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ABSTRACT Due to photovoltaic (PV) technology advantages as a clean, secure, and pollution-free energy
source, PV power plants installation have shown an essential role in the energy sector. Nevertheless, the PV
power plant cost of energy must be competitive when compared to traditional energy sources. Therefore,
numerous studies are continuously being conducted aiming to optimize PV power plants, including com-
ponents arrangements within the installation site, the inverter topology, cables, PV modules and inverters
numbers, PV module tilt angle and shading effect. For selecting the most suitable combinations for system
parameters, this study seeks to systematically analyze and synthesize the design of the PV power plant
optimization from the current literature. The study also examines component sizing for PV power plants,
involving PV modules tilt angle, inverter, transformer, and cables. Moreover, it provides an overview of the
main components employed to install the PV power plant, which includes PV modules, inverter, transformer
and wiring. It examines the different inverter topologies used in PV power plants along with a comparison
between these topologies.

INDEX TERMS PV power plant, photovoltaic, optimization, grid-connected, optimal design, inverter.

I. INTRODUCTION
Energy is necessary to improve living standards and advance
the economies of all nations [1]. Currently, most of the
power is generated using fossil and nuclear resources, which
have negative environmental effects, fluctuating costs, and
resource limitation. The industrial sector is responsible
for more than 75% of global greenhouse gas emissions
(GHG). [2]. However, the limitations of fossil fuel sup-
plies and the huge demand for power throughout the globe
have significantly reduced the dependency of these energy
systems [3].
In order to minimize CO2 emissions caused by the current

climate change and meet the goal of keeping global tem-
peratures below 1.5◦C, it is essential to use more renewable
energy sources (RESs) [4]. In light of this, the transition
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towards RESs to generate electrical power instead of using
fossil fuel sources is required [5]. By the end of 2021, more
than 28.3% of electricity in the world is produced by RESs,
as shown in Fig. 1. RESs share has increased by 7.9 %
between 2011 and 2021 [6].
RESs, which includes wind, solar, biomass, geothermal as

well as hydropower, are limitless and free sources of energy
production. In addition, RESs are seen as a better option than
fossil fuels for boosting energy growth and dependability.
Due to the penetration of photovoltaic (PV), hydropower,
and wind in the electrical sector, the electricity production
from RESs is gradually expanding in terms of capacity and
production [6]. The available RESs are combined with tradi-
tional sources to create the hybrid electrical system. It seeks
to resolve the problems associatedwith RESs unpredictability
and intermittency, such as solar and wind relying on weather
conditions. Besides, hybridization is an effective strategy to
supply reliable energy [7].

79588
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 11, 2023

https://orcid.org/0000-0002-6888-1786
https://orcid.org/0000-0001-7796-2601
https://orcid.org/0000-0002-0505-3553
https://orcid.org/0000-0002-4052-6731
https://orcid.org/0000-0003-0485-468X
https://orcid.org/0000-0002-0160-010X
https://orcid.org/0000-0002-3396-9147
https://orcid.org/0000-0001-7602-3581


T. E. K. Zidane et al.: Grid-Connected Solar PV Power Plants Optimization: A Review

FIGURE 1. RESs share in global energy generation by the end of 2021.

Among the existing RESs technologies, PV technology
demonstrates significant progress and efficiency for gener-
ating electricity. Compared to traditional power production
and RESs like wind power, the highest rate of power invest-
ment is now being made in large-scale PV power plants [8].
Also, their penetration rate has increased noticeably, which
includes small PV power plants [9]. Apart from that, the
cost of a PV power plant is encouraging, given its significant
advantages over other renewable energy sources. It requires
less maintenance, has much lower service costs, reliable,
silent, as well as very simple to install [10]. As opposed to
that, the conversion efficiency of PV modules is continusely
increasing [11], [12]. In 2021, an additional 175 GW of
capacity, PV energy increased. According to statistics, the PV
market’s capacity expanded from 70 GW in 2011 to 942 GW
in 2021, as portrayed in Fig. 2 [6].

FIGURE 2. PV annual additions and global capacity, 2011-2021.

Recently, levelized cost of electricity (LCOE) for large-
scale PV power plants dropped to 0.03 ($) [13] as a
consequence of the decline in PV module costs of up to
86% between 2010 to 2017 [14]. Large-scale PV power
plants have lower costs than other energy sources and are
cost-competitive with them, according to the LCOE of vari-
ous energy sources published by US investment bank Lazard.
Fig. 3 demonstrates the LCOE comparison between PV
power plants and the other energy sources for the year of
2021 [6].

PV technology was first implemented with a limited
capacity (1 MW) in structures such as homes, companies,

farms, and buildings [15]. Recent additions to the installa-
tion of PV power generating facilities include large (greater
than 1 MW) and extremely large (greater than 100 MW). PV
modules’ technological advancement, inverters, and trans-
formers, as well as the decline in the cost of these devices,
are primarily responsible for the PV industry’s explosive
expansion. As a result, PV power plants’ overall performance
has improved greatly increased thanks to component techno-
logical advancements. Consequently, the energy cost per kW
of PV power plants linked to electrical grid is consistently
decreasing and is in competition with that of other clean and
traditional sources of energy. In 2021, China will built hun-
dreds of PV power plants of various sizes, leading the market
for PV energy production with an annual additional capacity
of approximately 54.9 GW, and the United States comes
second by adding around 26.9 GW [6]. The location’s solar
energy potential, the system’s components and topology, and
the load all play major roles in how well a PV power plant
linked to the main electrical network performs. The yearly
electricity output of the PV plant is computed as the sum of
its hourly generation during the whole year. Moreover, this
hourly power generation is dependent mainly on a number
of factors, which includes the PV module highest power, the
solar irradiance availability, PV module efficiency and tem-
perature, the effect of shading, the topology and capacity of
the inverter, the PV modules series and parallel connections,
the physical arrangement of the numerous components as
well as the losses of the maximum power point tracking [16].

FIGURE 3. Solar PV LCOE compared to other energy sources, 2010-2021.

In the literature, a few review studies for PV system con-
nected the main grid addressing optimization, design and
complications are published. The review presented in [17]
examined the application of artificial intelligence techniques
to optimize PV systems. However, the authors focused more
on the implementation of particular algorithms rather than
focusing on the design optimization problem. Moreover,
the review discussed only the optimization of standalone
PV systems. Therefore, there is a lack in discussing design
optimization for grid-connected PV systems. The review pre-
sented in [18], examined grid-connected PV system technical
and economic characteristics. An in-depth explanation is
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provided considering PV modules, power analysis, potential
issues, and PV converter. However, optimizationmodels were
not included in this research. In [19], the optimization tech-
niques utilized in renewable energy are thoroughly examined.
However, this approach did not sufficiently address PV sys-
tems. A few research that look at PV system optimization
have been published in the past research. The work in [20],
provided a review of PV systems optimization for standalone,
grid-connected, and hybrid systems. However, there is lack
in discussing inverter typologies, various PV power plant
components optimization and sizing, and evaluation indica-
tors for sizing PV power plants. In [21], a discussion on
PV system component modelling, available PV software, PV
optimization criteria, and different techniques to optimize
PV systems is presented. However, the authors fail to cover
the PV system’s inverter topologies and other component
optimization.

This review paper aims to seek the systematical analy-
sis and summarize the PV power plant optimization design
from the recent literature to choose the optimal system
parameter combinations. Additionally, this review examines
component sizing for PV power plants, which involves PV
modules tilt angle, inverter, transformer, and cables. More-
over, it examines the different inverter topologies used in
PV power plants along with a comparison between these
topologies. Based on design methods identified in this review
paper, more information about the recent studies has appeared
that enables the researchers to find the gaps more easily
for future studies. Furthermore, important evaluation indi-
cators for sizing PV power plants are discussed in the
paper including performance indicators and economic indi-
cators to allow researchers to compare different PV power
plants designs. This study also indicates recommendations for
relevant research in the future and the possible barriers asso-
ciated with different aspects such as artificial intelligence,
data acquisition, mathematical modeling, accurate models,
generic model, economic considerations.

II. COMPONENTS OVERVIEW
Large rooftops or the ground could be used to build PV
power plants. Moreover, the optimal design must be carefully
considered for a PV project to be successful. Large-scale
PV plants need a precise high level of solar irradiance, high
quality of components, and considering the economic as well
as technical factors. Whatever the topology employed, all
large-scale PV power plants include four essential pieces
of equipment. Fig. 4 depicts the general layout of the PV
power plant linked to the main network. The first element is a
PV array, transforming solar energy into electricity as direct
current (DC). It comprises numerous PV modules linked in
both parallel and series. The second equipment deals with
the PV inverter, and it aims at converting the PV array (DC)
output into alternative current (AC) with an improved quality.
The LCL filter component also contributes significantly to
the suppression of the inverter (AC) switching harmonics
for both voltage and current. Lastly, a step-up transformer

is necessary and must be chosen according to the network
voltage requirements to evacuate the generated power and
provide galvanic isolation. Furthermore, junction boxes, DC,
and AC cables are discussed in detail.

FIGURE 4. Primary components with respect to PV power plants linked to
the main network.

A. PV MODULES
In the year 1954 at Bell Telephone Laboratories, [22] estab-
lished the first silicon solar cell having a 6% efficiency, taking
into account all the operating mechanisms for the energy
conversion of semiconductor p-n junction silicon PV cell.
However, a limited efficiency has been determined to be
around 30% [23], [24]. Efficiency of PV modules is among
the crucial aspects of PV systems. Due to its effectiveness,
PV technology has become the first installed energy source
in the last decades. Polycrystalline PV cells only achieved
21% efficiency under STC, while monocrystalline PV cells
technology currently offers a greater efficiency of roughly
25%. Additionally, thin-film (CdTe) PV cells achieved an
efficiency of 22% [11], [12]. The world record evolution
for laboratory cell efficiencies in chronological order of
technologies such as silicon and other technology families
have different efficiencies, where this evolution is always
being updated and compiled by the National Renewable
Energy Laboratory (NREL). The PV module converts sun-
light directly into usable energy. A PV module consists of
many PV cells connected in series and parallel. Furthermore,
the performance of the PV cell, availability and amount of
irradiance, and the PV cell voltage output, affect the amount
of power generation. Single-diode model with five parame-
ters is illustrated in Fig. 5. It is among the most often used
physical models to determine the single PV cell’s electric
properties [25]. Additionally, a two-diode model with seven
parameters was explored in [26], with a view to improving
the precision of the PV cell created by [27].
Most research examining the effectiveness of PV systems

calls for employing the model in converting meteorological
data received by the PV module surface into the equivalent
maximum power. Here, the accuracy and complexity of the
models reported in the literature, as seen in [28].

During the day, due to fluctuations in sun irradiation, the
single diode functions as an inconstant generator of current.
Moreover, the electrical properties of the PV cell are influ-
enced by the fluctuations in solar radiation. The location
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FIGURE 5. The single diode RSH PV cell model.

temperature and solar irradiance have the most effects on
PV module voltage and current. As a result, the PV mod-
ules are modelled in PV systems as a dynamic source of
current. Additionally, the geographic latitude of the PV plant
installation site can significantly affect the optimal tilt angle
of the PV module from one area to another [29]. The man-
ufacturer determines the characteristics with respect to the
PV module according to the standard test conditions (STC).
Here, PV module current and voltage calculations are based
on solar irradiance of 1000 (W/m2) at a 25◦C temperature.
Consequently, the computations under real conditions results
in real values of the voltage and current [30]. Fig. 6 and
Fig. 7 illustrate the P-V as well as I-V curves characteristics
in varied solar irradiance and temperature conditions. To get
the maximum power output, solar irradiance rises, and the PV
module voltage is at its optimum level. Despite the current
increasing because of the solar radiation, the active power
decreases as the ambient temperature rises.

FIGURE 6. I-V and P-V curves for various solar radiations.

PV module performance parameters enable the compari-
son of various cell types. According to IEC standard 60904,
these parameters are computed under STC. In accordance
with this standard, STC is defined as a vertical radiation of
1000 (W/m2), at 25◦C with a tolerance of 2◦C, and light
spectrum compliant with IEC 60904-3 with an air mass of
AM=1.5 [31]. The following performance criteria apply to
PV modules, the maximum power point (MPP) with respect
to the I-V characteristic is defined as the voltage (Vmpp) and
current (Impp) at which the PV cell operates at its maximum

FIGURE 7. I-V and P-V curves for different ambient temperatures.

power, as well as its short circuit current (Isc) stands for
open-circuit voltage and zero output current. As shown in
equation (1), Voc denotes the voltage at zero output current,
and fill factor (FF) is the solar cell quality determined by
dividing the MPP by the product of Voc and Isc. The mag-
nitudes of the series and shunt resistances have an impact
on this variable. The efficiency (η) is the final factor and is
expressed in equation (2) as the proportion of power trans-
formed from sunlight to electric power, where Ir represents
the solar radiation at STC and Ac represents the surface area
of the PV cell [31].

FF =
MPP

Voc × Isc
% (1)

η =
MPP
Ir × Ac

× 100 (2)

The type of material employed in the PV modules has a
substantial impact on how well a PV plant performs. Addi-
tionally, better PVmodulematerials help tominimize the area
needed to install massive PV power plants. PV modules must
be developed with a higher capacity and smaller size for PV
power plants. This is mostly done to assist designers in lower-
ing installation and occupied area costs. Research in [32] has
shown that the silicon PVmodules are the best choice that can
be utilized for building PV power plants, since they have high
efficiency and occupy less area compared to thin-film PV
modules. Additionally, it is anticipated that prices will fall in
the coming years, which will enable designers to improve the
designs of PV power plants. Thin-film PVmodule technology
development is still in its early stages. Though, given that it
is less expensive than mono-crystalline and multi-crystalline
PV modules, it is anticipated that larger PV power plants
would use it more frequently. At present, mono-crystalline
and multi-crystalline PV modules have dominated the mar-
ket of PV systems due to many factors such as their high
efficiency, less size, stability, and reliability. However, this
type of technology still represents a high price due to the
material quantity and manufacturing process [33], [34]. In
contrast, thin-film PV modules’ price is competitive. The
main drawbacks of this technology are its lower stability and
efficiency, as well as its larger size, which occupies more
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area in PV power plants [35], [36], and the material scarcity
[37]. Therefore, the area utilized is one of many parameters
affecting the project cost, other factors include the PV power
plant’s installation cost, various components transportation,
system maintenance, and mounting characteristics. Several
studies are currently being conducted to improve solar cell
characteristics to increase efficiency, decrease in prices, and
long-term stability. The significant number of PV modules
placed in a large-scale PV power plant is vital to improve
additional PV cell characteristics including sustainability,
recycling, and CO2 generation reduction during the course
of the cell’s lifetime [38].

B. INVERTERS
The PV inverter aims at converting the PVmodule DC output
into AC power. An automated synchronization of the PV
inverter output is carried out to match the same frequency
and voltage of the power network. Relying on the location,
the selected inverter must control the quantity of energy
to satisfy various standard requirements, for instance, EN
50106, IEEE 1547.1-2005, IEC61727, and VDE0126-1-1
[39]. Considering its electrical properties, including input
voltage, and nominal power, its selection can strongly impact
the optimization sizing of PV power plants. In PV farms,
inverters maintain the connection between the electrical net-
work and the PV modules [40]. The inverter can only convert
from DC to AC in one stage or it may convert from DC
to AC in two stages, in which case a second DC-DC con-
verter is required [39], [41]. When using a central, string
PV plant layout, one-stage conversion is employed. On the
other hand, the multi-string PV plant configuration requires
two phases of conversion. The DC-DC converter is the focus
of countless types of active research. It may be categorized
into two main groups, isolated (with transformer) as well
as non-isolated (without transformer), are used in PV plants
[42]. The primary cause of the difference is the galvanic
separation between the sides of the PVmodules and the power
grid [40]. Review, analysis, and research on non-isolated
as well as isolated DC-DC converters were conducted in
[43], [44], and [45], respectively. Several non-isolated DC-
DC converter configurations, for instance, Cuk, buck-boost,
SEPIC, ultra-lift Luo converters as well as positive-output
super-lift Luohave been designed to increase voltage gain
[44]. Non-isolated DC-DC converter characteristics is mostly
determined by its configuration, as described in [43], [46],
and [47]. The main benefits of non-isolated DC-DC con-
verters over isolated DC-DC converters are their reduced
cost without any design complications. Apart from that,
non-isolated DC-DC converter topologies have several draw-
backs, including current ripple, voltage stress, and leakage
current. Transformers with high frequency are applied to
ensure isolation and their principal benefit is to protect the
sensitive load [44]. Forward, push-pull, flyback, and boost-
half-bridge present isolated DC-DC converter structures [48].
However, isolated topology faces some issues related to cost

and efficiency [45]. Each converter configuration has its
advantages and disadvantages, where the selection process
should take into account the application and its require-
ments [48]. Therefore, isolated DC-DC converter topology
is reflected as more suitable for PV power plants [32].
The selected PV inverter for PV power plants should have
galvanic isolation [45],MPPT tracker [49], andmeet the elec-
trical standards that depend on the regulations of a country
[40], and is applicable for PV inverters in case of one or
two stages of conversion. PV inverters with one stage of con-
version DC-AC are the dominant topology in integrating PV
power plants into the power network. On the other hand, PV
inverters with two stages of conversion could be an attractive
technology for PV plants in the future [32].

C. TRANSFORMERS
To ensure the grid connection, the inverter output power
needs an additional voltage step-up. The primary function
of transformers utilized in PV power plants is to supply
electrical power with appropriate voltage levels for transmis-
sion throughout the installation and exportation to the power
network, ranging from 33 kV to 110 kV based on the network
voltage level. Line frequency transformer has been employed
in PV power plants to ensure the separation and step-up the
inverter voltage. The transformer performance considers the
assessment of the various losses that occur while converting
electricity from DC to AC. The transformer price can account
for one-third of the inverter price in PV plants. Accord-
ing to a recent study, the price of dry-type transformer in
Brazil with a capacity of around of 500 kVA might approach
4.14 ¢/Watt [50].

FIGURE 8. Transformer connection at medium voltage, (a) Central inverter
topology is connected to three winding transformers, (b) Multi-string
inverter topology connected to two winding transformers.

According to [51], the transformer occupies over a third of
the surface area of the inverter station for a 1 MW PV power
plant.

There are two types of transformers that may be placed in
PV power plants including Tn and T-HV. (Tn) steps up the
PV inverter output voltage at the level of 13.8 to 46 kV [52].
In contrast, (T-HV) functions as a voltage step-up, providing
galvanic isolation from the electrical grid [53]. Transformers
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linkedwith PV inverters increase the voltage to around 0.4 kV
to 30 kV. Note that the use of an additional transformer in
the range of 30 kV-110 kV is mandatory. As detailed in [54],
if PV inverters rated power exceeds 500 kW, three windings
transformer should be installed with two low voltage (LV)
windings and onemedium voltage (MV)winding [55]. On the
other hand, two windings transformer is used in case of PV
inverters rated power is below 500 kW with one LV winding
and one high voltage (HV) winding [56]. T-HV transformers
type have one LV winding and one HVwinding. Fig. 8 shows
central and multi-string inverter topologies connected to the
transformer at medium voltage.

D. WIRING
PV power plants involve both AC and DC cables. The wiring
must not reduce efficiency with respect to the PV plant com-
ponents. Here, PV cables must be able to stand throughout
the PV power plant lifetime and should meet all minimum
standard requirements for safety. Generally, voltage rating,
current carrying capacity, and losses are the criteria that
must be considered while sizing cables for PV power plants.
Cables should be sized such that 80% of the rated ampacity
(125% E) is higher than or equal to 125% of the short-circuit
current (125% N), where 125% is a derating factor, E for
equipment limitation, and N for normal operation. In brief,
the PV cable’s minimum ampacity must be equal to the
rated short-circuit current multiplied by 1.56 [57], [58].
The AC cables should provide cost-effectiveness and safety
while transmitting AC power from the PV inverters to the
transformers. AC cables must obey relevant IEC standards,
including the IEC 60502 for cables in medium voltage in the
range of 1kV and 36kV, IEC 60364 for low voltage cabling,
and IEC 60840 for high voltage cables ranging from 30kV
and up to 150kV [59].

E. JUNCTION BOXES
The installation of several junction boxes within the instal-
lation area is required according to the selected inverter
topology. When using central inverters topology, it is neces-
sary to install junction boxes via the DC main cable before
exiting the inverter. Junction boxes can present overheating
and losses throughout the PV plant lifetime. In this case, it is
required to utilize junction boxes with high-quality screw ter-
minals. Junction boxes consist of both isolation and protective
equipment. In PV power plants, the junction boxes should
clearly separate the positive and negative sides within the box
and be executed to protect class II. If mounted externally, the
protection level should be at least IP 54 [31]. In the string
inverters topology, strings are linked directly to the inverter,
and there is no need to install junction boxes in the PV plant.

III. TOPOLOGIES FOR PV POWER PLANTS
Inverters that transform DC power generated by PV arrays
into AC power in order to inject it into the power grid have
drawn a lot of interest in recent years. Here, the chosen

inverter topology influences both the overall cost of the PV
power plant and the total energy generation. For example,
the study presented in [60] examines the performance of two
alternative systems implemented in Spain including central
and string inverter topologies. Additionally, the PV systems
have capabilities of 56 kW and 113.4 kW for distributed and
central systems, accordingly, and both systems are exposed to
the same weather conditions. According to the study, the dis-
tributed topology performed better than the central topology.
However, due to their benefits, central inverter topologies
are more commonly used in PV systems compared to the
other topologies [32]. For the most effective development
of PV power plants in Turkey, the central topology was
recommended in [61]. However, the design, its effects on
the amount of energy produced as well as the total cost
with respect to the PV plant were not discussed in relation
to the performance of large-scale PV power plants using
the string inverter topology. The PV power plant design is
strongly advised given the ongoing development of compo-
nent technology. However, it is also done to increase the
system’s economic profitability. This implies that the goal
of developing a PV plant is to decrease the cost of the
energy produced. The literature reviews various topologies,
standards, as well as evolutions in PV converters [39], [62],
[63], [64]. Moreover, a recent study in [65], investigated the
optimal inverter topology for PV power plants using both cen-
tral and string configurations. According to the optimization
results, the cost-effective topology for PV plants is the central
topology based on the economic evaluation. PV systems with
the best components, topology and operating mode will inject
more power into the network and decrease their LCOE by
up to 17% [66]. Six primary group topologies of PV plant
can be found such as: string, multi-string, central, as well
as AC modules [67]. Other suggested topologies need to
demonstrate their effectiveness in actual PV plant circum-
stances as they are still in the experimental phase [68]. Low
PV maintenance costs and the inverter’s MPPT makes the
central topology the most used in PV power plants with high
capacities of several megawatts [69]. From the above studies,
it is worth mentioning that the common topology used for
large scale PV power plants is central.

A. CENTRAL TOPOLOGY
In a centralized configuration, as displayed in Fig. 9, a huge
number of PV modules have been linked in series in order to
form a string [70]. All strings are linked in parallel to invert-
ers. The transformer is then used to feed AC power directly
into the electrical grid. When compared to other existing
structures, this configuration offers the lowest cost and easiest
maintenance over the course of its operation [71]. Addition-
ally, all the arrays in this configuration operating with a single
MPPT exhibit significant losses and lower performance [72],
for instance, PV module surfaces that have the lowest yield
to changes in solar radiation, ambient temperature as well as
shade [39].
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FIGURE 9. Central topology.

B. PRIMARY-SECONDARY TOPOLOGY
This topology’s primary goal is to enhance the reliability
with respect to the central inverter topology, as illustrated
in Fig. 10. For this topology, the PV power plant inverters
are connected in parallel, hence they can deliver the entire
amount of PV power even if one fails. However, some of the
inverters are shut down in case of low irradiance level. Due to
the design of inverters to operate according to the irradiance
level, its advantage is to extend overall operating efficiency
and inverters lifetime. Moreover, the mismatch between the
partial shading and modules gives a substantial power loss.
It is still a problem with this topology and its high cost
compared to centralized topology [73].

FIGURE 10. Primary-secondary topology.

C. STRING TOPOLOGY
PV power plant which utilizes string mode is shown in
Fig. 11.

Here, each inverter is connected to a single string with
no parallel connections. This mode lowers power losses
when working under partial shading conditions and when PV
modules are not matched since each string functions indepen-
dently at its maximum power [74]. Strings of PV modules

FIGURE 11. String topology.

of various sizes and types can be utilized in this design.
Furthermore, it is simple to raise the PV system’s power
rating and add a new string, which increases the flexibility of
PV plant design. Additionally, stringmode guarantees service
continuation in the event of an inverter fault. However, this
topology calls for several inverters, which raises the installa-
tion cost significantly.

D. TEAM CONCEPT TOPOLOGY
This topology is based on the combination of the
primary-secondary concept with string technology. In a
large-scale PV power plant, each string has its own
MPP tracking controller and runs independently. In this
configuration, only at levels with low irradiance is the
PV array completely connected to one inverter, as seen
in Fig. 12. The PV array is split up into string units
which are smaller as the irradiance level rises, however,
until each string inverter is operating close to its rated
power [75].

FIGURE 12. Team concept topology.

E. AC-MODULE TOPOLOGY
The AC-module topology is displayed in Fig. 13. Only low-
power applications with high cost-effectiveness are intended
for this design [74]. An inverter is built with each PVmodule.
The array design flexibility, enhanced monitoring for PV
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TABLE 1. Optimal results for each location.
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module failure, as well as improved performance with lower
losses under partial shade situations are all benefits of this
topology. Additionally, installing inverters with PV modules
outside reduces their lifespan mostly because of the increased
thermal stress [70].

FIGURE 13. AC-module topology.

F. MULTI-STRING TOPOLOGY
The multi-string inverter mode is shown in Fig. 14. Every
string in the PV plant is connected to a single DC-DC
converter for voltage amplification and tracking the highest
power point. Additionally, a DC bus connects all of the DC-
DC converters to only one inverter [74]. The other losses from
the PV plant’s string structure and converters are included
into the system’s increased reliability. In contrast to the
disadvantages of having two conversion stages, this mode
combines the benefits of centralized and string topologies for
increased system power output [70].

FIGURE 14. Multi-string topology.

G. COMPARISON BETWEEN PV PLANT TOPOLOGIES
The topology in every large-scale PV power plant that
has been installed worldwide is very important for its per-
formance. Central topology is commonly used by most

large-scale PV power plants due to installation simplicity
including the lesser components number in the field. A Com-
parison between these topologies can be seen in Table 1 [32],
[40]. By comparing these six topologies, it is evident that the
efficiency with respect to these inverters has this relationship:
AC modules > string inverter > multi-string inverters >

central inverter.

IV. EVALUATION INDICATORS FOR SIZING PV POWER
PLANTS
In this section, site selection, performance indicators and
economic indicators have been discussed.

A. SITE SELECTION
Due to its vital significance in the design process, selecting
the place of construction is an essential step in large-scale
PV power plant projects. Numerous aspects have to be taken
into account to increase the performance of PV plants. In
order to satisfy the increasing need for electricity without
impacting the urban expansion and development of cities, the
PV power plant should be built close to urban areas. From
the perspective of profitability, having close proximity to the
load decreases the loss of electricity and decreases the cost
of the transmission line. Additionally, the electrical output
of the PV plant has to be equivalent to the transmission line
capacity. In order to lower the cost of building the PV power
plant and the transportation costs of a significant amount of
components, it is also vital that the chosen location be close
to major highways and rail infrastructure. Easy access to the
area is necessary for future maintenance as well as to prevent
the expense of building the road. It is highly suggested that
the PV plant be adjacent to substations in order to receive
the power produced by the PV plant due to the expensive
nature of creating new substations. In order to optimize the
performance of the PV arrays, the site for the power plant
must also have enough water supplies to facilitate cleaning
the modules at least twice a month.

B. PERFORMANCE INDICATORS
Different factors were examined to assess the grid-connected
PV power plant’s performance, including the LCOE ($/kWh),
output power, size ratio (Rs), ground cover ratio (GCR),
performance ratio (PR), and energy losses. Regarding the
fluctuation of several factors impacting the optimum sizing
and efficiency of the PV plant, these parameters were utilized
to carry out the electrical analysis of the system.

1) ENERGY OUTPUT
It is possible to calculate the total amount of electricity gener-
ated by the PV power plant throughout its operational period
using equation (3). Also, the total quantity of energy that is
produced by the PV power plant during a particular period
of time may be calculated, for example, if ns = 1, the total
energy produced over a year can be determined.

Etot = Pplant (t) nsEAF (3)
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where Pplant denotes the total output power and EAF is the
energy reliability factor.

2) SIZING RATIO
PV arrays sizing ratio (Rs) is often defined as PV arrays rated
power PPV(rated) over the inverter rated power Pi(rated) at STC.
The equation below can be utilized to get the sizing ratio:

Rs =
PPV (rated)
Pi(rated)

(4)

Equation (5) can be used to determine the PV array’s rated
nominal power, PPV(rated).

PPV (rated) = Pmpp,stc.Ns.Np (5)

where Pmpp,stcrefers to the nominal maximum power with
respect to PV module at standard test conditions, Ns and Np
denote the number PV modules linked in series and parallel,
respectively.

3) PERFORMANCE RATIO
For grid-connected PV power plants, the performance ratio
refers to the quality factor and efficiency index that com-
pares the final energy yield (Yf) to the nominal yield (Yr).
PV power plants can be compared using performance ratio
regardless of nominal capacity, tilt angle, location, or orien-
tation [76]. The performance ratio may be computed by [77]:

PR =
Yf
Yr

(6)

Here, Yf denotes the ratio between PV plants final power
generation as well as its nominal DC power.

Yf =
Final energy output in kWh
Nominal DC power in kW

(7)

On the other hand, Yr may be expressed as the reference
irradiance to the entire in-plane irradiance ratio with respect
to STC.

Yr =
Total in plane irradiance in kW/m2

PV reference irradiance in kW/m2at STC
(8)

Reference yield is clearly geographically location-
dependent, as shown by equation (8).

4) GROUND COVER RATIO
The ground cover ratio (GCR) differs amongst PV power
plants as a result of the variations in PV module tilt angles.
Calculating the GCR ratio is as follows [78]:

GCR =
APV

APV + L
(9)

where total PV area excluding land is denoted by (APV) and
(Apv+L) refers to the total PV area including land. In addition,
Apv can be expressed as:

APV = Ac.NI (10)

in which NI refers the total number of PV modules, and Ac
denotes the PV module area (m2).

5) ENERGY LOSSES
The difference that exists between the energy generated by
PV modules (PPV) as well as the total output power (Pplant)
before it is injected into the grid is considered as the total
amount of PV power plant energy losses over its operational
lifetime (25 years), and includes shading losses, component
losses, DC as well as AC cable losses. The equation given
below may be used to determine the energy losses in PV
power plants:∑

Plosses =

∑
PPV −

∑
Pplant (11)

C. ECONOMIC INDICATORS
1) LEVELIZED COST OF ENERGY
The lifetime cost of operation (LCOE) of a plant is deter-
mined by dividing the total cost of installation, maintenance,
and operation of the plant by the total amount of energy it pro-
duces. By considering the proper cost structures, the LCOE
approach is typically used to compare power plants whose
energy producing sources are different. The ideal LCOE for
power plants, however, combines a low investment cost with
a high yearly energy output [79].

LCOE =
CC (X) + CM (X)

Etot (X)
(12)

2) NET PRESENT VALUE
The NPV essentially depicts the project’s overall cash flow,
with a positive number indicating a profitable project and a
negative value indicating a loss of financial profit [80].

NPV = Mnet − Ccapital,sys (13)

where Ccapital,sysdenotes the project’s actual capital cost and
Mnetthe project’s net income in its entirety at the present time.

3) INVESTMENT PAYBACK TIME
PBT measures the period of time it will take an investor to
return their initial investment [81]:

PBT =
Initial investment

Annual cash inflows
(14)

V. OPTIMAL DESIGN OF PV POWER PLANTS
Fig. 15 portrays the process used in solving the PV power
plant design and establishes its optimal size and configura-
tion. The measured meteorological data with respect to the
PV modules, inverter specifications, location, area coordi-
nates, as well as cost units were all taken into consideration
while calculating the design parameters with respect to the
PV plant in the methodology that follows.

The research in [82] established a computer application
to optimize the grid-connected PV power plant, together
with a few Spanish parameters. Moreover, the annual energy
production has been calculated using shading analysis to
prevent any shadow effects on the PV module surface, wire
losses, PV array losses, PV module tilt angle, inverter size,
as well as orientation. Additionally, the sold energy, annual
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FIGURE 15. The general flowchart concerning the PV power plant’s design methodology.

inflation, discount rate, costs, as well as taxation are taken
into consideration when performing the financial analysis.
Additionally, computational pollution has been suggested in
relation to environmental analysis. In this strategy, the PV
array size was ignored during the optimization process, but
the inverter size was chosen by very intuitive consideration.
The ideal PV inverter sizing ratios were found using the
TRNSYS software as introduced in [83]. The maximum total
output of the PV system has been calculated using the simu-
lation utilizing three different types of inverters having low,
medium and high efficiency. In addition, the grid-connected
PV inverter size ratio was examined for 8 European loca-
tions. According to Mondol et al., establishing a PV system
having a high-efficiency inverter allows for more flexibility
with regards to PV and inverter sizing in comparison to
a low-efficiency inverter. Grid-connected PV power plant
optimization has been described in [84]. The authors used
actual meteorological data to determine the best type of PV
modules and inverters, optimal PV module tilt angle, optimal
PVmodule layout within the area of PV plant installation, and
ideal PV module distribution among the inverters. By using
an iterative simulation relying on the genetic algorithm (GA)
method, the optimization procedure maximized the system’s

overall net profit. The grid-connected PV power plant was
also optimized using artificial intelligence (AI) techniques,
as shown in [85]. Based on the overall net economic bene-
fit, the PV plant global solution is instead solved using the
particle swarm optimization (PSO) method. The GA tech-
nique utilized in this study performed worse than the PSO
algorithm. An approach for grid-connected PV power plant
design that takes economic analysis into account was intro-
duced in [86]. To develop the PV power plant, the optimal
solution was examined utilizing the PSO approach relying on
a multi-objective optimization problem. In order to maximize
the economic as well as environmental benefits during the
lifetime of the PV plant, our study sought to organize the
components in the best possible way. The ideal PV module
location within the installation field, their distribution among
the inverters, the ideal tilt angle, the ideal number of inverters,
and the ideal PV module number were the design variables.
The grid-connected PV system’s optimization design has
been introduced in [87]. The type of PV modules, inverter as
well as tilt angle are the variables for the suggested method-
ology. The research backs up the mathematical simulations of
the PV array, inverter as well as solar radiation on the surface
of tilted PV modules. The optimization process considered
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three different inverter types, four different PV module types,
seven tilt angle values, the hourly solar irradiation, as well
as the surrounding temperature. The system’s optimal design
was chosen in order to maximize efficiency. Work done in
[88] represents an approach employing the GA technique
was put out to identify the optimum design for household
grid-connected systems taking into account the excess factor
(EF) of an objective function. The economic analysis was
absent, and this methodology only took the instance of string
inverters into account. The best system performance in this
design is not optimal to match. In addition, meteorological
information was not considered when calculating the PV
system’s daily energy output.

Solar irradiance, ambient temperature, and system costs
were used as input parameters inKerekes et al’s practical opti-
mization methodology for designing large-scale PV power
plants utilizing GA. The ideal PV module placement, the
separation between rows, the ideal tilt angle including the
optimum number of PV rows made up the design factors.
The LCOE was regarded as the optimal solution. The pro-
posed approach supported the inverter topology, including
multi-string inverter, central inverter as well as mini-central
inverter. However, only fixed tilting PV modules installed on
equator-facing ground are suitable for this strategy [89]. In
2012, [80] evolutionary programming (EP) sizing algorithm
was developed as a sizing methodology. The optimization
process covers all viable PV module and inverter combina-
tions, considering various PV module and inverter types. The
highest yield factor as well as the net present value with
respect to the PV system were determined using this method,
which also considers the technical as well as economic fac-
tors. Large-scale PV power facilities can be optimized using
a novel methodology that Kerekes et al. developed in 2013
[79]. The same design factors used in his prior research were
used in this, which was carried out using the GA algorithm
[89]. However, the LCOE analysis was added to improve
the performance of both the new method and the internal
return rate, payback period, net present value, and economic
analysis. Moreover, [90] developed an iterative method for
determining the best inverter size for PV systems having the
greatest savings in 9 USA locations. Here, the gainful inverter
size for each position was determined by the optimization
procedure. Additionally, due to the intrinsic inverter param-
eters, economic factors as well as weather considerations,
an optimum inverter size that is lower than or equal to the
PV array’s rated size may be placed.

Perez-Gallardo and his colleagues developed an optimal
grid-connected PV power plant architecture in 2014 utilizing
the GA approach while taking into account economic, techni-
cal, and environmental factors [91]. This project’s goal was to
raise energy production. Additionally, the work in [92] Intro-
duced a method for sizing a grid-connected PV power plant
with a high time resolution using 1 minute average values
of the input data for solar irradiance and ambient tempera-
ture. The primary-secondary algorithm and dynamic demes

algorithm techniques were used to investigate the optimal
option. The study attempted to examine the PV plant’s max-
imum economic gain during the PV module lifetime. Apart
from that, [93] recommended an optimization method based
on the inverter’s requirements for the cost-effective design of
large-scale PV power plants. The purpose of the study was to
increase LCOE,which considered the idea of a large-scale PV
power plant’s availability throughout its life cycle. Moreover,
this research found that the standard LCOE index identified
a central topology to reduce the cost of produced energy, and
that an enhanced algorithm is offered relying on the actual
levelized cost of energy (ELCOE). Despite having a greater
initial cost, a multi-string architecture ends up being the most
profitable one, and the authors recommended inverter sizes
for 0.1-100 MW PV power plants ranging from 8 to 100 kW.
Another methodology has been suggested in [94] in design-
ing a PV plant for the university campus that will function
as a self-consumption mechanism with various capacities
between 450 and 1,250 kWp. The simulation was run on the
PV∗SOL software. Moreover, a methodology was proposed
by [95] was carried out to enhance the economic analysis
research and PV power plant design. There are two steps to
optimum design. The design procedure, which uses various
optimization techniques, is in the initial stage. The second
step, meanwhile, is based on aMonte-Carlo simulation-based
economic analysis of the PV power plant. Furthermore, [96]
examined the PV system’s inverter and module configuration
selection, and saving options. Using this technique, the pur-
chasing expenses could be decreased by 16.45% of 10 kW.
However, this evaluation model can only be used to produce
power at the lowest cost; it cannot be used to produce power
at the best efficiency. In [97], a list of commercially available
components, including PV modules and inverters, as well
as the solar radiation, ambient temperature, and other input
data were considered during the design procedure. The PV
plant was sizedwith three distinct targeted functions includes:
maximize annual energy generation, maximize economic
benefits, and minimize payback period. A mathematical pro-
cedure has been presented in [98] by taking into consideration
the impact of shade on the PV module output power, to the
optimal number of rows as well as a PV module tilt angle for
maximizing the profit during the lifetime of a PV plant.

Size optimization for large PV power plants were sug-
gested in [61] based on GA. Environmental data as well as
commercially available components, for instance, PV mod-
ules and inverters, were taken into account during the design
process. The primary goal of the suggested methodology was
to reduce the LCOE of the PV project. The number of PV
modules that were connected in series and parallel, the tilt
angle of the modules, the distance coefficient between two
adjacent rows, and the number of PV module lines per row
are the decision variables. A study in [99] examined the
design of grid-connected PV systems while considering of
the rate of PV module degradation in order to choose the
optimum inverter size for increased energy and decreased
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TABLE 2. Summary of design methods with respect to the PV plants.

cost. Practical inverters with high efficiency provide a larger
variety of size options than inverters that have low efficiency,
which increases energy production. Study published in [81]
stated that an eco-design for grid-connected PV systems
was proposed. It was based on combining multi-objective
optimization and other software. Simultaneous optimization
was done for the techno-economic as well as environmental
criteria. When compared to crystalline silicon ones, thin-film
PV module installation in PV systems is advantageous. The
research published in [100] suggested a method for convert-
ing the PV power plant’s design to binary linear programming
in order to accomplish an economic design. Here, the only
design variable considered was the number of inverters and
PV modules connected in parallel and series. A co-design
technique has been suggested in [101] which looked into the
optimum PV array structure and selection to fit the inverter
layout for the highest optimal annual energy production of the
PV plant utilizing PSO algorithm. Compared to constructing
PV arrays and inverters independently, the authors claim that
the established co-design optimization technique can provide
more electricity from the PV system. To suggest a suitable
design and choose the best option that take the PV system’s
technical, economic, and environmental factors into account,
multiple methods have been used and published by academi-
cians in this area [102], [103], [104], [105], [106], [107],

[108]. Table 2 lists many approaches for designing PV power
plants in the best optimal way that make use of optimization
techniques or software that is available commercially. These
techniques typically made use of meteorological information,
economic parameters, PV module components, and inverter
components. The PV plant sizing also included technological,
environmental, and economic goals.

VI. OPTIMIZATION TECHNIQUES FOR DESIGNING PV
POWER PLANTS
An optimization strategy may work well and produce excel-
lent results when dealing with one optimization problem, but
the same optimization technique may not work well when
dealing with another problem. For instance, PSO and GA
are widely applied to solve the optimal design of PV power
plants as discussed in the previous section. However, recent
proposed metaheuristics algorithms such as GWO have been
used in a recent study and shows its effectiveness in solving
the PV plant design problem compared to PSO [110].

There are two types of design optimization approaches
known as conventional and modern techniques. Differential
calculus is employed in conventional methods to identify
the best solution. However, newly introduced algorithms uti-
lize artificial and hybrid approaches. These strategies solve
the problem accurately and with more efficiency as well as
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high convergence. The design of PV power plants becomes
more complicated, due to fluctuations in the climate condi-
tions, PV plant nonlinear operation, component limitations,
and location selection. Therefore, researchers have shown
great interest in applying modern approaches based on meta-
heuristics algorithms.

Both single and multi-objective optimization functions can
be used to solve the design optimization of PV power plants.
In modern algorithms, individual objective optimization can
determine theminimum or themaximum value of the targeted
function as reported in many studies such as in [111], whereas
multi-objective optimization combines at least two objectives
as reported in [81] using multi-objective GA and [86] using
multi-objective PSO.

Single and hybrid algorithms can be used for solving opti-
mization problems with single and multi-objective functions.
Single optimization methods can be easily implemented, sim-
ple and offer quick convergence and efficiency in determining
the optimal solution. But since the number of PV power plants
connected to the electrical grid continues to grow quickly,
it is more crucial than ever to develop the most efficient
algorithms to make the optimization design more accurate
and economically profitable. In order to attain superior results
in addressing a particular issue, hybrid algorithms have been
developed. At least two single algorithms are combined in the
hybrid algorithm. The main aim of such a combination is to
address complicated design challenges by utilizing the com-
plementing qualities of the techniques. The work reported in
[112] shows that the optimum design results using hybrid
grey wolf optimiser-sine cosine algorithm is more efficient
than PSO. Considering this, designers can increase system
profit while employing the same components by utilizing
novel, powerful optimization techniques.

VII. COMPONENTS OPTIMIZATION
In this section, various PV power plant components optimiza-
tion and sizing are investigated including inverter, PVmodule
tilt angle, transformer and wiring.

A. INVERTER SIZE OPTIMIZATION
In large-scale PV power plants, an optimal inverter size
depends on many factors. A previous study [114] showed that
utilizing a high-efficiency inverter improved the performance
of PV systems for size ratios between 0.7 and 1.3. The
rated capacity of a PV array must be perfectly matched with
the rated capacity of the installed inverter to get the most
power out of a PV system. Additionally, when the inverter’s
rated power is less than the PV array’s rated power, the PV
array’s efficiency is subsequently impacted. The optimum
size of a PV inverter is signified by the output power of the
module, the cost/performance ratio, and the inverter itself.
Low solar radiation levels cause the PV module’s output
power to be less than its rated capacity, which lowers the
inverter’s efficiency since some of the input power must be
used to maintain various functions [115]. When an inverter
is overloaded, the excess power that PV modules generate

over the inverter’s rated power is lost. Additionally, inverter
oversizing or under sizing raises the cost of energy. However,
to considerably improve the effectiveness and viability of PV
systems, it is crucial to optimize the sizing of the inverter
[116]. The optimum PV array to inverter sizing ratio was
examined in [83] for PV energy locations located in Europe.
The TRNSYS software tool was used to run the simulation.
The ratio of the total PVmodule capacity to the inverter rating
capacity is known as the size ratio. According to this research,
the optimum sizing ratio for a high-efficiency inverter PV
system must fall between 1.1 and 1.2 as well as 1.3 and
1.4 for locations with high and low solar irradiation, accord-
ingly. Conversely, for low-efficiency inverter PV systems,
the optimum size ratio for locations with high and low solar
irradiation must be between 1.2 and 1.3 as well as 1.4 and
1.5, accordingly. Research in [107] gave an analytical method
to determine the optimum inverter size, inverter efficiency as
well as energy yield for grid-connected PV power plants in
various locations. Here, the grid-connected PV power plant
aspects that play essential roles led to the inverter being iden-
tified using a straightforward suitable method. Comparing the
simulation outputs to the data that has been measured served
to validate the analytical model that had been constructed.
Another method in [117] used the PV system’s optimum
size ratio to increase the energy output of grid-connected PV
power plants. To examine the impact of the location as well
as inverter efficiency on the annual generated energy and the
sizing ratio, simulations were run for 27 sites in Europe. It
implies that at low latitudes, the sizing ratio should be greater,
while at high latitudes, the opposite should be true. The size
ratio was raised using high-efficiency inverters and locations
with high irradiance levels. The iterative method is described
in [118] and take into account the low, medium as well as high
loads to optimize PV inverter sizing in various Malaysian
locations. Here, the size ratio was improved utilizing models
of commercial inverters that were readily available. Relying
on hourly solar radiation as well as ambient temperature mea-
surements, a Matlab model for PV modules and an inverter is
created. The created model’s primary objective was to calcu-
late the inverter’s efficiency in terms of PV module output
capacity as well as inverter rated capacity. Here, the optimum
size ratio values must be modified between 1.21 and 1.43.

Results proposed in [90] investigated the numerous ele-
ments that affect how an inverter is sized in a grid-connected
PV system. Moreover, environmental factors, like solar radi-
ation and air temperature, economic factors, like energy
prices, and inverter specifications, overload protection plans
and efficiency curves, are a few examples of these factors.
As a result, the ideal inverter size varies depending on the
geographic location. In Barcelona, Spain, a novel flexible
solar array method was unveiled alongside information on
solar radiation. To increase the PV power plant’s energy
yield, this experimental study assesses the optimumPV array-
inverter sizing ratio [106]. Apart from that, DC input voltage’s
involvement in grid-connected DC-AC conversion efficiency
for PV power plants is highlighted in [119]. Commercial c-Si

VOLUME 11, 2023 79601



T. E. K. Zidane et al.: Grid-Connected Solar PV Power Plants Optimization: A Review

and CdTe PV modules, as well as two PV inverters, were all
characterized. The sizing ratio was determined to be depen-
dent on PV module technology. Hence, regardless of the PV
inverter chosen in Mexico, the suggested PV array-inverter
sizing ratio for CdTe and c-Si was 0.95 and 1.05, respectively.
Recently, an iterativemethodwas suggested in [120] to utilize
hourly radiation and temperature data to improve an inverter
in grid-connected PV power facilities. A system having an
optimized inverter size as well as a PV systemwith a standard
sizewere compared. The PV array’s rated capacity is the same
as the inverter capacity. Here, it was found that the annual
energy generation for the system with the optimum sizing is
greater than the PV system with the typical sizing. Perfor-
mance is improved in a PV system with an optimized PV
inverter. Work referred to in [121] intended to examine how
the performance with respect to PV power plants is impacted
by inverter capacity. Moreover, the inverter capacity impact
on the PV plant performance has been thoroughly assessed
using data from active PV power plants and simulated by
employing the PVsyst analysis tool. As a result, the central
inverter topology generated a large amount of energy with
very little energy loss, the string inverter topology produced
amedium amount of energy with moderate energy losses, and
the micro inverter topology produced the smallest amount
of energy with significant energy loss. As a result, the PV
power plant’s performance is increased using high-capacity
inverters which refers to central inverter topology. Latest
research in [122] and [123] studied how the size of PV arrays
affected the dependability and lifecycle of PV inverters. Since
PV arrays rating power is more than the inverter rating power,
PV array oversizing may have a negative influence on the PV
inverter’s lifetime as well as dependability. Additionally, the
size ratio Rs is typically lower than 1 and ranges in values
typically between 1 and 1.5, depending on the field of instal-
lation. Optimizing the grid-connected PV system design is
impacted by inverter technology and PV module degradation
factor [99]. They concluded that a wider range of size factors
is available for high-efficiency current inverters to generate
maximum energy.

B. PV MODULE OPTIMAL TILT ANGLE
The tilt angle is considered a vital factor in the PV power plant
for maximizing the amount of solar radiation that reaches the
PV modules, as demonstrated in Fig. 16.
The study in [124] outlined a technique for figuring out

the best tilt angle and module orientation for PV modules
to increase solar irradiance on the PV array. Such tilt angle
optimization lowers the cost of large-scale PV power facilities
while increasing energy production. The research described
in [29] has shown that each site’s optimum tilt angle for
PV systems must be precisely calculated for energy gain.
Additionally, yearly gain for optimum tilt angle is discussed,
where a comparison between different mounted PV module
systems was provided. The advantages of a dual-axis tracking
system over a conventional fixed system are examined, and

FIGURE 16. Tilt angle (β) for PV module facing equator.

the gains reach 30% and 44%, respectively on the days of
the winter and summer solstices. However, in large-scale
PV power plants, tracking systems such as dual-axis and
single-axis tracking systems are not largely used due to the
complicated installation, high cost, land occupied, monitor-
ing, and maintenance. In large-scale PV power facilities that
have been constructed all over the world, the fixed system is
typically used. Although some are discussed, it is not com-
monly noticed that large-scale PV power facilities employ
any mechanical tracking systems [125]. Recent research pre-
sented in [126] suggested installing fixed PV modules in a
grid-connected PV power plant, the installation angles are
frequently taken into account at the initial stages of PV power
plant design. The annual optimum tilt as well as azimuth
angles employed in the installation of PV power plants are
known as the ‘‘optimum angles,’’ and they are designed
to maximize the power output of the PV modules already
in place throughout the year. Because they take up less
space than traditional equator-oriented PV plants, East-West
oriented PV modules are utilized to improve the installed
capacity of the PV power plants [127]. Besides, the East-
West orientation aids in the elimination of the spaces in
between the two adjacent rows that are shaded. As opposed to
that, a method proposed in [128] has shown that the general
methods among designers were that PV modules must face
South in the North hemisphere as well as North in the South
hemisphere when facing the equator, and the tilt angle around
the location latitude. However, it was difficult to calculate tilt
and azimuth angles when utilizing this method, where PV
modules must be fitted with a tilt angle that deviates from the
optimum. A study in [129] has shown that for more energy
generation, installing PV modules in different orientations in
the PV power plant may be a solution to producing more
energy. The research presented in [130] aimed to investi-
gate how tilt angles affected PV power plant performance.
However, many past studies have elaborated on predicting
the optimum tilt angle for a more effective PV power plant
design employing a variety of techniques and accounting for
solar radiation and various techniques of optimum tilt angle
calculations.

Recent research in [131] recommended the optimum
tilt angle for various PV module technologies in Turkey.
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The cell temperature as well as wind speed, which might
affect the PV module’s output power, were considered while
calculating the optimum tilt angle for the PV modules. The
best tilt angles were discovered to be dependent on the PV
module technology. Here, using the same tilt angle to various
PV module technologies will yield varying results. A study
presented in [132] aims to review the various approaches
and procedures for figuring out the optimum PV module tilt
angle at any location to increase the solar irradiance incident
on the PV modules. A study in [133] aimed to discuss the
relation between the solar power output and the best tilt angle
for three optimum Iraqi geographical locations. The findings
showed that all of these had an optimum yearly tilt angle with
geographical locations similar and equal to 31◦ due to the
same latitude. Conversely, the optimum monthly tilt angle
is significantly affected by changes in the declination angle
as well as the maximum solar intensity. Researchers looked
into its impact on the efficiency of PV power plants in [134]
using three different tools. A comparison between the results
of simulation and measured data from PV power plant was
presented. The proposed mathematical model was found to
be more reliable than simulation.

C. TRANSFORMER OPTIMAL SIZING
The transformer should be installed in large-scale PV power
plants and optimally selected, to avoid any loss of energy.
The transformer could become a bottleneck if it is under-
sized. In contrast, an oversized transformer can cause some
instabilities [52], [55]. Researches in [52], [135], and [136]
proposed a design technique to select the optimal transformer
for PV power plants based on power, efficiency, cost, and
operation. 2% PV power plant efficiency improvement using
medium frequency transformers is achieved [137]. A work
presented in [138] proposed a method for choosing and sizing
the transformer for PV power plants. This is to successfully
detect the single-phase loss while ensuring minimum nui-
sance tripping of the PV power plant to achieve its safe and
dependable operation. MATLAB/Simulink simulations and
actual grid-connected 30 kW and 200 kW PV power plant
testing were used to validate the methodology. As a result,
nuisance tripping was reduced, and single-phase loss was
determined. Based on the topology and rated power of the
PV inverters, the transformer is chosen for solar power plants
in the best way possible. Central PV inverters technology is
increasing fast, and transformers should be improved in terms
of power quality, maintenance, cost, operational lifetime,
and size. Three windings transformers offer the possibility
of connecting two central PV inverters, each with separate
controls. Additionally, three winding transformers are used
in the multi-string inverters topology [32].

D. WIRING OPTIMAL SIZING
A calculation methodology proposed in [139] studies the
impact of wiring on the voltage and output power with
a respect to the PV power plant’s component operating

conditions. The PVmodule estimated voltage, current, power
output, total inverter power, as well as cable lengths and
thicknesses were used. The outcomes showed that the sug-
gested approach is appropriate for assessing the performance
and energy output of large-scale PV power plants. Here,
the maximum allowable voltage drop in PV power plant
grid-connected is 5% [140].

VIII. CONCLUSION
Many studies and developments on the optimization of PV
power plants have been performed in current years. The
intermittent nature of solar energy, PV cell materials, sys-
tem configuration and sizing, and complicated computation
of optimization issues have all raised concerns about the
investment in PV power plants. Therefore, this comprehen-
sive analysis provides a thorough breakdown of the many
components of the system, the inverter topologies used in
PV power plants and the indicator parameters for sizing the
system. In the one hand, it examines PV power plants optimal
design considering all aspects. Apart from that, it discusses
the PV system’s many components being optimized individ-
ually such as, inverter, tilt angle, transformer and wiring. The
following are some conclusions from this review:

1) Artificial intelligence: The use of conventional tech-
niques to improve optimization design is continu-
ously decreasing. When compared to conventional
techniques, artificial intelligence methods have clear
advantages in accuracy and computing time. However,
as PV power plants get more complicated, AI tech-
niques are more likely to avoid local optima due to
their great flexibility and optimization effectiveness.
Hybrid approaches that incorporate the benefits of var-
ious techniques have received increased attention due
to their great flexibility and effectiveness in optimiza-
tion. It highly recommended to continuously apply new
proposed approaches to enhance the optimal design of
the PV power plants.

2) Data acquisition: Peak solar irradiation and wind
speed characteristics have an impact on PV power
plants’ design, even though the step time of the
meteorological data used in the current optimization
procedure is hourly, daily, and monthly. Consequently,
the computation time step should be significantly
decreased, such as to semi-hourly, 15 minutes,
1 minute, etc., to increase the level of results accuracy
and the PV plant’s reliability. The gathering of this data,
however, is among the main obstacles in optimizing
PV power plants because it is challenging to obtain
complete meteorological data at such a small-time step
of 1 minute. Thus, 1 minute step time is preferred in the
design process for the accuracy of the results.

3) Mathematical modelling: Consists of three main ele-
ments such as: objective functions, design variables
and constraints, which should be carefully considered
during the PV power plant optimization process. Most
current papers emphasize economic and performance

VOLUME 11, 2023 79603



T. E. K. Zidane et al.: Grid-Connected Solar PV Power Plants Optimization: A Review

indicators. However, additional objectives and/or new
assessment indicators may be employed for optimiza-
tion to give more useful options. The multi-objective
function should be a good alternative when designing
a reliable optimization method for PV power plant.
However, it is not simple to formulate a multi-objective
function under numerous parameters and constraints.
The goal of PV power plant optimization is typi-
cally identifying the best options with regards to price,
size, efficiency as well as power output. Thus, multi-
objective functions are recommended formore efficient
design.

4) Accurate models: For increasing the PV power plant
performance, it is essential to generate accurate mod-
els. These models must account for all the factors
influencing energy production, including climatic fac-
tors, location and orientation, PV cell material, inverter
topology as well as the limitations influencing energy
conversion, such as the effectiveness of power elec-
tronic equipment, dust, and cables.

5) Genericmodels: PV power plant optimization is a pro-
cedure that is location reliant. The optimization results
that were acquired based on a given site must thus
be generalized to surrounding locations. More specifi-
cally, the optimization process should be efficient and
appropriate to apply to any location in the globe by
making a few adjustments to the input data parameters,
such as the local economic characteristics, weather
data, and geographic coordinates of the target site. In
addition, the soiling effect should be adjusted to the
local environmental factors, such as desert climates.

6) Economic considerations: One major concern about
the PV power plant design is the rapid increase in
components technology such as PV cells, DC-AC con-
verters, and their associated costs. In the previous
decade, PV module efficiencies were less than 16%.
In contrast, recent commercially available PV mod-
ules have an efficiency of around 22%. This evolution
should be considered to investigate the actual LCOE
of the PV power plant. Thus, the analysis should be
performed using recent data rather than that of the
previous decade.
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