.19%
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Figure 4.6: Yields of all the algorithm modifications. Each modification’s highest, mean and lowest yield (with respect to the
perfect knowledge scenario yield) is shown.

and Alipreshora Of 0.63%.

The yield range for the NCC + IR algorithm is comparable to that of the CC4AP + IR algorithm. Similar
to that of the CC4AP + IR algorithm, the yield is never lower than the "no reconfiguration” scenario.
The average yield is 98.2% of the perfect knowledge scenario and the maximum vyield is 98.9% of the
perfect knowledge scenario, corresponding to AVipresnora Of 0.89% and Alyp threshota Of 1%.

The NCC + SCCS algorithm is similar to the NCC + IR algorithm in terms of the shade detection
mechanism, but the reconfiguration is done using SCCS algorithm. Therefore, the reconfiguration
energy loss is lower in this case, which is reflected in the average yield, which is higher than the
NCC + IR algorithm. Additionally, the yield is never lower than the "no reconfiguration” scenario. The
highest yield is 99.05% of perfect knowledge scenario and corresponds to AV;p,esnoia Of 0.19% and
AImmo,threshold of 8%.

Reconfiguration count

Figure 4.7 shows the number of times reconfiguration happens for each modification. Similar to the
yield plot, the highest, lowest and average reconfiguration count is shown in the figure. As a bench-
mark, the number of times reconfiguration happens in the perfect knowledge scenario is also shown.
It needs to be noted that the maximum/minimum reconfiguration count does not always correspond
to the reconfiguration count corresponding to the highest yield for each modification. Therefore, the
reconfiguration count corresponding to the highest yield is also shown for reference.

One thing to note here is that the reconfiguration count for all the algorithms is limited by the number of
daylight minutes. Therefore, for any of the algorithms discussed below, the maximum reconfiguration
count would be 881, which corresponds to the total number of daylight minutes for 4th May, the day
used in this particular simulation.

The average reconfiguration count for the OSD + IR algorithm is 1.3 times the perfect knowledge sce-
nario. Additionally, the reconfiguration count corresponding to the maximum yield is equal to the lowest
extreme of the count range. This implies that the algorithm triggers reconfiguration more often than is
required, and to maximise yield the module should reconfigure as less as possible.
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Figure 4.7: Reconfiguration count of all the algorithm modifications

The reason for the exceptionally high yields of the OSD + SCCS algorithm can be deduced from look-
ing at the reconfiguration count for this algorithm. On an average, the reconfiguration count is ap-
proximately 1.5 times the perfect knowledge scenario. The reconfiguration count corresponding to the
maximum yield is 881, which means that the yield is maximised when the algorithm triggers reconfig-
uration as often as possible, which in this case would mean that it runs every minute.

The reconfiguration count for the OSD + IRwWoAP algorithm varies over a wide range. The average
reconfiguration count is 1.3 times the perfect knowledge scenario. The reconfiguration count corre-
sponding to the highest yield is approximately half of the perfect knowledge scenario. The high recon-
figuration count and optimum Al;.esn01a Of 0% indicate that the current check causes nuisance triggers
and this algorithm functions optimally only with a voltage check.

Similar to the OSD + IRwWoAP algorithm, the reconfiguration count varies over a wide range for the
OSD + SCCSwoAP algorithm. However, unlike the OSD + IRwoAP algorithm, the reconfiguration
count corresponding to the highest yield is equal to 881, which means that the yield is maximised when
the algorithm triggers reconfiguration as often as possible, which would be every minute.

The average reconfiguration count for the CC4AP + IR algorithm is a lot lower than the previous mod-
ifications - it is 0.3 times the perfect knowledge reconfiguration count. Additionally, the reconfiguration
count corresponding to the highest yield is only 34. For perspective, the module reconfigures 503 times
in the perfect knowledge scenario and 176 times for the SCCS algorithm. This implies that although
this algorithm reconfigures the module only a fraction of the time, the DC yield is still comparable to the
SCCS algorithm, which is running every five minutes.

The average reconfiguration count for the CC4AP + SCCS algorithm is 0.5 times of the reconfiguration
count in the perfect knowledge scenario. Additionally, the reconfiguration count corresponding to the
highest yield is quite close to the perfect knowledge scenario. If the optimum thresholds of algorithms
"CC4AP + IR” and "CC4AP + SCCS” are compared, it is observed that AV;j,,05n014 iS lower for CC4AP
+ SCCS. This could imply that due to low reconfiguration losses, this algorithm will not lose as much
energy due to nuisance triggers as CC4AP + IR. Therefore, the algorithm maximises its yield at a lower
AVinresnoia than the CC4AP + IR algorithm.

The average reconfiguration count for the NCC + IR algorithm is 0.4 times of the reconfiguration count
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in the perfect knowledge scenario. Similar to the CC4AP + IR algorithm, the reconfiguration count
corresponding to the highest yield is a very low value of 20. For perspective, the module reconfigures
503 times in the perfect knowledge scenario and 176 times for the SCCS algorithm. This implies
that although this algorithm reconfigures the module only a fraction of the time, the DC yield is still
comparable to the SCCS algorithm, which is running every five minutes.

The average reconfiguration count for the NCC + SCCS algorithm is 0.5 times of the reconfiguration
count in the perfect knowledge scenario. Additionally, the reconfiguration count corresponding to the
highest yield is quite close to the perfect knowledge scenario. If the optimum thresholds of algorithms
NCC+IR and NCC+SCCS algorithms are compared, it is observed that AV,;,esno1a 1S lower for NCC +
SCCS algorithm. This could imply that due to low reconfiguration losses, this algorithm will not lose as
much energy due to nuisance triggers as the NCC + IR algorithm. Therefore, it maximises its yield at
a lower AVpresnoia than the NCC + IR algorithm.

Algorithm accuracy
Figure 4.8 shows the accuracy of each modification. Accuracy was calculated as follows:

Caccurate

Accuracy = 4.1)

C}otal

where Cyccurate 1S the number of times the configuration chosen by the algorithm is the same as the
configuration chosen by the perfect knowledge scenario, C;.:4; is the total number of time instants.
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Figure 4.8: Accuracy of all the algorithm modifications

From the figure it is clear that the reconfiguration mechanism of the algorithm is the main influencing
factor in its reconfiguration accuracy.

For algorithms which use the ideal reconfiguration mechanism, some of them show the highest av-
erage accuracy (in particular, algorithms OSD + IR, OSD + IRwoAP and CC4AP + IR). But that can
be attributed to their high reconfiguration counts, which means that their shade detection mechanism
almost always triggers reconfiguration and ensures that the module is configured as per the perfect
knowledge scenario.

Although algorithm NCC + IR also uses the ideal reconfiguration mechanism, its average accuracy is
much lower than the other algorithms which use the same mechanism. However, if the high average
yield of this algorithm is considered (which is 98% of the perfect knowledge case) it implies that although
the algorithm may not choose the accurate configuration every time, it still ensures a high DC yield.
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Also, the average accuracy of this algorithm is similar to that of the SCCS algorithm, which runs every
five minutes.

For algorithms which used SCCS as the reconfiguration mechanism (in particular, algorithms OSD +
SCCS, OSD + SCCSwoAP, CC4AP + SCCS and NCC + SCCS), average accuracy of the algorithm
was comparable to the accuracy of the SCCS algorithm. This could be attributed to the fact that all
these algorithms have the same reconfiguration mechanism, that is, the SCCS algorithm.

4.3. Optimising the sensor block position

For the algorithms involving AV;preshota @Nd Alipresnoia, ON€ of the cell blocks of the PV module need
to be assigned as a sensor block. Therefore, it needs to be analysed if the position of the sensor block
on the module makes any difference on the algorithm’s performance. For this, the threshold values

were set to the optimum values as derived from the optimisation in section 4.2.1. The algorithm used
was CC4AP + IR.

Figure 4.9 shows the result of this optimisation. The DC vyield varies by 0.5% (with respect to the
perfect knowledge scenario) when the sensor block is varied, but varies in within a 4% (with respect to
the perfect knowledge scenario) range based on the threshold values. As can be seen, the position of
the sensor block does not play a major role in influencing the algorithm’s performance, as compared to
the influence the values of AVipresnoia @Nd Alspresnoia have.
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Figure 4.9: Yield for different sensor blocks

4.4. Conclusion

This chapter pertained to the third sub-goal of section 1.2 - optimising the new reconfiguration algorithm.
Section 4.2.1 discussed numerous modifications to the new asynchronous reconfiguration algorithm.
Each algorithm was analysed based on three metrics - the average DC yield of the module, the recon-
figuration count and algorithm accuracy. The ideal algorithm was decided based on the one which has
the highest yield, average reconfiguration count comparable to the perfect knowledge scenario and
average accuracy comparable/higher than the SCCS algorithm.

In terms of yield, algorithms OSD+SCCS, OSD+SCCSwoAP, CC4AP+IR, CC4AP+SCCS, NCC+IR
and NCC+SCCS had the highest average yields. Additionally, they always performed better than the
conventional module.

However, algorithms OSD+SCCS and OSD+SCCSwoAP show high average reconfiguration counts
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with respect to perfect knowledge scenario. Additionally, the reconfiguration count corresponding to
their highest yields was equal to 881, which implied that they were running every minute. This is a
drawback for the algorithms as the main aim was to have it running only when partial shading scenarios
are detected.

On the other hand, algorithms CC4AP+IR, CC4AP+SCCS, NCC+IR and NCC+SCCS had lower re-
configuration counts in terms of the perfect knowledge scenario and comparable to that of the SCCS
algorithm. This implies that although the algorithms were running much less frequently as compared
to the perfect knowledge scenario, they were running as frequently as the SCCS algorithm and their
average Yyields were also comparable to it.

In terms of average accuracy, algorithms CC4AP+SCCS, NCC+IR and NCC+SCCS have a comparable
accuracy to the SCCS algorithm and for algorithm CC4AP+IR it is higher than SCCS algorithm.

Based on these observations, algorithms CC4AP+IR, CC4AP+SCCS, NCC+IR and NCC+SCCS ap-
pear to be the most optimum algorithms in terms of performance. In these algorithms, the shade
detection mechanism performs voltage check irrespective of configuration and current check only for
all-parallel configurations. The reconfiguration mechanism is either the ideal reconfiguration mecha-
nism (IR), or the SCCS algorithm (SCCS).

One additional advantage for algorithm CC4AP+IR is that it only requires four inputs - it requires module
voltage, current and a cell block’s voltage, current as input for the shade detection mechanism. On
the other hand, algorithms CC4AP+SCCS, NCC+IR and NCC+SCCS require eight inputs - they need
module’s voltage, current and single cell block’s voltage, current for shade detection and each cell
block’s short circuit current for reconfiguration.

Therefore, it can be concluded that the CC4AP+IR algorithm is the most optimal of all the eight modi-
fications that were defined. This conclusion is drawn based on the module’s performance and the fact
that it requires the least amount of input parameters. The next chapter will test this modification on
actual on-site data and analyse its performance.






Validating the reconfiguration algorithm

Chapter 4 optimised the reconfiguration algorithm. In this chapter, the algorithm is tested on a real-
life PV installation. Section 5.1 describes the PV installation and the data that is collected from the
same. Section 5.2 describes the simulation procedure followed to compare the performance of the
new proposed reconfiguration algorithm with the existing SCCS algorithm. Section 5.3 discusses the
results of the said simulation.

5.1. Details of the PV installation

The PVMD research group at TU Delft currently has an installation of reconfigurable PV modules (see
figure 5.1). The setup is being used to test and validate reconfigurable algorithms. Similar to the module
used during the simulations for this thesis, the installed modules are 6 block, 96 cell PV modules.

g |

Figure 5.1: Photo of the reconfigurable modules installed by the PVMD research group (image courtesy: Andres Calcabrini,
PVMD research group, TU Delft)

Figure 5.2 shows the a schematic of the switching circuit for this module. Each cell block is a set
of sixteen 5-inch (125mm by 125 mm) solar cells connected in series. The individual cells have a
maximum power of 2.72W under standard test conditions (STC). These cell blocks are connected to
each other via MOSFET switches. The module requires 2 MOSFET switches per cell block to connect
them to the positive and negative module terminal. It also needs bidirectional switches connecting
the cell blocks with each other. The reason these switches need to be bidirectional is to avoid short-
circuiting the cell blocks through the MOSFET body diodes. In the actual installation, the bidirectional
switches are implemented as two back-to-back MOSFETs in series, which makes their resistance equal
to twice the resistance of the single MOSFET switches. As a result of such a design, the module always
has resistance equal to 2Rq,, (R, is resistance of a single MOSFET) in series with each cell block.
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The module also has sensors to measure the cell block’s and module’s current and voltage. The
module’s voltage is being measured using an electronic load while the cell block voltages are measured
using voltage dividers. The cell block has current sensors in series to measure cell block current.
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Figure 5.2: Switching circuit in the reconfigurable module [32]

5.2. Details of the experiment

Given the time frame of the thesis it was not feasible to validate the performance of the proposed
algorithm on the actual module. Instead, using the cell and module IV curves collected via the attached
sensors, the module’s performance was predicted in case it were to be run using the new algorithm.
Then it was compared to the performance of the SCCS algorithm (which was tested on the module).

Andres Calcabrini from the PVMD research group provided the data from an experiment conducted to
test the SCCS algorithm. In this experiment, the SCCS algorithm was implemented on the installed
module and its performance was monitored from 17th May 2021 to 7th June 2021. The algorithm was
run at 30 second time interval and the best configuration for the module was chosen during each run.
Additionally, the individual cell block’s IV curves were also recorded during each run of the algorithm.
These IV curves were used to calculate the yield of module for the duration of the experiment. Addition-
ally, the IV curves were also used for simulating the behaviour of the module if it were to be operated
using the new proposed algorithms.

From the four reconfiguration algorithms that were found to be promising in chapter 4, the perfor-
mance of algorithms CC4AP+IR and CC4AP+SCCS were analysed in this experiment. Since algo-
rithms CC4AP+IR and CC4AP+SCCS differ by reconfiguration mechanisms which have a extremely
different magnitudes of reconfiguration losses, simulating both their performance will help in under-
standing if reconfiguration losses have a substantial effect on the DC yield. The optimum AV;jreshoia
and Alipresnoia Values determined in section 4.2.1 were used for the simulations.

In the experiment performed on the installed PV module, the SCCS algorithm was run at 30 seconds in-
terval. An additional scenario was simulated where the SCCS algorithm is run at 5 minute time interval,
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as the yield calculated in this scenario will be much closer to real-life application of the algorithm.

5.3. Results
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Figure 5.3: Comparing the yields of different algorithms. Marked in red is the yield of the algorithm that was actually
implemented on the PV installation
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Figure 5.4: Comparing the reconfiguration counts for different algorithms. Marked in red is the reconfiguration count for the
algorithm that was actually implemented on the PV installation

Figure 5.3 shows the yield of the various scenarios that were simulated. When the module is controlled
using SCCS algorithm at 30 second interval, its yield is the lowest at 23.5 kWh. However, there is not a
significant increase in yield in case the algorithm were run at 5 minute interval. Similarly in the case of
the CC4AP+IR algorithm, the yield is higher than the SCCS algorithm, but not by a substantial margin.

However, the difference between the algorithms becomes stark when their reconfiguration counts are
compared. The SCCS algorithm, when run at 30 second interval, ends up running 51,021 times. In
comparison, running the same algorithm for 5 minutes interval would mean that it runs only 1/10th of
the time and with a comparable DC yield. Similarly, algorithm CC4AP+IR runs only 6% of the time but
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due to the low reconfiguration counts, they have lower reconfiguration losses and consequently higher
yields.

An additional thing to note here is that the CC4AP+IR algorithm’s yield is not substantially lower than
the CC4AP+SCCS algorithm. This could be explained by the fact that the CC4AP+IR algorithm triggers
reconfiguration less frequently than the CC4AP+SCCS algorithm.

5.4. Conclusion

This chapter pertains to the fourth sub-goal of section 1.2 - validating the asynchronous CC4AP+IR
algorithm and comparing its performance to the synchronous SCCS algorithm. It was observed that
the CC4AP algorithm shows a comparable yield to the SCCS algorithm, but at a substantially lower
reconfiguration count.

As pointed out earlier, the reconfigurable module cannot be controlled using a synchronous algorithm
running every 30 seconds, owing to the problems it would cause with the power converter. Therefore,
the significance of having an asynchronous CC4AP+IR algorithm or a shade detection mechanism is
conveyed through this experiment. The algorithm ensures that the module is reconfiguring at crucial
instants, hence ensuring optimum yield at less reconfiguration count.



Conclusions and recommendations

In this chapter, the aim of the thesis will be recapitulated and the research questions answered. Ad-
ditionally, the conclusions drawn from this work and recommendations for future work will also be
discussed. The aim of the thesis was ”To develop a robust control strategy for reconfigurable PV
modules”. The next sections - section 6.1, 6.2, 6.3 and 6.4 - discuss each sub-goal that was defined
in section 1.2 and draw conclusions from the work done to achieve them. Finally, section 6.5 discusses
the recommendations for future research.

6.1. Modelling reconfigurable modules in the PVMD toolbox

The current version of the PVMD toolbox has limited functionality in terms of simulating partial shading
and modelling reconfigurable PV modules. Therefore, the first sub-goal of the thesis was to enable
modelling of reconfigurable PV modules in the PVMD toolbox and simulate partial shade conditions to
test their performance.

Chapter 2 discusses the work done to achieve this sub-goal. For simulating partial shade conditions,
external softwares like Rhinoceros and RADIANCE were employed. For modelling reconfigurable mod-
ules, first a simulation framework was established. As per the simulation framework, the reconfigurable
module’s IV characteristics could be determined using cell-wise irradiance conditions and a reconfigu-
ration algorithm which determines its optimum configuration at each time step. The algorithm employed
here was the SCCS algorithm developed in the PVMD research group.

The SCCS algorithm is a synchronous reconfiguration algorithm for series-parallel configurations, which
employs short-circuit current of the module’s cell blocks as input. Since it requires short-circuit current
of each cell block as input, this leads to energy loss every time the cell blocks are disconnected to
measure the short circuit currents. Additionally, since the algorithm does not have any shade detection
mechanism, it needs to be run at regular time intervals. If the duration of time between two subsequent
runs of the algorithm is longer than the duration between change in irradiance conditions, the algorithm
may miss some instants when reconfiguration is necessary. It was concluded that the drawbacks of
the algorithm stem from the fact that it does not have a shade detection mechanism.

6.2. Defining a shade detection mechanism for reconfiguration al-

gorithm
The current control strategy has certain drawbacks, which stem from the fact that it does not have a
shade detection mechanism and that the module needs to be disconnected from the power system ev-
ery time the algorithm has to run. Therefore, the second sub-goal was to explore and identify alternate
module parameters that could function as reliable shade detection triggers and also ensure that the
module does not have to be disconnected from the system every time the algorithm runs.

Chapter 3 explored various module parameters (namely current/voltage of individual cell blocks) and
their relationship with relative irradiance difference over the module. This analysis was done to see
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which of them can be reliable shade detection triggers. Additionally, the relationship between these
parameters and irradiance was also observed to identify if any of them can function as reliable indicators
of irradiance on the individual cell blocks. It was concluded that only I, can function as a reliable
shade detection trigger as well as an indicator of irradiance level. However, using I;. as a control
variable would mean that the reconfiguration algorithm wouldn’t run when the module is connected
to the system. Therefore, an alternate reconfiguration algorithm was developed in which the shade
detection mechanism uses a combination of the module’s and a cell block’s operating current and
voltage to trigger reconfiguration.

6.3. Defining a reconfiguration algorithm using the shade detec-

tion mechanism

Chapter 4 develops the new reconfiguration algorithm further by optimising the threshold values in the
algorithm and also the position of the sensor block. It was observed that the best reconfiguration algo-
rithm in terms of performance and the number of input sensors required was the CC4AP+IR algorithm,
which employed a "voltage check” at all times, a "current check” when the module was in an all-parallel
configuration and used the ideal reconfiguration mechanism. The average DC yield of the CC4AP+IR
algorithm for a single day was calculated to be 98.2% of an ideal scenario’s yield while the SCCS al-
gorithm was 99.13% of the ideal scenario’s yield. On an average, the CC4AP+IR algorithm ran 158
times over an entire day. In comparison, the SCCS algorithm (running once every 5 minutes) ran 176
times in the day. Hence, despite having a low reconfiguration count, the DC yield of the asynchronous
algorithms was comparable to the SCCS algorithm.

The effect of changing the position of the sensor block on the algorithm’s performance was also studied.
It was observed that changing the sensor block position did not greatly affect the yield of the module.
For comparison, the DC yield varied within a 0.5% range when the sensor block position was varied,
but varied within a 4% range when the threshold values of the algorithm were varied.

6.4. Validating the developed control strategy

This sub-goal involved testing the the new reconfiguration algorithm using real-life data and comparing
their performance to the SCCS algorithm.

Chapter 5 explains the methodology followed to perform the analysis. An experiment was already be-
ing run by the PVMD research group to test the SCCS algorithm. Using the data generated from the
experiment (between 17th May 2021 and 7th June 2021), the module’s DC yield was calculated for
the SCCS algorithm and for the new reconfiguration algorithm CC4AP+IR. It was observed that the DC
yield of the module was 0.2% higher for the CC4AP+IR algorithm, which is below the measurement
uncertainty of 1% for the experimental data. However, on comparing reconfiguration counts, the con-
trast between the algorithms was a lot clearer. It was observed that the new algorithm ran merely 6%
of the time compared to the SCCS algorithm, but generated a comparable DC yield.

Therefore, the new reconfiguration algorithm demonstrated to have some key benefits over the SCCS
algorithm. It runs for only a fraction of the time, which means that possible power fluctuations and losses
during reconfiguration are greatly reduced. The sensing of the control variables for shade detection can
be done without disconnecting the module from the system, which makes the algorithm asynchronous
and also ensures low reconfiguration losses. Additionally, only four sensors are required for the input
data for shade detection, irrespective of the number of cell blocks in the module. In comparison, the
SCCS algorithm would require one current sensor per cell block.

6.5. Recommendations for future work

This section discusses some recommendations which will further help in developing the new reconfig-
uration algorithm as well as the simulation framework in the PVMD toolbox.

In the current model of reconfigurable modules in the PVMD toolbox, additional switching resistances
are considered while calculating the block-wise IV curves. However, in comparison to a conventional
module, the reconfigurable module will also have some additional wiring resistances, which need to be
studied and quantified.
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For the reconfiguration algorithm, various module parameters were explored as potential shade detec-
tion triggers or irradiance level indicators. In future work, non-electric variables (like temperature) could
also be explored for this purpose.

The reconfiguration algorithm currently implemented in the PVMD toolbox is specifically for a six block
PV module with 16 cells in series. Further research could be done on making the algorithm more
modular, based on the number of cell blocks in the PV module. Additionally, the algorithm’s performance
could also be analysed in a scenario with multiple PV modules as part of a PV array.

As discussed in the thesis, reconfigurable module have additional hardware components such as volt-
age/current sensors, switches etc. The modules will also have additional cost of wiring, a module-level
microcontroller for MPPT and reconfiguration algorithm [52]. These components will add up to the
initial cost of the module and result in the reconfigurable modules being more expensive than conven-
tional modules. On the other hand, research has indicated that reconfigurable modules show a gain
in performance over conventional modules when used in scenarios where partial shading is present
maijority of the time [53]. This could also help compensate for the additional investment and translate
as financial gain over a longer duration of time. Therefore, the new reconfiguration algorithm needs to
be tested over a longer duration of time to judge if it outperforms a conventional module under varying
partial shading conditions, and compensates for the additional initial cost of the module.
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