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Abstract

The installed capacity of solar photovoltaic (PV) systems is continuously increasing
due to decreasing costs and increasing environmental concerns. The energy obtained
from the solar PV systems is clean and green energy. However, it is highly affected
by the non-ideal environmental conditions, e.g., partial shading. These non-ideal
conditions lead to a mismatch in the electrical characteristics of the solar PV system,
which is built up of few to thousands of PV panels in series and parallel to achieve a
specific system requirement. Due to mismatch, the entire PV system performance is
affected along with the system life, which is degraded due to the stresses generated
by the mismatch in the PV system.

To analyze, diagnose, and mitigate the effect of mismatch in the solar PV system, this
Ph.D. study is divided into two parts. In the first part, crystalline-silicon (c-Si) and
thin-film solar PV panels technologies are considered to analyze them by using
infrared thermography, temperature measurement, and power-voltage (P-V)
characteristics under various mismatch conditions. Additionally, infrared
thermographic images are also used in the diagnoses of the mismatch effect through
a machine-learning (ML)-based algorithm, i.e., Naive Bayes (nBayes) classifier. The
ML classifier is used to detect the hotspots in c-Si PV panels. The developed algorithm
categorizes the PV panel's infrared images into three various categories, e.g., normal,
defective, and hotspot. The method achieves an efficiency above 94%.

In the second part, the techniques based on power electronics have been developed to
reduce the impact of mismatch in a solar PV system. The developed techniques use
smart bypass diodes and distributed power electronic topologies focusing on
differential power processing (DPP) techniques to reduce the impact of mismatch.
The developed topologies improve the extraction of energy from the system by
reducing the stresses over the components in the topology by minimizing the peak-
peak mismatch current ripples, better voltage equalization, and improving the
performance under severe mismatch conditions as compare to already existed
solutions. Additionally, the DPP processes only a small part (mismatched power) of
power instead of processing a complete power. Hence, the size of the DPP converters
is small therefore, they can easily be integrated into a PV panel junction box.
Moreover, the DPP converters eliminate the multiple power peaks (MPPs) issue in the
solar PV system, which reduces the complexity for maximum power point tracking
(MPPT) algorithms. The proposed topologies are analyzed through simulation and
experimentation. Additionally, the DPP converter along with DC optimizer is also
compared with state-of-the-art solution, i.e., bypass diode technique under various
mismatch scenarios to analyze the effectiveness and performance of these three
techniques.



In continuation, the Ph.D. study also explores the integration of DPP topologies on
various PV string interconnection schemes, e.qg., series-parallel (SP), total-cross-tied
(TCT), bridge-linked (BL), and central-cross-tied (CCT), to analyze their applicability
on them. For this purpose, a system of 4x4 PV array is considered for analysis under
various mismatched conditions. The results show that the DPP converters are only
applicable to SP and CCT connections due to the inherent DPP converter structure.
However, the integration with SP and CCT shows an improvement in overall energy
yield. Thus, the integration of DPP with various integration schemes may be a
promising solution to enhance the performance and efficiency of large PV systems.



Abstrakt

Den installerede kapacitet pa solcelleanleg (PV) stiger kontinuerligt pa grund af
faldende omkostninger og stigende miljghensyn. Den energi, der opnas fra
solcelleanlaggene, er ren og gran energi. Imidlertid er det staerkt pavirket af de ikke-
ideelle miljgforhold, f.eks. Delvis skygge. Disse ikke-ideelle forhold fgrer til en
uoverensstemmelse i solcelleanlaeggets elektriske egenskaber, hvilket er bygget op fra
fa til tusindvis af solcelle paneler koblet i serie og parallelt for at na et bestemt
systemkrav. Pa grund af ubalance pavirkes hele PV-systemets ydeevne sammen med
systemets levetid, som forringes pa grund af spandingerne, der genereres grundet
ubalancen i PV-systemet.

Dette Ph.D. studie er opdelt i to dele, for at analysere, diagnosticere og dempe
virkningen af uoverensstemmelse i solcelleanleegget. | den farste del undersgges
krystallinsk silicium (c-Si) og tyndfilm solcellepanelteknologier for at analysere dem
ved hjelp af infrargd termografi, temperaturmaling og spending og effekt (PV)
karakteristika under forskellige uoverensstemmelsesforhold. Derudover anvendes
infrargde termografiske billeder ogsa til diagnosering af mismatcheffekten gennem en
maskinindleringsbaseret (ML) algoritme, dvs. Naive Bayes (nBayes) klassifikator.
ML bruges til at detektere hotspots i c-Si PV-paneler. Den udviklede algoritme
kategoriserer PV-panelets infrargde billeder i tre forskellige kategorier, f.eks. normalt,
defekt og hotspot. Metoden har en effektivitet pa over 94%.

I anden del af afhandlingen, er teknikkerne, som er baseret pa effektelektronik, blevet
udviklet for at reducere virkningen af mismatch i et solcelleanleg. De udviklede
teknikker bruger smarte bypass-dioder og distribuerede elektroniske topologier, der
fokuserer pa differentieret effekt processering (DPP) for at reducere virkningen af
mismatch. De udviklede topologier forbedrer udvindingen af energi fra systemet ved
at reducere stress over komponenterne i topologien ved at minimere strgm
svingninger, bedre spendingsudligning og forbedre ydelsen under alvorlige
mismatch-forhold sammenlignet med allerede eksisterende lgsninger. Derudover
behandler DPP kun en lille effekt i stedet for at behandle hele effekten fra PV anlag.
Derfor er stgrrelsen pd DPP-omformerne lille, og derfor kan let integreres i en PV-
panelkoblingsboks. Desuden eliminerer DPP-konvertere problemet med multiple
effekt punkter (MPP'er) i solcelle-PV-systemer, hvilket reducerer kompleksiteten i
MPPT-algoritmer (maximum power point tracking). De foresldede topologier
analyseres gennem simulering og laboratorie eksperimenter. Derudover
sammenlignes DPP-konverteren sammen med DC optimizer ogsa med den nyeste
lgsning, dvs. bypass-diodeteknik under forskellige mismatch-scenarier for at
analysere effektiviteten og ydeevnen af disse tre teknikker.

| forlzengelse, undersgger Ph.D. undersggelsen ogsa integrationen af DPP-topologier
pa forskellige PV-streng-sammenkoblingsordninger, f.eks. serie-parallel (SP), total-



tveerbundet (TCT), bro-bundet (BL) og central-tveerbundet (CCT), for at analysere
deres anvendelighed. Til dette formal overvejes et system med 4x4 PV-panel til
analyse under forskellige uoverensstemmende forhold. Resultaterne viser, at DPP-
omformerne kan integreres for SP- og CCT-forbindelser pad grund af DPP-
konverterstrukturen. Integrationen med SP og CCT viser imidlertid en forbedring af
det samlede energiudbytte. Saledes kan integrationen af DPP med forskellige
integrations muligheder vare en lovende lgsning til at forbedre ydelsen og
effektiviteten af store solcelleanlag.
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CHAPTER 1.

1. Introduction

This chapter presents the background and the motivation of the Ph.D. thesis, continues
with research questions, objectives, and limitations encountered during the Ph.D.
project. In the end, a list of the main contributions, which is achieved during the
research work is presented along with a brief presentation of the thesis outline.

1.1. Background

Energy production from coal, natural gas, and other fossil fuels is limited and is not
environmentally friendly. Therefore, it is necessary to replace them with
environmentally friendly resources to reduce environmental pollution. Hence, energy
production from wind and solar is increasing over the years with much popularity to
address such issues, as depicted in Fig. 1.1. The energy generation from renewables
is increased over the years up to 27.3% according to a report published by renewables
in 2020 [1]. The report shows that solar energy is increased by an amount of around
115-GW and wind energy is increased by around 60-GW in 2019. Overall, the share
of solar and wind energy until 2019 is about 2.8% and 5.9%, respectively. In recent
years due to the decreasing cost of solar photovoltaic (PV) panels, solar PV energy
has shown tremendous growth [2], [3]. The increasing trend of solar PV global
capacity is shown in Fig. 1.2. Additionally, a recent report published by the
International Energy Agency (IEA), the installed capacity of solar PV is more than
600-GWp [4], [5]. From the installed PV capacity, the contribution from crystalline-
silicon (c-Si) solar PV technology is more than 90% due to high reliability and better
long-term performance. There are also other PV technologies, e.g., thin-films

72.7%
Non-renewable
electricity
0,
27.3% 5 0%
Renewable Wind power
electricity T 28%
Hydropower Solar power
- 2.6%
Bio, CSP, etc power

Fig. 1.1: Global estimated energy share of renewable sources from 2019 [1].
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Fig. 1.2: Solar PV global capacity from 2009-2019 [1].
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Fig. 1.3: A general schematic of the electrical system containing power generation sources,
energy storage devices (batteries), DC-DC converters, DC-AC converters (inverters), and
electrical load.

(amorphous-Si (a-Si), which are also installed but their performance and efficiency
are lower when compare to c-Si [6]-[8].

An electrical system consists of various components, which are shown in Fig. 1.3, i.e.,
power generation sources, energy storage devices (batteries), DC-DC converters, DC-
AC converters (inverters), and electrical load. These various electrical components
are connected by a means of power electronic converters [9]. Therefore, highly
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Fig. 1.4: A general schematic from a solar PV cell to a solar PV system.
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Fig. 1.5: Classification and possible causes of mismatch faults in solar PV panels.

efficient power electronic converters are required to transfer power from a source to
consumers with a requirement of advanced control strategies.

A PV system consists of several solar panels and these panels are generally formed
from a series combination of several solar cells, as shown in Fig. 1.4. The PV panels
are connected in series/parallel or both series and parallel to achieve the required
voltage and current level [10]. However, these connections make a PV system more
sensitive to non-ideal environmental conditions. The difference of environmental
conditions over the PV panels connected in the same system cause mismatch in the
electrical characteristics of the system. This mismatch in the electrical characteristics
of PV panels affects the performance and efficiency of the PV system [11]-[13].
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A

(d) (e) ()
Fig. 1.6: Mismatched causes: (a) partial shading from leaves, (b) bird drop, (c) soldering, (d)
cracks in PV panel, (e) discoloration, and (f) delamination due to burning [J4].

@ (b) ©

Fig. 1.7: Hotspot in solar PV panels: (a) partial shadow, (b) damage cells, and (c) damaged
gridline [J4].

In continuation, the mismatch in PV can be classified into two categories, i.e.,
temporary and permanent mismatch faults, as shown in Fig. 1.5. For example, if the
mismatch is caused by partial shading from trees and their leaves, bird drops, electric
poles, and cloud shadow, etc., they are classified into temporary mismatch faults [J4].
Additionally, a mismatch caused by soiling and dust over the PV panels is also a type
of temporary mismatch fault, which causes an energy reduction of the system up to
18.7% in a month [14], [15]. However, the mismatch caused by the internal cracks in
PV cells, burning of PV cells, discoloration, and soldering errors, etc., are the causes
of a permanent mismatch fault in the solar PV system [16]-[18]. Some of the
temporary and permanent causes of mismatch faults are also shown in Fig. 1.6.
Importantly, these mismatch faults introduce stresses over the whole PV panels or to
some specific area of the PV panel by increasing the temperature of the affected panel
area. These high-temperature areas of the PV panels are known as hotspots and some
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Fig. 1.8: A series-connected photovoltaic (PV) cells: (a) a general schematic showing current
flow under no shade, (b) a general schematic showing current flow when Celly is shaded, and
(c) power-voltage (P-V) charateristics when Cell1 is not shaded and shaded 50% and 90%.

of the examples are shown in Fig. 1.7 [J4]. These hotspots affect the life of PV panels
and may also cause permanent damage if it remains for a longer time [19]. Therefore,
this Ph.D. aims to analyze the infrared (IR) thermal images of solar PV panels to
diagnose the hotspots caused by mismatch to prevent them from permanent damage
to the PV panels. Additionally, these IR images were also classified into various
categories using machine learning so that defective panels can be separated from non-
defective panels. Moreover, this can help to replace the defective panels with new
panels to remove the mismatch in the system.

Normally, the PV panel consists of a series connection of 60-72 PV cells, as
mentioned above [20]. For example, if any of the cell(s) is affected by partial shading
or other non-ideal environmental situation then it also affects the other series-
connected cells, which are operating under normal operating conditions, as depicted
in Fig. 1.8 [21]. Hence, the overall power from a panel is affected and reduced, which
are shown in the P-V characteristic curves given in Fig. 1.8(c). Therefore, each PV
panel consists of two or three series-connected PV sub-panels (SP1, SP,, and SP3),
which consist of a group of cells in each sub-panel, as shown in Fig. 1.9(a). In parallel
to these sub-panels, there is a parallel-connected bypass diode D to limit the effect of
mismatch [20]. The bypass diode D remained OFF under no mismatch, as depicted in
Fig. 1.9(a). However, when there is a mismatch, the bypass diode associated with the
affected PV sub-panel is turned ON and the current from the unaffected PV sub-panel
starts to flow through this bypass diode D, as shown in Fig. 1.9(b). Hence, the bypass
diode helped in maintaining the current coming from other series-connected
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Fig. 1.9: A photovoltaic (PV) panels (sub-panels (SP1), sub-panelz (SP2), and sub-panels
(SPs)) with parallel-connected bypass diodes: (a) general schematic showing a current flow
under no shading or mismatch, (b) current flow under mismatch when P1 is producing less

than other two series-connected PV panels and is bypassed by a diode D, and (c) power-

voltage (P-V) chahrateristics under shade and no-shade [C5].

unaffected PV sub-panels by bypassing the low power-producing PV sub-panel, as
shown in Fig. 1.9(b). Now, the bypassed sub-panel has no contribution to the output
power and the bypass diodes induce multiple power peaks (MPPs) in the power-
voltage (P-V) characteristics of the system when they are in ON-state, as shown in
Fig. 1.9(c). These MPPs increase the complexity of the multiple power point tracking
(MPPT) algorithms to track the maximum peak from many other local peaks [22].



This maximum power peak is also known as a global maximum power peak (GMPP)
and the algorithms that are used to track the global peak are known as global
maximum power point tracking (GMPPT) algorithms [23]-[25].

To mitigate the effect of mismatch, there are power electronic-based solutions, which
are more effective than simple bypass diode solutions [26]-[40]. The most commonly
used power electronic solutions are mentioned in Fig. 1.10, i.e.,

e DC power optimizers and

o Differential power processing (DPP) converters.

In DC optimizers, DC-DC converters (e.g., buck or boost) are used at the panel or
sub-panel level [41], [42]. The converter processes the complete power from the PV
panel or sub-panel level to mitigate the mismatch. The mismatch is mitigated by
matching the current at the output of the DC-DC converters, which are connected in
series with each other. In DC-optimizers the converters are processing the full power
instead of just processing the small amount of mismatched power [43], [44].
Therefore, the selected components in DC-optimizers larger in size, higher in cost,
and importantly lost more power than the DPP converters. In DPP converters, the
converter is only processing the small portion of mismatched power instead of
processing the whole power unlike DC-optimizers, which make them smaller in size
and efficient than the other existed mismatch mitigation solutions [43], [45]-[55].
Therefore, DPP converters are becoming more effective and reliable solutions for
power mismatch in solar PV applications [56].

Generally, DPP converters are categorized into three various categories [43], [57],
which are mentioned in Fig. 1.10. The various DPP categories are PV panel to the
non-isolated bus [58], PV panel to an isolated bus [36], [59], and PV-to-PV DPP
converters [47], [49], [55]. In the PV panel to the non-isolated bus DPP converters,
the secondary side of the converter is connected in parallel to the central inverter
therefore, they share the same voltage. The secondary side or DC bus voltage of the
DPP converter is high as it is the sum of the voltage of all available PV panels in the
system. Therefore, the switches at the secondary side of the converters face high
stress, which affects the performance and the life of the overall converter. In the
second DPP topology, which is an isolated bus DPP topology, the secondary sides of
this DC-DC DPP topology are in parallel. Additionally, the design complexity of the
topology is high due to the independent selection of the DC bus voltage from the PV
panel voltage. Moreover, the size and cost of isolated bus DPP topologies are higher
due to more number of components along with a requirement of a transformer for
isolation. The third category of DPP converter is PV to PV DPP converters. In PV to
PV DPP converters, the converter allows the bi-directional flow of power and is non-
isolated by nature. In PV to PV DPP converters, the power is processed and transferred
through adjacent DPP converters. The general schematic diagram of the PV to PV
DPP converter is shown in Fig. 1.11(a). It can be seen from Fig. 1.11(a), PV to PV
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Fig. 1.10: Power electronic-based mismatch mitigation solutions [J5].
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Fig. 1.11: Adjacent PV sub-panel to sub-panel level DPP converter [C5], [J5].

DPP converters consist of one less converter in comparison to the total number of PV
panels. Moreover, it is designed according to the voltage of the PV panel instead of
the main bus voltage, which reduces the stresses over the components available in the
converter. Additionally, PV to PV DPP converters is simple, less complex, and cost-
effective as compared to other DPP converter types. Several PV to PV DPP topologies
existed in the literature, i.e., buck-boost, switched-capacitor (SC), resonant switched-
capacitor (RSC), and energy recovery, etc. Overall, these DPP converters can be
applied at the cell, sub-panel, or even at a panel level. However, they face various
challenges, e.g., high losses during power processing, lack of extension flexibility,
complex control structure, and low performance under severe mismatch conditions.
Therefore, the PV-to-PV DPP class was selected during this Ph.D. study to improve
the performance by proposing new DPP converters, which can perform better under
severe mismatch conditions along with a simple control structure. Overall, the DPP
converters process only the mismatched power and help in achieving voltage
equalization across the PV panels. The voltage equalization eliminates the multiple
power peak issues in the P-V characteristic curves during mismatch, as depicted in
Fig. 1.11(b). Hence, these DPP converters also decrease the complexity of MPPT
algorithms to track the MPP of the system. Therefore, in this Ph.D. work, one of the
focuses is the development of novel power electronic DC-DC converters based on
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Fig. 1.12: Solar PV array interconnection schemes: (a) Series-Parallel (SP), (b) Total-Cross-
Tied (TCT), (¢) Bridge-Linked (BL), and Central-Cross-Tied (CCT) [J2].

DPP technology to extract maximum power from a solar PV system under a mismatch,
e.g., partial shading.

In continuation, there are also PV string interconnection schemes to reduce mismatch
effects caused by partial shading [60]-[63]. The most commonly used interconnection
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schemes are series-parallel (SP) [64], total-cross-tied (TCT) [65], [66], bridge-linked
(BL) [67], and central-cross-tied (CCT), which are shown in Fig. 1.12 for 4x4 PV
array sub-panel system. From these interconnection schemes, the TCT is proved to be
most effective during the non-ideal conditions, which also increases the life of the PV
panels by 30%, as mentioned in the literature [62]. Additionally, the PV panels in
these interconnection schemes are still equipped with parallel-connected bypass
diodes to limit the mismatch effects. Furthermore, these interconnection schemes are
divided into static and dynamic categories. In static interconnection schemes, the
location of PV panels is fixed therefore, they are not able to change their arrangement.
In dynamic configuration, the PV panels can change their positions by finding the best
suitable arrangement where the effect of mismatch is minimum in the system [68]-
[71]. The dynamic reconfiguration can be achieved by detecting the string current,
short circuit current, panel voltage, panel irradiance, and temperature, etc. A dynamic
reconfiguration, e.g., electronic array reconfiguration (EAR), uses the shading pattern
to arrange the PV panels using electronic switches [64]. The control of the EAR is
achieved by using the switching matrix. In continuation, there is another disperse
interconnection scheme (SDS), which uses multiple PV panels in an array [68]. The
SDS is very effective for PV array and yields higher energy but the control complexity
and the cost of the system is very high. Hence, it is not feasible to use SDS [J2].
Overall, the dynamic reconfiguration uses relays and other similar switches, which
require complex and time-consuming control algorithms to find the best suitable
positions for the PV panels in the strings. Besides, the cost and complexity, the P-V
characteristics of the overall interconnection scheme systems still compromise MPPs,
which require GMPPT algorithms to track their global peak. Therefore, this Ph.D.
study also works on the integration of the DPP converters with the above-mentioned
various PV array interconnection schemes for the first time to analyze the performance
and behavior of the overall system. For this purpose, the parallel-connected bypass
diodes are replaced by the DPP converters in the various interconnection schemes
shown in Fig. 1.12 to analyze their impact on the overall system performance under
various mismatch conditions.

1.2, Project Motivation

As discussed above, there are several challenges in PV systems, which are needed to
be addressed for the improvement of performance, reliability, and the energy yield of
the overall system. Some of them are

e In-depth study of PV panel characterization under mismatch and their effect
on different PV panel technologies.

e Analysis of infrared (IR) thermographic images of PV panels to study the
different mismatch effects. For this purpose, image processing techniques
and machine learning algorithms are needed to be explored.

e Improvement in the power electronic-based mismatch mitigation solutions
focusing on differential power processing (DPP) converters.
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A comparison of DC optimizers, DPP converters with state-of-the-art
solution, i.e., bypass diode method under various mismatch conditions.
Analysis of power electronic-based DPP solutions at panel-level in different
PV string inter-connection schemes, e.g., SP, TCT, and BL.

1.3. Project Objective and Limitation

1.3.1. Research Question and Objectives

With the above-mentioned motivations, the final goal of this Ph.D. project is to enable
an in-depth study of mismatch, and their effects on the solar PV system by considering
different PV panel technologies along with exploring IR thermographic images.
Moreover, the project also aims to explore new mismatch mitigation solutions in PV
systems based on DPP converters and also check the possible connection of these DPP
converters with various PV array inter-connection schemes. To do so, the following
research questions are considered:

What are the various effects of mismatch in different technology PV panels,
e.g., crystalline-silicon (c-Si) and thin-film PV panels?

How image-processing and machine-learning can be used to develop a
diagnostic methodology by using IR thermographic images?

What are the available power-electronic-based solutions for mismatch
mitigation, selection of most suitable category from various power-electronic
solutions (DPP converters and DC optimizers) by comparing them together
and with state-of-the-art solutions, i.e., bypass diode method, and finally
proposing a new simple power electronic-based solutions?

How to study and analyze the possibility of DPP converters in various PV
string inter-connection schemes, e.g., SP, TCT, CCT, and BL?

1.3.2. Project Limitations

Mismatch study is only considered for two PV technologies, i.e., crystalline-
silicon (c-Si) and thin-film PV technologies. There are other technologies,
e.g., bifacial, which are not covered in this work

A diagnostic methodology using infrared thermographic images is only done
for hotspots while there are other mismatch effects, e.g., cracks in cells, bus
bar issues. These are not covered in this study.

Power electronics-based mismatch detection algorithms are not included in
this Ph.D. study.

PV array connections, e.g., SP, TCT, CCT, and BL are only verified through
simulations. No experimental validation is done.
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Fig. 1.13. Thesis structure and related topics of each part.

1.4, Thesis Outline

The Ph.D. thesis is written as a collection of papers, therefore the thesis summary is
followed by the publications related to the Ph.D. work done during the last 3 years.
The document is structured in two main parts: Report and Selected Publications. The
thesis structure is illustrated in Fig. 1.13, providing a guideline on how the content in
the report is connected to the selected publications. In the report, a summary of
research conducted during the Ph.D. study is presented, where the main results are
based on the selected publications. The report is organized into five chapters. In
Chapter 1, the introduction of the Ph.D. thesis is provided, where the background of
the research topic and the objective of the Ph.D. study are discussed. Then, the
following chapter deal with the study of mismatch effects in the PV system and their
causes in different PV panel technologies. The main focus of Chapter 2 is to analyze
the PV panels in detail how they look and behave under different mismatches.
Therefore, infrared thermographic images are also used to analyze the panels and
classify them into various categories using image processing and machine learning
tools. In Chapter 3, the power electronics-based mismatch mitigation solutions are
proposed, which improves the energy yield from a PV system under different non-
ideal conditions. Furthermore, DPP converters and DC optimizers are also compared
with state-of-the-art bypass diode solutions to analyze the effectiveness of these three
solutions under various mismatch scenarios. For this purpose, the simulated system is
also compared with a real PV system for the verification of achieved results. Then, in
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Chapter 4, the commonly available DPP converters are applied to different PV array
inter-connection schemes, e.g., SP, TCT, CCT, and BL, to study their applicability in
these interconnection schemes for the first time. Finally, concluding remarks and the
main contributions in this Ph.D. thesis are summarized in Chapter 5 and the future
research perspectives are outline.

1.5, List Of Publication

The research outcomes during the Ph.D. study have been disseminated in several
forms of publications: journal papers and conference publications, as listed in the
following.

Publications in Journals
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Partial Shading Conditions,” Energies, vol. 12, no. 14, p. 2802, Jan. 2019.

J3. K. A. K. Niazi, W. Akhtar, H. A. Khan, Y. Yang, and S. Athar, “Hotspot diagnosis
for solar photovoltaic modules using a Naive Bayes classifier,” Solar Energy, vol.
190, pp. 3443, Sep. 2019.
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CHAPTER 2.

2. Mismatch Effects on Solar PV Panel Technologies

This chapter presents in detail information about the mismatch causes and their effects
in the solar PV system containing two commonly used solar panel technologies. The
considered panel technologies were crystalline-silicon (c-Si) and thin-film, which
were also considered to analyze the mismatch effect using infrared (IR)
thermography. Additionally, this chapter also discusses the detection and
classification of hotspots in solar PV panels using machine-learning (ML) on IR
thermographic images of c-Si solar panels.

2.1. Introduction

To understand the impact of mismatch on two commonly used PV panel technologies,
i.e., crystalline-silicon (c-Si) and thin-film, various experimental details are presented
in J1 and J4 publications. In these publications, the behavior of these panel
technologies is analyzed in detail by setting up various mismatch cases. These panels
are studied through the analysis of power-voltage (P-V) characteristic curves, the
thermal images, and the temperature across the infield installed PV panels under
various partial shading conditions. These findings are described in the coming
sections.

In continuation, the reliability of PV panels is highly affected by mismatch effects.
The most common mismatch effect is the hotspot effect. Therefore, in publications J1
and J3, the hotspot occurrence in ¢-Si PV panels is studied in detail. Moreover, in J3,
a hotspot detection and classification method is proposed. The hotspots under various
mismatch scenarios are detected and classified by using a Naive Bayes (nBayes)
machine learning (ML) classifier on solar PV IR thermal images. These IR thermal
images are classified into three various categories, namely: (i) defective with hotspot,
(if) non-defective with hotspot (NDH), and (iii) non-defective without hotspots
(NDNH). The proposed diagnostic methodology is shortly described next and a more
detailed exploration of the method is presented in publication J3.

2.1.1. ¢-Si vs Thin-Film PV Panels Construction

To understand the impact of mismatch in c¢-Si and thin-film panels, it was important
to understand the construction of these PV panels. As the construction of both panel
technologies is different, hence, the impact of mismatch is different. Therefore, J1
explains the construction of these two PV panel technologies, and their constructions
are also shown in Fig. 2.1.
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Figure 2.1: Internal structure of solar PV panel: (a) crystalline-silicon (c-Si) and (b) thin-
film.

The ¢-Si PV panels are the mature technology, which is shown in Fig. 2.1(a). These
are the most commonly and frequently used PV panels, which consist of 60-72 series-
connected cells [20]. In c-Si technology, the PV cells contribute individually to the
output power and the overall output voltage is also the sum of the individual voltages
of the series-connected PV cells, which are acting as an individual DC voltage source
[72]. However, the currents of c-Si PV cells must be the same due to their series-
connection otherwise, it will create a mismatch. Therefore, bypass diodes (D1, D2, and
Ds) are connected in parallel across the group of 20-24 series-connected PV cells,
which are named as PV sub-panels, as shown in Fig. 2.1(a). These diodes are used to
reduce the effect of mismatch between series-connected PV cells because the current
supplied by a shaded PV cell is lower than the non-shaded PV cell [C2]. Hence, a
mismatch is created due to a current difference and a cell with a low producing current
starts to act in the reversed bias mode. Therefore, it is important to use a bypass diode
to prevent the PV cell to reach its reverse breakdown voltage and to avoid the effect
of shaded cells on the other series-connected non-shaded sub-panels. Additionally,
the reverse-biasing of cells causes power dissipation, which affects the life of the PV
cell and in turn whole panel. Furthermore, the effect of mismatch in c-Si becomes
more worst with an increase of PV cell size because the current of a PV cell increases
with its size. More details are presented in a publication J1.

In continuation, the internal structure of the thin-film PV panels is shown in Fig.
2.1(b). A thin-film PV panel consists of series-connection of PV cells, which are long,
narrow, and rectangular in shape [73]. In thin-film panels, there is an intrinsic semi-
conductor layer between the p- and n-region, which creates high tolerance, which is
normally enough to overcome the effect of reverse voltage during the mismatch in
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Figure 2.2: : Experimental test setup: (a) SPI-SUN 5600 SLP apparatus used for experiments,
(b) c-Si solar PV panel, and (c) thin-film (TF) PV panel.

one PV panel [J1]. Additionally, in a thin-film PV panel, a PV cell consists of sub-
cells, which are parallel in connection. Hence, it becomes the major reason for the
reduction of mismatch effect. Overall, the unique 2-D geometrical structure of thin-
film panels allows the reduction of mismatch, which also reduces the possibility of
the occurrence in high reverse bias voltages [J1]. Additionally, the thin-film PV panels
consist of only one parallel-connected bypass diode per panel instead of many diodes
like c-Si. Their electrical model and other details are presented in J1 publications.

2.1.2. Mismatch in ¢-Si and Thin-Film Solar PV Panels

To analyze and compare the effect of mismatch in c-Si and thin-film solar PV panels,
experiments were performed by using SPI-SUN5600 test-rig, which is shown in Fig.
2.2(a). This test setup was used to extract the P-V characteristics curve of these panels
under various mismatch scenarios. For the tests, 150-W c-Si and thin-film PV panels
were considered, which are also shown in Figs. 2.2(b) and (c). The c-Si solar PV panel
in Fig. 2.2(b) consists of three bypass diodes and a thin-film consists of one bypass
diode in Fig. 2.2(c). Moreover, the mismatch scenarios were developed for the
analysis, which is also given in Fig. 2.3. In these mismatch scenarios, the PV panels
were covered horizontally and vertically in three steps, as shown in Fig. 2.3. These
mismatch scenarios were used to acquire the P-V characteristic curves that helped in
understanding and analyzing the working principle of these panel technologies, as
shown in Fig. 2.4. In Figs. 2.4(a) and (b), horizontal shading (HS) and vertical shading
(VS) are shown over the c-Si panel. It can be seen from Fig. 2.4(a) that during HS, the
power output decreases with an increase of shading because each PV cell is the source
of current along with providing the path for the current coming from other PV cells in
series. Therefore, the increase of HS blocks the flow of current, which becomes the
reason for the power lost as the path for the current is blocked when c-Si is completely
shaded from the bottom. However, the VS in c-Si, which is shown in Fig. 2.4(b), only
one sub-panel is shaded while the other two PV sub-panels are not shaded. Therefore,
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Figure 2.3: Mismatch senarios with horizontal shading (HS) and vertical shading (VS): (a)
33% HS, (b) 66% HS, (c) 100% HS, (d) 33% VS, (e) 66% VS, and (f) 100% VS.

two-third of the power is still available at the output while the shaded sub-panel is
bypassed by the bypass diode.

In continuation, the effect of HS and VS in thin-film is shown in Figs. 2.4(c) and (d).
It can be seen from these figures, the effect of shading is different from the c-Si PV
panel and it is because of the different internal structure of thin-film, as discussed
above. In thin-film PV, the HS affects a small part of the PV power. However, the VS
completely blocks the current flowing through the long and narrow vertical PV cells
in a thin-film panel. Therefore, the output power is completely zero for a mismatch
scenario shown in Fig. 2.3(f). More details and results are presented in Publication J1.

2.1.3. Hotspots in c-Si and Thin-Film Solar PV Panel During
Mismatch

Mismatch in solar PV panels can also cause hotspots because the shaded part of the
PV panel dissipates power as discussed before. Therefore, the high-temperature part
of the PV panel appears as red and hotter than the other part of the same PV panel, as
depicted above in the thermal images shown in Fig. 1.7. In continuation, these
hotspots can affect the performance and the life of semi-conductor solar PV panels.
Additionally, these hotspots can be categorized into temporary as well as permanent
depend on their cause. For example, if the mismatch is caused by passing clouds and
bird drops, then it can be labeled as a temporary hotspot. Otherwise, if the mismatch
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Figure 2.4: Power-voltage (P-V) curve under mismatch senarios: (a) HS on c-Si, (b) VS on c-
Si, (¢) HS on thin-film, and (d) VS on thin-film.

is caused by a damaged cell or some permanent shading from the chimney then it can
be labeled as a permanent hotspot. Therefore, to study the behavior of mismatch in c-
Si and thin-film PV panels, the analysis of hotspots was important. The thermal
images are shown in Fig. 2.5 where Fig. 2.5(a) is for the c-Si and Fig. 2.5(b) is for the
thin-film PV panel under mismatch. Additionally, the temperature of these PV panels
was also measured at the shaded and non-shading areas by using a temperature gun,

which is given in Fig. 2.6. More detailed explanations and results are presented in the
publications J1 and J4.

2.2. Hotspots Detection and Classification by Using Machine Learning
on Infrared (IR) Thermographic Images of c-Si Solar PV Panels

Infrared (IR) thermographic images of solar PV panels are commonly used to find
visual identification of defects and other degradations, which are not easily detectable
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Figure 2.5: Thermal image of c-Si and thin-film PV modules: (a) mismatch in c-Si panel due
to damage cell, and (b) thin-film PV panel under mismatch due to the bottom part of the
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Figure 2.6: Effect of shading in terms of temperature on c-Si and thin-film PV modules

under various conditions.

using the human eye, as shown in Fig. 2.7. However, it is difficult for a larger PV
plant, which consists of thousands of PV panels to analyze each panel one by one to
find defects. Therefore, in this regard, we have developed a non-invasive machine
learning-based diagnostic method, which diagnoses and classifies the solar PV panel
IR thermal images into various three categories, i.e., (1) Defective, (2) Non-defective
with hotspots (NDH), and (3) Non-defective without hotspots (NDNH), as shown in
Fig. 2.7 and Table 2.1 [J3].
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Figure 2.7: Hotspots in solar PV panels: (a) shadow, (b) damage cells, and (c) damage cells.

Table 2.1: Thermal images and tempature of specific areas.

images :J i

Cause, No shading, Damage, Shaded, Bird drop,
Temperatue 60 °C 77°C 73°C 69 °C

This method can be used by the PV plant operators to identify the solar panels in the
large as well as in the small systems to find the panels, which are creating a mismatch.
Furthermore, if the mismatch is created by a temporary cause as discussed above, e.g.,
dust, birds drop, then it can be clean by the service provider. However, if the cause is
permanent then the specific panel can be replaced timely before it starts to affect the
other panel in the system.

In the next sections, this chapter will present the main concepts and steps used for the
diagnostics and classification of PV panel thermal images. The concept was validated
on a 42.24-kW system, which was analyzed and tested using a FLIR-Pro 640 thermal
camera. More details regarding the system are presented in a publication J3, whereas
the main flow diagram and results are also presented in the next coming sections.

2.2.1. Hotspot Diagnostic and Classification Method

The block diagram of the methodology containing the identification and classification
of PV panel IR thermographic images using the nBayes-based classification method
is given in Fig. 2.8. The whole process consists of various steps and each step has its
importance for the achievement of the desired result. These steps are (i) data
acquisition, (ii) pre-processing of the acquired data, (iii) feature extraction from the
pre-processed data, (iv) training of model using the extracted features, and (v)
classification.
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Figure 2.8: Machine-learning-based hotspot diagonostic and classification method.

Data acquisition

The data was acquired using a FLIR thermal camera, which has captured the
images with a resolution of 640x512 with a bit depth per pixel per color
channel of 8 [J3]. The acquired data set was categorized into the three various
categories, as mentioned above for creating ground truth data. Overall, there
were 375 images from which 130 were defective class, 125 from NDH class,
and 120 from NDNH class.

Pre-processing

Before training and classification, it was important to pre-process the
acquired data. The pre-processing increased the textural information of the
thermal images. Additionally, pre-processing also increased the reliability of
the data. During pre-processing of the RGB image of a defective panel is
shown in Fig. 2.9(a). Firstly, the RGB image was converted into a gray-scale
[J3]. Afterward, histogram equalization was used to increase the contrast of
the gray-scale image, as shown in Fig. 2.9(b). The image after histogram
equalization is shown in Fig. 2.9(c).
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Figure 2.9: Conversion of solar panel thermal image of a defective panel: (a) RGB image,
(b) gray-scale image, and (c) HOG image [J3].

iii. Feature extraction (Texture features and HOG features+PCA)

After pre-processing, texture and histogram of gradient (HOG) features were
extracted from the pre-processed images to improve the process of
identification and classification. In total, 182 features were extracted where
52 were texture and 130 were HOG features. The extracted texture features
from the pre-processed image were contrast, energy, homogeneity, and
correlation. Moreover, these texture features were calculated at four different
values of the inter-sample spacing pixels with a distance equal to 1, 2, 3, and
4 at four uniformly distributed angular directions, i.e., 0°, 45°, 90°, and 135°,
as shown in the boxplot given in Fig. 10. Additionally, the visualization of
the texture features map was done by a sliding window of size 3x3 through
equations (2.1)-(2.4)

2

N-1
Contrast =Y (i—j) xm, (2.1)
i,j=0
1
N-1 5 )
Energy=| >’ m; (2.2)
i, j=0
N-1 m.
Homogeneity = > ——— (2.3)
i,j=01+|i—j|

N1 (=) ( |—w)xm.
Correlation = »_ (i=)=(J 2#) L

i,j=0 1+O-
where i and j represent the location of the pixel in the image, m; is the pixel
value, N indicates the number of gray levels in the image, x is the mean, and

the variance of the pixel is denoted by ¢ [J3].

(2.4)
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Figure 2.10: Boxplot showing different texture features at various angles: (a) 0°, (b) 45°, (c)

90°, and (d) 135°.

In continuation, the HOG features were obtained using a window or filter of
4x4 on an image size of 640x512. Afterward, the texture and HOG features
were concatenated but before that, a principal component analysis (PCA) was
applied to the HOG features to remove the redundant information from these
extracted features. Additionally, PCA also helped to reduce the dimensions
of the data, which helped in making the process more efficient with improved
accuracy and decreased computational time. The whole methodology is
described in Publication J3.

Training

After extracting the texture and HOG feature, a k-fold leave-one-out cross-
validation method was used to train the dataset containing the thermal images
[J3]. In this method, k—1 thermal images were used to train the classifier
and the remaining image was used for the testing of the trained classifier.
More details of the training method are given in Publication J3.
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Figure 2.11: Confusion matrix of proposed model.

V. Classifier selection
Finally, after training, a nBayes classifier was used, which calculates the
probabilities for the input thermal images, and based on the obtained
probability it classifies the input image into one of the defined three
categories.

2.2.2. Experimental Results and Discussion

The performance of the proposed algorithm was insured from the confusion matrix,
which is given in Fig 2.11. The diagonal values in the confusion matrix show the
correct classification of the testing images. In Fig. 11, 353 images were classified
correctly from 375 images. Hence, the efficiency of 94.10% was achieved using the
nBayes classifier. More details of the whole method are described in Publication J3.

2.3. Summary and Conclusions

This chapter discusses the two commonly used types of PV panels (c-Si and thin-film)
along with their internal construction to make a comparison between them. For
comparison, experiments were performed using SP1-SUN 5600 SLP apparatus under
various mismatch cases for the analysis of the electrical characteristics of these panels.
Additionally, thermographic IR images of two individual PV systems contain c-Si and
thin-film panels were also analyzed. Moreover, temperatures of various panels with
and without mismatch in these two systems were also measured using a temperature
gun. All these data were used to analyze and compare the effect of mismatch between
these two-panel technologies. Overall, the analysis shows that the effect of mismatch
in thin-film PV panels is lower than that of c-Si panels.
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In the last part of this chapter, a machine-learning (ML)-based diagnostic method was
developed and tested on c-Si solar panel thermal images. This method was used to
detect and classify the solar thermal images into three categories, i.e., NDH, NDNH,
and defective. For classification, nBayes ML technique was used by using the texture
(i.e., contrast, correlation, energy, and homogeneity) and HOG features. Overall, the
proposed classification method has achieved an efficiency of 94.10%.
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CHAPTER 3.

3. Power Electronic-Based Mismatch Mitigation Solutions

Many research efforts have been made to improve the performance of solar PV
systems under partial shading and other mismatch conditions by presenting various
power-electronic-based topologies. Considering the complexity, performance, and
size, these topologies can be improved. Therefore, this section presents different
power-electronic-based simple solutions that helped in the reduction and mitigation
of mismatch effects in solar PV systems. Additionally, various case studies are also
conducted that helped in the validation of the work. Moreover, this chapter also
presents a comparison study of three important solutions that helped in the
performance improvement of PV systems, i.e., bypass diode, DC optimizers, DPP
converters. The pros and cons of these three solutions are discussed in this chapter by
considering various real-time scenarios.

3.1. Introduction

To select the proper mismatch mitigation topology, the required application, and other
requirements related to size, cost, complexity, and control methodology was
considered. As discussed in previous chapters, the bypass diode topology is not
suitable to reduce the effect of mismatch where the non-ideal conditions are frequent.
Therefore, in this chapter, various topologies are explored, which are smart bypass
diode with series MOSFET, switched-capacitor-inductor (SCL)-based DPP topology,
and intrinsic-capacitance-based DPP converter topology. These proposed topologies
are presented in various publications, i.e., Cl, C3, C5, and J5, respectively.
Additionally, a summary of different mismatch mitigation techniques is also reported
in the publications J4 and J6. These publications proposed a comparison among
different topologies through various electrical parameters along with presenting the
main advantages, disadvantages, and appropriate applications for specific topologies
by considering their practical implementation.

3.2. Smart Bypass Diode Solution

In this section, a topology is discussed that can be used to reduce the effect of
mismatch. This topology was presented in a publication C1. In this topology, a smart
bypass diode (SBD) shown in Fig. 3.1 was used along with a MOSFET (S, Sz, or S3),
which was connected in series with a solar PV sub-panel (SP1, SP2, and SP3), as shown
in Fig. 3.2. The result achieved from this topology showed an improvement in the
performance of the overall system by reducing the bypass diode losses along with the
reduction of reverse voltages across the shaded cells. The lower bypass diode losses
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Figure 3.2: A parallel-connected smart bypass diodes (SBD) with a series MOSFET.

were due to the lower ON-state resistance of SBD. Additionally, the reduction of
reverse voltage across the shaded cells was due to the on-state resistance of MOSFET
(Ron), which shared the reverse voltage of the shaded cells. This sharing of the reverse
voltage between the shaded cells and Rqn decreases the temperature of the shaded PV
cells. Hence, that causes the reduction of stresses over these cells. Hence, it improves
the overall reliability of the cell as well as the PV panel.

As mentioned above, the methodology shown in Fig. 3.2 helped in the sharing of
reverse voltage across the shaded cell through Ro, of the series MOSFET (S;, Sz, and
S3). Additionally, the Gate to Source (Vgs) voltage of series MOSFET is equal to the
respective sub-panel voltage by which it is connected in series. Therefore, there is no
need for a control circuit or external supply to turn this MOSFET ON as the MOSFET
is turned ON automatically by the panel voltage. The voltage across the shaded cell
(Vshdcen) can be obtained as
Vindeell = (N-DV,

el TVo —Vps (3.1)
where N is the number of PV cells in a sub-panel, Ve is the voltage of a PV cell, Vp
is the voltage of a smart bypass diode, and Vps is the voltage drop across the Drain to
the Source of a series MOSFET [C1].

To analyze the amount of negative voltage across the shaded cell, an internal structure

of a sub-panel is given in Fig. 3.3. For this analysis, various mismatch cases were
developed in a publication C1 from which two of such cases are shared in Fig. 3.4. In
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Figure 3.3: Solar panel with a shaded cell with in a sub-panel: (a) bypass diode and (b) smart
bypass diode (SBD) with series-connected MOSFET.
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Figure 3.4: Current-voltage (1-V) characteristics of the PV cell with in a sub-panel equipped
with a traditional bypass diode and SBD with series MOSFET at different irradiances: (a)
Case 1: 250 W/m? and (b) Case 2: 0 W/m?.

these two cases, the irradiance over the shaded cell shown in Fig. 3.3 varies from case

to case. For the mismatch Case 1, it is 250 W/m? and for Case 2, it is 0 W/m? while
keeping the rest of the irradiance over the other all PV cells at 1000 W/m?. The
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current-voltage (I-V) characteristics curves under these two cases are presented in Fig.
3.4. It can be seen from Fig. 3.4, the negative voltages across the shaded cell for both
cases in SBD with series MOSFET solution are lower as compared to traditional
bypass diode. Overall, the reduction in the reverse voltage is improved by 16.71% and
16.13% under the irradiances of 250 W/m? (Case 1) and 0 W/m? (Case 2) for a
methodology containing SBD with a series MOSFET with a PV sub-panel,
respectively. More detailed analysis and results are presented in a publication C1.

3.3. Differential Power Processing (DPP) Solutions

In recent years, various power electronic-based mismatch mitigation topologies have
been introduced for solar PV applications. These topologies are commonly known as
distributed power electronics-based solutions, which can be integrated easily into the
PV cell, sub-panel, and panel-level PV applications due to their smaller sizes. Overall,
distributed power electronic topologies helped in the improvement of the performance
of solar PV systems under mismatching conditions along with an improvement of PV
panel life.

In this section, differential power processing (DPP) converters are explored, which
are also typically known as voltage equalizers. Various DPP converters are presented
in the literature and some of them are also discussed in Chapter 1. Generally, the DPP
converters only process mismatched power or a small amount of power, which is due
to the difference between the power generated by solar PV panels that are in series.
Additionally, the PV system equipped with DPP converters has only one global peak
under mismatching and normal conditions. Therefore, it becomes simple for the
MPPT algorithms due to the elimination of multiple power peaks when they are in
search of maximum power point (MPP). By considering the advantages of the DPP
converter, the two various DPP converters are introduced in C3, C5, and J5, i.e.,
switched-capacitor-inductor (SCL)- and intrinsic-capacitance-based DPP topologies.
These two introduced DPP converters are also discussed in the coming section with
some results.

3.3.1. SCL-Based DPP Topology

An SCL-based DPP converter is shown in Fig. 3.5. The schematic diagram of the SCL
topology is shown in Fig. 3.5(a), which consists of two PV sub-panels represented by
SP1 and SP,. For two PV sub-panels, the SCL topology consists of four MOSFET
switches (Q1, Q2, Qs, and Q4), a capacitor C, and an inductor L. The odd-numbered
MOSFET switches turned-ON together but complementary to even-numbered
switches, as shown in Figs. 3.5(b) and (c), respectively. Moreover, these MOSFETS
are switched at a duty ratio of 50%. The capacitor C and inductor L are used to process
the mismatched power. Additionally, there are two modes of operation where mode 1
is shown in Fig. 3.5(b) and mode 2 in Fig. 3.5(c). In Fig. 3.6, the direction of current
is shown during both modes of operation when sub-panel SP; is shaded. The timing
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Figure 3.5: A switched-capacitor-inductor (SCL)-based DPP converter: (a) schematic, (b)
mode 1, and (c) mode 2 [C3], [J5].

(b)

Figure 3.6: Operating modes of switched-capacitor-inductor (SCL)-based DPP converter
when SP1 is shaded: (a) mode 1 and (b) mode 2 [C3], [J5].
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Figure 3.7: Timing diagram for SCL DPP topology: (a) capacitor current and (b) inductor
current.

diagram for the capacitor current and inductor current is also shown in Figs. 3.7(a)
and (b), which depict the energy store and release in one complete duty cycle time.
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Table 3.1: Rating of a solar PV sub-panel.

Power at MPP (Pwrp) 45 W
Voltage at MPP (Vwmpp) 1750V
Current at MPP (Imep) 258 A
Open-circuit voltage at MPP (Vo) 22V
Short-circuit current at MPP (Isc) 2.86 A

Table 3.2: Mismatched cases.

Solar Irradiance Case 1 Case 2 Case 3
Gsp1 (W/m?) 1000 500 1000
Gsp2 (W/m?) 1000 1000 500

2 T v v

— SP; is shaded (Case 2)

— No Mismatch (Case 1)
e e e

Inductor current f;, (A)
=

Alp —— SP; is shaded (Case 3) 1
e e N N N N

2 1 L L 2 L
0.40 0.42 0.44 0.46 0.48 0.50 0.52
Time (ms)
Figure 3.8: Mismatch current (I.) through the inductor L under mismatched cases given in
Table 2.2.

To evaluate the performance of the SCL-based DPP topology, simulations were
performed in PSIM by using a 45-W PV sub-panel with a specification of that sub-
panel is given in Table 3.1. For simulations, various mismatched cases were also
developed that are given in Table 3.2. In these mismatched cases, the irradiance (Gsp)
over the PV sub-panels given in 3.5 were varied as depicted in Table 3.2. Moreover,
the converter was operating at a 50% duty cycle and 100-kHz frequency. The value
of inductor L and capacitor C was 100-uH and 50-uF, respectively. The details of
other designed parameters are given in publication C1.

Firstly, the mismatched current that is passing through inductor L of the circuit in Fig.
3.6 is shown in Fig. 3.8. It can be seen from Fig. 3.8, the value of the current is the
same around 1.3A for Cases 1 and 2. However, they are in the opposite direction
because the current is flowing in the reverse direction to the referenced current
direction.
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Figure 3.9: PV sub-panels with parallel-connected bypass diodes.

Table 3.3: Mismatched cases.

So_lar Case 1 Case 2 Case 3 Case 4
Irradiance
Gsp1 (W/m?) 1000 750 500 250
Gspz (W/m?) 1000 1000 1000 1000

For further evaluation of SCL DPP topology, it was compared with the traditional
bypass diode shown in Fig. 3.9. For this purpose, the various mismatched cases were
defined, which are shown in Table 2.3 and their results are presented in Fig. 3.10. The
results in Fig. 3.10 consist of power-voltage (P-V) characteristic curves both for SCL
DPP and traditional bypass diode methodology. It can be seen from Figs. 3.10(b)-(d),
there are no multiple power peaks for SCL DPP topology whereas there are multiple
peaks for bypass diode methodology. Additionally, Fig. 3.10 also depicts that more
power is extracted by the SCL DPP topology. Furthermore, the voltages across the
PV sub-panels with SCL DPP topology are given in Table 3.4, which are under the
mismatched cases presented in Table 3.3. The voltages in Table 3.4 depict the
achievement of voltage equalization. More results and details are presented in
publications C3 and J5.

In continuation, the experiments were also performed by building a prototype of SCL
topology and it was tested in the laboratory, as shown in Fig. 3.11. The experimental
setup is shown in Fig. 3.11. The setup detail and procedure of the experiment are
explained in publications J5, C3, and C5. For experimentation, two PV panels were
used named SP1 (30-W) and SP, (30-W). To create a mismatch, the solar PV sub-
panel SP; is operating at 90%, 50%, and 25% of SPi. In these conditions, the P-V
characteristics curves are shown in Fig. 3.12 and these curves verify the simulated
result by eliminating the multiple power peak under mismatch. Similarly, the
mismatched current flowing through the inductor L is shown in Fig. 3.13 under the
mismatched cases given in Table 3.5. Overall, from the above discussion, it is shown
that by using SCL topology, it is easy to track MPP due to the elimination of multiple
peaks. Additionally, the SCL topology is operating at a fixed duty equal to 50%, which
makes the topology simple and cost-effective without adding any complex control
strategies.
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Figure 3.10: Power-voltage (P-V) characteristic curves under mismatch cases shown in Table
2.3: (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4 [J5].
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Table 3.4: Voltages across the solar PV sub-panels under the mismatched cases given in

Table 3.2.
Sub-panel Case 1 Case 2 Case 3 Case 4
voltages
Vpt 17.50 17.21 16.89 16.61
Vsp2 17.50 17.23 16.94 16.68

3.3.2. Intrinsic-Capacitance-Based DPP Converter Topology for
Solar PV Panels

An intrinsic switched-capacitance-based DPP converter topology shown in Fig. 3.14
was presented in a Publication C4. In this topology, the main idea was to unitize the
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Figure 3.11: Experimental setup [J5].

—— 90% irradiance (W/m) on SP
—®— 50% irradiance (W/m?) on SP,
—#— 25% irradiance (W/m?) on SP,
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Figure 3.12: P-V charateristics curves from experimentation [J5].

Table 3.5: Mismatched cases used for experimentation.

Sub-panel (SP1 and Case 1 Case 2 Case 3
SP2)
lopt, Vept 2,15 2,15 1.41,14.7
lsp2, Vp2 2,15 1.56, 14.8 2,15

internal capacitance (Cq) of the solar PV cell shown in Fig. 3.14, which are in the
range of microfarad (uF) to millifarad (mF). The internal capacitance of a PV cell
depends on the size of the cell and also depends on the number of cells connected in
series. This internal capacitance was used to process the mismatched charges and used
as a replacement of external capacitance, which is normally used as in switched-
capacitor topologies. The schematic diagram of the intrinsic switched-capacitance
topology during modes 1 and 2 is given in Fig. 3.15. During mode 1, the odd number
of switches switched ON while even-numbered remained OFF, as shown in Fig.
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Figure 3.13: Mismatched inductor current 1. through experimental results under mismatch
cases given in Table 3.5 [J5].

3.15(a). Similarly, the odd-numbered switches turned OFF and even-numbered turned
ON during mode 2, which is shown in Fig. 3.15(b). Overall, in one cycle, the energy
is stored by the capacitor Cq and in the next cycle, the same amount of energy is
released by that capacitor. Additionally, the duty cycle of the switches is 50% (fixed)
and they are operating at a frequency of 100-kHz.

The intrinsic-capacitance-based DPP converter topology was evaluated through
simulations and experimentations by using a 5.01-W PV panel with a maximum
voltage (Vmp) and maximum current (Imp) rating of 3.39V and 1.48A, respectively. For
this purpose, various mismatch cases were developed for the evaluation of the
topology. For simulations, the various three mismatch cases are given in Table 3.6.
Here, Gp1, Gpa2, Gps, and Gy are the irradiances over the PV panels (P, P2, Ps, and
P4). Under these three mismatched cases, the P-V characteristic curves are presented
in Fig. 3.16, which shows the elimination of multiple power peaks issue. Moreover,
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Figure 3.15: Intrinsic switched capacitor-based DPP conveter: (a) mode 1 and (b) mode 2.

the voltages across the panels (Vp1, Vp2, Vps, and Vps) along with overall output voltage
(Vo) are given in Fig. 3.17 for a mismatch Case 1. The results in Fig. 3.17 show the
achievement of voltage equalization under mismatch, which helped in the elimination
of mismatch in the PV system by a simple topology shown in Fig. 3.14.

In continuation, the experimental setup is shown in Fig. 3.18 and the procedure of the
experiment is briefly described in Publication C4. For evaluation of the topology in
Fig. 3.15, various mismatch cases were developed, which are given in Table 3.7.
These mismatch cases were created by operating the DC power supplies shown in Fig.
3.18 in common current (CC) mode. The procedure is described in publication C4.
The experimental results under these mismatched cases are given in Fig. 3.19, which
consist of P-V characteristic curves. The P-V characteristics curve shows that there is
only one peak under various cases. Additionally, the voltages across the PV panels
under these mismatch cases are given in the publication C4 along with the other details
containing the simulation and experimental results, and other design parameters that
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Table 3.6: Mismatched cases [C4].

Solar Irradiance Mismatch Mismatch Mismatch
Case 1 Case 2 Case 3
Gp1 (W/m?) 300 500 1000
Gp2 (W/m?) 1000 1000 750
Gz (W/m?) 300 500 600
Gpa (W/m?) 700 200 700
16 T T T T
Mismatch C

—¥— Casel

Power (W)
(<]

Voltage (V)

Figure 3.16: Power-voltage (P-V) characteristic curves under mismatch cases shown in Table
3.6 for a DPP converter in Fig. 3.14 [C4].

were used during the experimentation and for the verification of the concept.

3.4. Comparison between Bypass Diode, DC Optimizers, and DPP
Converters

In this section, a comparison between three different methodologies used for
mismatch reduction is presented. The three different systems are the bypass diode
method shown in Fig. 3.20(a), DC optimizer method in Fig. 3.20(b), and switched-
capacitor-based DPP method shown in Fig. 3.20(c). These methodologies were
applied at the sub-panel level, as depicted in 3.21. The rating of a PV panel used for
the evaluation is given in Table 3.8. The PV panel consists of three sub-panel named
SP1, SP,, and SP3. Each PV sub-panel is compromised of 20 series-connected PV
cells, as shown in Fig. 3.21. The mismatch cases that were used for the evaluation of
these three topologies under the same conditions are given in Fig. 3.21. The
mismatched cases were developed by varying the irradiances over the PV cells. In
continuation, in Fig. 3.21, it can be seen that the PV panel consists of three junction
points, which were represented as T, T, and Ts. Each junction point corresponds to a
sub-panel and the topologies shown in Fig. 20 are connected to these junctions.
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Figure 3.17: PV panel voltages under mismatch Case 1 given in Table 3.6 [C4].
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Figure 3.18: Experimental setup for intrinsic switched capacitor-based DPP conveter [C4].

Table 3.7: Mismatched cases for a PV panel shown in Fig. 3.18. Here, Ip1, lp2, lps3, and Ips are
the currents coming from solar panel P1, P,, Ps, and Pa, respectively.

Sub-panel currents Mismatch Mismatch Mismatch

p Case 1 Case 2 Case 3
Ip1 (A) 0.36 0.80 1.74
Ip2 (A) 1.38 1.62 1.30
Ip3 (A) 0.36 0.84 0.82
lpa (A) 1.03 0.30 1.24
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Figure 3.19: Experimental results for intrinsic switched capacitor-based DPP conveter shown
in Fig. 3.18 showing P-V characteristic curves under various mismatch cases [C4].
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Figure 3.20: Mismatch reduction methodologies: (a) bypass diode, (b) DC optimizer, and (c)
switched—capacitor-based DPP converter.

The results obtained from these three systems are shown in Fig. 20 under various
mismatched cases given in 3.22. The results in Fig. 3.22 show the amount of power
generated and lost under specific cases by these three methodologies. Considering the
mismatch Case 3 in Fig. 3.21, it can be seen that the power generated by the DPP
converter was more than the other two topologies because of the low power processing
capability of DPP converters. However, in Case 5, the overall power from the DC
optimizer was more than the DPP converter and bypass diode because, in the DPP

41



Table 3.8: Specification of a PV panel parameters at standard test conditions (STC) for the
systems shown in Fig.3.20.

Peak Power (Pmax) 245 W
Voltage at maximum power (Vimp) 31.30V
Current at maximum power (Imp) 7.84 A
Open-Circuit Voltage (Voc) 3710V
Short-Circuit Current (lsc) 8.48 A

converter, the power is flowing from the bottom to the top like a ladder. Therefore,
overall power was affected as one of the PV cells in a sub-panel completely blocks
the flow of power, which in turn also affects the power of the other two series-
connected PV sub-panels in the case of the DPP converter. Similarly, the PV sub-
panel is completely bypassed by a bypass diode in Case 5. Therefore, the power is
completely lost from this sub-panel. Additionally, the voltage across the terminal Ty,
T,, and T3 are given in Table 3.9. More details of PV cell voltages within a sub-panel,
other results will be presented in future work. Additionally, the future work will also
briefly discusses the comparison among these three methodologies with similar rating
five different infield PV systems installed at Politecnico di Milano, Milan, Italy. The
comparison will be performed by measuring the real-time irradiances and ambient
temperatures.

3.5. Summary and Conclusions

This chapter discussed the three different power electronic techniques that were used
to reduce or eliminate the effect of mismatch in solar PV systems. The three different
techniques were smart bypass diode (SBD) with a series MOSFET, switched-
capacitor-inductor (SCL)-based differential power processing (DPP), and intrinsic-
capacitance-based DPP converter. The SBD technique used a MOSFET in series with
a PV panel, which shares the reverse voltage with the shaded PV cells within the sub-
panel. The sharing of voltage reduces the stresses and improves the lifetime of the
shaded cell. In continuation, it was shown that the two DPP converters mitigate the
mismatch effects in the PV system and also equalize the voltages of all PV cell/sub-
panel/panel available in the system. Hence, it eliminates the multiple power peak
issues that make a difficult for multiple power point tracking (MPPT) algorithms to
track the maximum power point (MPP). Additionally, the DPP converters only
process the mismatched power and achieve the ultimate goal with simple circuitry.
For evaluation, simulations and experiments were performed to prove the concept by
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Figure 3.21: Mismatch cases: (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4, (e) Case 5, and
(f) Case 6.

considering various mismatch cases. Overall, these techniques helped in the
improvement of power extraction from PV systems under non-ideal conditions, e.g.,
partial shading.

In the last part of this chapter, a comparison between the three various methodologies,

i.e., traditional bypass diode, DC optimizers, and DPP converter was discussed in
detail. The methods were used to analyze the effectiveness of these three
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Figure 3.22: Power generated and lost by three different systems shown in Fig. 3.20 under
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Table 3.9:Voltage across the PV sub-panels under mismatched cases given in Fig. 3.21.

. Bypass diode DC optimizer DPP Converter

Mismatch P P

Cases V11 V12 V13 V11 V12 V13 V11 V12 V13

Case 1 10.37 | 10.37 | 10.37 | 10.22 10.22 | 10.22 | 10.18 | 10.18 | 10.18

Case 2 8.84 11.62 | 12.30 | 10.40 10.27 | 10.55 | 10.19 | 10.42 | 10.62

Case 3 -0.7 9.79 11.72 | - 10.38 | 10.38 | 9.50 10.05 | 10.27
0.0007

Case 4 -0.7 1054 | 12.41 -0.004 | 10.35 | 10.35 | 9.40 9.79 10.16

Case 5 -0.7 10.56 | 10.56 | - 1042 | 1042 | 8.44 10.01 | 10.13
0.0017

Case 6 -0.7 10.33 | 10.33 | 0.001 10.21 | 10.21 | 9.17 9.94 10.16
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methodologies under various commonly existed mismatched conditions by
considering real system specifications installed at Politecnico di Milano, Milan, Italy.
In the end, the developed models were also compared by the real systems by
considering the real irradiance profiles and ambient temperatures. Overall, the results
show that DPP converters perform better than the other two methodologies in a silent
mismatch. However, if the PV cell or sub-module is completely shaded then it affects
the performance of DPP converters. In such cases, the DC optimizers are better.
However, the reverse voltage stresses across the shaded PV cells within a sub-panel
were greatly reduced when using DPP converters. Finally, if there is no mismatch then
bypass diode is the best solution due to lower cost, simplicity, and size.
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CHAPTER 4.

4.  Integration of Differential Power Processing (DPP) Converters in
Solar PV Interconnection Schemes

Many research efforts have been made to improve the performance of solar PV
systems under partial shading and other mismatch conditions by presenting various
power-electronic-based solutions for the series-connected PV panels. The DPP
converters are one of them, which are used for mismatch mitigation as discussed in
the previous section. However, these DPP topologies are not explored for parallel-
connected PV strings where each string consists of several series-connected PV
panels. Therefore, this section presents the study of DPP topologies by integrating
them with parallel-connected PV strings. In continuation, this chapter also explores
the various PV string interconnection schemes, e.g., series-parallel (SP), total-cross-
tied (TCT), central-cross-tied (CCT), and bridge-linked (BL) by integrating a DPP
topology with these schemes. These inter-connection schemes are explored with DPP
technology under various mismatch scenarios. Afterward, they are also compared
with similar systems equipped with the state-of-the-art method, i.e., bypass diode
method.

4.1, Introduction

The first part of this chapter deals with a parallel connection of PV strings. In this
study, two different DPP topologies are considered for the analysis in two different
works. In the first work, a switched-inductor (SL)-based DPP topology is used and
the switched-capacitor (SC) DPP topology is used in the second work. The results
under various mismatch scenarios show a significant improvement in the overall
output power extracted from the PV systems in comparison to traditional bypass diode
methodology. The discussion of these methodologies is presented in the publications
C2 and C5.

In the second part of this chapter, the DPP converters are also analyzed on various PV
string inter-connection schemes, which include SP, TCT, CCT, and BL. For analysis,
various shading scenarios are considered such as one-panel, short-wide, long-narrow,
central, and diagonal shading. Under these shading patterns, the above-mentioned
interconnection schemes equipped with DPP converters are compared with similar
systems that are equipped with traditional bypass diodes under the same shading
patterns. The results and discussion of this work are presented in a publication J2.
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4.2, Switched-Inductor-Based DPP Architecture in Parallel-Connected
PV Strings

In this section, a switched-inductor (SL)-based DPP topology was used for PV strings
that were connected in parallel, as shown in Fig. 4.1. The concept was introduced in
a publication C2. In this work, two parallel-connected PV strings, each containing
three series-connected PV sub-panels (SPi1, SP2, SP3, SP4, SPs, and SPg) were
equipped with SL DPP topology, as shown in Fig. 4.1. In this SL-based DPP topology,
the odd-numbered switches (S1, Ss, S11, and Ss3) and even number switches (S2, Sa, S2,
and Sa) turned ON and OFF alternatively at a 50% duty cycle. The operating
frequency of these switches was 100 kHz. The detailed design and operational
principles are given in a publication C2.

The mismatched cases that were used for the analysis of the topology are given in
Table 4.1. In total, six mismatched cases were developed by varying the irradiances
over the PV sub-panels. The irradiance over the PV sub-panels SP1, SP,, SP3, SPa,
SPs, and SPs are Gep1, Gsp2, Gspa, Gspa, Gsps, and Gsps, respectively, as depicted in Table
4.1. The system shown in Fig. 4.1, which is equipped with SL DPP was compared
with a PV system containing six PV sub-panels connected in series equipped with
parallel-connected traditional bypass diodes for performance comparison, as shown
in Fig. 4.2. The rating of each sub-panel was 60 W at standard test conditions (STC)
with a maximum current (Imax) and voltage (Vmax) of 3.50 Aand 17.10 V, respectively.
The results under mismatched cases given in Table 4.1 are presented in Fig. 4.3. Fig.
4.3 depicts the power extraction from SL DPP and bypass diode architecture. For
example, it can be seen from Fig. 4.3, the power extracted by SL DPP architecture is

I - T ®

L 1 '
Figure 4.1: Switched-indcuctor (SL)-based DPP topology in parallel-connected PV strings
[C2].
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Table 4.1: Partial shading cases for PV sub-panels shown in Figs. 4.1: SP1, SP2, SP3, SPa,

SPs, and SPs.
Irradiance (W/m?) Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Gspt 500 500 500 500 500 500
Gsp2 1000 500 500 500 500 500
Gsps 1000 1000 500 500 500 500
Gspa 1000 1000 1000 500 500 500
Gsps 1000 1000 1000 1000 500 500
Gsps 1000 1000 1000 1000 1000 500
PV Panel | : 4% P.z-lr_l.cl | -

Figure 4.2: PV panel with three series-connected PV sub-panels equipped with parallel-
connected bypass diodes.

268 W and 239 W under mismatch cases 3 and 4, respectively. However, in the case
of using standard bypass diodes, it is 180 W for both mismatched cases 3 and 4
because the low-power-producing PV sub-panels were bypassed by their bypass
diodes. It can be seen from the results that the DPP architecture extracts much more
power as compared to bypass diode in parallel string connections. Additionally, the
voltages across the PV sub-panels under these mismatched cases are also given in
Table 4.2, which shows that a voltage equalization was achieved by using the DPP
methodology in parallel string connections. In Table 4.2, Vsp1, Vsp2, Vsps, Vspa, Vsps,
and Vspg are the voltages across the sub-panels SP1, SP,, SPs, SPa4, SPs, and SPg,
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Figure 4.3: Results showing the ouput power extract by DPP architecture shown in Fig. 4.1
and bypass diode architecture in Fig. 4.2 under mismatch cases given in Table 4.1.

Table 4.2: Voltage across PV sub-panels during various cases when panels are equipped with

SL DPP [C2].

Cases Vsp1 Vsp2 Vsp3 Vo1 (V) | Vspa Vsps Vspe V2 (V)

V) V) V) V) V) V)
Casel | 17.03 17.03 17.03 51.09 17.03 17.03 17.03 51.09
Case2 | 16.80 17.10 17.02 50.2 17.00 17.00 17.00 51
Case 3 | 16.60 16.80 17.00 50.4 16.80 16.80 16.80 50.04
Case4 | 17.10 17.10 17.10 51.3 16.90 17.10 17.10 51.1
Case5 | 17.01 17.02 17.02 51.05 16.85 16.99 17.09 50.93
Case6 | 16.31 16.32 16.32 48.95 16.31 16.32 16.32 48.95

respectively. Additionally, V1 and Ve, in Table 4.2 are the voltages across the two
parallel-connected PV strings named PV panel 1 and PV panel 2, respectively. More
results and discussions are presented in a publication C2.
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4.3. Switched-Capacitor-Based DPP Architecture in Parallel-
Connected PV Strings

In this section, a switched-capacitor (SC)-based DPP topology was used for parallel-
connected PV strings, as shown in Fig. 4.4(a). The concept was introduced in a
publication C5. In this work, two parallel-connected PV strings, each containing two
series-connected PV panels (PVy, PV2, PV3, and PV.) were equipped with SC topology
as shown in Fig. 4.4(a). In this SC-based DPP topology, the odd-numbered MOSFET
switches (S1, Ss, Si11, and Ss3) and even-numbered MOSFET switches (Sz, Sa, S22, and
S4a4) turned ON and OFF alternatively at a 50% duty cycle. The operating frequency
of these switches was 100 kHz. The detailed design and operational principles are
given in publication C5.

String 1 I T ] String 2

Dhl Dh_v
String 1 String 2
D, D,
D, l D, l
! |
.
(b)

Figure 4.4: Schematics of parallel-connected PV strings: (a) switched-capacitor (SC) DPP
topology and (b) bypass diode topology [C5].
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For performance evaluation, the system that is shown in Fig. 4.4(a), which is equipped
with SC DPP was compared with a similar PV system containing two PV strings.
Each PV string consists of two series-connected PV panels (PV1, PV, PVs, and PV.)
and these PV panels consist of parallel-connected bypass diodes (D1, D2, D3, and D),
as shown in Fig. 4.4(b). The rating of the under-test PV panels is given in Table 4.3.
In continuation, for evaluation, several mismatched cases were developed, which are
given in Table 4.4. In total, five mismatched cases were developed by varying the
irradiances over the PV panels. The irradiance over the PV panels PV1, PV,, PV3, and
PV4 are Gsp1, Gsp2, Gsps, and Gpa, respectively as depicted in Table 4.4.

Table 4.3: Ratings of the PV panel under test [C2].

Parameter Value
Rated Maximum Power (Pmax) 60 W
Voltage at maximum power (Vmp) 17.10V
Current at maximum power (Imp) 350 A
Open-Circuit Voltage (Voc) 21.10V
Short-Circuit Current (ls) 3.80A

The results under the mismatched cases given in Table 4.4 are presented in Fig. 4.5.
In Fig. 4.5(a), the power extracted by SC DPP and bypass diode architecture is shown.
It can be seen from Fig. 4(a), the power extracted by the SC DPP architecture is more
than in the case of a PV panel with only a bypass diode. For the mismatched cases 2-
4, the power extracted when using the bypass diode was constant due to the bypassing
of the low-power-producing PV panels. Additionally, the P-V characteristic curves
are also presented in Fig. 4.5(b). Fig. 4.5(b) shows the elimination of multiple power
peaks, which are caused by the partial shading, and other non-idealities is now
removed by the SC DPP topology when it is integrated with parallel-connected PV
strings. Overall, the SC DPP architecture in parallel-connected PV strings extracts
much more power as compared to bypass diode with these parallel strings.
Additionally, the voltage across the PV panels was also equalized. More results and
discussions are presented in publication C5.

4.4, DPP Architecture in PV String Interconnection Schemes

Various works have been presented in the literature to improve the performance and
energy extraction from solar PV systems under partial shading. For this purpose,
various interconnection schemes were explored that helped in the improvement of
energy extraction. The most commonly used techniques are series-parallel (SP), total-
cross-tied (TCT), central-cross-tied (CCT), and bridge-linked (BL), which were
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Table 4.4: Partial shading cases.

Irradiance (W/m?) Case 1 Case 2 Case 3 Case 4 Case 5
Gpt 500 500 1000 500 500
Gep2 1000 500 500 500 500
Geps 1000 1000 500 500 500
Gsps 1000 1000 1000 1000 500
I BypassDiode
200 B sviched-capacitor |
150 1
=
z
£ 100 1
50 1
0
1 2 3 4 5
Mismatch Cases
(a)
200F 1
~ 150F J
z
g
= 100F 1

50 f

0 5 10 15 20 25 30 35 40
Voltage (V)
(b)
Figure 4.5: Simulated results: (a) output power of the panels with traditional bypass diode
and SC DPP topology and (b) power-voltage (P-V) characteristic curves for the proposed
architecture under mismatch cases given in Table 4.4.
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(@ (b)
Figure 4.6: Switched-inductor (SL)-based DPP architecture: (a) general schmetic, (b)
MOSFET Q2 is ON and Q1 is OFF, and (c) MOSFET Q2 is ON and Q1 is OFF [J2].

(d)
Figure 4.7: Series-parallel (SP) connection with different sahding patterns: (a) one-panel, (b)
short wide, (c) long narrow, (d) central shading, and (e) diagonal shading [J2].

shown in Fig. 1.12, Chapter 1. These interconnection schemes were previously studied
by using a bypass diode methodology to minimize the partial shading and other non-
ideal effects. However, in Publication J2, the SL-based DPP converter topology was
integrated with these interconnection schemes to analyze the behavior and
performance of the overall PV system, as shown in Fig. 4.6.
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Figure 4.8: Total-cross-tied (TCT) connection with different sahding patterns: (a) one-
panel, (b) short wide, (c) long narrow, (d) central shading, and (e) diagonal shading
[J2].

To integrate DPP converters with different string interconnection schemes, a 4x4 PV
array was considered, as shown in Fig. 1.12. These interconnection schemes were
evaluated by considering various shading patterns, i.e., one-panel shading in Figs. 4.7-
4.8(a), short wide shading in Figs. 4.7-4.8(b), long narrow shading in Figs. 4.7-4.8(c),
central shading in Figs. 4.7-4.8(d), and diagonal shading in Figs. 4.7-4.8(e). A 60 W
solar PV panel was used during the analysis. The detailed rating of the PV panels is
given in Table 4.3.

The performance of the above-mentioned interconnection schemes that were equipped
with SL DPP topology was evaluated under several mismatched cases given in Table
4.5. In these mismatched cases, the irradiances (G) were varied over the panels in the
4x4 PV array system. Hence, each shading pattern, which is shown in Figs. 4.7 and
4.8 further consist of several mismatched cases by varying the irradiance.
Additionally, the interconnection systems with SL DPP converters were also
compared with similar traditional PV systems that were equipped with parallel-
connected bypass diodes to evaluate the performance of the proposed concept given
in publication J2. Some of the results in publication J2 under the mismatched cases in
Table 4.5 for SP and TCT interconnection schemes are presented in Figs. 4.9 and 4.10,
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Table 4.5: Mismatch Cases [J2].

Mismatch Case 1 Case 2 Case 3 Case 4 Case 5
Cases
G (W/m?) 200 400 500 600 800

Series-Parallel-Connection with bypass diode

B One Module ®Short Wide ®Long Narrow OCentral ODiagonal

1000
800 B
=600
5
= 400
(oW
200
0
Case | Case 2 Case 3 Case 4 Case 5
Mismatch Cases
(a)
Series-Parallel-Connection with DPP Converter
BOne Module ®Short Wide ®Long Narrow OCentral ODiagonal
1000
800 [
= 600
5
£ 400
[«
200
0

Case 1 Case 2 Case 3 Case 4 Case 5
Mismatch Cases
(b)
Figure 4.9: Power generated under specific shading patterns and mismatch cases given in
Table 4.5 for SP interconnection scheme: (a) bypass diode and (b) SL DPP topology [J2].

respectively. In Fig. 4.9, the power extracted by SP connection for SL DPP and bypass
diode architecture is presented. The results show that under various mismatched cases
the DPP architecture extracts much more power than the case with only the bypass
diode method. However, in Fig. 4.10, the power extracted by TCT connection
containing DPP architecture is almost zero because the connections in SL DPP with
TCT disturb the working principle of the integrated DPP topology. Therefore, the
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Figure 4.10: Power generated under specific shading patterns and mismatch cases given in
Table 4.5 for TCT interconnection scheme: (a) bypass diode and (b) SL DPP topology [J2].

output power extracted by the DPP topology in TCT connections is almost zero.
Hence,
also not applicable to the BL interconnection scheme. The more detailed discussion
and results are presented in the publication J2.

DPP topology does not apply to the TCT connection scheme. Similarly, it is

4.5. Summary and Conclusions

This chapter discussed the use of DPP converters in various interconnection schemes,
i.e., series-parallel (SP), total-cross-tied (TCT), central-cross-tied (CCT), and
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bridged-link (BL). The switched-inductor (SL) and switched-capacitor (SC)-based
DPP converter topologies were used in these PV system interconnection schemes to
analyze the effect of mismatch. For this purpose, various PV system models were
developed and used for the analysis. In the first part of the chapter, a system consisting
of two parallel-connected PV strings was considered. In this system, both SL and SC
DPP topologies were used to analyze the performance.

In the second part of the chapter, the SL topology was considered for the 4x4 PV
systems, which were connected in four various interconnection schemes, i.e., SP,
TCT, CCT, and BL. These systems were evaluated under different shading patterns,
which include one-panel, short wide, long narrow, central, and diagonal shading
patterns. In these shading patterns, various mismatch cases were developed by varying
the irradiances over the system. In the end, the result of these systems was compared
with the traditional bypass diode method. The results showed and confirmed that it is
not possible to integrate the DPP converter topologies to TCT and BL interconnection
schemes because of the internal PV panel connections. However, in SP and CCT, the
performance of DPP converters is better than the bypass diode. Moreover, the PV
panels in these topologies also achieve voltage equalization, which helped in the
elimination of multiple power peaks in the P-V characteristic curves of the system.
Overall, it is possible to integrate the DPP converter to the most commonly used PV
connection scheme, i.e., SP connection, which consists of parallel-connected PV
strings and their performance is better than the traditional systems, which are equipped
with bypass diodes. However, the DPP converter with interconnection schemes will
increase the cost and complexity of the system.
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CHAPTER 5.

5. Conclusions

The main outcomes and contributions of the Ph.D. study — Mismatch effects and
their mitigation techniques in the solar photovoltaic system, are summarized in this
chapter. Additionally, several recommended research areas are also demonstrated
at the end for future work.

5.1. Thesis Contributions and Outcomes

This Ph.D. thesis investigated the various mismatch effects, their causes in different
PV panel technologies, and finally proposed various solutions to mitigate or reduce
these mismatch effects in the solar PV system. A summary of this Ph.D. thesis is
presented as follows.

In Chapter 1, the introduction of the Ph.D. thesis is provided, where the background
of the research topic and the objective of the Ph.D. study were discussed. The Ph.D.
project deals with the study of mismatch effects and various solutions to mitigate these
effects. Following these, the research objectives and limitations faced during the Ph.D.
project were also outlined in this Chapter.

Chapter 2 studied the mismatch effects and their causes in a solar PV system by
considering different panel technologies, i.e., c-Si and thin-film PV panels. The
electrical parameters and thermographic images were analyzed both for ¢-Si and thin-
film PV panels. The analysis depicted that both panel technologies behaved
differently under various mismatch conditions and the effect of mismatch were much
worse on c-Si panels. Overall, this work helped in a better understanding of panel
technologies under non-ideal environmental conditions.

Additionally, a machine-learning (ML)-based diagnostic method was proposed,
which used nBayes ML classification technique. The nBayes technique used the
texture and HOG features for the classification of c-Si solar thermal images into three
categories, i.e., NDH, NDNH, and defective by achieving an efficiency of 94.10%.

In Chapter 3, three power electronics-based mismatch mitigation solutions were
presented. The three different solutions were smart bypass diode (SBD) with a series
MOSFET, switched-capacitor-inductor (SCL)-based differential power processing
(DPP), and intrinsic-capacitance-based DPP converter. From these above-mentioned
solutions, the SBD not only minimized the mismatched or partial shading effect but
also minimized the stresses over the shaded PV cell within a PV sub-panel. Therefore,
SBD is a simple and cheap solution that can be used to improve the performance and
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life of the overall system. However, the proposed DPP converter solutions eliminate
the non-ideal effects in the PV system along with the elimination of the multiple power
peak issues that make a difficult for multiple power point tracking (MPPT) algorithms
to track the maximum power point (MPP). Therefore, if the cost is not an issue and
performance along with the life of the system is more important then the proposed
DPP techniques are preferable as they are simple and easily integrable.

In continuation, the traditional bypass diode, DC optimizers, and DPP converter were
compared in this chapter by developing a PV system model. The developed model
used the real irradiance profiles and ambient temperatures for evaluation under real
conditions. This comparison study helped in the selection of the best suitable solution
under various non-ideal environmental conditions.

Finally, in Chapter 4, the commonly available DPP converters were integrated with
PV panels or sub-panels in different PV array inter-connection schemes, e.g., SP,
TCT, CCT, and BL. This research study analyzed the possibility of integration of DPP
converters in the above-mentioned interconnection schemes. From the analysis, it was
concluded that not all interconnection schemes are simple to integrate with DPP
converters. because of internal electrical connections. However, it was found that
these DPP converters can be integrated with SP and CCT interconnection schemes
and they performed better than the traditional PV systems, which are equipped with
parallel-connected bypass diodes.

5.2, Future Work

This Ph.D. project has contributed with several findings and resulted in many
publications. However, there is a possibility to extend this work in various directions.
The further research dimensions that could be exciting and interesting to be inquired
are listed as follows:

Mismatch effects on bifacial solar PV panel technology

Mismatch study was only considered for crystalline-silicon (c-Si) and thin-film PV
panel technologies. Nevertheless, there are other PV panel technologies, which are
becoming more popular due to their high conversion efficiency, e.g., bifacial solar PV
panels. Bifacial solar PV panels produce power from both sides, i.e., front and back.
Therefore, the study of the bifacial solar PV panels can be an interesting area to
explore by introducing various mismatch scenarios.

PV panel defect diagnosis using electroluminescence (EL) imaging

A machine-learning-based diagnostic methodology that was used in this work can be
further explored for the detection of various internal defects in the solar panels by
using EL images, e.g., cracks in cells, bus bar damage. In addition, deep learning
methods can also be used to improve defect diagnostics both using IR and EL images.
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Additionally, the quality of the data can also help in the improvement of results, which
were achieved in this work using nBayes classifier.

Mismatch detection methods

Power electronics-based mismatch detection algorithms can be proposed that helped
in the detection of mismatch by using various electrical parameters to prevent
continuous switching of power electronic devices. In this way, switching losses can
be improved.

Additionally, the reliability of the proposed converters was not studied. Therefore, its
dynamic analysis will be an interesting area to analyze the life of the converter by
introducing various stresses that are expected in real scenarios.

Integration of differential power processing (DPP) converters in solar PV
interconnection schemes

The integration of DPP converters with real PV string interconnection systems can be
explored to analyze the real PV system performance. Additionally, DPP converters
can also be used to introduce new dynamic reconfiguration techniques.
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