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Abstract: A photovoltaic (PV) system is composed of a PV panel, controller and boost converter.
This review article presents a critical review, contributing to a better understanding of the interre-
lationship of all these internal devices in the PV system, their respective layouts, fundamental work-
ing principles, and architectural effects. The PV panel is a power-generating device. A controller is
an electronic device that controls the circulating circuits in a PV system to collect as much PV output
as possible from the solar panel. The boost converter is an intermediate device that regulates the PV
output based on the duty cycle provided by the controller. This review article also updates readers
on the latest information regarding the technological evolution of these interconnected devices,
along with their predicted future scope and challenges. Regarding the research on PV panels, this
paper explains in depth the mathematical modeling of PV cells, the evolution of solar cell technology
over generations, and their future prospects predicted based on the collected evidence. Then, con-
nection patterns of PV modules are studied to better understand the effect of PV array configuration
on photovoltaic performance. For the controller, state-of-the-art maximum power point tracking
(MPPT) techniques are reviewed under the classification to reveal near-term trends in MPPT appli-
cations. On the other hand, various converter topologies proposed from 2020 to 2022 are reviewed
in terms of tested frequency, voltage gain, and peak efficiency to comprehend recent evolution
trends and future challenges. All presented information is intended to facilitate and motivate re-
searchers to deepen relevant applications in the future.

Keywords: PV panel; controller; DC-DC boost converter; solar cell technology in generations; PV
array configurations; MPPT techniques and classification; converter topologies

1. Introduction

Global energy provision has evolved into a duty and a commitment to the growth of
numerous industrial sectors. For ASEAN’s emerging nations to develop their industries,
modernize their agriculture, boost trade, and enhance transportation, reliable energy is
crucial. However, the official infographic released by the ASEAN Energy Centre 2020
study indicates that certain ASEAN nations still have poor electrification rates. So far,
Myanmar only has a 44% electrification rate, while Cambodia only has a 68% electrifica-
tion rate. According to Silitonga’s research, Cambodia has the highest energy costs in the
area, depriving the majority of its inhabitants of access to electricity [1]. On the downside,
there was an energy deficit of 442.5 MW. Insufficient supply, unstable supply and exces-
sive electricity prices are hallmarks of its energy industry.

To address energy shortages in some ASEAN countries, photovoltaic (PV) systems
have gained attention [2]. A PV system is an electrical framework device that produces
renewable energy by having PV cells transform solar energy into electricity. It has gained
popularity due to favorable low maintenance costs, environmental sustainability,
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economic viability and long lifespan [3]. Since PV systems have been commercialized in
many countries, various studies have been conducted on their future development [4-7].
Suggestions for improvements and adjustments have been made on a regular basis to in-
crease the capacity of the PV system [8].

A complete PV system consists of three primary devices that work together: a PV
panel, controller and boost converter. The PV panel is equivalent to a PV array composed
of multiple PV modules in series and parallel, wherein the modules are composed of mul-
tiple PV cells in series. Here, PV cells are the smallest compounds responsible for gener-
ating PV voltage, current and power to the system [9]. In theory, only PV cells exposed to
uniform irradiance and temperature can operate at optimal efficiency [10]. The operating
temperature of a PV panel should always be consistent because every PV cell shares the
same ambient temperature. Therefore, the only factor that primarily affects power gener-
ation should be the irradiance level. Under normal circumstances, a PV module will be
fully irradiated (1000 W/m?), but sometimes the sunlight will be blocked by obstacles such
as clouds, trees, birds, etc., causing some PV cells in the module to be shaded and not
illuminated. This is the shading effect, where the PV module receives only a percentile of
irradiance from the unshaded surface of PV cells [10]. It goes without saying that all indi-
vidual modules with the same settings will produce different voltage, current and power
outputs at different shading degrees [11]. The higher the irradiance level, the higher the
efficiency of the PV system and the higher the PV voltage, current and power generated
at the panel terminals.

Different connection patterns of PV modules produce different voltage and current
outputs. PV modules are connected in series to double the voltage output and in parallel
to double the current output [12,13]. PV systems generally require higher voltage outputs,
so series-connected PV modules are favorable. However, in practical applications, PV
modules will not be completely connected in series, but will also be mixed in parallel [14].
This is to theoretically reduce the risk of defects. Any wiring fault in the series will termi-
nate the power generation of the entire series array. If only the series connection is used,
any wiring failure will terminate the entire power generation process of the PV panel,
resulting in chain defects of the entire PV system. On the contrary, any wiring fault inside
the parallel connection has little effect on the entire power generation process. Although
a row of PV power generation circuits will be terminated, the circuit elements in the other
rows can still operate normally without major defects. In this case, only a small amount
of current is lost, but the maximum voltage at the terminals remains the same [15].

In practice, fully connected PV modules in a panel sometimes experience varying
degrees of shading in respective modules. This is what we call the partial shading phe-
nomenon that occurs in PV panel [16]. The PV panel under partial shading effect will gen-
erate multiple power peaks at the power-voltage (P-V) characteristic curve [17,18]. The
number of power peaks corresponds to the number of PV modules with different shading
degrees within the panel. The highest power peak in the P-V curve denotes the maximum
power point (MPP), where the optimal power can be extracted from the PV panel. To
reach the MPP and thus maximize the power extraction from the PV panel at any given
situation, the controller in a PV system necessitates parameter optimization while refer-
encing the PV panel data and environmental data to obtain a best-tuned duty cycle [19].
Overall, the controller is responsible for optimizing the process of tracking the MPP. The
main difficulty lies in the nonlinear nature and environmental reliance of PV power gen-
eration [20,21]. For the controller to complete the optimization task, there must be a track-
ing scheme applied to the controller block. It can be a traditional technique, intelligent
approach, or metaheuristic optimization algorithm. All attempts to track MPP using any
of the above-classified tracking schemes are referred to as maximum power point tracking
(MPPT). We also reasonably refer to these adopted tracking approaches as MPPT tech-
niques.

In effect, the controller sends commands to the boost converter via a pulse width
modulation (PWM) signal generated based on the tuned duty cycle to control the
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switching interval of the transistors in the boost converter, thereby indirectly maximizing
the PV power generation in the PV panel. Here, the controller mainly acts as a stabilizer
to maintain a constant output power in the PV circuit system. However, it is worth notic-
ing that the boost converter also acts as a voltage regulator, amplifying the PV voltage
drawn from the panel to the user.

From a corollary perspective, for Southeast Asia (SEA) to develop a dependable and
consistent energy system, energy efficiency is crucial [22]. In accordance with the energy
chapter of the 2025 ASEAN Economic Community (AEC) Blueprint, ASEAN abides by
the policy in the 20162025 ASEAN Action Plan for Energy Cooperation (APAEC) [23]. It
intends to raise the intensity of SEA’s renewable energy to the predetermined level of 23%.
Thus, improving MPPT techniques through additional research and development may be
the best approach to advance renewable energy. It is believed that this will also be the best
solution to deal with the energy shortage problem in some SEA countries.

This review article contributes to a better understanding of the mathematical con-
cepts of PV systems. It indeed covers all relevant knowledge, including partial shading
effects on the P-V characteristic curve inside the PV panel, the working procedures of
MPPT inside the controller, analytical architecture for voltage regulation and stabilization
inside the boost converter, etc. It also updates readers the latest information on technolog-
ical evolution related to these interconnected devices, primarily reviews of solar cell tech-
nology, PV array configurations, state-of-the-art MPPT techniques, and novel converter
topologies, along with forecast analysis for their future scope and challenges. All pre-
sented information is intended to facilitate and motivate readers or researchers to deepen
relevant applications in the future.

Here is an outline of this article: Section 1 introduces this review article, Section 2
explains the conspectus of PV systems, Section 3 studies the PV panel, Section 4 studies
the boost converter, Section 5 studies the controller, and Section 6 concludes the review
work.

2. Conspectus of PV Systems

A growing number of projects have begun large-scale implementation of photovol-
taic (PV) solar power to replace non-renewable energy in real-world setups [24]. Photo-
voltaic systems have emerged as prime candidates for power plants, connected via power
lines to distribution systems, transmission systems, substations and end-users [25]. It
should be noted that power lines are the medium that carry electricity from one location
to another, and the process of transferring electricity over vast-distances between two de-
sired locations is called electrical transmission [26]. The most commonly used type of
power line is the overhead line, which can carry huge voltages of 100-800 kV and is mainly
used for long distance transmission [27]. Efficient transmission of up to 500 km is possible
[28]. In theory, the high voltage capacity minimizes the power loss to resistance. Basically,
the amount of power is determined by how much current (I) passes through a circuit ele-
ment, how much voltage (V) differs at the nodes, and how much power (P) is then lost
throughout the process. From a more theoretical point of view, the heat dissipated by cur-
rent travelling across a power cord/line with internal resistance can cause power loss due
to resistance [29,30]. As we expand the analysis, the resulting power loss is the square of
the total current drop, and the current drops proportionally with increasing voltage [30].
This claim implies that PV systems require the highest voltage available to deliver the
greatest amount of power to users with minimal losses. However, there is a constraint, in
that the current begins to discharge at 2000 kV, leading to significant losses [31].

A PV system is an electrical frame device that sustains renewable energy [32]. It con-
sists of three main devices: PV panel, boost converter and controller [33]. Figure 1 displays
the complete layout of the PV system, including all internal layouts of the interacted elec-
tro-devices. The PV panel is a power-generating device that converts solar energy into
electrical energy, at which the output of the PV panel terminals is regulated by the boost
converter and supplied to the controller. The controller tunes the duty cycle while
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referencing the input PV data output from the PV panel to generate the desired controlling
signal to the boost converter. The boost converter refers to the controlling signal provided
by the controller to regulate the PV data output from the PV panel. For ease of under-
standing, Figure 2 displays the interrelationship diagram for these electro-devices in a PV
system. The output terminal of the boost converter can be linked to the user device, rep-
resenting the provision of processed PV power to the user, albeit not directly. The follow-
ing sections provide an in-depth explanation of each device in terms of background, ar-
chitecture, concept, and impact.
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Figure 1. Layout in PV system.
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Figure 2. Interrelationship diagram in PV system.

The review sets forth to reveal tendencies in scholarly publications up to the end of
December 2022. After in-depth investigation, we collected rough data from journals, con-
ferences, books, editorials, and other sources, with at least a significant number of publi-
cations from emerging publishers. The content may include studies from various perspec-
tives such as application, design, modification, evaluation, performance comparison,
analysis, discussion, interpretation, etc.; all directly or indirectly contribute to the devel-
opment of PV-related technologies.

For ease of observation and discussion, this review paper presents the data in differ-
ent forms such as tables, line charts and pie charts for the following contents. Table 1 rec-
ords the year-specific publication count by article type, Figure 3 illustrates a line chart
plotting publication count by article type over the years, while Figure 4 demonstrates a
pie chart with cumulative percentiles distributed by article type.
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Table 1. Year-specific publication count by article type.

Publication Count by Article Type

Article Type 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Cumulative
Research paper 496 515 437 598 643 842 1029 1058 1288 1722 2080 3224 3538 4500 5397 5767 6233 7184 7852 8707 9627 10,402 11,181 94,320
Conference paper 592 100 597 293 215 758 978 427 1010 1558 1952 2388 2701 2789 3193 3370 3847 4119 4779 4873 4593 5147 4332 54,611
Book chapter 195 101 174 161 127 206 209 251 333 599 434 602 709 965 1106 1128 1284 1328 1707 1864 2485 2776 3019 21,763
Review paper 54 58 62 71 90 100 106 127 167 238 262 408 429 465 538 694 825 917 995 1088 1317 1906 3037 13,954
Encyclopaedias 3 34 3 5 9 5 5 22 14 14 5 10 141 99 91 115 111 95 184 199 185 363 256 1968
Editorial 15 7 6 5 3 5 3 6 5 10 12 14 10 21 24 30 21 27 19 24 37 44 51 399
Total 1355 815 1279 1133 1087 1916 2330 1891 2817 4141 4745 6646 7528 8839 10,349 11,104 12,321 13,670 15,536 16,755 18,244 20,638 21,876 187,015
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The trends in Table 1 and Figure 3 indicate an increasing academic demand for PV-
related studies. More than 80% of articles published between 2000 and 2020 were pub-
lished after 2012, with 2022 seeing the highest number of publications, representing a total
increase of 190.6% compared to 2012. Incidentally, the publication count has grown by an
average of 11.3% per year over these 10 years. In the decade since 2012, the number of
publications across all article types has grown significantly. By the end of 2022, research
papers account for the highest proportion of publications (about 50%), followed by con-
ference papers (about 29%), and then book chapters (about 12%), as shown in Figure 4.
This reveals that research journals have become the main channel for the dissemination of
project outcomes related to the topic of photovoltaics. In fact, it demonstrates the ongoing
proposal to develop photovoltaic-related technologies, as research articles only accept re-
sults with a high degree of novelty. On the other hand, conference proceedings (papers)
account for a persistently high proportion of publications, demonstrating efforts by or-
ganizations to hold frequent conferences and provide researchers with free space to dis-
cuss, present, and publish their project outcomes. The large number of book chapters also
indicate a publisher’s interest in sharing research resources that benefit readers’ learning

Year-specific scholarly publication count by article type

B

515

ch paper

paper  =s==Book chapter Conference paper  e=e=Editorial =@=Encyclopaedias

11,181
8,707 9,627 10,4025
3 7,184 7,852

5,397 5,767 6,23

,779 4,873 4,593 5,147

1,722

1,288 3,037

1,906

1,029 1,058

842

oo5 1,088 1317

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Year
Figure 3. Distribution of publications by article type over the years.
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Table 2 reorganizes the article data by publisher, while Figure 5 illustrates the data
in percentiles via a pie chart representation. Upon investigation, Springer is currently the
publishing media that releases the most PV-related publications, covering everything
from major research papers to minor editorials. Next came IEEE, Elsevier, and then MDPI,
where they are all promising publishers in the engineering field. IEEE is known for its
extensive conference proceedings around the world, while Elsevier and MDPI host nu-
merous high-impact open access journals that contribute to knowledge dissemination. All
participating publishers are striving to push PV-related technologies to the next level.

The exact publication count by year, article type and publisher may be more than
stated as the data presented is based only on information gathered through the outcomes
of own review. However, the current amount of data is sufficient to provide key evidence
and reference for readers to comprehend the academic progress of PV-related publications
over the years. It also advises researchers which publishers and article types would enable
their studies to be recognized and accepted.

Table 2. Publisher’s publication count for specific article type.

Scholarly Publication Count

Publisher ~AtticleType _
Research Paper Review Paper Book Chapter Co;i;r::ce Editorial Encyclopaedias Cumulative
Springer 22,769 9890 19,465 6866 0 1720 60,710
IEEE 8124 202 74 43,463 250 4 52,117
Elsevier 34,724 2547 1229 172 55 182 38,909
MDPI 6050 609 9 87 34 7 6796
ACS Publications 6474 102 19 132 0 0 6727
Wiley 5834 78 710 42 0 46 6710
AIP Publishing 3257 127 33 1316 47 7 4787
IOP Publishing 1702 123 1 1825 0 0 3651
Taylor & Francis 2214 78 0 0 1 0 2293
IET 984 19 82 608 0 0 1693
Hindawi 1304 65 0 6 12 0 1387
Inderscience 486 28 0 0 0 0 514
SAGE 351 20 1 94 0 0 466
MIT Press 47 66 140 0 0 2 255
Publication classification by publisher
SAGE
0% MIT Press

Springer

0,

g 32%

Inderscience
0%

Hindawi
1%
IET
1%
Taylor &
Francis IOP Publishing
1% 2%
AIP Publishing

2% Wiley
4%
ACS Publications
4%

Elsevier
21%

Figure 5. Proportion of publication classification by publisher.
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The use of solar energy is increasing worldwide and currently accounts for an esti-
mated 5% of the world’s electricity. However, global solar installations vary by country,
with China having the largest installed solar capacity in the world, accounting for approx-
imately 36% of the world’s total energy production, followed by the United States at 11%,
and Japan at 9%. According to experts, 133-175 gigawatts of new solar capacity were built
globally in 2021, with another 200 gigawatts deployed by the end of 2022 [34]. This is clear
evidence that solar energy has great potential for further expansion, as every country
meets the geographic requirements to install solar technology. However, this review arti-
cle is written for scholarly outreach purposes, and we prefer to review scholarly publica-
tions to reveal their distribution across countries. Table 3 exclusively records the relevant
data, Figure 6 shows the data in the form of a pie chart, and Figure 7 displays the data in
the form of a map chart. It is worth noting that China, United States and India are cur-
rently the top three countries with the largest number of proposals for photovoltaic-re-
lated articles in the global scale, of which China accounts for 20.84% of the total number
of global academic publications, followed by the United States with 16.63% and India with
8.38%. Collectively, these three counties could have the most advanced knowledge in the
installation, production and commercialization of solar power.

Table 3. Percentage distribution of scholarly publications by country.

Country Distribution Percentage of Scholarly Publications
China 20.84%
United States 16.63%
India 8.38%
Germany 4.41%
South Korea 4.39%
Japan 4.34%
United Kingdom 4.22%
Italy 3.30%
Spain 3.04%
Australia 2.88%
France 2.76%
Iran 2.18%
Canada 2.15%
Malaysia 1.97%
Saudi Arabia 1.87%
Brazil 1.46%
Egypt 1.45%
Switzerland 1.31%
Turkey 1.25%
Singapore 1.19%

Other 9.98%
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3. PV Panel

The PV panel is the main device that supplies electricity from solar energy, where the
actual power-generating compound in the panel is the PV cell. Multiple PV cells are con-
nected in series to establish a complete layer of PV modules, and multiple PV modules are
connected in parallel and series to establish a complete PV array layer. In this review ar-
ticle, each compound is reviewed in an easy-to-understand order. To fully comprehend
the architecture of a PV panel, one must study the mathematical concepts starting from
the PV cell through to the PV array. Only then can the composition of the PV panel be
studied to understand the voltage, current and power performance under different
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shading degrees, connection patterns or both. Everything is thoroughly researched, in-
cluding context, conditioning effects, and circuit flow patterns, where all explanations are
fully supported figures, tables, and equations.

3.1. PV Cell
3.1.1. Mathematical Modeling

PV cells are the smallest compound in the PV panel. It is essentially a diode made of
semiconductors [35,36]. If a PV cell is short-circuited, the portion of cells exposed to sun-
light generates charge carriers, which then generate current across the p—n junction
[37,38]. Figure 8 depicts a common single-diode layout for a PV cell equivalent circuit [39-
41]. In response to its layout, the I-V characteristics of a practical PV cell can be expressed
as follows [42,43]:

Ipv,c = Iph,c - Ish,c - Id,c (1)

where c denotes the index of PV cell, I, is the terminal current, I, is the photocurrent
from the incident light, and I, is the diode current. When light is incident on the PV cell,
charge carriers transport across the p-n junction to generate I,,. The value of I,;, depends
directly on the irradiance level and the operating temperature. The generation of I, can
be expressed mathematically as follows [44,45]:

G
Ipne = (I3 + K;AT) e )

where AT =T —T", T denotes the operating temperature of PV cell in Kelvin, T* de-
notes the nominal operating temperature, ¢ denotes the irradiance level in Walt per
square, G* denotes the nominal irradiance level, I, is the short-circuit current generated
by projected sunlight underneath the nominal circumstance, and K; is the temperature
coefficient of short-circuit current (I ). Note that the nominal condition is when irradiance
level G = G* and operating temperature T =T*, where G* =1000Wm™ and T* =
298.15 K, indicating the total exposure of cell’s surface to solar radiation without any
shaded region at the surrounding temperature of 25°C.

Meanwhile, Iy, can be simply calculated using the node voltage method, and the
final expression is as follows:

_ va,c + Ipv,cRs (3)

Ishc
’ Rsh

where 1}, is the terminal voltage, R is the series resistance, and Ry, is the shunt re-
sistance.
At last, the diode current I3 can be expressed mathematically as follows [46]:

Q(va,c‘Hpv,cRs)
Id,c = Io e akpT -1

«3 qE
Lo =5 (L) el 4)
T
I
(@)
e\@Vr/) —1
where g = 1.60 X 107'° C denotes the electron charge, E; indicates the band gap energy
of semiconductor, a =1 denotes the diode ideality factor, k, = 1.38 x 1072 JK™! de-
notes the Boltzmann constant, e( ) denotes the exponential function, I, is the reverse
saturation current, I} is the reverse saturation current underneath the nominal circum-
stance, I, is the short-circuit current underneath the nominal circumstance, V. is the
open-circuit voltage underneath the nominal circumstance, and Vy« = k,T*/q denotes

the thermal voltage of the PV cell at nominal temperature. Referring to Equation (4), I,
depends only on the temperature to calculate the diode current I [44,46].

Iy =
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Having identified the three I elements, we can substitute Equations (2)—(4) into
Equation (1) to get the final formula for current generation in the PV cell:

G
Ipv,c = (Is. + K;AT) E - ®)

va,c + Ipv.cRs -1 eq(va;;lj];v.cRs) -1
Rsh °

According to Equation (5), changes in Rg, have little effect on the efficiency of the
PV cell, whereas tiny changes in Rs have a significant impact. Therefore, in a real device,
the value of R; is set as low as possible and the value of Ry, is set as high as possible
[39,47]. For ideal modelling, Ry is assumed to be short-circuited, while Ry is assumed to
be open-circuited, resulting in an ideal PV cell. In short, in an ideally designed PV cell,
R, =0 and Ry, = . The shunt current I, is, hence, removed from the calculation be-
cause the current can no longer pass through Rgy. In this manner, the fundamental for-
mula for an ideally constructed PV cell portrays the I-V characteristics based on the semi-
conductor theorem [48]. Ideally, the terminal PV current I, is constituted only of I,
and I4. where I, supplies a portion of the current (I4) to the internal diode before trans-
mitting it as Iy

Ipv

—

VW

Rs

-® g

Figure 8. Internal layout of PV cell.

3.1.2. Output Characteristics and Maximum Power Point

Note that the PV power B,, produced by the PV solar cell is the product of I,, and
Vov- Itis a direct current (DC) type power supply. Figure 9 collect I-V and P-V characteristic
curves from an ideally constructed PV cell, where SC indicates short-circuit status, and
OC indicates open-circuit status [39,43]. They are the graphical curves that define the re-
lationship between the current through the PV cell and the potential difference between
its terminals. Combined with the explanation of the above mathematical formula, it can
be inferred that the PV cell produces a nonlinear output effectiveness due to the intricate
relationship between the overall resistance and the receiving temperature [49]. Figure 9
highlights three notable points, respectively, including the open circuit point at I,, = 0,
the short circuit point at V,, = 0, and the maximum power point (MPP) at V},, = V,, and
Iy = Iyp. It is worth noting that the peak point of B,, is represented as P,,, where P,
is the power value at MPP. It is mentioned in advance that MPP is the goal to achieve,
which represents the global optimum of the maximum extractable output power of the
PV model.
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Figure 9. (a) I-V and (b) P-V characteristic curves of a PV module.

3.1.3. Solar Cell Technology in Generations

Photovoltaic solar cells can be composed of different materials to yield different en-
ergy conversion efficiencies. The physical and chemical properties of composite materials
hugely determine the performance of photovoltaic cells. Hence, researchers have been
working on developing innovative PV solar cells through continuous distribution, modi-
fication, reconfiguration, combination, dosage and any other chemical manipulations. Up
to now, the photovoltaic solar cell companion has gone through four generations. Each
has its own definitions and policies. The first generation of PV solar cells adopts crystalli-
zation technology, and is mostly made of silicon-based materials with thicker crystalline
layers. It was the first product of its kind to hit the market in the solar sector, and now it
has occupied 90% of the world-wide market share and 80% of the global installed capacity
[50]. To save costs, second-generation PV solar cells replace silicon with thin-film technol-
ogy to reduce the amount of material used while improving its quality. With the develop-
ment of electrochemistry, the adopted materials were extended to copper indium gallium
selenide (CIGS), cadmium telluride (CdTe), amorphous silicon (a-Si) and gallium arsenide
(GaAs) [51,52]. The PV technology of third-generation solar cells is based on newer sub-
stances. By stacking new materials in thin layers, this generation of technology fills in the
gaps of the second-generation technology and improves device efficiency [53]. The fourth
generation is the latest generation. Solar cells from this generation are designed to boost
solar cell efficiency and cost-effectiveness by combining inorganic and organic compo-
nents. For better stability and endurance, they combine the benefits of earlier generations
with cutting-edge organic nanomaterials including graphene, graphene derivatives, and
carbon nanotubes [50,54].

There exist reliable aggregated data on the historical efficiencies of first to third-gen-
eration solar cells, but the efficiencies of fourth-generation solar cells over the years have
yet to be sorted out by others. Hence, this review article endeavors to fill in the gaps left
by others by completing an up-to-date list of efficiencies for first to fourth generation solar
cells by category. With its efforts, this study aims to show the reader the rise of the fourth
generation and its potential evolution in the near future. As part of the achievement, Table
4 records the summary of different material-based solar cells by generation, listing com-
plete information on their efficiency, lifespan, cost and life cycle assessment.
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Table 4. Summary of efficiency, lifetime, cost and life cycle assessment of solar cells under the gen-
eration classification.

Maximum . Environmental Indices
. Conversion E‘stlmated .

Material(s)-Based Efficiency by the Lifespan Manufacturing Cost GHG (gCO/KWh)  CED (MJ/m?)

End 0f2022 (%) oA
First-generation: crystalline silicon
Mono-crystalline silicon 27.6% [55] 25-40 $0.34-0.54/W [56] 60.1-87.3 [57] 4200 [58]
Mono-crystalline silicon (concentrator) 26.1% [55] 25-50 $0.30/W [59] 62-109 [60] 380-8700 [57]
Poly-crystalline silicon 23.3% [55] 14-35 $1-2/W [61] 12.3-58.8 [57] 2544-3482 [62]
Heterostructure silicon 26.7% [55] 25-30 $0.48-0.56/W [63] 47.5[57] 3500 [64]
Second-generation: thin-film
Copper indium gallium selenide (CIGS) 23.4% [55] 12-25 $41-52/m? [56] 27 [65] 3005 [66]
CIGS (concentrator) 23.3% [55] 12-25 $0.59/W [67] NA NA
Cadmium telluride (CdTe) 22.1% [55] 25-30 $0.46/W [68] 14 [69] 81
Amorphous silicon (a-Si) 14.0% [55] 15-25 $0.73/W [70] 20 [65] 989 [71]
Thin-film silicon 21.2% [55] 10-20 $0.20/W [72] 36.9 [71] NA
Mono-crystalline gallium arsenide (GaAs) 27.8% [55] 15-20 $0.40/W [73] NA NA
GaAs (concentrator) 30.8% [55] 20-25 NA NA NA
Thin-film GaAs 29.1% [55] 10-15 $0.50/W [74] NA NA
Third-generation: emerging photovoltaic
Organic solar cells 18.2% [55] 10-20 $48.80-138.90/m? [75] 37.8-56.7 [57] 96.7-125.0 [76]
Organic tandem solar cells 14.2% [55] 5-20 NA 5700-6000 [57] 43.9-51.3 [77]
Quantum dot solar cells 18.1% [55] 10-25 $0.15-0.84/W [78] 5 [57] 1029.6 [57]
Perovskite solar cells 25.7% [55] 20-30 $0.25-0.69/W [56] 147 [79] 504 [79]
Perovskite/Si tandem solar cells 31.3% [55] 15-29 $121.18/m2 [80] 46.4 [64] NA
Perovskite/CIGS tandem solar cells 24.2% [55] 15-25 $56.05/m? [81] NA NA
Dye-sensitized solar cells (DSSC) 13.0% [55] 5-7 $22.40/m? [82] 22.4[79] 277-365 [83]
Multi-junction solar cells 47.1% [55] 20-24 $8.24/W [84] 40 [85] 860 [57]
Multi-junction solar cells (concentrator) 30.5% [55] 25-30 $0.59/W [86] NA NA
Fourth-generation: nano photovoltaic
Graphene-silicon 18.8% [87]
Graphene—quantum dot 13.7% [88]
Graphene—perovskite 16.1% [89]
Graphene/perovskite-quantum dot 17.9% [90]
Graphene/quantum dot—perovskite 19.8% [91]
Graphene-DSSC 11.5% [92]
Carbon nanotubes-silicon 20.1% [93]
Carbon nanotubes—quantun.q dot 6.00% [94] 0-1 TBD TBD TBD
Carbon nanotubes—perovskite 37.4% [95]
Carbon nanotubes-DSSC 10.3% [96]
Graphene/carbon nanotubes-silicon 17.5% [97]
Carbon nanotubes/graphene-quantum dot 8.28% [98]
Carbon nanotubes/silicon/graphene— 14.9% [99]

quantum dot

Graphene/carbon nanotubes—perovskite 19.6% [100]

8.34% [101]

Carbon nanotubes/graphene-DSSC

Despite not having the superior energy conversion efficiencies at the current stage, it
is self-evident that fourth-generation solar cells will continue to have strong growth ex-
pectations. So far, organic nanomaterials (i.e., graphene and carbon nanotubes) have been
shown to be highly compatible with any solar cell of previous generations, leading to the
intensive development of hybrid organic-inorganic nanocomposites for PV solar cells in
recent years. [102,103]. Graphene, by definition, is a two-dimensional substance with a
single layer of graphite, in which carbon atoms are organized into a hexagonal honeycomb
lattice. Carbon nanotubes, on the other hand, are hollow cylinders in which sheets of
graphite are rolled into cylinders. Though both are composed of the same sub-material,
they are taxonomically separable. Hence, they can be reasonably classified into three
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categories: graphene-based, carbon nanotube-based, and (combined) graphene/carbon
nanotube or carbon nanotube/graphene-based, as shown in Table 4.

Even though graphene and carbon nanotubes are only as thick and heavy as a single
atom, as they are made of a monoatomic layer of carbon atoms, they are characterized by
their toughness, which is on par with diamond. These indeed endow the fourth-genera-
tion solar cells with high durability and lightness in the end-product. Furthermore, due to
their ultra-thin layers, only minimal amounts of raw materials are required, which signif-
icantly reduces costs during the cell manufacturing process. As carbon is not hazardous
to the environment, fourth-generation solar technology actually promotes cutting-edge
green initiatives. Green disposal at the end of the product lifecycle is also conceivable, as
nanomaterial-based solar cells have the potential to be made entirely of carbon through
rigorous separation, purification, and enrichment methods that guarantee the inherent
properties of pure carbon at ideal levels [104].

These organic nanomaterials are also highly flexible as they can take on other forms
of structure [105]. With their flexibility, scientists have created a variety of solar cells that
silicon cannot produce. This has led to unprecedented technological breakthroughs. Now,
fourth-generation solar cells have been developed to prevent high local electric fields from
hampering the electrical transport of surface charges. The synthetic nanomaterial sheets
are physically transparent to a portion of infrared sunlight, which makes up around half
of solar energy. These properties make them ideal for solar applications in aeronautical
engineering, as they simplify installation via direct doping without compromising cell ef-
ficiency.

Nanotechnology has been widely used for structural reinforcement. As outcomes,
products based on organic nanomaterials have been upgraded with higher electrical and
thermal conductivity. More recently, it has been extended to solar technology to enhance
the conductivity of PV cells in antistatic containers [106]. Since advanced nanotechnology
can guarantee the good electrical conductivity of the synthesized nanomaterial sheet, it
can act as a bridge to accelerate the transport of electrons from the metal derivative to the
photoelectrode. With more promising thermal conductivity, fourth-generation solar cells
convincingly address the major drawback of first and second-generation solar cells, which
scorched the semiconductor lattice during operation. Nevertheless, the use of nanomateri-
als in solar cells contains a great deal of potential from the standpoint of electrothermal
characteristics, and they are anticipated to be utilized in high energy-consuming sectors.

From the data collected in Table 4, we have enough information to reveal the merits
and demerits of first to third-generation solar cells. Along with the understanding of the
properties of organic nanomaterials, we can foresee the advantages and disadvantages
brought by the fourth-generation solar technology. To sum up, Table 5 summarizes the
pros and cons of each generation of solar cells for better comparison, analysis and inter-
pretation.

Upon discussion, the market of the first generation of solar cells has been saturated
due to earlier commercialization. Despite every effort to maximize efficiency, further de-
velopment of the first generation is expected to face some challenges, as the pristine nature
of silicon interacts weakly with light and is less resistant to significant power losses. Sec-
ond-generation solar technology is not satisfactory due to the limited availability of cer-
tain materials, not to mention its biggest drawback is rapid degradation to ambient light,
making it unsuitable for outdoor applications. However, the third-generation solar tech-
nology has achieved higher breakthroughs, mainly perovskite and multi-junction cells
whose efficiencies are 5.4% and 21.2% higher than the average efficiency of the first-gen-
eration solar technology, and the overall efficiency is also 0.7% higher than that of the
second-generation solar technology. For now, third-generation solar technology has in-
deed taken over the research market. Hence, the subject will turn to whether the fourth-
generation solar technology has the potential to surpass the third generation in terms of
the suitability of energy supply and the stability of commercialization. Due to the afore-
mentioned advantages brought about by the excellent properties of nanomaterials, and
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their ability to be integrated with any type of previous-generation solar cells, the peak
efficiencies of fourth-generation solar cells are rapidly increasing, though the technology
is still in its infancy and early stages of development. With advances in materials engi-
neering, pathways to improve panel efficiency will be realized.

Table 5. Pros and cons [52-54] of solar cells explained under the generation classification.

Solar Generation

Pros Cons

First-generation:
crystalline silicon

(1) Abundant mineral deposits in the (1) Can be a bit expensive for large scale operations

Earth’s crust ensure material availability ~ (2) Since silicon is an indirect bandgap semiconductor, it
(2) Non-toxic determination of pollution  interacts weakly with light

and durable retention (3) Less tolerance for surface fouling as it causes significant
(3) High compatibility power loss

Second-generation:
thin-film

(1) Cheaper because less material is used to
form micron-thick layers

(2) Possess maximum absorption coefficient
(3) Less production steps through direct
integration into high-voltage modules

(1) Lower energy conversion efficiency

(2) Rapid degradation to ambient light and therefore not
preferable for outdoor applications

(3) Limited availability of some materials

Third-generation:
emerging photovoltaic

(1) Solution processable

(2) Conducive to commercial production
due to high efficiency at high temperature
(3) Mechanically tough

(1) Solar power and manufacturing costs are high

Fourth-generation: nano(5) Lightweight and thin

photovoltaic

(1) Low cost

(2) High flexibility, thus reducing industrial
constraints

(3) Very high toughness and hardness

(4) High stability and durability (1) Very short lifespan

(2) Incomplete research resources lead to insufficient practical
integrity

(3) Commercialization is speculative due to insufficient
evidence of commercial validity

(6) Green initiatives

(7) Physically transparent with minimal
blocking of sunlight exposure

(8) High electrical and thermal conductivity
(9) Ease of preparation as materials are
readily available

Accordingly, first and second-generation solar technologies are expected to be com-
mercially replaced by third and fourth-generation technologies. To eliminate existing so-
lar cells, proper recycling and disposal methods must be implemented. Recycling is more
preferable to minimize cost and waste of material, while solar cell disposal with minimal
impact on the environment also needs to be considered. Notably, waste from end-of-life
solar panels can present the opportunity to recover valuable materials through recycling
and reprocessing. The International Renewable Energy Agency predicts that by 2030, the
cumulative value of recycled raw materials used in end-of-life panels will be about $450
million, equivalent to the price of raw materials needed to make about 60 million new
panels [107]. Fortunately, most of the components in first and second-generation solar
cells can be recycled. The composition of monolithic solar cells is generally glass, alumi-
num and rare metals, such as silicon, indium gallium, arsenic, etc., among which the rare
metals with the highest content determine the naming of solar cells. Table 6 collects recy-
cling data for first and second-generation solar cells. These findings could provide ave-
nues for efficient material recovery.
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Table 6. Solar waste recycling information [108-111].
Generation Solar Cell Recyclable Material Recovery Rate (%)
Aluminum 100
First Silicon-based  Glass 95
Silicon 85
Aluminum 100
Glass 95
GICS-based Indium 90
Gallium 90
Copper 90
S d Aluminum 100
econ CdTe-based  Glass 90
Cadmium telluride semiconductor 95
Aluminum 100
Glass 95
GaAs-based Gallium 98
Arsenic 98

In any case, the biggest challenge facing fourth-generation solar technology is how
to extend the lifespan of fourth-generation solar cells. At present, the product lifespan of
the technology is expected to be as long as one year, which is too short for stable commer-
cialization. One of the possible major solutions could be further breakthroughs in the qual-
ity of materials, but this could be accompanied by developments in materials science that
usually require considerable time and expense to accomplish. Another option can be
chemical processing, which requires a deep understanding of chemical science, including
acid treatment, coating, doping, etc. to enhance the durability, sustainability and conduc-
tivity of solar materials. Instead, physical improvements to the solar panels may be the
most effective solution, as running solar photovoltaic cells at cooler temperatures has been
shown to extend their lifespan. So far, researchers have proposed and tested several cool-
ing techniques for panels. One of the most common and effective coolants is water [112].
The following literature [113] is cited for any possible breakthroughs in cooling techniques
in response to recent solar research. These findings may provide avenues for the efficient
development of fourth-generation solar technology in the future.

All these claims support the bright future of fourth-generation solar cells, which are
expected to account for half of the research market in the coming years. However, this
generation of solar cells still faces certain insufficiencies. Another challenge lies in deter-
mining the proportional concentration of nanomaterials used in the solar cell. Improper
rationing can lead to defects that instead assimilate light from the solar cells, reducing the
energy conversion efficiency of the solar cell [114,115]. Hence, it is foreseeable that re-
searchers will continue to put in more efforts to overcome this challenge and contribute
to the further evolution of more efficient PV solar cells.

3.2. PV Panel
3.2.1. Mathematical Modeling

A PV panel is generally regarded as a single PV array, where a PV array is composed
of N, PV modules in parallel and Ny PV modules in series, and a PV module consists of
N. PV cells connected in series.

A PV module is typically where PV cells are connected in N, series, where N, is
specified as the PV cell number per module string. Every electronic component in a series-
connected circuit receives the same amount of electric current, as there is just one possible
route for current to bypass. Instead, every electronic component has different potential
difference (voltage) based on its resistance value, and, hence, the sum of the voltage drops
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at all electronic components in a series circuit constitutes the total voltage. In a PV module,
the voltage produced by each PV cell should be aggregated while the current remains
equal, so the expressions for the PV terminal voltage and current of a single PV module
can be derived as follows:

V.
va'c _ Jpvm
N, (6)
Ipv c = Ipv m

where m denotes the index of PV module.

By extension, a PV array is where PV modules are typically connected in N, parallel
and Nj series, where Ng denotes the module number per array string and N, denotes the
array string (parallel) number. PV modules in series provide greater output voltage, and
PV array strings in parallel increase output current [39], so the expressions of the PV ter-
minal voltage and current of a single PV array can be derived as follows:

_ va.a
pv,m Ns
I = lova @
pv,m N

where a denotes the index of PV array. By substituting Equations (6) and (7) into Equation
(5), the I-V characteristics of a practical PV array can be obtained as follows [47]:

. 6N
Ipva = Np(I5c + KiAT) — —

Q(N Vpv.at+NsNcl v.aRs)
v.a + NchIpv.aRs —N.Lle P leszNcakbl;" -1 (8)
NchRsh bo

3.2.2. Impact of Partial Shading Condition on PV array

As analyzed from the mathematical modelling, the operating temperature T and ir-
radiance level G in a PV module determine the PV output power. Note that the operating
temperature is uniform because every PV cell is exposed underneath the same environ-
ment and shares the same ambient temperature. However, sometimes when the sunlight
is blocked, the surface of the PV cells may be shaded to a certain extent, so the PV module
cannot receive the full irradiance but only a certain percentage.

If uneven shading occurs on a PV panel of an array with multiple PV modules con-
nected in series, this will result in different PV modules receiving varying irradiance levels
in the panel. This is the so-called partial shading phenomenon [116]. Figure 10 displays
the [-V and P-V characteristic curves of PV panel underneath partial shading condition,
where the PV panel (or array) has five PV modules connected in series, each with irradi-
ance levels set at 1000, 800, 600, 400 and 200 W/m?, at a nominal temperature of 25°C.
Given the different percentages of shading in each module, there appear to be five peaks
on the P-V curve. The middle peak with the highest B,, value approximately equal to 420
W is the MPP, where this value is the global optimal power (i.e., Pyp) that the PV panel
can produce. The remaining peaks other than MPP are local maxima, which produce
power peaks somewhat lower than MPP. Nonetheless, MPP is the only optimization ob-
jective to obtain maximum PV power.

In theory, a PV module that is shaded would never extract more current than another
module that is not shaded, and, hence, the amount of extractable current decreases along
with the shading percentage. The following statement will explain the composition of the
peaks in the P-V curve [117]. Note that each PV module is connected in parallel with a
diode. When the current is less than or equal to 1.58 A, it bypasses all five PV modules.
When the current is less than or equal to 3.16 A but greater than 1.58 A, it bypasses the
four PV modules but forward biases the diode in parallel with the 200 W/m? irradiated
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PV module. When the current is less than or equal to 4.74 A but greater than 3.16 A, it
bypasses the three PV modules but forward biases the diodes in parallel with the 200
W/m? and 400 W/m? irradiated PV modules. When the current is less than or equal to 6.32
A but greater than 4.74 A, it bypasses the two PV modules but forward biases the diodes
in parallel with the 200 W/m?, 400 W/m? and 600 W/m? irradiated PV modules. When the
current is less than or equal to 7.90 A but greater than 6.32 A, it bypasses only one PV
modules but forward biases the diodes in parallel with the 200 W/m?, 400 W/m?, 600 W/m?
and 800 W/m? irradiated PV modules [118]. When current bypasses the diodes, these mod-
ules are open-circuited, and no voltage is generated. This, hence, reduces the sum of the
voltages at the panel terminals. These analyses of the I-V characteristic curve (in Figure
10) provide the supporting statements for these findings.

-V Graph P-V Graph

450 T T T T PP

400 -
350 -
300 -

- 250
0 00
150
100
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20 40 60 80 100 120 140 160 180 % 20 40 60 8 100 120 140 160 180
Vev Vev
(@) (b)
Figure 10. (a) I-V and (b) P-V characteristic curves of PV panel underneath partial shading condi-

tion.

3.2.3. PV Array Configuration

Providing efficient energy for photovoltaic power generation systems is always a ma-
jor concern. Note, however, that there are some significant challenges in maximizing the
output power of a PV solar array. One of the main challenges is partial shading conditions,
which can lead to poor output power due to power loss mismatch between PV modules.
Upon investigation, it can be confirmed that these losses are closely related to the structure
of the PV system, the shading patterns, and the configuration of the PV array. Since the
shading patterns are just settings that simulate the physical position and tilt angle of the
shaded PV modules in a hardware setup, they are merely samples for experimental test-
ing. Instead, PV array configurations are crucial to harvest maximum power in centralized
topologies. This has encouraged researchers to exploit the potential of various PV array
configurations to achieve more stable, robust and efficient power generation from PV pan-
els. The research outcomes are shown in Figure 11. As the research progresses, we docu-
ment in Table 7 the output characteristics and efficiencies for different array configura-
tions under various shading effects.
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Figure 11. PV array configuration models: (a) series, (b) series-parallel (SP), (c) honeycomb (HC),
(d) bridge-link (BL), (e) triple-tied (TT).

Table 7. Summary of output characteristics and efficiencies for different array configurations in
various shading patterns.

PV Array Efficiency in Different Shading Patterns
Configuration Center Bottom L-Shaped Random Diagonal

P-V Output Characteristic

P-V Curve of Series Array Configuration

300

Series 64.16% 63.98%  64.30% 40.00%  64.30% 200
100

100 200 300
P-V Curve of SP Array Configuration

300

Series-Parallel (SP)  59.53% 60.00%  68.91%  40.42%  60.30% 200
100

20 40 60
P-V Curve of HC Array Configuration

300

Honeycomb (HC)  58.99% 60.00%  65.96%  42.09%  66.91% 200 —

100
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Bridge-Link (BL)

Triple-Tied (TT)

58.60%

58.21%

P-V Curve of BL Array Configuration

60.00%  66.24% 43.39% 66.94%
P-V Curve of TT Array Configuration
300
60.00%  67.13% 46.23%  69.63% 200 —
100

20 40 60

{#8Uniform (non-shaded) CentenGBottomE_-shapedéRandomVDiagonall. Efficiency : £mpshaded
/ P

mp,uniform

From the data collected in Table 7, we can analyze the strengths and weaknesses of
each PV array configuration. Table 8 summarizes our discussion. It can be inferred that
TT configuration has the best performance and stability compared to other reviewed PV
array configurations, which is probably the best solution against the impacts of partial
shading conditions. In practice, however, it is difficult to determine which is the most
suitable in general, as each array configuration has its suitability depending on the situa-
tion and user requirements. From an in-depth discussion, we conclude that research on
PV array configurations has reached certain limitations. Further development of PV array
configurations will slow down in the coming years, but the challenge still lies in how to
efficiently and sustainably harvest maximum power with small relative errors under load-
bearing environmental conditions.

Table 8. Overview of PV array configurations with their pros and cons [119,120].

PV A.r ray . Merits Demerits Remark
Configuration
It consists of the greatest number of series
. . connected PV modules. Hence, it has the worst
(1) Involves minimal cabling, . . . . .
. . . (1) Very high mismatch power ability to achieve maximum power due to the
Series thereby reducing cabling losses .
. loss highest numbers of power peaks produced
(2) Vulnerable to aging . . .
under highly complex partial shading
conditions.

Series-Parallel
(SP)

It consists of a larger number of series

(1) Ease of construction as there are
no redundant connections

(2) Economical

(3) Vulnerable to aging

(1) High mismatch power
losses due to long series
connections in the strings

connected PV modules. Hence, it is relatively
less capable of achieving maximum power due
to the highest numbers of power peaks
produced under highly complex partial shading
conditions.

Honey-Comb
(HO)

(1) Less susceptible to mismatch

power losses than SP

configurations since it consists of a (1) High cabling costs and
smaller number of PV modules  high cabling losses as extra
connected in series cables are required in cross-
(2) Higher stability in response to connects

environmental changes than SP (2) High redundancy
configurations

(3) Longer service life

It consists of a moderate number of PV modules
connected in series. As a result, it has modest
maximum power-achievement capabilities due
to a decent amount of power peaking under
highly complex partial shading conditions.
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(4) Preferred for grid-connected
central inverters and stand-alone

PV systems

Bridge-Link
(BL)

(1) Less susceptible to mismatch

power losses than HC

configurations since it consists of a (1) High cabling costs and It consists of a smaller number of PV modules
smaller number of PV modules ~ high cabling losses as extra ~ connected in series. Therefore, it has a relatively
connected in series cables are required in cross-  good ability to achieve maximum power due to

(2) Higher stability in response to connects

fewer power peaks generated under highly

environmental changes than HC  (2) High redundancy complex partial shading conditions.

configurations

(3) Longer service life

Triple-Tied (TT)

(1) Least susceptible to mismatch

power losses as it consists of the (1) Very high wiring cost and

It consists of the least number of PV modules

least number of PV modules very high wiring losses, as . . ) .
. . connected in series. Hence, it has the best ability
connected in series there are more complex cross- ) :
. to achieve maximum power due to the least
(2) Has the most superior and connects, so more cables are .
. number of power peaks produced under highly
powerful performance than other required . . .
) ) . complex partial shading conditions.
PV array configurations (2) Very high redundancy

(3) Longest service life

4. Controller
4.1. Working Principles Related to Other Devices

The controller is an electronic device that controls the circulating circuits in a PV sys-
tem to collect as much power as possible from the solar panel. The internal layout of the
controller can refer to Figure 1. The controller basically consists of a maximum power
point tracking (MPPT) module and a pulse wave modulation (PWM) generator. In fact,
the controller's MPPT module serves a crucial role, as it applies the body specifying the
MPPT technique to optimize certain vital parameters at runtime, in an attempt to find a
better solution for greater power extraction from the PV panel, until the end of the itera-
tion [121]. By definition, MPPT is the process of controlling the system to achieve the MPP
(i.e., Pnp) in the P-V characteristics of the PV panel, where all intelligent methods or opti-
mization algorithms for tracking, searching and reaching B, are regarded as MPPT tech-
niques [122]. The MPPT technique tunes the duty cycle D while referencing the inputs
measured from the terminals of PV panel (i.e., Vpy and Ipy) or environment (i.e., G and
T). The PWM generator then receives the tuned duty cycle D to create the desired structure
in the PWM signal S. Note that a PWM signal is a digital pulse consisting of only “ON" or
“OFF” data. D varies from 0 to 1, representing the ratio of continuous “ON” intervals to a
given time period. Figure 12 shows the graphical structure of the PWM signal S for differ-
ent D values, when D is equal to 0.25, 0.5 and 0.75, respectively. From Figure 12, it can be
deduced that D also represents a percentage in decimal format. As we expand the expla-
nation, S remains fully “ON” when D is equal to 1, and it becomes completely “OFF”
when D is equal 0. Typically, the operating frequency of the PWM generator is preferably
set to >1000 Hz to speed up the regulation process in the converter block. The digital PWM
signal S will then be sent as a controlling signal to the boost converter to alter the PV
power extraction (from the PV panel).

To avoid confusion, we must specify that the controller is the device that indirectly
controls the amount of PV power (B,,) that the boost converter can extract and stabilize.
We define the maximum available power obtained by the load R in the converter as Pyay,
where By, = PR when t > t.,, t is the index of iteration, and t,,, is the total number
of iterations (generations) adopted by the installed MPPT technique. Theoretically, P,, ~
Pr atany moment due to the effective stabilization of the boost converter, and hence, tun-
ing solution D for better F,, using any MPPT technique indicates the effort to achieve the
optimal P value in the process. This also brings the same implication that the MPPT
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module aims to help the PV system to obtain B,y that is preferably near to or equivalent
to Pnp in P-V characteristic curve. Therefore, the evaluation metric of the controller can
be expressed as:

RE,, = Frop = Fnax 100% )

max

where REy, relative percentage error. In fact, Pyax < Byp, the narrower the difference be-
tween Pp,x and Py, the less the REy, and consequently, the higher the efficiency and
performance of the MPPT technique, thus ensuring satisfactory power supply to the end-
user [123]. That is all the mechanics and relationships of the MPPT process we claim to be
played by the controller block.

25% Duty Cycle

25%

H T T
Off

50% Duty Cycle
50%
On 50%
Off

75% Duty Cycle
75%
~m U U L
— Off

Figure 12. PWM signal S generated by different scenarios.

4.2. MPPT Techniques and Classification

MPPT techniques have continued to develop over the years. Upon survey, novel
MPPT techniques are expected to replace conventional MPPT techniques in the future to
address the significant shortcomings of conventional MPPT techniques that lack precise
localization of the MPP due to persistent oscillations around the MPP. For validation, this
review article exclusively cites 20 novel MPPT techniques and expands further taxonomy
for ease of classification to provide evidence as to which class of MPPT is currently receiv-
ing the most attention and achievement during these years (2019-2022). Table 9 collects
the information about them. This study investigates the development direction of MPPT
techniques in these few years, so as to ease the process of prediction for future challenges.

Table 9. Hierarchical development and applications of MPPT techniques under the complete MPPT
classification from 2019 to 2022.

MPPT

e Sub-Genre MPPT Technique Based on: Ref. Year
Classification

Perturb and observe (P&O) [124] 2020

Classical NA Incremental conductance [125] 2020

Ripple correlation [126] 2020

Artificial neural network-assisted sequential Monte Carlo (ANN-SMC) [127] 2019

Intelligence NA Resilient backpropagation-neural network (Rprop-NN) [128] 2019

Quantum neural network (QNN) [129] 2022

Fuzzy logic control (FLC) [130] 2022

Peafowl] optimization algorithm (POA) [131] 2021

Basic optimization Mayfly algorithm (MA) [132] 2022

Optimization Remora optimization algorithm (ROA) [133] 2022

Modified or improved Improved cuckoo search (ICS) algorithm [134] 2021

optimization Modified normative fish swarm algorithm (mNFSA) [135] 2022
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Modified seagull optimization algorithm (MSOA) [136] 2022
Genetic algorithm (GA) and ant colony optimization (ACO) [137] 2021
Hybrid optimization = Particle swarm optimization (PSO) and salp swarm optimization (S50) [138] 2022
algorithms
Classical-Intelligence NA
Classical-Optimization NA
Adaptive neuro-fuzzy inference system and artificial bee colony (ANFIS—
[139] 2019
ABCQC)
Artificial neural network and particle swarm optimization (ANN-PSO) [140] 2020
Hybrid Inte?lig.enc.e— Adaptive neuro-fuzzy inference system and particle swarm optimization [141] 2020
Optimization (ANFIS-PSO)

Genetic algorithm and artificial neural network (GA-ANN) with genetic
algorithm/particle swarm optimization and fuzzy logic control (GA/PSO-  [142] 2021
FLC)

Classical-Intelligence- Modified firefly algorithm, adaptive neuro-fuzzy inference system, and

Optimization

perturbation and observation (MFA-ANFIS-P&O) [143] 2020

Throughout the course of the inquiry, we discovered that numerous novel MPPT
techniques inspired by various intelligent approaches and metaheuristic optimization al-
gorithms provide more efficient solutions than existing traditional MPPT techniques. In
addition, the latest innovations in MPPT technology have been made possible by deeply
revamping, modifying and hybridizing existing MPPT techniques of different classes. It
is believed that formidable intelligent methods and algorithms are inherently sufficient to
search, discover, and reach the MPP, even for direct MPPT applications in PV systems.

As can be seen from the overview (in Table 9), all cited MPPT techniques were clas-
sified into 4 categories: classical, intelligent, optimization, and hybrid MPPTs. Classical
MPPT techniques were starting to fall behind their development process. Intelligence
MPPT and hybrid MPPT techniques somewhat remain growing. On the other hand, opti-
mization MPPT definitely accounted for the largest number of proposals since 2021. Op-
timization MPPT has indeed received more attention than other classified MPPTs in re-
cent years. Obviously, from 2021, researchers start to switch the concern of the develop-
ment to the optimization MPPT techniques. All these combined facts indicate that the op-
timization MPPT techniques can be the best compatible to the photovoltaic applications.
In-depth research on optimization MPPT is expected to be a near-term trend, at least in
the future 5 years.

The extensive research resources (in 2021-2022) make it possible to further divide
optimization MPPT into three subcategories: basic optimization MPPT, modified optimi-
zation MPPT, and hybrid optimization MPPT. Optimization MPPT techniques are basi-
cally modeled with reference to these sub-genres of nature-inspired metaheuristic optimi-
zation algorithms. From here, we can boldly deduce that the rise of optimization MPPT
techniques accompany along with the recent high popularity of optimization algorithms
in the field of mathematical computing. So far, it is noticeable that the number of proposals
for novel optimization algorithms have been significantly increasing over the years, espe-
cially since 2020. From survey, these newly proposed algorithms can generally fall into
three broad categories: bio-inspired, physics-based, and evolution-based [144]. Note that
most of the optimization MPPT techniques cited under these subcategories are of the bio-
inspired type, which shows how compatible biomimetic algorithms are in MPPT applica-
tions. Since biomimetic metaheuristics are the latest trending candidates in MPPT appli-
cations, we set out to search for any potential novel bio-inspired algorithms, hoping to get
some leading information in this field. Through further investigation, we discovered these
potential bio-inspired metaheuristic optimization algorithm: In 2022, Mountain Gazelle
Optimizer (MGO) [145], Artificial Rabbits Optimization (ARO) algorithm [146], Dande-
lion Optimizer (DO) [147], Dwarf Mongoose Optimization Algorithm (DMOA) [148] and
Pelican Optimization Algorithm (POA) [149] were proposed. In 2021, Dingoes
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Optimization Algorithm (DOA) [150] and African Vultures Optimization Algorithm
(AVOA) [151] were proposed. In 2020, Black Widow Optimization (BWO) algorithm [152]
and Mayfly Algorithm (MA) [153] were proposed. In 2019, Emperor Penguins Colony
(EPC) algorithm [154], Harris Hawks Optimization (HHO) algorithm [155], Artificial Cor-
onary Circulation System (ACCS) algorithm [156], Blue Monkey (BM) algorithm [157] and
Sunflower Optimization (SFO) algorithm [158] were proposed. Any of these are likely to
be the better solutions for MPPT applications for years to come.

5. DC-DC Boost Converter
5.1. Working Principles Related to Other Devices

In essence, a converter is an electromechanical device that converts alternating cur-
rent (AC) to direct current (DC), whereas an inverter is an electromechanical device that
converts direct current (DC) to alternating current (AC). DC is characterized by the fact
that the polarity of the current does not change with time, while AC refers to the magni-
tude and polarity (orientation) of the current changes with time. In a PV application sys-
tem, the considerable device that draws electricity from the attached PV panel is the boost
converter, where it is supposed to radially connect to the PV panel. It behaves to regulate
PV panel output while interrogating the incoming PWM signal S [159]. Since the power
generation of PV cells is DC type, most semiconductor devices can only work with DC
[160]. Generally, there are two classifications of DC-DC converter types such as isolated
and non-isolated DC-DC converters. The isolated DC-DC converter uses a transformer to
step-up or step-down the input voltage, while the non-isolated DC-DC converter uses
semiconductor components for voltage conversion, with smaller volume and higher effi-
ciency [161,162]. As we go deeper into the comparison, non-isolated high-boost DC-DC
converters have less magnetic losses and are less expensive. These factors ease construc-
tion and make the non-isolated converters economical in terms of manufacturing and
maintenance costs. Hence, non-isolated DC-DC converters are always preferred over iso-
lated DC-DC converters in photovoltaic applications.

PV power sources (that is, PV panel) generally output a low voltage of 12~60 V, so an
adjoined DC-DC converter with a high output voltage gain is imperative to make the
entire PV system more suitable for 375~760 V grid-connected applications [163-165].
Hence, a non-isolated DC-DC converter with low current-ripple and voltage conversion
ratio greater than 10 is the best choice as it reduces losses and improves operating effi-
ciency. It is worth noting, however, that many of the DC-DC converter topologies pre-
sented in the literature that provide high voltage gain are regularly made for power levels
below 1 kW. This is due to the fact that converters with high output power levels can
severely burden the research process by raising the expense and risk of the experiment
during the hardware setup [166,167]. Combining all statements and facts, non-isolated
high-gain low-power (HGLP) DC-DC converters are currently the best candidates for PV-
related applications. DC-DC boost converters fall into this category and are the most suit-
able and commonly used converters for these applications.

Integrated circuits (ICs) and other components mounted on substrates used in kits
have specific operating voltage ranges and require different voltage accuracy. Unstable or
improper voltage supply can lead to characteristic degradation or even failure. To prevent
this, a boost converter is usually required to convert and stabilize the voltage, and so a
device that use a boost converter to stabilize the voltage are called voltage regulator [168].
Voltage regulation is primarily handled by a transformer at the center of the converter,
which specializes in amplifying the voltage and reducing the current flowing to the load
(end-user), while maintaining constant electrical power.

The layout of a conventional boost converter can be referred to Figure 1. The boost
inductor (L), the diode, the DC bus capacitor (C2), and the metal oxide semiconductor
field effect transistor (MOSFET) make up a DC-DC boost converter [169,170]. Beyond it,
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the load (R) and filter capacitor (C1) also play important roles, where the load R stands
for the user end.

The two capacitors, C1 and C2 play the major role in maintaining voltage stability
via charging and discharging, the process of which is mainly controlled by the PWM sig-
nal S. If S sends an “ON” signal, the MOSFET is toggled “ON”, otherwise the MOSFET is
toggled “OFF”. When the MOSFET is toggled “OFF” it acts as an open-circuit path, where
current bypasses all components including C1, C2, L and R. The fully connected circuit
charges C1 and C2 at this point. Note that a fully discharged capacitor acts as a short
circuit (current with no voltage drop), while a fully charged capacitor acts as an open cir-
cuit (voltage drop with no current). From the layout, we know that V,, = V; and Vi =
Ve2, where Vi denotes the voltage collected from the load R. In theory, more current can
be drawn from the PV panel (power supply) when the circuit resistance is lower. Con-
versely, when the MOSFET is toggled “ON”, it acts as a short-circuit path, allowing max-
imum possible current bypass. Due to the laws of physics, current will flow through a
circuit path with negligible resistance, so most of the PV current (I,,) drawn from the
panel will not pass through the C1 component, but rather flows almost entirely to the
short-circuit path created by the MOSFET. Therefore, at this moment, C1 begins to dis-
charge an upward current to the node. More directly, the capacitor discharges when short-
circuited. The current discharged by C1 (I.;) will then be summed with I,, and sent to
the short-circuit path. This corresponds to the fact that V,; gradually drops to zero when
the MOSFET is toggled “ON”. Meanwhile C2 is solely responsible for discharging its volt-
age and current to the load R, as the circuit has already been separated. This helps to tem-
porarily maintain the voltage and current supplied to the user without huge oscillations
[171].

In converter, the role of the inductor L is to generate an electromotive force in the
direction to reduce the fluctuation when a fluctuating current flows, helping to stabilize
the current and voltage in the system [170]. From the moment the MOSFET is toggled
“ON”, the current flowing through the inductor L increases, the inductor L starts to store
energy in the magnetic field. During this process, the potential across inductor L will be
negative at the right and positive at the left, where the positive sign of the PV panel is
connected to the positive sign of inductor L. This temporarily hinders the bypass of Iy
However, after a moment, when the inductor L reaches steady state during energy stor-
age, it becomes an ideal zero resistance element, allowing almost 100% I, bypassing
without dropping any potential difference. When the MOSFET is turned “OFF”, the cir-
cuit resistance increases and the panel no longer outputs large current at the terminals.
The I,, drops and the inductor L begins to release energy. At this point, the potential
across the inductor L will be positive at the right and negative at the left. Since the positive
sign of the PV panel is connected to the negative sign of the inductor L, the total voltage
supplied to the load R is an added value. Therefore, C2 can be charged underneath the
greater potential difference. Through further analysis, we can deduce that the maximum
Vo (i.e., V) value is much higher than that of V¢, (i.e., 1) [172]. Since the inductor L
releases energy quickly, the voltage falls back to a value equal to 1, when the inductor
L has no more stored energy to release. These statements fully explain how a boost con-
verter increase the voltage supplied to the load R (end-user) by acting like a voltage reg-
ulator [173,174].

For ease of reference, Figure 13a shows the circuit layout of the converter when the
MOSEFET is switched “OFF”, and Figure 13b shows the circuit layout of the converter
when the MOSFET is switched “ON”. As prior knowledge, I,, and V,, correspond to the
variables on the I-V characteristic curve of the PV panel. As we expand on the explanation,
when the MOSFET is switched “ON” to create a short circuit path with negligible re-
sistance, I, begins to rise to I and V,, starts to drop to zero. Conversely, when the
MOSFET is switched “OFF” to create an open circuit path with infinite resistance, I, be-
gins to drop to zero and V,, starts to rise to V.. Hence, the ratio of the “ON” to “OFF”
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intervals of the MOSFET over a period of time regulates the amount of current and voltage
that can be extracted from the PV panel. In fact, a PWM signal S that turns the MOSFET
“ON” or “OFF” at high frequency reduces oscillations for effective stabilization.

Instead, we can also summarize the architecture from other perspectives [174]:

(1) The digital PWM signal S contributes to the “ON" to “OFF” ratio of the MOSFET for
duration within a period.

(2) Astheinductor L releases energy when the MOSFET is turned “OFF”, the sign of the
inductor L is reversed, the positive sign of the PV panel is connected to the negative
sign of the inductor L, and the total voltage received by the load R is now an added
value. Therefore, it can be reasonably deduced that max(va) < max(Vg).

(3) The power drawn from the PV panel should theoretically be equivalent to the power
delivered to the load R due to the effective voltage stabilization when the MOSFET
is switched “ON” and “OFF” at fixed time intervals during high frequency cycles.
Hence, Py ~ B,

(4) As PR =P,, and max(Vp,,) < max(Vy), the current drawn from the PV panel is theo-
retically larger than the current supplied to the load, and, hence, max(1,,) > max(lg).

Throughout evolution, a large number of improved ideas and setups for DC-DC
boost converters have been proposed with the aim of increasing the efficiency of circuit
(energy) conversion in PV systems. The following literatures [175-179] are cited for fur-
ther investigation.

(a) (b)
Figure 13. Circuit layout when MOSFET is (a) toggled ON or (b) toggled OFF.

5.2. Converter Topologies

At the current stage, conventional DC-DC boost converter topologies have reached
their limits and cannot continue to achieve the desired voltage gain levels without sub-
jecting the power semiconductor components to extremely high duty cycle and voltage
stress. For further breakthroughs, many researchers have extended beyond the conven-
tional boost converter topology to achieve higher voltage gain with greater efficiency and
reliability [180-182]. As outcomes, DC-DC boost converters can now be further classified
into numerous topologies. Upon research studies, this review article examines five topol-
ogies branching off from the HGLP DC-DC boost converters that have lately drawn a lot
of interest: cascading techniques, voltage multiplier cells (VMC) or voltage doubler, volt-
age lift techniques, multi-phase, and transformer-less. Table 10 collects numerous novel
boost converter models that fall into these topologies and provides a comprehensive com-
parison based on released year, tested frequency, voltage gain, and peak efficiency. About
30 references from 2020 to 2022 are cited in Table 10 to support an in-depth discussion. It
basically shows the hierarchical evolution of various HGLP boost converter topologies,
that have recently been popularized by researchers over the past 2 years.

Table 10. Hierarchical evolution of various HGLP boost converter topologies (2020-2022).

Topology

Ref. Year of Proposal Tested Frequency (kHz) Voltage Gain (x) Peak Efficiency (%)

Cascading techniques

[183] 2020 50 12.00 93.00
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[184] 2021 10 10.00 NA
[185] 2021 20 10.42 87.00
[186] 2021 100 7.00 91.15
[187] 2022 22 1.90 90.00
[188] 2022 50 7.92 95.23
[189] 2020 118 25.00 96.70
[190] 2021 10 13.33 NA
[191] 2021 NA 10.00 90.00
Voltage multiplier cells (VMC) [192] 2022 20 10.00 90.00
or voltage doubler [193] 2022 100 11.52 91.60
[194] 2022 100 9.50 97.23
[195] 2022 40 10.00 97.44
[196] 2022 90 16.67 97.50
[197] 2020 50 12.00 96.00
[198] 2021 50 7.10 95.70
Voltage lift techniques [193] 2022 100 11.52 91.60
[199] 2022 50 16.67 94.50
[200] 2022 50 14.95 95.80
[197] 2020 50 12.00 96.00
[201] 2021 25 15.00 93.00
Multi-phase boost converter Eg;} ;g; 35500 igg Zi?}g
[204] 2022 5 2.19 95.74
[205] 2022 30 10.00 98.68
[206] 2020 50 10.00 95.30
[207] 2021 10 11.25 90.00
Transformer-less boost [208] 2021 100 10.00 9243
[209] 2021 20 10.00 95.00
converter
[210] 2021 50 6.67 95.44
[211] 2022 40 2.47 97.40
[212] 2022 30 10.00 88.00

From research analysis, it is difficult to define which topology has the best converter
performance, as each topology has its own model that successfully achieves a voltage gain
above 10.00 and a peak efficiency greater than 95.00%. Several DC-DC converter topolo-
gies that inherit high voltage gain capability are reviewed. However, these converters are
under too much voltage stress to raise the voltage from a very small supply [213]. Mean-
while, the efficiency of some of these converters will drop sharply if the voltage conver-
sion ratio is too high. Hence, in addition to minimizing current-ripple and preventing the
converter from running at extreme duty frequency, it is worth noting that high-voltage
stress on the switches is a major concern for high-gain DC-DC boost converters [214]. The
challenge for DC-DC boost converters remains to maximize voltage gain while maintain-
ing maximum efficiency. It is always the goal to achieve a high-voltage gain DC-DC boost
converter with higher power-handling capability, high efficiency and higher power den-
sity at low cost [162].

6. Conclusions

All these research findings will help readers understand the architecture of PV sys-
tems, thereby making it easier for them to build, model and simulate MPPT applications
for photovoltaic systems. We have presented all the relevant knowledge regarding the
complete mechanism of photovoltaic (PV) systems. PV systems demand high voltages for
efficient transmission through power transmission systems. The PV system is mainly com-
posed of a PV panel, controller and boost converter. Each electro-device plays its own role
in the entire PV power generation system.
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The PV panel is the power-generating device, where all power-generating processes
are initiated. It is basically regarded as a PV array with multiple modules connected in
parallel and in series. However, the PV module is not the smallest compound in PV panel,
the PV cell is. Multiple PV cells are connected in series to establish a PV module, and PV
cells are the real compounds responsible for generating PV power based on operating
irradiance and ambient temperature. Researchers have been working on developing in-
novative PV solar cells through continuous distribution, modification, reconfiguration,
combination, dosage and other chemical manipulations. Up until now, photovoltaic solar
cell companions have evolved through four generations. From the discussion, we inferred
that the fourth-generation solar cells will continue to maintain strong growth expectations
in the future, and they are expected to occupy half of the research market in the next few
years. The only challenge lies in determining the proportional concentration of nano-
materials used in the solar cell. Improper rationing can lead to defects that instead assim-
ilate light from the solar cells, reducing the energy conversion efficiency of the solar cell.

In a PV module, the open-circuit voltage (V;.), short-circuit current (I;.) and power at
MPP (P,,;,) decrease with increasing shading. The PV array (panel) produces a more com-
plex shape on the P-V characteristic curve when PV modules are interconnected in series
under partially shaded conditions. To overcome the power loss mismatch caused by par-
tial shading, researchers have been exploiting the potential of various PV array configu-
rations to achieve more stable, robust and efficient power generation from PV panels. This
article reviewed five PV array configurations: series, series-parallel, honeycomb, bridge-
link, and tripled-tied. Based on the analysis of the collected data, it was inferred that the
tripled-tied configuration has the best performance and stability, which is probably the
best solution against the impacts of partial shading conditions. However, from an in-
depth discussion, it was concluded that research on PV array configurations has reached
certain limitations. Further development of PV array configurations is expected to slow
down in the coming years, while the challenge remains that of how to efficiently and sus-
tainably harvest maximum power with small relative errors under load-bearing environ-
mental conditions.

The controller is an electronic device that controls the circulating circuits in a PV sys-
tem to collect as much power as possible from the solar panel. It basically consists of a
maximum power point tracking (MPPT) module and a PWM generator. The MPPT mod-
ule installs MPPT technique to optimize certain vital parameters, while referencing PV
panel data and environmental data for any better duty cycle solution. The PWM generator
then receives the tuned duty cycle (varies from 0 to 1) to create the desired structure (suc-
cessive “ON” to “OFF” ratio per period time) in the controlling signal to be sent to the
boost converter. MPPT techniques have continued to develop over the years. This paper
reviewed 20 novel MPPT techniques proposed from 2019 to 2022, all of which are catego-
rized as any of classical, smart, optimized, and hybrid MPPTs. Throughout the course of
the inquiry, we discovered that numerous novel MPPT techniques inspired by various
intelligent approaches and metaheuristic optimization algorithms provide more efficient
solutions than existing traditional MPPT techniques. Obviously, from 2021, researchers
have started to switch the concern of the development to the optimization MPPT tech-
niques. All combined facts indicate that the optimization MPPT techniques can currently
be the best compatible to the photovoltaic applications. In-depth research on optimization
MPPT is expected to be a near-term trend, at least in the future 5 years.

A DC-DC boost converter is typically adopted by a PV system in the process. It acts
as a voltage regulator to stabilize the PV output while specifically amplifying the PV volt-
age to be sent to the load user. Through research, we knew that this boost converter is
more like a centroid device, which receives instructions from the controller via a pulse
wave modulation (PWM) signal, and then systematically extracts a specified amount of
PV output from the PV panel. If PWM signal sends an “ON”" signal, the MOSFET is tog-
gled “ON”, otherwise the MOSFET is toggled “OFE”. Overall, all processes in the boost
converter are reasonably controlled by the controller. From other perspectives of
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verification, we also defined that the PV voltage must be less than the voltage at load, the
PV power ought to be roughly equivalent to the power at load, and the PV current must
be larger than the current at load. For further breakthroughs on converter technology,
many researchers have extended beyond the conventional boost converter topology to
achieve higher voltage gain with greater efficiency and reliability. This article reviewed
around 30 novel boost converter models (from 2020 to 2022) classified into five topologies
(i.e., cascading techniques, voltage multiplier cells (VMC) or voltage doublers, voltage lift
techniques, multi-phase, and transformer-less) and provides a comprehensive compari-
son based on released year, tested frequency, voltage gain, and peak efficiency. From re-
search analysis, it was difficult to define which topology has the best converter perfor-
mance, as each topology has its own model that successfully achieves a voltage gain above
10.00 and a peak efficiency greater than 95.00%. The challenge for DC-DC boost convert-
ers remains to maximize voltage gain while maintaining maximum efficiency with higher
power handling capability, high efficiency and higher power density at low cost.
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