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Abstract

With the growing adoption of solar energy as a photovoltaic source, challenges related to large
land occupation have emerged, potentially affecting residential and agricultural areas. As an
alternative, the concept of floating photovoltaic power plants were developed. Initially this
procedure was implemented on dams and reservoirs, and later expanded to high-capacity
installations. In this work, we designed an experimental prototype of a floating photovoltaic
station, alongside a thermal simulation model designed using Simulink to compare the
performance of ground-mounted and floating solar panels. The results highlighted the superior
thermal performance of floating systems, due to the natural cooling effect of water, providing
more cooling than ground-mounted systems. In addition, the tracking effect was also

investigated. It was show that the tracking offers higher power output.

Keywords : Floating solar power plants, Natural cooling, Photovoltaic, Thermal performance.
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Résumé

Avec I’essor de I’énergie solaire comme source photovoltaique, des défis liés a 1’occupation de
vastes espaces ont émergé, impactant les zones résidentielles et agricoles. En réponse, le
concept de centrales photovoltaique flottantes a été développé, initialement installé sur des
barrages et réservoirs, avant d’évoluer vers des installations de grande capacité. Dans ce travail,
nous avons réalisé¢ un modele expérimental d’une station photovoltaique flottante, ainsi qu’une
simulation thermique a I’aide de Simulink, comparant les performances de cellules solaires
terrestres et flottantes. Les résultats ont mis en évidence une meilleure efficacité thermique des
cellules flottantes, grace a I’effet de refroidissement naturel de ’eau, offrant un refroidissement
par rapport aux systémes terrestres. En outre, I'effet de poursuite (MPPT) a également été étudié

et il a ét¢ démontré que cette procédure offre une puissance de sortie plus €levée.

Mots clés : Centrales Photovoltaiques flottantes, Refroidissement naturel, Photovoltaique,

Efficacité thermique.
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General Introduction



General introduction

General Introduction:

With the global demand for clean energy steadily rising and climate change becoming an
urgent concern, solar energy has established itself as a vital pillar in the transition to renewable
sources. However, deploying large-scale solar technologies has not been without its obstacles.
Limited land availability, high land acquisition costs, and the environmental footprint of
terrestrial solar installations have all posed major challenges. On average, ground-mounted
solar power plants require 1.5 hectares per megawatt of installed capacity, often competing with

agricultural and urban land use.[1]

In light of these limitations, the concept of Floating Photovoltaic (FPV) systems emerged.
First introduced in Japan in 2007, FPV systems utilize unused water surfaces—such as
reservoirs, lakes, and dams to host solar panels. This novel approach not only preserves valuable
land but also enhances energy efficiency, with studies showing up to 15% higher output due to
the natural cooling effect of water. Moreover, FPV systems can significantly reduce water
evaporation by up to 70%[2], making them a dual-purpose solution in regions facing water
scarcity. While promising, this technology also introduces new engineering and maintenance
challenges related to structural stability, corrosion, and the operation of electrical systems in

aquatic environments.

This thesis aims to explore the potential, design, and performance of floating photovoltaic
power systems from both theoretical and experimental perspectives. It is structured into four

interconnected chapters:

The first chapter provides a foundational understanding of solar energy, including the nature
of solar radiation, solar angles, types of solar energy (thermal and photovoltaic), and the basic

electrical characteristics of PV cell systems.

The second chapter explores the domain of floating photovoltaic energy, offering a detailed
look at the definition and classification of FPV systems, suitable water bodies, technical
components, and the thermal, electrical, environmental, and economic benefits. It also examines
real-world FPV projects and traces their development from 2007 to the present day.
The third chapter focuses on the simulation of photovoltaic panel performance in floating
environments. It emphasizes the thermal modeling of the solar cell, accounting for

environmental variables such as ambient temperature, solar irradiance, and wind speed.
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Finally, the fourth chapter is dedicated to the practical implementation of the proposed system
and is divided into two main sections. The first section outlines the design and construction of
a scaled-down floating photovoltaic (FPV) system, covering the mechanical floating structures,
electrical circuitry, and integrated sensors. The second section presents a comparative analysis
between the simulated and experimental results, emphasizing the performance differences
between ground-based and floating PV systems. As part of this analysis, we also examined the
impact of incorporating a solar tracking mechanism. This comprehensive evaluation provides
valuable insights into improving the efficiency, adaptability, and overall performance of

floating solar installations.
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I-1 Introduction:

The intensive use of fossil fuels, which were an essential resource for the previous industrial
revolutions in the past centuries, raised a number of problems for the very long term nowadays.
Firstly, one is dealing with exhaustible resources which are essential and on which, therefore,
one may not expect that a very long-term growth be founded. Secondly, the use of these fossil
fuels leads to long term environmental problems, such as acid rains and greenhouse effects,
which are typically negative externalities.

Under these conditions, there is growing interest for renewable and environment-friendly
energy sources such as solar energy, on which some kind of sustainable growth may be based.
Solar energy is indeed a renewable source of energy, the use of which avoids most of the
negative repercussions due to the use of fossil fuels. For our country, the most promising issue is
The solar photovoltaic systems, in which energy is produced as a direct result of the conversion

of the energy of the solar ray, using the so-called photovoltaic effect.

I-2 Solar radiation:

All radiant energy originates from the Sun, that enormous ball of fire that has been there for
4.5 billion years. It is situated around 150 million kilometers away from Earth and is seen in our
sky as a calm and bright disk. The sun is 100 times bigger than our planet and has a radius of

696,000 km. Its mass is equivalent to 333,000 Earths put together.

The Sun, which is mostly made of hydrogen and helium, is a real energy factory. It releases
electromagnetic radiation with a maximum intensity in the visible light spectrum that travels at

an astounding 300,000 km/s across a spectrum of frequencies as wide as it is interesting.

The Sun releases an enormous 3.85 X 10°26 W of power every second. However, only 1.9 x
10'7 W, or a very little portion of this energy reaches our planet. Even though it is little, this
energy is what keeps life on Earth going.

The solar star is our planet's primary companion as it orbits the Sun in a somewhat elliptical
pattern. The distance between them fluctuates by £1.69% throughout the course of the year, like

a cosmic dance that is determined by the eccentricity of our orbit. [2]
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Figure I-1: Earth-Sun motion

In its annual movement around the Sun, the Earth completes a full rotation on itself every 24
hours, spinning around its polar axis. This north-south axis is tilted at an angle of 23°27' relative
to the perpendicular of its orbital plane, maintaining this elegant tilt throughout its journey

around the Sun. This steadfast inclination is the direct reason behind the changing seasons.

During winter months in the northern hemisphere, the days grow shorter, and the Sun, shy and
low, barely climbs high in the sky. Meanwhile, the southern hemisphere basks in the warmth of
summer. But when summer returns to the northern hemisphere, the situation reverses: the Earth
tilts its northern pole toward the Sun, stretching the days and bringing the Sun’s rays closer to

vertical. [2, 3]
1.2.1 Spectrum of Solar radiation:

As an energy source, sunlight is a climatic factor that should be harnessed—either passively,
through glazed openings, or actively, for energy production. At the same time, it may be
necessary to mitigate its effects to prevent overheating during the summer months. Effectively
managing solar energy thus requires a precise understanding of the sun's position (in terms of

both altitude and azimuth) as well as the intensity of solar radiation at any given moment.
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The Sun emits electromagnetic radiation, and the white light that reaches Earth does so in a
remarkably short time—approximately 8 minutes and 19 seconds on average—since it travels at
the speed of light, about 299,792,458 meters per second. This radiation forms a continuous
spectrum that ranges from ultraviolet to infrared wavelengths, with its peak intensity occurring in
the visible range. However, as this radiation passes through the Sun’s chromosphere and the

Earth’s atmosphere, certain photons are absorbed by the atoms present in these layers [2].
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Figure I-2: Spectrum of solar radiation
1.2.2 Components of solar radiation:

Direct radiation and diffuse radiation are the two main components of solar radiation that
reach the earth; these two elements combine to generate what is referred to as global radiation.

Albedo is a third player that we add to these two elements. [1]
A. Direct Radiation:

The amount of solar energy that travels straight from the Sun's disk to a surface is known as

direct radiation. It is the Sun's unadulterated light, moving across space unhindered.
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B. Diffuse Radiation:

On the other side, diffuse radiation happens when sunlight is scattered by objects like
buildings, the ground, or clouds. It creates a soft, pervasive light because, in contrast to direct
radiation, it comes from all directions. Figure 1.3 depicts these two radiation kinds, diffuse, direct

and albedo.

Diffuse radiation is equally important, even though direct radiation is what solar modules use

most of the time.
C. Albedo:

The percentage of incoming radiation that a surface reflects or scatters is known as albedo.
This phrase is frequently used to characterize how reflective clouds or the ground are. It is an
average number that takes into consideration every angle of incidence that might exist. A black

body has zero albedo by definition as it absorbs all light.
D. Radiation from the Earth:
Simply put, the total of these three contributions is global radiation:
Global Radiation = Albedo + Diffuse + Direct Radiation

The entire amount of solar energy that is accessible at the Earth's surface is determined by this

combination.

Diffusioni

diffuse: directe

Figure I-3: Different components of global radiation
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1.2.3 Solar radiation measuring instrument:

The classic principle for measuring solar irradiance relies on the thermoelectric effect: a black
body absorbs solar radiation, and the resulting temperature increase is measured using
thermocouples. This temperature change generates an electromotive force, which is then
recorded. However, these measurements remain challenging, especially when devices are

exposed to outdoor conditions.

Nowadays, Various instruments are used to measure direct, diffuse, reflected, or global radiation,

expressed in watts per square meter (W/m?).
Campbell-Stokes heliograph:

This device, equipped with a glass sphere acting as a magnifying lens, measures sunshine
duration—the time during which direct solar radiation is strong enough (practically, over 120
W/m?) to burn or discolor a strip of paper replaced daily. The length of the burned sections

allows for the calculation of sunlight duration.
Pyranometer:

The pyranometer measures global radiation (direct + diffuse) from the entire celestial
hemisphere, within a wavelength range of 0 to 3 um. It generates an electrical voltage
proportional to solar irradiance. This voltage is produced by a thermopile, where the upper part
heats up under radiation, while the shielded lower part serves as a reference. These devices,

however, are costly. [4]
Diffuse radiation pyranometer:

Similar to the standard pyranometer, this device features a metal band that blocks the Sun,
eliminating the direct component of incident radiation. The band adjusts seasonally to track solar

declination.
Pyrheliometer:

This instrument measures exclusively the direct component of solar radiation. It requires a
solar tracker and a collimator to keep the Sun’s disk perfectly focused while blocking the rest of

the sky.
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Photovoltaic Cells:

Global irradiance can also be measured elegantly using a crystalline silicon solar cell. The cell
is loaded onto a low resistance, ensuring it operates near it’s short-circuit point, where the

current is directly proportional to irradiance.
1.2.4 Solar Angles:

Solar angles are essential parameters for calculating solar radiation.
Longitude (0):

The longitude of a location is the angle between two meridional planes (passing through the
polar axis): one being the reference meridian (Greenwich, 0°), and the other being the meridian

of the location in question.
Latitude (®):

The latitude of a location is the angle between the equatorial plane and the line connecting the
Earth’s center to that location. The equator has a latitude of 0°, the North Pole +90°, and the
South Pole -90°. This convention assigns a positive sign to the Northern Hemisphere and a

negative sign to the Southern Hemisphere.
Altitude (L):

The altitude of a point corresponds to its vertical distance from a reference surface, typically

mean sea level.
Declination (®):

Declination is the angle between the equator and the line connecting the Earth’s center to the
Sun’s center. Due to the Earth’s axial tilt (23.45°), declination varies between =+23.45°
throughout the year. It reaches its maximum in summer and winter and becomes zero during the

spring and autumn equinoxes.
Declination is calculated using the formula:

w = 23.45 *sin(2mw (284 + n) / 365) (IL.1)
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Where:

= : 1s the number of days elapsed since January 1st (ranging from 1 to 365 or 366, depending

on leap years).
Sun's hour angle (9):

The solar hour angle, denoted as 9, tracks the Sun’s position in its daily rotation, as if it were
moving along an imaginary cone with an opening angle of &’. It represents the angle between
two meridional planes: one passing through the observer and the other containing the Sun. This

angle, constantly changing, maps the Sun’s apparent path across the sky throughout the day.

In principle, a full solar day corresponds to a variation of & ranging from -180° to +180°,
equivalent to 24 hours. At solar noon, when the Sun is at its zenith, the hour angle is zero. Before
noon, it is negative, indicating that the Sun lies east of the local meridian. After noon, it becomes
positive, marking the Sun’s progression toward the west. Thus, the hour angle allows us to trace

the Sun’s celestial dance, hour by hour.

6 =15 x (UTC hours — 12 + 152) (1.2)
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Figure I-4: Schematic diagram of the earth and angles used in the calculation.
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1.2.5 Radiometric data in Algeria:

Algeria has great solar potential and is blessed with an abundance of sunshine. The southern
areas have an average of 2,650 hours of sunlight each year, according to meteorological
statistics. Global irradiation levels vary from 2,100 kWh/m? in the North to 2,400 kWh/m? in the

South each year.

Algeria has the greatest solar potential in the whole Mediterranean basin, according to an
analysis done by the German Aerospace Agency (DLR) using satellite data. According to
estimates, this potential is 13.9 TWh/year for photovoltaic solar energy and 169,000 TWh/year
for solar thermal energy. Algeria's solar potential is comparable to eleven significant natural gas

reserves, including Hassi R’mel, to put this into context. [2]
I-3 Energy conversion:

The requirement for telecommunications firms to establish equipment in remote locations,
away from cities and conventional power grids, initially fueled the development of photovoltaic
technology. The « space race > provided the second boost. Solar cells soon emerged as the best
way to deliver the energy needed for extended space travel at a reasonable price and with the

least amount of weight.

Finally, the 1973 energy crisis renewed and expanded interest in terrestrial applications of solar
energy. Photovoltaic energy, obtained by converting light into electricity through the
photovoltaic effect, emerged as a promising alternative. [5] This steady evolution was made
possible by fundamental research on photovoltaic materials, as well as the gradual improvement
of energy management systems. Indeed, photovoltaic electricity is an intermittent energy source,

non-linear and dependent on numerous factors, such as irradiance and temperature.
I-4 Different solar technologies:

Thermodynamic, thermal and photovoltaic are the three primary methods of directly
harnessing solar energy.

I.4.1 Concentrated thermodynamic solar energy:

Concentrated solar power (CSP) is an ingenious technology that uses mirrors to focus solar

energy onto a tube containing a heat-transfer fluid. The captured heat is then transferred to a
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water circuit, turning the water into steam. This pressurized steam drives a turbine connected to a

generator, producing electricity. [7]

Figure I-5: Thermodynamic solar power (concentrated solar power)

1.4.2 Solar thermal energy:

The main function of solar thermal energy is to convert sunlight into heat. It uses solar-
exposed panels with a fluid flowing through them to absorb and transfer heat. This is particularly
convenient because it may be used for something as basic as boiling water for daily usage. But if
one wants to take it a step further and generate electricity, you’ll need to add a generator, like a

hot air engine, to convert that heat into power. [7, 8]

Figure I-6: Examples of thermal modules
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1.4.3 Photovoltaic solar energy:

Solar photovoltaic energy captures sunlight, as opposed to solar thermal energy, which uses
the sun as a heat source. It produces electricity from the photon energy that reaches the Earth's
surface by permitting sunshine photons energy to electrons in a semiconductor, which is what a
photovoltaic cell is made of. [9] .

This process, called the photovoltaic effect, is rather remarkable since it occurs without the need
for fuel, noise, pollution, or moving components. It's a really effective, quiet, and clean

technology.

Figure I-7: Sunflowers in Korea

I-5 Photovoltaic effect:

The sun gives us so much, especially energy—it’s the primary source of it. Thermal energy,
delivered by solar radiation (through the transformation of hydrogen nuclei into helium nuclei),
is absolutely essential for survival. Without it, our world would just be a frozen wasteland.

Humans might survive an ice age, but without the sun, the human body simply couldn’t adapt.

Beyond its vital role, thermal energy is also harnessed by humans to generate electricity. How?
Through photovoltaic panels. Sunlight hits these panels and is converted into electricity via the

photovoltaic effect.
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The photovoltaic effect, discovered by Alexandre Edmond Becquerel in 1839, is a fascinating
phenomenon. It occurs when photons are absorbed by a semiconductor material, creating an
electrical voltage. Photovoltaic cells produce direct current from solar radiation, which can then

power devices or recharge batteries. [1]

I.5.1 Operating principle:

In essence, a photovoltaic cell is a light-sensitive diode. The characteristics of semiconductor
materials determine how it functions. In essence, two thin semiconductor layers, each doped
differently, make up a cell. Doping the N-layer results in an excess of electrons, whereas doping
the P-layer results in a deficit. A possible barrier between the two layers is created by this
disparity. [1] The energy of light photons is transferred to the N-layer electrons when they strike
the cell. A direct electric current is then produced when these energized electrons pass through

the potential barrier.

To collect this current, electrodes are printed onto both layers of the semiconductor. The top
electrode is a fine grid that allows light to pass through, and an anti-reflective coating is added on
top to maximize light absorption. This setup ensures the cell captures as much solar energy as

possible.
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Figure I-8: Diagram of a photovoltaic cell
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1.5.2 Photovoltaic cells:

The use of solar cells began in the space industry. Research helped improve their performance and
reduce their size, but it was the 1973 energy crisis that really pushed governments and industries to invest

heavily in photovoltaic technology and its terrestrial applications.

A solar cell is made of a semiconductor material that absorbs light energy and converts it directly
into electric current. A semiconductor is a material with far fewer free charges compared to
metals. For an electron, normally bound to its atom (in the valence band), to break free and
contribute to current conduction, it needs a minimum amount of energy. This energy allows it to

jump to higher energy levels (the conduction band).

This minimum energy is called the "band gap" (Eg), measured in electron-volts (eV). This
threshold value is unique to each semiconductor material. For photovoltaic applications, it
typically ranges between 1.0 and 1.8 eV. For example, it’s 1.1 eV for crystalline silicon and
1.7¢V for amorphous silicon. Figure I[.10 illustrates this conduction phenomenon in

semiconductor materials. [6]

1.5.3 Single-diode photovoltaic cell model:

Lon Ip

Figure I-9: Equivalent diagram of a single-diode solar cell

The five-parameter model is chosen because it allows for a very realistic analysis and
evaluation of photovoltaic module performance. This model represents the solar cell as a current
source that simulates the conversion of light into electrical energy. It includes a series resistance

(Rs) to account for contact and connection resistances, as well as a parallel resistance (Rp),
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called the shunt resistance, to model leakage currents. A parallel diode is also included to

represent the PN junction. [10]
From the equivalent circuit shown in Figure I-9, we can write the following equations:
1. The total current is the sum of the currents through the diode, shunt resistance, and load:
Iph =Id+ 1+ IRp (1.3)

The current through the shunt resistance (Rp) is given by:

IRp = (V;';S") (14)

2. The diode current is described by the diode equation:

Id = IO.(exp (V:“j:‘) - 1) (L5)

where 10 is the diode saturation current, given by:
10= AT3exp () (1.6)
with:

Kt
o V& (? ): the thermal voltage at temperature T7,

o q: the electron charge (1.602x10—-19 C),

o K: Boltzmann’s constant (1.381x10-23 J/K),

o A:aconstant (1.2 A/cm2K3),

o n: the junction non-ideality factor,

o T: the effective cell temperature in Kelvin,

o Eg: the bandgap energy (for crystalline silicon, Eg=1.12 V).

Combining these equations, we get the I(V) characteristic of the photovoltaic module:
_ V4+Rs.I\ _ .\ (V+Rsl
-t (2280 1) (1) w
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1.5.4 Power of a PV cell:

Under fixed ambient conditions (such as light intensity, temperature, air speed, etc.), the
electrical power P (in watts) available at the terminals of a photovoltaic (PV) cell is given by the

simple formula:
P=VI (1.8)
where:

e P (in watts) is the power supplied by the PV cell,

eV (in volts) is the voltage measured across the cell.

e [ (in amperes) is the current delivered by the cell.

This equation shows that the power depends directly on the voltage and current produced by the

cell. It’s the foundation for understanding how solar energy is converted into usable electricity.
1.5.5 Maximum power of a PV cell:

For an ideal solar cell, the maximum power “Pmax ideal” would simply be the open-circuit

voltage Voc multiplied by the short-circuit current Isc:
Pmax ideal=Voc-Isc (1.9)
where:

e Pmax ideal (in watts) is the theoretical maximum power supplied by the PV cell.

e Voc (in volts) is the open-circuit voltage measured across the cell.

e Isc (in amperes) is the short-circuit current delivered by the cell.

In experimental, the characteristic curve of a PV cell isn’t perfect—it’s more "rounded." The
voltage at the maximum power point Vmpp is therefore lower than the open-circuit voltage Voc,
and the current Impp is also lower than the short-circuit current Isc. The actual maximum power

is then given by:

Pmax=Vmpp-Impp (1.10)
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This equation reflects the maximum power the cell can realistically deliver under practical

conditions.
1.5.6 Electrical characteristics of solar cells:
Properties

Under a given level of illumination, a photovoltaic cell exhibits a non-linear I(V)
characteristic (see Figure 1.10), which represents all possible electrical configurations of the

cell. This curve expresses equation 1.7 and is defined by three key physical quantities:

Open-circuit voltage (Voc) :

This value corresponds to the voltage generated by an illuminated cell that is not connected to
a circuit. The open-circuit voltage (Voc) of a PV cell typically ranges between 0.3 V and 0.7 V,
depending on the material used.

Short-circuit current (Isc):

This value represents the current generated by an illuminated cell that is connected to itself
(short-circuited). The short-circuit current (Isc) depends mainly on the level of illumination, the
technology used, and the size of the cell. For example, for crystalline silicon, it generally ranges
between 5 A and 8 A. [11]

These two parameters, along with the shape of the I(V) curve, help us understand how the

photovoltaic cell behaves under different electrical conditions.

[
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Figure I-10: Current-voltage characteristics of a photovoltaic cell
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1.5.7 Cell association:
Series Connection:

When N photovoltaic cells are connected in series, the same current flows through all
the cells. Figure 1.11 shows the resulting characteristic (Isc, Voc) of such a configuration under
ideal conditions. For N identical cells (each with a short-circuit current Isc and an open-
circuit voltage Voc, the overall characteristic is obtained by summing the voltages of each
cell while keeping the current constant. The total open-circuit voltage of the series

connection (Vsco) is therefore given by:

Voc =Ns -Voc

Where: Ns: is the number of cells in series.

=4

g = Isolated cell
[}

4]

=3 Cell in series

0 Voc  3*Voc

Current: Icell Voltaae
Voltage: Vcell
ISC

Figure I.11 Grouping characteristic Series of a photovoltaic cell

Parallel Connection:

When Np identical photovoltaic cells are connected in parallel, all the cells share the same

voltage, but their currents add up. The total short-circuit current of the parallel connection (Ipco)

is therefore given by:  Ipco=Np-Isc
Where: - Np is the number of cells in parallel

- Isc is the short-circuit current of a single cell.
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Figure I-12: Parallel grouping characteristic of a photovoltaic cell

Parallel/Series Connection:

Significant current and high voltage are frequently achieved with this kind of connection.
When photovoltaic cells are connected in series, the current stays the same but the separate

voltages add up to one cell's value. The total output of current is increased when the currents are

coupled in parallel.

The following illustrates the characteristics of a pair of solar modules; this arrangement may be
extended to a set of Ns modules connected in series. This configuration offers a versatile way to

satisfy certain energy requirements by permitting both higher voltage and current.
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Figure I-13: Serial/Parallel grouping characteristic of a photovoltaic cell
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1.5.8 Conventional Protection of a PV System:

To ensure a long lifespan for a photovoltaic installation designed to produce electrical energy,
it is essential to add electrical protections to commercial modules. These protections help prevent
destructive failures, often caused by the connection of cells in series and panels in parallel. For
this purpose, two types of conventional protections are commonly used in current installations

(see Figure 1.14).

X Cell block
PVen series
I
== > —
- Block - LAnti—return diode
1 mparaiel I |
=l el

I Serial block

~+——Bypass diode

Figure I-14: Diagram of a photovoltaic module
The blocking diode plays a crucial role in preventing reverse current in photovoltaic systems
(GPV). This phenomenon can occur in two scenarios: either when multiple modules are
connected in parallel, or when a directly connected load (such as a battery) switches from

receiver mode to generator mode, for example, at night.

On the other hand, bypass diodes are used to isolate a subset of cells when the lighting is uneven.
This prevents the formation of hot spots and protects poorly illuminated cells from potential

damage.
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Figure I-15: Effect of the bypass diode on the I(V) characteristic of a GPV

The conduction of these diodes affects the generator output characteristic, as shown in Figure

.15, by the loss of part of the energy protection and by the presence of two power maxima.
1.5.9 Maximum power operation:

In an electrical system with a source and a load, it is important to extract the maximum power
of the PV module for optimal operation and economic efficiency of the system. Thus, finding the
optimal operating point using optimization techniques is crucial. For photovoltaic (PV) systems,
this task is more complex because the performance of solar cells depends heavily on factors like
sunlight and ambient temperature. To address this, we need a device that can continuously drive

the system to operate at the optimal point, ensuring maximum efficiency.

There are several methods for maximizing power in PV systems, which can be divided into two

main categories:
Indirect methods:

These rely on databases containing the characteristics of PV panels under various climatic
conditions (temperature, sunlight, etc.) and use empirical mathematical equations to determine

the maximum power point.

Direct methods:
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These use real-time voltage and current measurements from the panels. The algorithms in this
category adjust working parameters based on variations in these measurements, without needing
a prior knowledge of the PV panel characteristics. Examples of direct methods include the
differentiation method, Perturb & Observe (P&O) method, and the incremental conductance
method.

The advantage of direct methods is their adaptability and independence from pre-existing data,

making them highly effective in dynamic environmental conditions.
I-6 Influence of temperature and illumination:

The performance of a photovoltaic cell (or a PV generator) is directly influenced by sunlight
and temperature. The variations in current and power as a function of voltage, for different levels
of sunlight at a constant temperature of 25°C, are shown in Figure 1.16. These curves clearly
reveal the presence of maxima on the power curves, corresponding to the Maximum Power
Points (Pmax).When irradiation changes at a given temperature, the short-circuit current Isc
varies proportionally with the irradiation. However, the open-circuit voltage Voc (at no load)

changes very little, remaining almost stable despite variations in sunlight.

Figure: Effect of Irradiance on I-V B Figure: Effect of Irradiance on P-V
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Figure I-16: Evolution of the I(V) and P(V) characteristics for different solar
radiations (T=25°C).
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Figure I-17: I(V) and P(V) characteristics Evolution for different temperatures (E= 1000w/m”2)
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Figure I-18: Simultaneous effect of Solar radiation and temperature

Temperature is a key parameter that significantly influences the behavior of solar module. It also
has a major impact on the characteristics of a photovoltaic (PV) generator. Figure 1.17 shows
how the characteristics of a PV module vary with temperature at a fixed irradiance of 1000

W/m?.

When temperature increases at constant irradiance, the open-circuit voltage Voc decreases. The
higher the temperature, the lower the Voc. On the other hand, the short-circuit current Isc
increases slightly with temperature, but this rise is much less significant than the drop in voltage.

In most cases, the influence of temperature on Isc can even be neglected.

Therefore, temperature and irradiance are the two main parameters that affect the characteristics
of a PV generator. These two factors must be carefully considered when designing and installing

a photovoltaic system. [9, 11]

I-7 Advantages and Disadvantages of Photovoltaic Energy:
1.7.1 Advantages of Photovoltaic Energy:

Photovoltaic energy offers numerous benefits:
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e Clean Energy: Electricity production is renewable, non-polluting, and non-toxic in their use.
o Reliability: Photovoltaic systems are extremely reliable and require minimal maintenance.

e Adaptability: Thanks to their compact size and silent operation, solar panels are ideal for

urban areas.

o Universality: Sunlight is available everywhere, making photovoltaic energy viable in remote

mountain villages as well as in bustling city centers.

o Decentralization: Electricity is produced directly at the point of consumption, reducing

transmission losses.

e Durability: The materials used (glass, aluminum) withstand extreme weather conditions,

including hail.

o Longevity: Solar panels have a long lifespan, with some manufacturers offering warranties

of up to 25 years. [9]

1.7.2 Challenges of Photovoltaic Energy:

Despite its many advantages, photovoltaic energy has some limitations:

e Sunlight Dependency: Energy production varies with sunlight, which is inherently

unpredictable.
o High initial Cost: Installation costs remain high, although prices are gradually decreasing.

e Modest Efficiency: Commercially, the conversion efficiency of solar energy into electricity
is still relatively low even if at research and laboratory scale encouraging results are

obtained. [12]

o Expensive Storage: If battery storage is required, the installation cost increases significantly.
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I-8 Conclusion:

In this chapter, we explored the (challenges and current developments) photovoltaic energy
source. We explained how a solar cell works, detailing the photovoltaic effect. We saw that a PV
cell has a non-linear I(V) characteristic, with a maximum power point (MPP) defined by a

current Imax and a voltage Vmax. It can be modeled using a simple electrical circuit.

We also examined the influence of external parameters on this characteristic. The short-circuit
current Isc mainly depends on sunlight, while the open-circuit voltage Voc is influenced by
temperature. To ensure the long-term durability of photovoltaic installations, electrical
protections must be integrated into the modules. Finally, meteorological data on solar radiation
is not always sufficient to quantify all the phenomena affecting a photovoltaic panel. A

thorough understanding of solar resources is therefore essential to optimize performance.
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II-1 Introduction:

Water covers 71% of our planet's surface, yet we have only begun to tap into the potential of
these vast liquid plains. Beyond their ecological importance, water bodies possess unique
physical properties that make them extraordinary natural resources. Their reflective surfaces,
thermal mass, and dynamic interactions with sunlight create opportunities we are just starting to

explore.

The physics of water surfaces reveal remarkable characteristics. A single square kilometer of
water can absorb and redistribute solar energy equivalent to powering thousands of homes. The
evaporative cooling effect of water bodies naturally regulates local temperatures, often creating
microclimates 3-5°C cooler than surrounding land areas. Globally, artificial reservoirs alone
cover over 300,000 square kilometers - an area larger than Italy - while natural lakes account for

nearly 2% of Earth's non-glaciated surface.

Water's reflective properties are particularly extraordinary. While land typically reflects 10-25%
of incoming sunlight, water surfaces can reflect up to 90% at certain angles through a
phenomenon called specular reflection. This mirror-like quality, combined with water's natural
thermal regulation, creates an ideal environment for innovative technologies that work in

harmony with aquatic systems.

It is precisely these unique properties of water surfaces that make them perfect hosts for Floating
Photovoltaic (FPV) systems. In this chapter, we will explore how FPV technology harnesses the
natural advantages of water bodies - their cooling effects, reflectivity, and vast unused areas - to
generate clean energy while preserving and even enhancing aquatic ecosystems. The marriage of
solar technology with water's innate properties represents one of the most promising frontiers in

renewable energy innovation.

I1.1.2 Definition and Principle:

Floating photovoltaic (FPV) systems, or floatovoltaics, are solar power installations mounted

on buoyant structures that float on water bodies like lakes, reservoirs, or calm seas. These
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systems function similarly to land-based PV systems, utilizing the photovoltaic effect to convert
solar energy into direct current (DC) electricity, which is then inverted into alternating current

(AC) for grid or local use [13].

The main distinction lies in the mounting: while traditional PV systems are installed on land,

FPV systems are mounted on floating platforms that are anchored or moored on water bodies.
I1.1.3 Evolution and Applications:

First introduced in Japan around 2007 to combat land scarcity, FPV technology has matured
considerably. Technological advancements in corrosion-resistant materials, waterproof cabling,
and anchoring systems have supported its rapid deployment. As of 2023, the global FPV installed
capacity is estimated at 12.9 GW, with rapid growth expected, especially in the Asia-Pacific
region [14][15].

Common applications include:

o Utility-scale FPV farms that supply national grids.

o  Water utility reservoirs, where they reduce evaporation and co-produce energy.
e Agricultural ponds and canals to power irrigation systems.
e Decommissioned mining pits and quarry lakes, repurposing unusable land [13].

I1.1.4 Comparison with Land-Based PV Systems:

Table I1.1: Comparison between floating PV with Land-Based PV Systems:

Criteria Floating PV Systems Land-Based PV Systems
Land use No land consumption Requires large land areas
Cooling effect Enhanced by water surface Reduced efficiency due to heat
Installation cost Higher due to floats and mooring | Lower
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O&M complexity Higher (requires aquatic access) | Easier
Evaporation control Reduces water loss No impact
Environmental impact | Limited if managed well Can involve deforestation

Efficiency and Performance Enhancements:

FPV systems benefit from natural water cooling, which lowers panel temperatures by 3°C to

15°C compared to land-based systems. This thermal regulation can increase panel efficiency

significantly:
o FPV without water cooling shows about 7% efficiency gain over land systems [17].

o FPV with active or enhanced water cooling can reach up to 15.45% greater efficiency

[17].

e A 2023 study in Brazil revealed that FPV arrays can reduce evaporation by 60.2%,

conserving valuable water resources [16].

| 16Global Floating PV Installed Capacity (2010-2023)

Installed Capacity (GW)
(=]

2010 2012 2014 2016 2018 2020 2022
Year

Figure I1.1: Global FPV Installed Capacity Growth (2010-2023)
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The graph shows the rapid growth of global floating photovoltaic (PV) installed capacity from
2010 to 2023. Starting modestly (under 1 GW before 2016), installations surged after 2018,
jumping from 2 GW to around 12 GW by 2022, with projections reaching 14-16 GW in 2023.
This expansion reflects increasing adoption of floating solar, particularly in Asia, driven by land
scarcity, higher efficiency (thanks to water cooling), and supportive policies. Falling costs and
environmental benefits further accelerated deployment, with growth expected to continue as

floating PV becomes a key renewable energy solution.
I1I-2 Types of Water Bodies for FPV Deployment:

Floating photovoltaic (FPV) systems are adaptable to a variety of water bodies, each offering
different benefits and challenges. The choice of water body for FPV deployment impacts system
performance, scalability, and environmental considerations. Below are the primary types of water

bodies commonly used for FPV systems:

11.2.1 Lakes and Reservoirs:

Figure I1.2: Floating photovoltaic station in the lake
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Benefits:

Calm Waters: Lakes and reservoirs typically feature stable and calm water surfaces,
reducing the risk of system damage from high waves or turbulent conditions. This makes

them ideal for FPV system installation.

Proximity to Hydropower: Many lakes and reservoirs are located near hydropower
stations, which provides opportunities for hybrid power generation (i.e., combining FPV

with hydroelectric systems).

Reduced Land Use: Installing FPV systems on lakes and reservoirs eliminates the need

for large land areas, making this an efficient option for land-scarce regions.

Challenges:

Seasonal Water Level Variation: Fluctuating water levels in lakes and reservoirs,
particularly due to seasonal changes or droughts, can affect the stability and efficiency of

the floating PV structures.

Sediment Accumulation: Sediment and algae growth in stagnant or slow-moving water

can obstruct panels, reduce their effectiveness, and complicate maintenance.

Table I1.2: Suitability Matrix for Lakes and Reservoirs:

Criteria Suitability Level |Description

Water Surface Stability High Calm waters, minimal wave disturbances

Availability of Water Moderate to High  |Seasonal fluctuations in water levels can be an issue
Proximity to Infrastructure/High Often near hydropower  stations, reducing

transmission costs

Environmental Impact Low to Moderate  |Risk of algae, sedimentation, and water quality

concerns
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I1.2.2 Dams and Hydroelectric Reservoirs:

Figure I1.3: FPV in a dam.

Benefits:

o Existing Electrical Infrastructure: Dams and hydroelectric reservoirs are often already
integrated with electrical grids, which simplifies the process of connecting FPV systems

to the grid.

o Potential for Hybridization: The ability to hybridize FPV with hydroelectric power
plants allows for the optimization of land and water resources, providing more stable and

diverse energy production.
Challenges:

e Complex Ownership: Many hydroelectric reservoirs are managed by government or
private entities with strict regulations on land and water use, making approvals for FPV

projects complex.

e Strict Regulations: Regulatory barriers, such as environmental impact assessments and

permissions for altering water levels or land use, are common in such sites.
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Table I1.3: Suitability Matrix for Dams and Hydroelectric Reservoirs:

Criteria

Suitability Level

Description

Grid Infrastructure

High

Direct integration with existing power lines

Ownership High Legal and regulatory hurdles due to private and public
Complexity ownership

Impact on Water | Moderate Some alteration to water flow may be necessary

Flow

Maintenance Costs | High Need for high-quality materials to prevent corrosion in harsh

conditions

I1.2.3 Seas and Oceans (Offshore FPV):

Figure I1.4: FPV in an ocean
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Benefits:

Vast Area Availability: The vast, unutilized spaces in seas and oceans provide significant
potential for large-scale FPV systems, addressing the global demand for renewable

energy.

Strong Solar Exposure: Offshore locations often receive more direct and consistent

sunlight compared to land, providing high energy yields.

Challenges:

Harsh Weather Conditions: High winds, storms, and ocean currents present major

challenges for the long-term stability and durability of FPV systems.

Corrosion: The salty sea air accelerates the corrosion of materials, necessitating the use
of specialized coatings and materials, which increases both initial costs and maintenance

requirements.

High Maintenance Costs: Offshore systems often require regular maintenance and
monitoring, which can be costly due to their remote locations and the need for specialized

marine access equipment.

Table I1.4: Suitability Matrix for Offshore FPV:

Criteria Suitability Level | Description

Water Surface Stability | Moderate to Low | Challenging conditions due to waves and storms

Solar Exposure High Consistent sunlight improves energy generation
Maintenance Complexity | High Harsh conditions and remote locations increase costs
Environmental Impact High Marine ecosystems and biodiversity can be affected
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11.2.4 Artificial Ponds and Canals:

Figure I1.5: FPV in Artificial Canals

Benefits:

Minimal Shading: Artificial ponds and canals, often used in irrigation or water
management, offer minimal shading and obstruction, making them suitable for FPV

installations.

Water Savings: By deploying FPV systems on water bodies used for irrigation,
substantial water evaporation can be prevented, helping conserve water resources in arid

regions.

Challenges:

Small Scale: Many artificial ponds and canals are relatively small, limiting the scale of

FPV deployment.

Structural Limitations: The infrastructure surrounding these water bodies may not be
suitable for large FPV installations, and additional structural reinforcement may be

required.
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Table I1.5: Suitability Matrix for Artificial Ponds and Canals:

Criteria Suitability Level | Description

Area Size Low to Moderate | Suitable for small-scale projects only

Water High Ideal for applications in irrigation and water conservation
Management

Maintenance | Moderate Easier access but may require adaptation of infrastructure

Impact on Positive Enhances sustainability through water savings and renewable energy
Agriculture production

I1I-3 Components of a Floating PV System:

Floating Photovoltaic (FPV) systems are solar energy installations on water bodies like
reservoirs, lakes, ponds, and offshore sites. They conserve land, enhance panel efficiency via
water cooling (5-10% gain [24]), reduce water evaporation (up to 70% [25]), and integrate with
hydropower or aquaculture. This section details FPV components—PV panels and electrical
layout, floating platforms and materials, anchoring and mooring systems, and cabling and power
evacuation—with expanded details, real-world values, percentages, definitions, and references
cited in context. Equations, tables, MATLAB-generated graphs, real-world project examples, and

references are provided.
I1.3.1 PV Panels and Electrical Layout:

Photovoltaic (PV) panels convert solar energy into electricity. Monocrystalline silicon panels
dominate FPV systems with 18-22% efticiency and 80-90% market share due to durability in
aquatic environments, as noted by Duffie and Beckman [24]. Polycrystalline and thin-film panels
are less common. The electrical layout uses series-parallel configurations, achieving 95-98%

inverter efficiency [26].
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Types of PV Panels:
e Monocrystalline Silicon: 18-22% efficiency, 25-30 year lifespan, 80% market share [27].

e Polycrystalline Silicon: 15-18% efficiency, 20-25 year lifespan, 15% market share [27].
e Thin-Film: 10-14% efficiency, 10-20 year lifespan, <5% market share [27].

e FPV-Specific Panels: Monocrystalline with double-glass encapsulation, reducing
moisture ingress by 99% [28].

Table I1.6: Comparison of PV Panel Types

Parameter Monocrystalline | Polycrystalline | Thin-Film
Efficiency 18-22% 15-18% 10-14%
Cost per Watt $0.3-0.5 $0.2-0.4 $0.1-0.3
Lifespan 25-30 years 20-25 years 10-20 years
FPV Market Share | 80-90% 10-15% <5%

| . PV Panel Power Output vs. Irradiance

350 |
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Solar Irradiance (W/m?)

Figure I1.6: PV Panel Power Output
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The graph illustrates the linear relationship between solar irradiance and power output for a
monocrystalline silicon photovoltaic (PV) panel. As solar irradiance increases from 0 to 1000
W/m?, the power output rises proportionally, reaching approximately 360 W at peak irradiance.
This behavior is characteristic of monocrystalline panels, which are known for their high
efficiency and consistent performance under standard test conditions. The linear trend suggests
that the panel operates under ideal circumstances, with minimal influence from temperature,
shading, or other environmental factors. This makes the panel suitable for locations with stable

and high solar irradiance levels, maximizing energy yield throughout the day.
I1.3.2 Floating Platforms and Materials:

Floating platforms support PV panels, ensuring stability against wind (150 km/h), waves (1-3
m), UV exposure, and temperature fluctuations (-40 to 80°C). High-density polyethylene
(HDPE) dominates with 90% market share due to buoyancy (100-200 kg/m?), corrosion
resistance, and recyclability, as emphasized by Rosa-Clot and Tina [25]. Platforms are modular,
covering 70-80% of water surfaces, with walkways, ventilation (5-10°C cooling [31]), and

SENSOors.

o Platform Materials: Substances for platform construction, balancing buoyancy,

durability, and environmental compatibility [25].

o HDPE: Thermoplastic polymer, high strength-to-density, non-corrosive, recyclable
[32].
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Figure II.7: Floating platform made by HDPE material

o FRP: Polymer matrix with fiberglass, high strength, corrosion-resistant [33].

Figure II.8: FRP material

o Galvanized Steel: Zinc-coated steel, corrosion-resistant, structural reinforcement

[33].

Figure I1.9: Galvanized Steel material

o Composites: Fiber-resin combinations (e.g., carbon), tailored strength/weight [33].
o Platform Types: Structural designs for specific aquatic conditions [25].

o Modular Floats: HDPE units (1-2 m?), e.g., Ciel & Terre’s Hydrelio [34].
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Figure 11.10: Modular floats platform
o Membrane Platforms: Hydro-elastic sheets, e.g., ACCIONA’s design [35].

e Membrane platforms utilize hydro-elastic sheets that distribute loads dynamically,
allowing them to absorb wave energy. This flexible and adaptive structure is suitable for

moderately turbulent water bodies.

: ‘“@.—_A_—;,;;;;;’Je;fz : vy

Figure I1.11: Membrane Platform

o Hybrid Platforms: HDPE with steel/FRP, for offshore use [36]. Hybrid platforms
combine HDPE floats with steel or fiber-reinforced polymer (FRP) reinforcements for

enhanced strength, making them suitable for offshore or high-wind environments.

o Integrated Platforms: With sensors/aquaculture features, e.g., Sun grow [37].
Integrated platforms feature built-in sensors, control units, and aquaculture modules,
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enabling multifunctional use. They are suitable for smart grid applications and

enhance economic return through dual-use with aquaculture.

Design Requirements

e Support 50-100 tons/MW [25].

e Ensure 1-2 m metacentric height [26].

e Endure 25-30 years [32].

e Provide 90% maintenance accessibility [34].

e Use 95% non-toxic materials [31].

e Allow 50-100% scalability [25].

Materials

e HDPE: 950-970 kg/m?, $50—-100/m?, 90% market share, 100% recyclable [32].

e FRP: 1500-1800 kg/m?3, $150-300/m?, 5% market share, 50% recyclable [33].

e Galvanized Steel: 7800 kg/m?, $200—400/m?, 3% market share, 80% recyclable [33].

e Composites: 1200-2000 kg/m?, $300—600/m?, 2% market share, 30% recyclable [33].

Table I1.7: Comparison of Platform Materials

Material Density (kg/m?®) | Cost ($/m?) | Market Share | Recyclability | FPV Suitability
HDPE 950-970 50-100 90% 100% High (standard)
Fiberglass (FRP) | 1500-1800 150-300 5% 50% Moderate
Galvanized Steel | 7800 200400 3% 80% Low
Composites 1200-2000 300-600 2% 30% Emerging

Environmental and Operational Considerations:

o Wave/Wind Resistance: Handles 90% wave conditions, 95% wind resilience [26].
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e Cooling Effect: 5-10% efficiency gain, 2-5% loss reduction [31].
e Maintenance: 90% accessible, 80% downtime reduction [34].

e Ecological Impact: 95% non-toxic, 70% light penetration [31].

o Thermal Expansion: 98% stability with joints [32].

Manufacturing and Installation:

HDPE platforms are molded into 1-2 m? units, assembled on-site, costing $0.2—0.5/W with 85%
efficiency [32].

Cost and Lifespan:
e Cost: 20-30% of FPV costs ($0.2-0.5/W) [25].
o Lifespan: 25-30 years (95% reliability) [32].

Table I1.8: HDPE Platform Specifications:

Property Value Property Value
Density 950-970 kg/m? | Lifespan 25-30 years
Cost $50-100/m? | Buoyancy Capacity | 100-200 kg/m?
Market Share 90%

I1.3.3 Anchoring and Mooring Systems:

Anchoring and mooring systems secure FPV platforms against wind (50-150 km/h), waves
(1-5 m), currents (0.5-2 m/s), and tides (0.5-3 m), contributing 10-20% of costs and ensuring
99% stability [26]. Anchors fix platforms, while mooring lines balance flexibility and strength,
critical for long-term reliability [42].

e Anchoring Methods: Techniques to secure platforms to the waterbed or shore [26].
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o Deadweight Anchors: Heavy concrete/steel masses on the waterbed [42].

Embedded
pile

Figurell.12: Deadweight Anchors

o Pile Anchors: Steel/concrete piles driven into the waterbed [42].

o Bank Anchors: Shore-fixed anchors [42].

c . e
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Figure I1.14: Bank Anchors

o Suction Anchors: Cylindrical anchors embedded via vacuum [43].
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Figure II.13: Pile anchors
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Figure II.15: Suction anchors

Suction foundation
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e Mooring Lines: Cables/chains connecting platforms to anchors [42].

o

o

o

o

Nylon Lines: Elastic synthetic ropes for wave absorption [42].
Polyester Lines: Low-stretch ropes for high loads [42].
Steel Cables: High-strength, corrosion-protected cables [42].

Chains: Heavy-duty steel links, often with cables [42].

Anchoring Methods:

1. Deadweight Anchors:

o

Cost: $500-2000/anchor [42].
Applications: Shallow waters (<10 m), 60% market share [27].

Advantages: 80% cost savings, 90% installation efficiency, 95% soft bottom
suitability [42].

Disadvantages: 50% larger footprint (1020 m?), 30% deep water ineffectiveness
[42].

FPV Usage: 50% inland projects [27].

2. Pile Anchors:

o

Cost: $2000-10,000/anchor [42].

Applications: Deep waters (>10 m), 30% market share [27].
Advantages: 98% stability, 70% smaller footprint (1-5 m?) [42].
Disadvantages: 200-300% higher cost, 20% ecological impact [42].

FPV Usage: Deep reservoirs [27].

3. Bank Anchors:

o

o

o

Cost: $200-1000/anchor [42].
Applications: Near-shore, 15% market share [27].

Advantages: 90% cost-effective, 95% maintenance accessibility [42].
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o Disadvantages: 80% shore-limited (<100 m), 30% erosion risk [42].
o FPV Usage: Small-scale projects [27].

4. Suction Anchors:

o Cost: $5000-15,000/anchor [43].
o Applications: Soft waterbeds, 5% market share [27].
o Advantages: 85% holding capacity, 90% reversible [43].

o Disadvantages: 50% specialized equipment, 20% rocky bottom ineffectiveness
[43].

o FPV Usage: Offshore pilots [43].

Table I1.9: Anchoring System Types

Type Cost ($/anchor) | Market Share | Stability | FPV Usage
Deadweight 500-2000 60% 90% Inland lakes

Pile Anchor 2000-10,000 30% 98% Deep reservoirs
Bank Anchor 200-1000 15% 85% Small-scale projects
Suction Anchor | 5000-15,000 5% 95% Offshore pilots

Mooring Lines:

e Nylon: $10-50/m, 50% market share, 70% elasticity [42].

o Polyester: $20-100/m, 30% market share, 80% strength [42].

e Steel Cables: $50-200/m, 15% market share, 95% strength [42].
e Chains: $100-300/m, 5% market share, 90% durability [42].

Safety factors (1.5-2.0) ensure 99% reliability, 90% corrosion resistance [42].
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Design Considerations:

e Site Analysis: 95% accurate hydrodynamic modeling [26].

e Load Distribution: 80% force balance (4-8 anchors/array) [42].
e Environmental Impact: 90% minimal seabed disruption [31].

e Maintenance: 85% accessible, 95% corrosion-resistant [42].

e Scalability: 90% modular, 50-100% expansion [26].

Cost and Lifespan:

e Cost: $0.1-0.3/W, 10-20% of costs [25].

e Lifespan: Lines 10-20 years (90% reliability), anchors 20-30 years (95% durability)
[42].

I1.3.4 Cabling and Power Evacuation:

Cabling ensures power transmission, contributing 10-15% of costs and achieving 95-98%
efficiency [25]. Submarine cables or floating trays, insulated with cross-linked polyethylene
(XLPE), connect panels to inverters and transformers. Power evacuation includes transformers,
switchgear, and monitoring, ensuring 99% grid compatibility [26].

o Cabling Types: Methods for power transmission in aquatic environments [25].
o Submarine Cables: Insulated cables on the waterbed for long distances [45].
o Floating Cable Trays: Waterproof surface conduits for short distances [45].
o Hybrid Systems: Combined submarine cables and trays for complex arrays [45].

Cabling Types:
1. Submarine Cables:

o Description: XLPE-insulated, $100-500/m, 60% market share [45].
o Applications: Deep water, 100—-1000 m distances [45].

o Advantages: 95% hazard protection, 98% durability (IP68) [45].
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o Disadvantages: 200% higher cost, 70% repair complexity [45].

o FPV Usage: Large-scale projects [27].

2. Floating Cable Trays:

o Description: Waterproof trays, $50-200/m, 30% market share [45].
o Applications: Shallow water, <200 m distances [45].

o Advantages: 80% cost savings, 90% maintenance accessibility [45].
o Disadvantages: 50% debris vulnerability, 30% drag [45].

o FPV Usage: Small-scale projects [27].

3. Hybrid Systems:

o Description: Submarine cables and trays, $75-300/m, 10% market share [45].
o Applications: Large, complex arrays [45].

o Advantages: 85% cost-efficiency, 90% routing flexibility [45].

o Disadvantages: 20% integration complexity [45].

o FPV Usage: Expansive projects [27].

Cable Specifications:

Conductor: Copper (90%), aluminum (10%) [45].

Insulation: XLPE, 98% waterproof, 95% thermal stability [45].
Armoring: Steel/Kevlar, 90% protection [45].

Rating: 600-1000 V (80%), 33 kV (20%) [45].

Cost: $1-5/W [45].

Power Evacuation Components:

Inverters: 95-98% efficiency, $0.05-0.1/W, 20% floating [26].

Transformers: 33 kV step-up, $0.1-0.2/W, 90% floating in large projects [26].
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o Switchgear: 99% fault protection, $0.02—0.05/W [26].
e Monitoring: 10T, 95% diagnostics, $0.01-0.03/W [26].
e Connectors: IP68, 98% corrosion resistance, $5-20/unit [45].

Design Considerations:

e Power Loss: <2%, 5-10% energy savings [25].

e Safety: 99% insulation, 100% grounding [45].

e Durability: 95% resistance to abrasion/UV [45].

e Routing: 90% optimized, 85% anchored trays [45].

e Scalability: 80% modular, 50-100% expansion [25].

e Ecological Impact: 95% non-toxic, 90% minimal disruption [31].
Cost and Lifespan:

e Cost: $0.1-0.3/W, 10-15% of costs [25].

o Lifespan: Cables 20-30 years (95% reliability), connectors/switchgear 10—15 years (90%
durability) [45].

P Cable Power Loss vs. Current
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Figure I1.16: Cable Power Loss
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Figure 11.16 shows the power loss in a copper cable, highlighting how losses increase with
higher electrical current and longer cable lengths. In Floating Photovoltaic (FPV) systems, where
cables often span significant distances over water, these losses can affect overall system
efficiency. Copper is commonly used due to its low resistivity and high conductivity, but even
small inefficiencies can accumulate in large installations. Careful planning of cable routes,
appropriate sizing, and minimizing unnecessary lengths are crucial to reduce energy loss and
ensure reliable power delivery.

Table I1.10: Cable Specifications

Parameter Value
Material Copper (90%), Aluminum (10%)
Insulation XLPE (98% waterproof)

Voltage Rating | 600-1000 V (80%), 33 kV (20%)

Cost $1-5/W

Lifespan 20-30 years

I1-4 Thermal and Electrical Benefits of Floating Photovoltaic Systems:

Floating Photovoltaic (FPV) systems, deployed on water bodies such as reservoirs, lakes, and
canals, offer significant thermal and electrical advantages over land-based photovoltaic (PV)
systems. These benefits—cooling effect, albedo impact, and reduced dust and soiling losses—
stem from the aquatic environment and enhance energy yield, making FPV a promising
technology for sustainable energy generation. This section quantifies these advantages using
equations, tables, graphs, and real-world examples from operational FPV projects, supported by
peer-reviewed references. The analysis highlights FPV’s potential in high-insolation, water-rich

regions, providing concrete data for technical and economic evaluations in this thesis.
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I1.4.1 Cooling Effect and Increased Efficiency

The efficiency of crystalline silicon PV panels decreases with rising temperatures due to

increased recombination losses. The power output is modeled as:

P = Psgpc*[1—y* (Tpanel - TSTC)] (IL.1)

Where:

P: Actual power output (W)

P_STC: Power at standard test conditions (e.g., 300 W for a typical panel)

v: Temperature coefficient (-0.0045 °C™! for silicon panels) [47]

T panel: Panel temperature (°C)

T STC: Standard test condition temperature (25°C)

FPV systems leverage water’s high thermal capacity and evaporative cooling, reducing panel
temperatures by 5-15°C compared to land-based systems, which are heated by warm ground
surfaces [48]. Studies report temperature reductions of 10-14°C in FPV installations, leading to
efficiency gains of 5-15%, with higher benefits in tropical or arid climates where land-based

panels may reach 50—70°C [49][50].
Practical Implications:

The cooling effect is critical for maximizing energy yield in hot regions, as seen in India and
Southeast Asia [49]. Lower temperatures also reduce thermal stress, potentially extending panel

lifespan by 1-2 years, which lowers long-term replacement costs [51].
11.4.2 Albedo Impact from Water Surface:

Albedo, the fraction of sunlight reflected by a surface, increases the irradiance received by PV
panels. Water bodies have an albedo of 0.05-0.2, compared to 0.1-0.4 for land surfaces [52].
This reflected light benefits bifacial panels, which generate power from both sides. The total

irradiance is:
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Gtotal = Gdirect + Gdiffuse + Greflected (H.2)
Greflected =ax Gglobal * F (I.3)
Where:

e a:Albedo (e.g., 0.1 for water)
e G _global: Global horizontal irradiance (e.g., 1000 W/m?)
e F: View factor (0.5-0.9, typically 0.7 for FPV) [53]

Rear-side power for bifacial panels is:

Prear = Nrear * Greflected * A (H-4)
Where:

e 1_rear: Rear-side efficiency (e.g., 0.15)
e A: Panel area (e.g., 2 m?)

Choit et al. (2020) report 10-20% yield gains for bifacial FPV systems, with monofacial systems
gaining 2-5% at low tilt angles [54]. Calm water maximizes reflectivity, while waves reduce it

[52].
Practical Implications:

Bifacial FPV systems maximize albedo benefits, as seen in large-scale projects [55].
Optimizing panel tilt and height, as recommended by Marion et al. (2017), is crucial for
capturing reflected light [53].

11.4.3 Reduction in Dust and Soiling Losses:
Soiling reduces sunlight reaching PV cells, modeled as:
Psoitea = Peiean * (1 = S) (IL5)

Where:
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e P soiled: Power with soiling (W)
e P clean: Power of a clean panel (W)
e S: Soiling loss factor (e.g., 0.05 for 5%)

Land-based systems in arid regions face 5-20% soiling losses [56], while FPV systems see 1-2%
losses due to reduced dust and natural cleaning [57]. El-Shobokshy and Hussein (1993) note 2—
10% higher output for FPV in dusty environments [58].

Practical Implications:

Reduced soiling lowers operational costs in regions like the Middle East [56]. Biofouling in

FPV systems, while a concern, is manageable with anti-fouling coatings [57].
11.4.4 Combined Effect:

The cooling effect, albedo impact, and reduced soiling synergistically enhance FPV

performance:

Peombinea = Psrc * [1 —Y* (Tpanel - TSTC)] * (1 =8) * [1+ (Bear — Psrc)] (I11.6)
Cazzaniga et al. (2018) estimate 10-30% higher yields for FPV systems [59].

Practical Implications:

The combined effect, as evidenced by global FPV deployments, positions FPV as a

transformative technology for regions with limited land but abundant water resources [55].
Practical Implications:

FPV’s thermal and electrical benefits enhance its viability for sustainable energy. The cooling
effect, yielding 10.3% higher output in India [49], is critical for tropical climates [55]. Albedo
gains, contributing 12% in China [55], drive bifacial FPV adoption [54]. Reduced soiling, saving
$4,500/year in Singapore [57], lowers costs in dusty regions [56]. Combined, these yield 10—
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30% higher outputs [59], as seen in India’s 320 MW plant [55], supporting FPV’s role in

addressing land scarcity and energy demand.

Table I1.11: Comparison of Key Parameters

Parameter FPV System Land-Based PV
Panel Temperature | 3040 (5-15°C lower) [48] 40-55 [48]
(°O)
Temperature -0.0045 °C'[47] -0.0045 °C' [47]
Coefficient
Albedo 0.05-0.2 (water) [52] 0.1-0.4  (soil/vegetation)
[52]
Soiling Loss (%) 1-2% [57] 5-10% [56]
Efficiency Gain (%) 5-15% (cooling) + 2-20% (albedo) + 2-10% | Baseline
(soiling) [59]

II-5 Optimization Techniques for Floating Photovoltaic Systems:

Optimization in Floating Photovoltaic (FPV) systems aims to maximize energy generation,
extend component life, and minimize operational costs by adjusting key design and performance
parameters. This section details core optimization strategies: tilt and orientation, inverter sizing

and MPPT strategy, panel configuration, and hybrid storage integration.
I1.5.1 Tilt and Orientation Adjustment
o Tilt angle (B): The angle between the solar panel surface and the horizontal plane.

e Azimuth angle (y): The horizontal compass angle the panel faces, typically measured

from true north.

Proper orientation ensures the panels are aligned to capture the maximum possible solar

irradiance. For static installations, the optimal tilt angle approximates the site latitude, adjusted
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slightly depending on the seasonal or annual performance goal. In FPV systems, lower tilt angles
(typically 5°—15°) are favored to reduce wind loads and maintain stability over water (Kamuyu et

al., 2017) [48].

FPV platforms can experience wave motion, which affects the angle of incidence. Therefore, tilt
optimization must balance irradiance capture with mechanical resilience and cost (Rosa-Clot &

Tina, 2020) [25].
Benefits:

o Increases daily energy harvest by reducing the angle of incidence.
e Minimizes reflection losses (albedo-adjusted).
e Improves cooling and rain-driven cleaning at steeper angles.

I1.5.2 Inverter Sizing and MPPT Strategy:

o Inverter Sizing Ratio (ISR): Ratio of total PV array DC power to inverter rated AC
power ISR = PDC/PAC (II7)

e MPPT (Maximum Power Point Tracking): A real-time algorithm used by inverters to

find the operating point that yields maximum power.

Oversizing the PV array (ISR = 1.1-1.3) ensures the inverter operates closer to its rated capacity
most of the time, compensating for non-ideal conditions like cloud cover, soiling, or mismatch

losses. However, excessive oversizing may lead to power clipping during peak sunlight hours.

MPPT strategies adaptively track the power-voltage (P—V) curve to operate at the maximum
power point. Algorithms vary in complexity:

e P&O: Perturbs voltage and observes power change.

e PSO: Particle swarm optimization

e Incremental Conductance: Uses dI/dV=-1/V

e condition for MPP.
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o Fuzzy logic/Al: Learns irradiance-voltage profiles for faster tracking.

FPV Consideration:

Due to wave motion and localized irradiance variations, multi-MPPT inverters are preferred

in FPV systems to maximize localized energy harvesting.

I1.5.3 Panel Configuration (Series/Parallel Optimization)

e Series Connection: Panels connected end-to-end to increase voltage.
e Parallel Connection: Panels connected side-by-side to increase current.

The electrical configuration of PV panels affects system voltage, current, and loss characteristics.

The total output is defined by:

Varray = Ns * Vinpp (IL.8)

Lorray = Np * Ipy (I1.9)

The choice depends on the inverter’s MPPT window, wire sizing, and shading conditions. Series

strings are more efficient but susceptible to shading mismatch losses.
Optimization Techniques:

o Use bypass diodes to reduce shading impact.

e Employ string monitoring for maintenance alerts.

e Apply uniform tilt/orientation to each string.
FPV Consideration:

Wave-induced tilt variations can misalign panels in a string. Independent strings and MPPT

channels reduce mismatch.
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I1.5.4 Hybrid Storage Integration (with BESS or Hydropower):

o BESS (Battery Energy Storage System): A rechargeable battery system that stores

electricity for later use.

e Hybrid FPV-hydro: Co-locating FPV with hydroelectric plants to complement seasonal

or hourly energy generation.

Energy storage stabilizes variable solar output, enabling load shifting, frequency regulation, and

peak shaving. In reservoir-based FPV systems, pairing with hydropower provides natural

complementarity: solar dominates in dry seasons, hydro in wet ones (Cazzaniga et al., 2018)[18].

Battery capacity is calculated as:

__ Pxt
DoD+n

Where:
P: is power demand.

t:is backup duration.

DoD: is depth of discharge

n: is round-trip efficiency (typically 0.9).
Advantages:

o Improves dispatchability of PV.

e Reduces curtailment.

o Enables microgrid or off-grid operation.

Table I1.12: System-Level Summary

(IL.10)

Optimization Area | Technical Focus

Benefits

Notes

Tilt & Orientation Geometric alignment

+5-15% output

Limited by FPV platform
design

Inverter & MPPT Power tracking &
Strategy conversion

+3-10% energy
harvest

Multi-MPPT preferred
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Electrical Voltage & current +2-7% efficiency Must match inverter MPPT
Configuration matching window

Hybrid Integration | Storage & dispatchability | 10-30% system-level | High CAPEX; adds grid value
(BESS) flexibility

II-6 Monitoring and Performance Management:

Monitoring and performance management in Floating Photovoltaic (FPV) systems are

essential for maximizing uptime, diagnosing faults, reducing operational costs, and enhancing

long-term performance. This section explains key tools:

SCADA systems, predictive

maintenance, and drone/infrared imaging — supported by equations, metrics, and in-text

references.

I1.6.1 SCADA Systems for Real-Time Monitoring:

SCADA (Supervisory Control and Data Acquisition) is a centralized control platform for

collecting and processing real-time operational data across solar arrays, enabling remote control

and continuous diagnostics.

e Sensors monitor irradiance, voltage, current, module temperature, wind speed, and water

level.

e PLCs/RTUs relay commands and field data to a central system.

o HMI dashboards provide operators with real-time fault alerts and visualizations.

P(t) =V(t) «I(t)

E=["Pt)dt

(IL11)

(IL12)

SCADA systems typically log values every 1-15 seconds, ensuring detailed visibility of system

health.
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Performance Impact:

e +5-10% system uptime increase

e —40% unplanned downtime reduction via remote resets and alerts [31]
11.6.2 Predictive Maintenance (AI-Based Fault Detection):

Predictive Maintenance (PdM) uses Al and machine learning to analyze sensor data and

predict failures before they occur.

e Anomaly Detection: Al method to identify deviations from normal behavior in

voltage/current/temperature.

e I-V Curve: Relationship graph of current versus voltage, used to detect degradation

patterns.

Yield Loss Calculation:

AE = Eexpectea — Eactuai (II.13)
Where: Egxpectea = G * A %1 * P (I1.14)
Where:

e AE: Energy loss (kWh)
o E expected: Theoretical energy expected under ideal conditions (kWh)
e E actual: Actual measured energy from SCADA or inverter logs (kWh)

Where:

e G: Solar irradiance (W/m?), typically averaged over the day
e A: Total surface area of the PV panels (m?)

e m: Module conversion efficiency (typically 15-22%)
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e PR: Performance ratio (typically 0.75-0.90), accounting for system losses such as soiling,

temperature, mismatch, wiring, and inverter efficiency.
_ PdM can forecast inverter failures 1-30 days in advance with over 90% accuracy.
Performance Gains:

e Reduces O&M costs by 20-35%
e Increases energy yield by 5-10%
o Extends equipment lifespan by 2—4 years [51], [48]

I1.6.3 Drone and Infrared (IR) Imaging:

Drone-assisted inspections use unmanned aerial vehicles (UAVs) equipped with RGB and IR

cameras to assess panel surface integrity and detect thermal anomalies.
e RGB (Red-Green-Blue): Visual imagery to detect cracks, soiling, or corrosion.

e Infrared Imaging (IR): Thermal detection of hot spots, diode failures, or faulty

junctions.
o Hot Spot: A localized temperature rise typically exceeding S°C from surrounding cells.

Fault Detection Efficiency:

N etecte
Naetection = (M) *100% (I1.15)

Ngctual

Where:

e 1 detection: Fault detection efficiency (%)

e N detected: Number of faults correctly identified

e N actual: Total number of actual faults (known from cross-validation or inspection)
Typical drone systems cover 20 ha in 30 minutes and detect anomalies with 95-98% accuracy

[18].
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Performance Metrics:

e Reduces manual inspection time by 80-90%
e Decreases annual inspection cost by 28%
e Increases yield by +2-3% from hot spot remediation [18], [29]

Table I1.13: Monitoring Tool Comparison

Tool Yield O&M Cost Detection Use Case
Gain Reduction Accuracy Example
SCADA System 5-10% Moderate 100% (live data) Tengeh, SG [31]
Predictive 5-10% 20-35% 85-96% Cirata, ID [40]
Maintenance
Drone & IR Imaging 2-3% 28% 95-98% Dezhou, CN [29]
Table II.14: Performance Formulas and Definitions
Parameter Symbol/Formula Description
Power Output P=V-I Real-time power generated by a panel
Energy Yield E=[P(t)dt Total energy generated per day
Fault Detection Rate n=(Ntotal/Ndetected)*100% | Detection performance of IR/Al systems
Expected Energy Yield | E=G-An-PR Based on irradiance, area, efficiency, and PR

II-7 Economic, Political, and Environmental Considerations of Floating

Photovoltaic Systems:

Floating Photovoltaic (FPV) systems, installed on water bodies such as reservoirs, lakes, and

canals, offer significant economic, political, and environmental advantages, making them a
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transformative technology for sustainable energy generation. These benefits include cost
competitiveness, policy-driven scalability, and ecological co-benefits like water conservation and
reduced land use. This section quantifies these considerations using numerical values,
percentage-based metrics, and real-world examples from deployments in Turkey, China,
Bangladesh, and India. Supported by tables, graphs, and peer-reviewed references, the analysis
underscores FPV’s role in addressing energy demands, land scarcity, and climate goals,

providing a comprehensive evaluation for this thesis.
I1.7.1 Economic Considerations:

FPV systems provide economic benefits through reduced land costs (90-100% savings),
higher energy yields due to cooling and albedo effects (5-20% increase), and co-benefits like
water conservation for irrigation [57, 55]. The levelized cost of electricity (LCOE) for FPV
ranges from $0.05-0.07/kWh, compared to $0.06-0.09/kWh for ground-mounted PV and $0.08—
0.12/kWh for fossil fuels [57, 60]. Capital costs are 15-25% higher ($0.8—1.2 million/MW) due
to floating platforms, but these are offset by efficiency gains and land savings [59]. FPV
generates 10—15 jobs/MW, compared to 8—12 jobs/MW for ground-mounted PV, boosting local

economies [61].
Quantitative Analysis:
Fora 10 MW FPV system:

e Capital cost: 10 MW * $0.9 million/MW = $9 million

e Annual energy yield (10% higher): 14 GWh/year

e Revenue: 14,000 MWh * $0.10/kWh = $1.4 million/year

e Payback period: $9 million / $1.4 million ~ 6.4 years

e Jobs: 10 MW * 12 jobs/MW = 120 jobs (60% installation, 40% maintenance)
e Cost savings vs. fossil fuels: 41% reduction ($0.051 vs. $0.087/kWh)

Practical Implications:

63



Chapter II: Floating Photovoltaic Systems and Power Optimization

Turkey’s 41% cost savings and Bangladesh’s 50 MW FPV plant with similar savings highlight
FPV’s competitiveness in high-energy-cost regions [60, 62]. Land savings, avoiding $50,000—
100,000/ha in India, are critical in dense regions [59]. High upfront costs require financing like

green bonds, as recommended by recent studies [57].

Table I1.15: Comparison of FPV and Other Energy Sources

Parameter FPV System Ground-Mounted PV | Coal Power

LCOE (§/kWh) 0.05-0.07 [57] 0.06-0.09 [57] 0.08-0.12 [57]

Capital Cost ($/MW) 0.8—1.2 million [59] | 0.6—0.9 million [59] 2.0-3.0 million [59]
Jobs Created (jobs/MW) | 1015 [61] 8-12 [61] 5-8 [61]

Land Use (ha/MW) 0-0.1 [68] 1.5-2.0 [68] 0.5-1.0 [68]

CO2 Emissions (g/kWh) | 20-30 [70] 30-50 [70] 800-1000 [70]

Water Savings (m*/MWh) | 0.5-2 [69] 0[69] -0.5 (consumption) [69]

11.7.2 Political Considerations:

Political support drives FPV adoption through incentives like tax credits (e.g., 30% in the
U.S.), feed-in tariffs (e.g., $0.12—0.15/kWh in India and China), and renewable energy mandates
[63, 64]. Regulatory challenges include water body permitting delays (6—12 months longer than
ground-mounted PV, 20% timeline increase) and stakeholder conflicts, such as with fishermen
[65]. Social acceptance is key, with 70% community support in the Netherlands when job

creation is highlighted, but only 40% without engagement, reducing approval rates by 30% [66].
Quantitative Analysis:
For a 100 MW FPV project:

e Capital cost: 100 MW * $0.9 million/MW = $90 million
e Tax credit (30%): $90 million * 0.3 = $27 million saved

e Revenue (15 GWh/year, $0.12/kWh): 15,000 MWh * $0.12/kWh = $1.8 million/year

64



Chapter II: Floating Photovoltaic Systems and Power Optimization

e Jobs: 100 MW * 12 jobs/MW = 1,200 jobs

e Support with engagement: 70% vs. 40% (75% higher) [66]

Practical Implications:

China’s policies, supporting 20% of global FPV capacity, and India’s $500 million subsidies

for 1.7 GW by 2025 show political leverage [67, 64]. Engagement, as in the Netherlands, boosts

approval rates by 30%, critical for avoiding delays [66].

Table I1.16: Real-World FPV Impacts

Project Economic Impact Political Support Environmental Impact
Turgutlu, Turkey | $127,384/year savings, 41% | Subsidies, 25 jobs | 70,000 m*/year saved [62]
(2.5 MW) vs. fossil fuels [62] [62]

Anhui, China | $33.75 million/year, 1,800 | $0.15/kWh tariff, | 200,000 tons/year CO2 cut
(150 MW) jobs [67] 65% support [67] [67]

Bangladesh (50 | $7 million/year, 25% yield | RE policy, 600 jobs | 78,000 tons/year CO2 cut,
MW) [60] [60] 35% water saved [60]
Dezhou, India | $21.12 million/year, 22% | $50 million subsidies | 250,000 tons/year CO2 cut,
(320 MW) yield [73] [73] 40% water saved [73]

I1.7.3 Environmental Considerations:

FPV minimizes land use (0-0.1 ha/MW vs. 1.5-2.0 ha/MW for ground-mounted PV, 90-100%

reduction), reduces evaporation by 20—-50% (0.5-2 m*/MWh), and improves water quality by 15—
30% via algal bloom mitigation [68, 69]. CO2 emissions are 20-30 g/kWh, 80-90% lower than
coal (800-1000 g/kWh) [70]. Shading may reduce aquatic photosynthesis (10-20% biomass
decline), and construction can disturb benthic communities, requiring mitigation like partial

coverage [71].
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Quantitative Analysis:

For a 50 MW FPV system (70 GWh/year):

e (CO2 reduction: 70,000 MWh * (960 g/kWh - 25 g/kWh) = 65,590 tons/year (80%

reduction)

e  Water savings: 70,000 MWh * 1 m*MWh = 70,000 m*/year (30% of needs)

e Land preserved: 50 MW * 1.5 ha/MW = 75 ha (100% reduction)

e Algal bloom reduction: 20% [69]

Practical Implications:

Bangladesh’s 80% CO2 cut and 35% water savings support climate adaptation [60]. The U.S.

could generate 1,200 TWh/year with FPV, saving 1.5 billion m3/year (12% of reservoir

evaporation) [68]. Ecological risks, mitigated in Germany, require design adjustments [72].

Table I1.17: FPV Benefits by Region

Region LCOE Yield CO2 Water Savings Jobs Created
($/kWh) Gain (%) | Reduction (%) (m?/year) (jobs/MW)

Turkey (Turgutlu, | 0.051 [62] 10 [62] 80 [62] 70,000 [62] 12 [62]

2.5 MW)

China (Anhui, 150 | 0.06 [67] 15 [67] 85 [67] 300,000 [67] 12 [67]

MW)

Bangladesh (50 | 0.051 [60] 25 [60] 80 [60] 1,200,000 [60] 12 [60]

MW)

India (Dezhou, | 0.055 [73] 22 [73] 80 [73] 2,000,000 [73] 12 [73]

320 MW)

I1.7.4 Combined Impact and Challenges:

Economic, political, and environmental benefits synergize, with water savings reducing costs,

subsidies lowering LCOE, and CO2 cuts aligning with climate goals. A 50 MW FPV plant could
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save 80% on CO2, 30% on water costs, and create 600 jobs, with a 25% yield increase adding
$1.75 million/year [60,70]. Challenges include 20% higher costs, 20% longer regulatory

timelines, and limited ecological data (5% of studies address biodiversity) [65, 71].
Practical Implications:

India’s integrated benefits highlight FPV’s scalability, but ecological and cost challenges
require solutions like fishery-PV models or Al optimization [67, 71].

Practical Implications and Future Outlook:

FPV’s 41% cost savings in Turkey and Bangladesh, 20% employment boost in China, and
80% CO2 reductions in India highlight its potential [60,62,67,73]. Political incentives, driving
25% of India’s renewable targets, require 30% faster approvals through engagement [64, 66].
Environmental benefits, like 40% water savings, align with climate goals, but 10% biodiversity
risks need mitigation [71, 73]. With 31% annual growth projected by 2024, FPV could meet 10%

of U.S. electricity demand, requiring 20% cost reductions and standardized regulations [57,68].
I1-8 Real-World Examples:

Tengeh Reservoir Floating Solar Plant — Singapore
Yamakura Dam FPV Plant — Japan
Oceans of Energy’s Offshore FPV Project (Netherlands)[22]

Omkareshwar, India (120 MW, 2025) [30][27]

Cirata, Indonesia (192 MW) [40][27][40]

+

+

+

+

+ Saemangeum, South Korea (2.1 GW) [38]
+

4+ The 2.5 MW FPV system on an irrigation pond in Turgutlu, Sakarya, Turkey [62].
+

Bangladesh’s 50 MW FPYV plant on Kaptai Lake [62][72].
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11-9 Conclusion:

Floating Photovoltaic (FPV) systems offer a promising solution to land scarcity, rising
energy demands, and climate challenges by utilizing water bodies for clean energy generation.
Their advantages—such as improved panel efficiency through cooling, reduced soiling, and
water conservation—make them more efficient than land-based PV systems. This chapter
reviewed key FPV components, deployment environments, and performance optimization
strategies, highlighting their technical viability and growing global adoption. Despite higher
initial costs and regulatory hurdles, FPV systems show strong potential for sustainable energy

production when combined with smart design, hybrid integration, and advanced monitoring.
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Chapter III: Simulation and Thermal Modeling

II1-1 Introduction:

As part of a study on the performance of photovoltaic panels under different operating
conditions and since the proposed model in Matlab doesn’t offer flexible utilization with severe
limitations in parameters in-outs, it was suggested to develop a step-by-step simulation model. The
process began with a single solar cell simulation, which was then replicated and connected in series
to form a complete solar panel consisting of 36 cells. The goal of this simulation is to reach a
comprehensive model that will later allow the insertion of the cell temperature, in order to study
its effect on the photovoltaic system's performances; this will enable a thorough comparison

between floating and ground-mounted solar power systems.

III-2 Solar cell Simulation:
I11.2.1 Single Solar Cell Simulation:
e Asolar cell model was implemented using Simulink.
e Solar irradiance was fixed at 1000 W/m? as a reference value.
e The output current and voltage of a single cell were recorded.
e Key values obtained:
o Voc (Open-circuit voltage) = 0.606 V
o Isc (Short-circuit current) = 5.33 A

Afterword the same solar cell was duplicated and connected in series to form a group of 6 cells

then 18 the 36 cells to emulate the ALPV module. (as shown in the diagram).

In this case the one cell voltage was multiplied by 36 while the current is kept unchanged (series

connected cells)
o The resulting values were:
o Voc for the full panel = 21.83 V

o Isc for the full panel = 5.33 A
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Irradiation
(Wim?)

1000

Irradiation
(Wim?)1

1000

Irradiation
(Wim?)1

8 solar cells

18 solar cells 1

Figure (III.1). Final Model of the Solar Panel with 36 Series-Connected Solar Cells
III-3 Simulation Results on the proposed Model:

The Matlab-Simulink of the proposed model is given bellow. Various simulation test were

undertaken.

\ -

XY Graph1
L)
-
36Solar Modulel 2 Power1 —
:
>5

XY Graph

i(x)=0 |r-

Figure (I11.2): Simulink Model of a Complete 36-Cell PV Panel
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A simulation of the photovoltaic module was performed under Standard Test Conditions (STC)
1000 W/m? irradiance and 25°C cell temperature in order to extract the electrical characteristics of

the panel through the current-voltage (IV) and power-voltage (PV) curves.

B (PS-Simulink Converter1, PS-Simulink Converter)
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Figure (I11.3): Current-Voltage (I-V) Curve under Standard Test Conditions

B (PS-Simulink Converter1, Power1)
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Figure (I11.4): Power-Voltage (P-V) Curve under Standard Test Conditions

The PV curve Figure (I11.4) highlights the power dynamics of the solar panel, peaking around
the maximum power point (MPP). This noticeable spot reflects the ideal operating condition of the
module under standard test conditions a delicate balance between current and voltage to extract

the most from sunlight.
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I11-4 Modeling of the PV Cell Temperature: Ground-Mounted vs. Floating

Systems:

In this section, a comparative thermal simulation is conducted between a floating photovoltaic
(FPV) system and a traditional ground-mounted PV system using MATLAB. The focus is on
modeling the thermal behavior of solar cells in both configurations, as cell temperature plays a
crucial role in determining energy conversion efficiency. Due to the natural cooling effect of water,
FPV systems typically exhibit lower cell temperatures, which may lead to improved performance
over time. By implementing specific thermal models for each case, the simulation aims to highlight
long-term performance differences driven by temperature variations under identical climatic

conditions.

I11.4.1 Thermal Modeling of Ground-Mounted PV Systems:

The widely used model for estimating the PV cell temperature in ground-mounted systems is
based on the Nominal Operating Cell Temperature (NOCT) approach. This empirical model
provides a simple linear relationship between the ambient temperature, solar irradiance, and the

resulting cell temperature [74][75].

Mathematical formulation:
_ (Noct-20)
Tc =Ta + (T) G (IL.1)

Where:

- Tc: PV cell temperature (°C)

- Ta: Ambient air temperature (°C)

- NOCT: Nominal Operating Cell Temperature (typically 42°C—48°C)

- G: Solar irradiance on the panel surface (W/m?)

It is a semi-empirical equation widely used in scientific literature to model the effect of
environmental factors on cell temperature, as it reflects the relationship between ambient
temperature (Ta), solar irradiance (G), and the NOCT parameter, which represents the nominal
operating cell temperature under standard reference conditions. The choice of this equation was

not arbitrary; rather, it was based on several recent studies that examined the influence of external
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environmental conditions on solar panel performance, particularly those that investigate the
thermal differences between conventional rooftop-mounted systems and floating photovoltaic

(FPV) systems.

We used Equation (I11.1) as a thermal reference model for a conventional PV system in order to
perform an accurate comparison with the FPV system, since cell temperature is one of the critical

factors that directly affects photovoltaic efficiency. (II1.5) (I11.6) (II1.7)

Ground-mounted PV cell temperature as a function of Time
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Figure (II1.5): Thermal Behavior of Ground-Mounted PV Cells

We used Equation (III.1) as a thermal reference model for a conventional PV system in order to
conduct an accurate comparison with the FPV system, as cell temperature is one of the key factors
that directly affects photovoltaic efficiency. The resulting curve is shown in Figure (II1.5), and the

climatic input data were generated periodically to simulate a typical daily behavior.
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This model assumes that the temperature increase of the PV cell above the ambient temperature
is proportional to the incident irradiance.

It is implemented in many simulation tools like PVsyst and offers acceptable accuracy for land-
based PV installations [75].

I11.4.2 Floating PV System Temperature Model:

In floating PV systems, solar panels are installed above water surfaces, such as lakes or seas.
The thermal behavior of the PV cells in this environment differs due to the cooling effects of water
and increased fresh wind flow. Various studies were conducted and Empirical models have been

proposed based on real-world measurements [76]

To calculate the solar cell temperature in a floating photovoltaic (FPV) system, a semi-empirical
model based on environmental data ambient temperature (Ta), wind speed (Ws), and solar

irradiance (G) was adopted. The model is expressed by the following equation [76]:

Tc =0.943Tw + 0.0195 * ¢ — 1.528 x Vws + 0.3529 (II1.2)

For offshore floating PV, the sea temperature and sea wind speed are used to determine the cell
temperature of the floating PV modules. The sea temperature (Tw) is given in relation to the air

(land) temperature [77][78]:
Tw =5+ 0.75Ta (111.3)

The velocity of wind in the sea is always higher than that on land. The sea wind speed (Vws) is

given with respect to the land wind speed (Vwl) as [79][80][81]:
Vws =1.62 +1.17 * VwL (I1L.4)

Where:
-Tc:PV cell temperature (°C)

- Ta: Ambient air temperature (°C)

75



Chapter III: Simulation and Thermal Modeling

-Tw: Sea temperature (°C)
- G: Solar irradiance (W/m?)

- Vws: Wind speed in sea (m/s)

-Vwl: Wind speed in land (m/s)

This equation was derived from experimental study [76]. The authors developed this thermal
model specifically for floating PV systems based on various environmental conditions,

incorporating the unique cooling effects provided by water and wind.

Using this equation yields to the following curve that shows cell behavior in these circumstances.
As for the time-varying environmental data used to simulate daily conditions, they were generated

using sinusoidal functions that reflect natural fluctuations throughout daylight hours, as follows:

e Ta =20+ 10sin ((%) (t — 6)): Represents the ambient temperature, varying periodically
between 10°C and 30°C throughout the day. (IIL.5)
e Vwl=2+ 15sin ((f—zi) (t —6)): Represents the wind speed, showing typical daily
variation between 0.5 m/s and 3.5 m/s. (I11.6)
e G =1000sin ((f—;) (t — 6)): Represents solar irradiance in W/m?, simulating sunrise and

sunset. (111.7)

These sinusoidal functions are commonly adopted in simulation studies to approximate daily
environmental variations (e.g., temperature, wind speed, and irradiance) when actual
meteorological data is unavailable. They are not attributed to a single study but are rather widely

used in literature for modeling purposes.
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Temperature of a floating PV cell as a function of Time
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Figure (I11.6). Thermal Behavior of Floating PV Cells

The above model is derived from experimental data collected from floating PV installations and
captures the combined effect of solar irradiance and convective cooling from wind.
It is especially suitable for marine environments where conventional land-based models tend to

overestimate cell temperature [82].
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Figure (I11.7): Thermal Behavior Comparison of Floating and Ground-Mounted PV Cells
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Figure (II1.7) presents a thermal comparison between floating and ground-mounted PV systems
based on cell temperature evolution throughout the day. Both thermal models are simulated under
identical environmental conditions to observe the temperature behavior of each configuration over

time

I1I-5 Conclusion:

The clear difference in thermal behavior between the two systems, as shown in Figure. (II1.7),
led me to incorporate these results into the full photovoltaic simulation. The goal is to analyze the
effect of cell temperature on the electrical characteristics of the PV panel, such as open-circuit
voltage, short-circuit current, and maximum power output. This will allow for a precise and

realistic performance comparison between floating and ground-mounted systems.
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Chapter IV: Practical Implementation /simulation and results:

IV-1 Introduction:

In order to conduct experimental validation of the floating photovoltaic system, a scaled
prototype was constructed and deployed in a controlled environment. The objective of this
setup is to simulate real-world conditions, allowing for the evaluation of energy performance,
mechanical stability, and thermal behavior of solar panels when installed on floating
structures. This hands-on approach enables researchers to assess design feasibility, optimize

system components, and collect valuable data under measurable parameters.
IV-2 Objective of the Practical Model:

The goal of this practical experiment is to develop a reduced prototype of a floating

solar photovoltaic (FPV) system that could be used in a controlled environment...

IV-3 Experimental Water Pool for Floating PV Testing:

An experimental artificial water basin was constructed to simulate an approximate real-
world condition for floating solar systems at this first stage, since it was initially supposed to

install the system at Foum El-Ghourza Dam.

To do so, we built up a miniature pool with wooden sides recycled from container boxes
and a floor covered with waterproof plastic sheeting. The wooden sides consist of two circles
made of successive wooden pieces, forming a circle approximately 40 centimeters high and

approximately 4.4 meters in diameter figure (IV.1)

Figure. (IV.1) Experimental artificial water basin was constructed to simulate real-

world conditions for floating solar systems
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IV-4 Floating Structure Dimensioning and Design:

It was suggested to use two solar panels for this floating system for ease of construction.
So, the floating structure prototype is designed with a rectangular base measuring 2.225
meters in length, 1.545 meter in width, and approximately 0.5 meters in height Figure (IV.3).
The frame is constructed using PVC pipes with a diameter of 80mm, elbows, T-pieces and
other accessories were used to ensure durability, lightweight properties, and resistance to
water-key characteristics for floating systems. Of course, for large systems, other precautions

would be taken to reinforce the structure.

The design provides a stable and balanced platform to support the photovoltaic (PV)

panels under simulated floating conditions. The layout offers sufficient buoyancy and area

coverage to represent an actual floating solar power station Figure (IV.2)

Figure (IV.2). PVC-Based Structural Prototype for Floating Solar Panel Mounting System

Table IV.1 below presents the buoyancy calculations for a floating PV structure made of
PVC (diameter80 mm) pipes. The calculations assume that the structure is at worst half-
submerged in water. The structure consists of long and short horizontal pipes as well as

vertical support pipes to fix the tilt angle.
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Table I'V.1: Buoyancy calculations

Elements | Number of | Length each| Volume Submerged Buoyant Total
pieces (m) V =mar’L Volume V/2 | Force per Buoyancy

(m°) (m°) Pipe (kg) (kg)

Long side 2 2.225 0.01119 0.005595 5.595 11.19

Short side 4 1.545 0.00776 0.00388 3.883 15.53

Total 26.72

Based on the buoyancy calculations presented in the table, the total buoyant force
generated by the PVC pipe structure is approximately 26.72 kg. The estimated total weight of
the floating structure, including a solar panel and accessories, is around 15 kg. This means
that we still have a remaining safety margin of approximately 12 kg, which ensures stability
and allows for potential additional loads if necessary. The design has thus been optimized to

operate safely even under slightly increased weight conditions.

An estimation of total weight of all elements was taken into account while designing the
floating vase, according to the calculations; we have a safety margin to double the load in case

of necessity.

IV-5 Solar Panel Mounting System:

A metallic support bracket is used to mount the solar panel at the center of the structure.
This metal bracket is designed with a tilting mechanism that allows for easy and smooth
adjustment of the panel's inclination angle. Such adjustability is critical for optimizing the
panel’s exposure to sunlight depending on the time of day and season, enhancing energy

efficiency.

The tilting frame is firmly anchored to the floating base through vertical support posts
fixed into the PVC structure. The flexibility of the mount ensures that the orientation of the
solar panel can be modified without dismantling the setup, allowing for real-time solar

tracking experiments or angular optimization.
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Figure (IV.3). Adjustable Metal Bracket for Solar Panel Mounting on Floating Structure

A close-up of the metallic bracket mounted on a vertical PVC support post. The bracket
is designed to hold the solar panel at an adjustable tilt angle, allowing for an optimized sun

exposure.

IV-6 Materials Used for constructing the platform:

Various hardware elements were used such as:

Plastic pipes and accessories (80 mm diameter)

Steel columns...

ALPYV photovoltaic panels
- Waterproofing materials

- Bolts, screws, and clamps

Table IV.2: Technical Specifications of the Floating Solar Platform

Feature Details
Dimensions Length: 2.225 m, Width: 1.545m, Height: 0.5 m
Float Material Plastic pipes (8 floatation tubes, 4 cross-supports)

Solar Panel Mount | Steel adjustable frame for tilt angle adjustment

Purpose Simulates a real floating solar power station
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This floating prototype successfully combines mechanical stability, functional design,
and adaptability. It offers an ideal platform for testing the performance of photovoltaic

systems in floating conditions, simulating real-world applications such as floating solar farms

on reservoirs or artificial lakes.

Figure (IV.4). Floating PV Prototype system integrated into an experimental water basin

Figure (IV.4) above illustrate the final deployment of the floating photovoltaic (FPV) system
installed in a custom-built experimental water basin. The structure is composed of a buoyant
PVC pipe frame supporting monocrystalline solar panel mounted on an adjustable steel
bracket. The design simulates real-world floating solar applications, enabling performance
evaluation under controlled water-based conditions. This setup allows for the study of cooling

effects, mechanical stability, and energy yield in a floating environment.
IV-7 Measurement and control system for floating solar panel:

In this experimental setup, a comprehensive measurement and control system was
implemented to monitor and evaluate the performance of a floating solar panel system. The
system incorporates a power stage to optimize the power output of the PV panels to their

Maximum (MPPT) and a set of sensors and electronic components to measure key
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environmental and electrical parameters. This section provides an overview of each
component used, along with its datasheet reference and a detailed explanation of its

operational principle.

IV-8 Electrical System Overview:

The overall electrical configuration of the FPV system is shown in Figure (IV.5) below.

ada

LM35 PYR20 DS18B20

| |

junction box ———

Vip Imp ——
s % -

Figure (IV.5). Overall Schematic Diagram (Electrical Integration)

DC Load

IV.8.1 MPPT Charge Controller SR-MT2410 (12V/24V 10A):

This MPPT controller optimizes and matches between the solar array and the
battery/Load by tracking the maximum power point of the panels. This ensures maximum
power extraction under varying conditions. This controller is well adapted to the power of our

modules and might go to the double in case of extension Figure (IV.6). (Appendix A)

Figure (IV.6). Mppt controller
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IV.8.2 ALPV 85P36 Solar Panel:

This photovoltaic panel converts sunlight into electrical energy using monocrystalline
silicon cells. The 'P36' designation indicates a configuration of 36 cells connected in series,
producing a nominal voltage suitable for charging 12V battery systems, Table IV.3.
(Appendix B)

Table IV.3: Electrical Characteristics (STC)

Parameter Value

Maximum Power (Pmax) 85Wp

Voltage at Maximum Power (Vmpp) 1727V

Current at Maximum Power (Impp) 493 A

Open Circuit Voltage (Voc) 21.83V

Short Circuit Current (Isc) 533A
1V.8.3 Battery:

The battery is supposed to store electrical energy generated by the solar panel. Common types
include AGM, Gel, or Lithium-ion, suitable for repeated charging and discharging cycles. In
this test a 12V-100Ah, Figure (IV.7). (Appendix C)

Figure (IV.7): Ritar RA12-100 Deep Cycle AGM Battery for Solar and Backup Power

Systems

1V.8.4 Load:
Concerning the load, it might be of any type regarding adaption its parameters to the regulator
output. A power resistor or lamps were used to simulate a real electrical load by converting
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electrical energy into heat. It helps evaluate system performance under load using the formula
(IV.1)

P=V2/R.

Table IV.4: MPPT Controller Connection

Terminal Pair

Connected Device

Voltage/Current Details

PV+/PV- ALPV 85P36 Solar | Input voltage higher than battery (around 18-20V)
Panel

Battery+ / 12V Lead-acid Battery | Charging voltage around 13.8V - 14.4V

Battery-

Load+ / Load- Load ( resistor) Powered at battery voltage, current limited by

design

IV-9 Sensors:

Sensors used in this application are current, voltage, temperature and solar irradiance

sensors. The elements used practically are:

#+ Hall effect current sensor LEM LAS55
+ Voltage divider

4 Pyranometer

+ Temperature sensor LM35

1V.9.1 Hall Effect current sensor LEM LAS5S5:

To measure current in the early stages of experimentation, we used the LEM LAS5S5 sensor,

which operates on the Hall Effect principle. When a current-carrying conductor is placed in a

magnetic field perpendicular to the current, a voltage (Hall Voltage) is induced across the

conductor, perpendicular to both the current and the magnetic field. (Appendix D)

Mathematically, this is given by the following equation:

V_H = (IB)/(q*n*d)

Where:

V_H = Hall Voltage

I = Current

B = Magnetic field

q = Charge of electron

n = Charge carrier density

d = Thickness of the conductor

(IV.2)

practical implementation of the LEM LASS5: Figure (IV.8)
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= The current to be measured (optimal current) passes through a conductor placed in the
central opening of the sensor.

# The sensor uses the Hall effect to generate an analog voltage proportional to the
magnetic field created by the current.

= It requires =12V dual power supply for operation.

= Output: Analog signal to microcontroller (via analog input) with a current gain of

1/1000

IV.9.2 Voltage Measurement — Voltage Divider:

To scale down output voltage of the PV system into a level safe for the Arduino (0-5V), a

voltage divider was used Figure (IV.8): calculated values are as follow:

“+ RI=33kQ
+ R2=10kQ

the output voltage is given by:

V_out=V_in x (R2/(R1 + R2)) (IV.3)
the output voltage should not exceed the permissible analog input of the Arduino, therefore,
for an open circuit voltage Voc =21.83V

V _out=21.83 x (10/43) =5V ‘This value is for Arduino’.

—— ‘ﬁ_, b 5
¥- R
BTN e

oltage measurement

Figure (IV.8) . LEM LAS5S & Voltage Divider Experiment

Power Supply Challenge: Generating —12V

The LEM LAS5S requires £12V supply. While +12V is easy to generate from a DC adapter or

battery, generating —12V was a challenge on our platform where voltages are positive. Some
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attempts were done to generate this -12V voltage but because of components shortage in our
Lab, it was decided to neglect this technically superior option to a state forward one by using

a ready-made ACS712 current Sensor
IV.9.3 ACS712 Current Sensor:

The ACS712 Current Sensor is a Galvanically Isolated Linear Current Sensor IC with High
Accuracy and 2.4kVRMS Isolation. It is A Hall-effect-based linear current sensor capable of
measuring both AC and DC currents. (Annex E) It outputs an analog voltage proportional to

the measured current and provides isolation for safety.

I=(Vout-2.5V)/Sensitivity (Iv.4)

Figure (IV.9): Hall effect Current Monitoring Module

1V.9.4 B25Voltage sensor:
A simple resistive network used to scale down higher voltages to levels suitable for
microcontroller ADC inputs. It consists of two resistors connected in series across a voltage

source. (Annex F)

Vsolar = VADC % 5 (Iv.5)

Figure (IV.10): Scaled Voltage Interface for Safe ADC Input
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IV.9.5 LM35 ambient temperature sensor:
An analog temperature sensor that outputs a voltage linearly proportional to the Celsius
temperature, with a scale factor of 10 mV/°C. It is known for its high accuracy and low self-

heating.

/
Figure (IV.11). Thermal Sensing Node for Surface Temperature Profiling

The LM35 temperature sensor is mounted underneath the solar panel to accurately monitor its
surface ambient temperature. To enhance thermal data collection, aluminum plates are used to
create a broader thermal contact area and ensure a more uniform temperature distribution
around the sensor. This setup helps to minimize localized heating effects and transient spikes

caused by direct sunlight or sudden environmental changes. (Appendix J)

The sensor is firmly attached to the PVC pipe structure using black insulating tape and metal
clamps, ensuring both stability and reliable thermal contact. By improving heat spread across
the sensor’s surroundings, this configuration allows for more representative and stable

temperature readings, supporting accurate thermal analysis of the panel.

Figure (IV.12): LM35 Sensor Integrated within Aluminum Plates for Thermal Data

Averaging
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1V.9.6 DS18B20 Digital Temperature Sensor:
A digital sensor communicating over a 1-Wire bus, allowing multiple sensors on the
same line. It provides programmable resolution and measures temperatures between -55°C to

+125°C. (Appendix H)

Figure (IV.13): Digital Precision Thermometer for Environmental Logging

1V.9.7 PYR20 Pyranometer:
A solar radiation sensor using a thermopile to generate a voltage output proportional to

solar irradiance. It measures both direct and diffuse sunlight. (Appendix I)

Irradiance (W/m?) = (Vout / 2V) x 2000 (Iv.6)

R485 [ 4-20Ma { 0-2v Output Method

{Waterproof Seal| High Preciksion

Figure (IV.14) : Solar Irradiance Acquisition Sensor

IV-10 Sensors Configuration and Wiring:

The table bellow, summaries all sensors configurations
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Table IV.5: Sensors Configuration

Sensor Type Measurement Connection Power Others
Supply
ACS712 Hall Effect Current (A) Series with +5V from | Protected by port
Current Sensor solar panel + Arduino | fuse before sensor
line
B25 Voltage Analog Voltage (V) Parallel to No extra | Divides voltage by
Divider Voltage solar panel supply 5
Divider terminals
PYR20 Solar Irradiance Independent 12V Output voltage
Irradiance (W/m?) external system proportional to
Sensor mounting voltage irradiance

DHT11 Digital Temp Temperature Digital signal | +5V from | One-wire digital

& Humidity (°C), Humidity to Arduino Arduino communication
Sensor (%)
LM35 Analog Temperature Analog input | +5V from | Linear 10mV/°C
Temperature (°0) to Arduino Arduino output
Sensor
DS18B20 Digital Temperature Digital 1-Wire | +5V from Waterproof,
Temperature (°O) to Arduino Arduino suitable for
Sensor environmental
measurements

IV.10.1 Wiring and Integration within the Junction Box:

In the experimental setup of the floating solar panel system, all sensors and electronic
modules are integrated in a structured and protected manner inside a junction box installed
beneath the solar panel. This approach offers protection against environmental factors such as

water, dust and heavy winds and ensures ease of access for maintenance and data collection.
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Figure (IV.15).MPPT Connection with Voltage and Current Sensors

1V.10.2. Sensor Connections:

*

*

N.B:

Each sensor (ACS712, B25, LM35, DS18B20, PYR20) is individually connected to
the Arduino or microcontroller using properly insulated wires.

Analog sensors (LM35, ACS712) are connected to analog input pins, while digital
sensors (DS18B20, MPPT controller signal) use digital input/output lines.

All sensors and connections are safely housed inside a waterproof junction box placed
underneath the solar panel.

The box protects sensitive electronics from environmental factors like water, dust,
and sunlight.

External sensors (PYR20 and DHT11) are mounted outside the enclosure but are

connected back to Arduino inside.

% ACS712 is connected in series after a protection fuse.

+ B25 voltage divider is parallel to the PV panel to measure instantaneous voltage

PYR20 is mounted facing upward with the same tilt angle of the modules to
accurately capture solar irradiance.
Temperature sensors (LM35, DS18B20) are used to measure panel surface and

environmental temperatures.
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Figure (IV.16): Electrical Junction Box for the Floating Solar Station Interface

Figure (IV.16) showcases the external display interface of the electrical junction box,
featuring two digital displays: one connected to a DS18B20 sensor to show real-time
temperature readings, and another displaying current and voltage values obtained from the
solar system. Inside the box, a complete monitoring system is integrated, including sensors
such as ACS712, B25 voltage divider, and LM35, as well as an MPPT charge controller. This
setup allows for continuous and accurate monitoring of the floating solar station’s

performance, all housed within a weather-protected and well-organized enclosure.

1V.10.3 Pc/Arduino RS232 communication Protocol :

The Arduino board is connected to the computer via a USB cable. Data is transmitted
through a serial communication protocol (UART over USB). Measurements including
current, voltage, temperature, and solar irradiance are continuously logged and recorded in an
Excel sheet using a serial data reader (CSV Comma-Separated Values). Each data entry is
timestamped with the corresponding time, day, month, and year for proper tracking and

analysis. As shown in the figure (IV.17)
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date time voltage (V) current (A) irradiation (W/m#2) |temperature C
5/7/2025 12:50:46 15.32 2.21 894.43 31.77
5/7/2025 12:50:47 15.3 2.21 889.54 31.28
5/7/2025 12:50:48 15.3 2.28 889.54 31.28
5/7/2025 12:50:49 15.35 2.28 894.43 31.28
5/7/2025 12:50:50 15.3 2.21 894.43 31.28
5/7/2025 12:50:51 15.37 2.21 894.43 31.77
5/7/2025 12:50:52 15.27 2.21 894.43 31.28
5/7/2025 12:50:53 15.32 2.15 899.32 31.28
5/7/2025 12:50:54 15.3 2.15 894.43 31.28
5/7/2025 12:50:55 15.35 2.28 899.32 31.77
5/7/2025 12:50:56 15.32 2.15 894.43 31.77
5/7/2025 12:50:57 15.27 2.21 894.43 31.28
5/7/2025 12:50:58 15.32 2.21 899.32 31.28
5/7/2025 12:50:59 15.32 2.21 894.43 31.77
5/7/2025 12:51:00 15.49 2.28 894.43 31.28
5/7/2025 12:51:01 15.25 2.28 894.43 31.28
5/7/2025 12:51:02 15.32 2.15 889.54 31.77
5/7/2025 12:51:03 15.35 2.21 889.54 31.77
5/7/2025 12:51:04 15.52 2.34 894.43 31.77

Figure (IV.17): Logged Sensor Data from Arduino to Excel

IV-11 Experimental Evaluation and Simulation of an Optimized Floating

PV Station:

In this part, results of both the practical and simulation-based work carried out in the
context of optimizing the performance of a floating photovoltaic (PV) station are presented.
The project combined a physical prototype with digital simulations, aiming to compare the
performance of the floating system against a conventional ground-mounted system under

similar climatic conditions.

A scaled-down model of the floating PV station was designed and built using a PVC-
based floating structure (floater), which was assembled and installed in an artificial pool with
an appropriate diameter to simulate a semi-realistic aquatic environment figure (IV.1). This
alternative setup was adopted after being unable to access the original intended site (Foum El
Ghourza Dam) due administrative reasons. Despite this constraint, the model proved its
effectiveness, successfully supporting a load of about 30 kg without losing stability or
experiencing excessive submersion, which demonstrates the structural reliability of the floater

in providing a stable base for the solar panels.

The prototype was equipped with a complete sensing system capable of measuring

current, voltage, solar irradiance, and ambient temperature. This setup allowed for accurate
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real-time data collection. The system was fully integrated and scalable, representing a

significant step toward precise modeling and effective optimization figure (IV.5).

In parallel with the practical setup, simulations were conducted using tools such as
MATLAB/Simulink and PVsyst to evaluate system performance in various scenarios and to
compare it with that of a ground-mounted PV system. The results from both the experimental
and simulation sides revealed that the floating PV station benefits from natural cooling due to
its water-based location. This contributes to improved panel efficiency and reduced thermal

losses compared to ground-mounted systems.
IV-12 Experimental Study of the Floating Photovoltaic Model:

On May 13™ 2025, a precise field experiment was conducted on the experimental
floating photovoltaic module ALPV 85P36 Solar Panel (Appendix B), during which
comprehensive data were collected over nine hours, from 9:00 AM to 6:00 PM. Electrical
current and voltage were accurately measured at the system’s maximum power point using an
MPPT Controller (Appendix A) Figure (IV.6). Additionally, actual values of solar irradiance
and ambient temperature were recorded, as these environmental factors directly influence the

panel’s performances.

This extensive data collection provided a realistic and dynamic picture of the solar
panel’s behavior throughout a full working day, enabling a deep understanding of how the

system interacts with climatic and environmental variations over time.
» Solar radiation measurement:

The irradiance profile for the same day reveals a typical bell-shaped curve Figure (IV.18).
Starting from 500 W/m? at around 09:00, it gradually increases, peaking at around 950 W/m?
between 12:30 and 13:30. After that, it begins to drop sharply, with significant dips observed
between 14:00 and 17:30. These drops are likely caused by transient cloud cover or shading
from nearby objects or the system itself .This variability in irradiance directly influences the

current output of the PV system, as solar cells produce current proportional to irradiance.
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Figure (IV.18): Solar Irradiance Profile for May 13, 2025

The Figure above shows the solar irradiance over the course of the day on May 13, 2025,

from 09:00 AM to 6:00 PM. Irradiance represents the intensity of solar power received per

square meter and is one of the most critical inputs for photovoltaic (PV) system performance.

Overall remarques:

Time

Approx. Irradiance (W/m?) Observations

09:00 - 12:00 | 500 — 900+ Gradual increase in irradiance as the sun rises.

12:00 — 14:00 | ~930 —950

Peak irradiance; solar noon; ideal generation

conditions.

14:00 — 18:00 | 950 — <200

Significant fluctuations and overall drop due to

solar angle and possible cloud cover.

The graph represents a typical sunny day with afternoon intermittency, common in

semi-cloudy or coastal areas.

For FPV systems, recognizing these patterns helps in scheduling, storage management,

and cooling strategy design.

Real-world irradiance profiles like this are essential for calibrating simulations,

validating MPPT algorithms, and planning hybrid solar systems (e.g., solar + storage).
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» Temperature measurement:

The temperature profile recorded on 13 May 2025 shows a gradual increase starting
from around 25°C in the morning, peaking above 32°C in the early afternoon, and then slowly
decreasing towards the evening Figure (IV.19). This temperature pattern directly impacts the
efficiency of photovoltaic (PV) panels.

Generally, as temperature increases, the efficiency of PV cells decreases due to the
negative temperature coefficient of the voltage. This means that despite higher irradiance
during midday, the overall power output may be slightly limited by elevated temperatures.

temp vs Time (13 May 2025}

3 T W’h |{h \hﬁu\.mﬂ |

. NLJM i l

29 | JH[

"l ”ﬁ:h

33

32

temp o

1N
. W‘

24

Figure (IV.19): Temperature Profile for May 13, 2025

e Overall remarques:

The graph represents the variation of temperature (°C) throughout the day of May 13, 2025,
from 09:00 AM to 6:00 PM.

It clearly illustrates a typical daily temperature pattern, where temperatures start low in the
morning, rise gradually as the day progresses, peak in the afternoon, and then begin to decline

toward the evening.

Time Approx. Irradiance (W/m?) Observations

09:00 — 12:00 | 25°C — 29.5°C Gradual increase due to morning solar input.

Peak temperature, aligning with peak solar

12:00 - 15:30 | 29.5°C — 32.5°C ) .
irradiance.

15:30 — 18:00 | 32.5°C — 30.5°C Gradual cooling as solar intensity decreases.
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#+ Solar irradiance is the main driver of daytime temperature increases.
As the sun rises and radiation begins, both surfaces and air heat up gradually this is

reflected in the early part of the graph (09:00 AM).

4+ Temperature usually peaks  slightly after peak  solar irradiance.
Maximum solar input typically occurs between 12:00 and 13:30, but temperatures
continue to rise briefly due to thermal inertia land and water retain heat for some time

before cooling begins.

4+ Solar panel efficiency decreases with rising temperatures. Although solar irradiance is
high, elevated panel temperatures reduce voltage output, which affects system

performance.

4+ Floating PV (FPV) systems benefit from natural water cooling, helping panels

maintain lower operating temperatures and improved efficiency.

+ Monitoring daily temperature profiles is essential to better understand PV behavior

and optimize cooling and positioning strategies.

N.B:

Monitoring daily temperature profiles is essential to better understand PV behavior and
optimize cooling and positioning strategies. This aspect will be further explored in the context
of thermal optimization of the floating PV model, where temperature-related effects on

system performance will be analyzed in more detail.
» Current measurement:

The current measured at the maximum power point (MPP) closely follows the
irradiance curve profile. During periods of high irradiance, the current is at its peak, while
dips in irradiance due to passing clouds or temporary shading cause corresponding drops in
current Figure (IV.20).

These fluctuations can negatively impact system performance if the MPPT (Maximum

Power Point Tracking) algorithm is not responsive enough.
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current vs Time (13 May 2025)
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Figure (IV.20): Daily Profile of Output Current at Maximum Power Point (MPP)

e Relationship Between Current and Solar Irradiance
When comparing the current curve with the solar irradiance curve (as shown in
Figures V.20 and IV.18), a clear correlation is observed in the overall shape of both

curves.

Time Current Observations

09:00 — 12:00 | Gradually increases from low | Perfect synchronization with increasing

values to the peak irradiance

12:00 — 14:00 | Current remains stable at the peak | Irradiance at its maximum — MPP remains

relatively constant

14:00 — 18:00 | Gradual decrease with noticeable | Fluctuations due to passing clouds or

fluctuations shading
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Figure (IV.21): Current Fluctuations Analysis under Variable Irradiance Conditions

Analysis of Current Fluctuations:

One can notice sharp current fluctuations between 14:00 and 17:30, Figure (IV.21). These are

likely caused by the following factors:

1. Passing Clouds:
4 Temporarily block sunlight, leading to a momentary drop in irradiance —
sudden decrease in current.
4+ Once the cloud passes, irradiance returns to its previous level — sudden rise in
current.
2. Partial Shading from the System’s Surroundings:
+ Caused by elements such as a pole's shadow, part of the floating structure, or
other nearby objects.
4 Shading leads to what is known as mismatch losses, which affect the power

output of part of the PV string, thus impacting the total current.

The voltage at the Maximum Power Point (MPP) is generally less sensitive to irradiance
variations and tends to remain relatively stable throughout the day. However, some

fluctuations are still noticeable, particularly due to temperature effects and sudden changes in

solar irradiance.
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Voltage vs Time (13 May 2025)
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Figure (IV.22): Daily Profile of Output voltage at Maximum Power Point (MPP)

Time Voltage Behavior (Approximate) Observations

o o As irradiance increases, voltage rises

09:00 — 12:00 Slight increase or stabilization
moderately before stabilizing
High irradiance + stable temperature
12:00 — 14:00 Relatively stable
— stable MPP voltage
Gradual decrease with occasional Fluctuations due to passing clouds
14:00 — 18:00 )
drops or shading
N.B:

It is important to highlight that voltage is inversely affected by temperature: as the

temperature of the solar module increases, its output voltage tends to decrease. This thermal

sensitivity can lead to performance degradation, particularly during peak sunlight hours when

the panel's temperature is highest.

In the context of Floating PV (FPV) systems, this phenomenon is of particular interest,

as the cooling effect of water may mitigate temperature-induced voltage losses. This

relationship will be further explored in the thermal optimization phase of our study, where the

impact of the aquatic environment on electrical performance will be assessed.
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IV-13 Characteristic I-V and P-V of solar panel under measured standard

conditions:

In order to evaluate the electrical behavior of the photovoltaic panel under conditions close to
real operation, I-V and P-V curves were plotted under a solar irradiance of 900 W/m? and an

ambient temperature of 29°C, using a variable resistive load and a real-time measurement

system.
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Figure (IV.23): I-V and P-V Characteristics of the ALPV85 Solar Panel Under 900 W/m?

Irradiance and 29°C Ambient Temperature

The photovoltaic panel of type ALPV85 was tested by measuring its electrical characteristics
using a variable resistor under standard conditions of solar irradiance of 900 W/m? and an
ambient temperature of 29°C. The I-V and P-V curves show that the practical maximum
power obtained was approximately 60 W, compared to the theoretical maximum rating of

T5W .

This difference is attributed to several practical factors affecting the panel’s performance in

real conditions, including:

Internal resistance losses within the cells and electrical circuits.

The impact of ambient temperature differing from the standard 25°C, which reduces
voltage and power output.

The actual angle of solar irradiance incidence differing from the ideal laboratory setup.
Effects of aging, shading, dust, and dirt that reduce conversion efficiency.

Measurement device accuracy and surrounding experimental conditions.
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These results reflect the real characteristics of the panel used in the solar station, helping to

understand actual performance and identify possible improvement points

IV-14 Practical Prototype of a Floating PV Station: From Concept to
Scaled Model:

In the previous chapter, a physical prototype of a floating photovoltaic (FPV) station was
developed, representing a scaled-down version of the proposed real-world system. This model

included a complete measurement system featuring:

e Current sensors (ACS712) and voltage sensors (B25 voltage divider),
e A full load system with a battery and MPPT charger,

e Temperature and irradiance sensors (LM35, DS18B20, solar irradiance sensor).

The main objective was to simulate the operation of the station under environmental
conditions similar to those of the Foum El Ghourza Dam. However, due to logistical
constraints, we were unable to conduct measurements there. Instead, we used an artificial

swimming pool environment to simulate a water surface, though it had limitations.
IV-15 Field Experiment Limitations and the Shift Toward Simulation:

Although the experimental prototype yielded performance results close to those of
ground-mounted systems, the limited water surface area did not allow us to assess the full

thermal and dynamic effects unique to floating solar systems.
Key limitations included:

e Small water surface area — limited cooling effect,
e Absence of real environmental factors such as wind, humidity, and water currents,

o Inability to capture long-term temperature variations.

As a result, we turned to simulation using MATLAB/Simulink to specifically study the
thermal behavior of the solar cell, using a thermal model referenced from the scientific

literature.
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IV-16 Thermal Modeling of the PV Cell:

The simulation work focused on the cell temperature (Tcell), a critical factor affecting

photovoltaic efficiency. A dynamic thermal model was used, incorporating the effects of:

e Ambient air temperature.
e Wind speed.

e Solar irradiance.

This allowed us to compare the thermal behavior and potential performance gains of FPV

systems compared to ground-mounted setups.

IV.16.1 Thermal Model utilization for Simulating PV Cell Performances in FPV vs
Ground-Mounted Systems:

Based on the previous experimental work where we recorded the thermal profile of the
solar cell in both ground-mounted and floating PV systems throughout a full day, clear
temperature differences between the two environments were observed. To further understand
this behavior, the simulation was focused on the solar cell temperature (Tcell), as it is one of

the most critical factors affecting photovoltaic performance.

We used a well-established empirical model found in the literature [83], which relates the

solar cell temperature to three key environmental parameters:

e Ambient air temperature (Tamb).
e Wind speed (Vwind).

e Solar irradiance (Gsolar).
IV.16.2 Steps of Analysis and Simulation:

1. Collect climatic data (G, Tamb, Vwind) from local sources or simulation inputs.
Apply the thermal equation to estimate Tcell for both FPV and Ground systems.

Plot the evolution of cell temperature throughout the day for both configurations.

> w D

Analyze the results to evaluate the thermal differences and their impact on PV

efficiency.
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5. Draw conclusions about the thermal benefits of the FPV system as a foundation for

further optimization.

N.B: This approach is commonly used in recent FPV research, where thermal models are
applied to estimate performance gains due to the cooling effect of water, especially when

long-term operational data is unavailable.
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Figure (IV.24): Thermal model Comparison of Floating and Ground-Mounted PV Cells

This model allowed us to reproduce the thermal behavior of the solar cell in both
environments (water vs. ground) using a single equation and input climatic data. Through this
approach, we decided to adopt Tcell as the main comparison axis between the floating and
ground-mounted systems, as it was the point where we had both real measurements and the

ability to simulate effectively figure (IV.21).
IV.16.3 Analyses of Cell Temperature variations: FPV vs Ground-Mounted System

When comparing the temperature profiles of the photovoltaic (PV) cell in both systems
ground-mounted and floating a clear difference of approximately 23°C is observed in favor of
the floating system. While the cell temperature in the ground system can reach up to 63°C
around midday (approximately 13:00), the floating system maintains a significantly lower cell
temperature of around 40°C under the same environmental conditions (irradiance and ambient

temperature).
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This difference is mainly attributed to the cooling effect provided by the water surface
in the FPV system. The presence of water beneath the PV panels facilitates continuous heat
exchange, helping to dissipate excess heat more effectively than in air. Moreover, the air layer
above water bodies is typically more humid and cooler than that above land, further

contributing to reduced heat accumulation on the PV surface.

In contrast, ground-mounted systems are surrounded by solid surfaces that absorb and re-
radiate heat, often intensifying the panel temperature especially on sunny and windless days.

This explains the significantly higher cell temperature recorded in the ground-mounted setup.

+ The observed temperature gap between the two systems highlights one of the major
dynamic advantages of floating PV: lower cell temperature directly correlates with
enhanced electrical efficiency, which will be analyzed further in the next step through

a comparison of their electrical performance.
IV-17 From Real Prototype to Thermal Simulation:

In practical applications, integrating such empirical models enables more accurate
predictions of PV module performance. By considering environmental parameters such as
ambient temperature, solar irradiance, and wind speed, these models directly influence the
efficiency and power output of PV systems. They are invaluable tools for optimizing system

design and operation, ensuring reliability and efficiency under various climatic conditions.

IV.17.1 Electrical Performance Analysis Based on Simulated PV Cell Temperature
(Ground-Mounted):

To estimate the cell temperature in ground mounted systems, the semi-empirical thermal
model proposed by Tamizh Mani et al [83]. was employed. This model is based on extensive
field measurements and incorporates ambient temperature, solar irradiance, and wind speed. It

is expressed as:
PV cell temperature on land is given as [10];
Tc ground = 0.943Ta + 0.0195G — 1.528VwLand + 0.3539 Iv.7)

Where: Tc is the cell temperature (C°)

Ta is the ambient air temperature (C°)
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G is the solar irradiation (W/m”2)

Vw is the wind speed

Meteorological parameters and FPV cell temperature Values
Ta 28.73°C
G 1000 W/m"2
Viwland 4.2m/s(wind speed in Algeria)

Tc(ground-mounted)

43°C

This empirical model is designed to operating temperature of PV modules by accounting for

environmental factors [83]. The model has demonstrated high accuracy, with a coefficient of

determination (R?) of approximately 0.96.
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Figure (IV.25): Simulated I-V Characteristics of the Ground-mounted PV Cell Based on the

Calculated Temperature
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Figure (IV.26): Simulated P-V Characteristics of the Ground-mounted PV Cell Based on the

Calculated Temperature
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To further investigate the thermal influence on PV performance, we simulated the
electrical characteristics (I-V and P-V curves) of a ground-mounted solar cell using the
temperature profile calculated for a typical land-based environment. As expected, the elevated

cell temperature led to a noticeable drop in overall power output.

IV.17.2 Electrical Performance Analysis Based on Simulated FPV Cell Temperature:

Following the thermal behavior analysis of the floating photovoltaic (FPV) cell using
the adopted thermal model, we integrated the calculated cell temperature values into the
simulation environment to extract the electrical characteristics (I-V and P-V curves) of the
floating PV system under realistic operating conditions. This simulation was based on full-day
data, where the instantaneous cell temperature was used as a reference to generate current and

voltage characteristics over time.

In addition to the factors mentioned, water temperature can also influence the operating
temperature of PV modules, especially in floating Pv systems. A study titled “Design stand-
alone floating Pv system for Ibeno Health Centre” [77][78] and discusses models that

incorporate water temperature (Tcw) as a variable:

Tcw = 0.943Tw + 0.0195 * G — 1.528 * Vws + 0.3529 (I11.2)

Meteorological parameters and | Values

FPV cell temperature

Ta 28.73°C

Tw 26.5°C

Vwl and 4.2 m/s

Vw sea 6.534 m/s

Tew 31.9°C

N.B: To calculate the floating cell temperature (TCW), we used the equation (III.2) presented
in Chapter III.
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Figure (IV.27): Simulated I-V Characteristics of the Floating PV Cell Based on the Calculated

Temperature
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Figure (IV.28): Simulated I-V Characteristics of the Floating PV Cell Based on the
Calculated Temperature

The simulation confirms the well-known thermal behavior of photovoltaic cells:
As the cell temperature increases, the open-circuit voltage (Voc) significantly decreases,
while the short-circuit current (Isc) experiences only a slight increase. However, this minor
gain in current is not enough to compensate for the voltage loss, leading to an overall
reduction in maximum power output (Pmax). This negative temperature effect is more
pronounced in ground-mounted PV systems due to reduced natural cooling. In contrast,
floating PV installations benefit from the cooling effect of water, which keeps cell

temperature lower and maintains better electrical performance Figure (IV.29).
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This analysis highlights the importance of thermal optimization in PV systems and justifies

the interest in Floating PV (FPV) as a more efficient alternative under hot operating
conditions. Figure (IV.30).
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Figure (IV.29): Comparison of Current and Voltage Characteristics Between Ground-

Mounted and Floating PV Systems Under Thermal Influence
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Figure (IV.30): Comparison of Power and Voltage Characteristics Between Ground-Mounted

and Floating PV Systems Under Thermal Influence

IV-18 Tracking effect on the PV power output:

Since our main goal was to optimize power efficiency of the FPV system, and in order to

increase to generated power, we can include the tracking process since the optimal current is
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directly proportional to solar radiation. In the context, we conduct a practical that to show the

effect of the tracking procedure.

In the figures below, are show the result of both tracking/non-tracking system, it is show that
for the same solar radiation and ambient temperature the tracking offers better results as show

in the figures (IV.31), (IV.32), (IV.33) and (IV.34).
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Figure IV.31: Instantaneous Irradiance Levels During Non-Tracking and Tracking Tests
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Figure IV.32: Temperature Stability During Tracking and Non-Tracking tests
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Figure IV.33: Voltage and Current Comparison for Tracking and Non-Tracking PV Modules.
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Figure 1V.34: Power Output Comparison Between Tracking and Non-Tracking PV panel

This Figures show that the most effected by the tracking process is the optimal current

which is theoretically proportional to solar radiation.
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However, the optimal voltage doesn’t show a significant variation since it is affected by the
direct effect of solar radiation and in the same time it effected inversely by the heating effect

of the solar radiation.

Therefore, in order to maximize the power output of an FPV system we not require high

investment the platform at tracking.
N.B1:

The tests were carried out successively during a short time laps to ensure same weather
conditions especially solar radiation and ambient temperature. The first test was conducted at
about 13:40 H while the second was taken at about 13:44H, just the time to adjust (orient) the

solar module toward the sun.
N.B2:
For drawing convenience, just one timing axis is adopted.

IV-19 Conclusion:

The initial work intended to evaluate floating PV systems under real weather conditions,
but, as mentioned earlier, due to administrative constraints, we were unable to put our FPV
system on water surface of Foum El Ghourza DAM. Thus, in order to carry on with our
investigations, a simulation process of the cooling effect of water was carried out. This
simulation represents the only aspect we were able to fully control and study within
MATLAB the impact of cell temperature on overall performance. Through this approach, we
effectively assessed the role of water-based cooling as a promising method to enhance the

efficiency of floating photovoltaic systems, which lies at the heart of the thermal optimization

of FPV.
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General Conclusion

With the help and guidance of Allah, this thesis, titled " Power optimization of a floating
PV station -Part 01", represents a foundational step in a promising research axis within the
field of renewable energy. In this work, we developed a complete practical system, starting
from the mechanical design of the floating structure to the electrical system and integrated

sensors Of course, the theoretical procedure was also developed.

The initial objective was to deploy this system at the Foum El Ghourza Dam. However, due to
unforeseen constraints, we resorted to build an artificial pool to simulate real conditions.
Although the results were not fully representative of a natural water body given the limited
water surface and the accompanying environmental effects, the prototype allowed for a
preliminary investigation into the influence of environmental factors such as water

temperature, wind speed, and humidity on the performance of floating PV systems.

To deepen our analysis, we conducted simulations using MATLAB/Simulink, focusing
specifically on the thermal modeling of the PV cell. Here, the core of the project emerged:
performance optimization through natural cooling. The study clearly demonstrated the
thermal advantage of the floating system over its ground-mounted counterpart, which directly

translates to improved electrical efficiency.

Looking ahead, we aim to further develop this system by implementing it in a real reservoir
environment in future continuation, First of all, we suggest enhancing it with a solar tracking
mechanism, and outfit a remote communication device (Example an Arduino controller with
Wi-Fi connectivity) for real-time data monitoring and transmission. This procedure is
necessary since the PV platform would be floating deep on the damp water surface. This
opens the door to additional applications, including environmental and hydrological

monitoring within the dam.

In addition, we investigated the effect of a tracking system, where it is shown a noticeable

improvement in the power output.

Finally, we can say that we have laid the groundwork for a scalable project that bridges
scientific research and practical implementation, contributing hence to the advancement of

clean and sustainable energy solutions in Algeria
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Appendix A : Solar charge Controller MPPT MT2410
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SR-MT Maximum Power Point Tracking Series
Solar charge controller
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MPPT Salar Charge Comtrolle

SR-MTZE10
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Features

1 Adopting doubde crest or multi orest tracing techniquee, used for the condition when a part of solar panel & under
shadow or parts al solar panel is damages

2 Bult-im manomum power point tracking algonithen which could pramaote the energy wtilizatson efficiency of pe system
The chamging efficency is 15%-20% higher than PR mode

It can find out the best working paint of 1-V curve within 1 minute. the MPPT effidency could resch o 99.9%.

4. pdopting advanced dagital power sispply techniques which makes the enengy convarsian efficlkency reach up to 97%
5. Four charging stages: MPPT - equalizing charge- boasting charge- floating charge.

B 'With curreni-limiting changing mode, When the power of zolar panel iz oversized, the Controller will lower changing
power automatcally, which enabie the systerm o work under the rated chargeng ourrent

{. Have the fault code indication, it helps user confirm the system fault

& Various kaad contral methods Cowld recognize day and night automatically.
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A, Charging Status Indication Specification:

1 Charge indication When the selar parse| oulpul voltage resches 3 certan valise, charge indicabor stam 1o work
Differert flash status represents different charge mede. The speofic meaning of charge made is as the table & below.

2 Batbery capacity indicatiaon: When the battery i normal, the indicator i on, when 5 is over discharge, the indscator sl
slow flash, when the battery is over vaoltage, the indicator will fast flash.(Table B)

IMode indcation: When the mede smdicator is an, it mdicates that the value on the Nie tube is cartroller mode. The
value will dsappear if no key operation within 5.
4 Fault indication: when the fault indicator is an, it indicates that the value on the Mxie tube is cantrober fault code; The
walue will disappear if no key operation within 3. [f fault exists, the indicator will flash.

""'“H o Dlagram Indicating Status State of charge
{3 I bax Hermplly an Charge al Max. Power,
{2 LI #cEpTamcE Choww Mlaghs,  (bghifor o of for Lo dh cychs i 2 Banst charging,
3 LN M rioer Sirughe Marth. | ighe dor @30 . off bar 150 | tha cpcle fu 3 Flzal changirsg.
N UL e Feect Mlash. 1 ghtdor A la, ol s 3 . the cycls b 033 | Egualizing charge.
& _MAA_MA_ffl ocusnckr-izamn | Double flash, ;?;:I:'_;L'i:?.r: .J:‘r::-::.u.m Current Bmited charging.

B. Battery Indication Specification.

Serial Humber LED Status Battery Status
@ Hermally G The battery woltage is nonmal
&) Gioay flagh, Chght Ter 1o, offfor D the cycle i i) The battery & ower discharged
3 Fasd Mash.  Chghvt for OU1s, off for 00 the cpche is 003 The battery & ower voltage.
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Pl SR-MT2410

System valtage 12 24V
M input powser of solar parsl 130 a0
Trarsher efficiency =55H: A%
Rated chargey' discharge current 1

b kaad loss < 15mA,

Max. input wiltage of solar pansd < 150v

MPRT fracing efficiency 0%

D voliage protection 1B.5% EETo T}
Limited change voliage 155% o
Egualizing charge woltage 15.2% 04y
Equalizing charge interval 30 days

Baostng change voltage 1449y ImEY
Flaating change valage 13.8¥ TRV
Dwver-dacharge recover valtage 125V 250V
Ower discharge voltage 1100 2o
Bansting charge time 2 howrs

Egualizing charps time 1 Fur

Cver terperatune protection iy

Light-sparated voltage (on) B

Laghit-cperated vahage (off) B

Light-cperated delay time Smin

Warking temperature =35 +BEC ;

Weight 430

Alitude = B0

Cimersion 143°71*37.4 {mim)

Installation dimension 13948 i)

Load curmant® 125 times rated curment. cut aff the losd wethin 10 secomds
Load ournant 1.5 times rased oamant, cut off the lead within 3 seconds

1. Reperse conrecion, 2Inner over temperature, L The voltage af FY input
Protectians ferminal @ coer walue. 4 Cheir lnad 5 Reverie charging prosection at right
& TVS lightning protection 7, Waterprood: [P G4

COwverlosd profection
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Appendix B : Solar panel ALPV_85 125M 36

UNVERSTE | P\/SYST V5.11 13/05/25 10h12

PVSYST
N Final year Project
Floating PV

Characteristics of a PV module

Manufacturer, model : Algerian PV, ALPV 85-125M-36

Data source : Manufacturer

File : ALPV 85-125M-36B.PAN of 28/11/16 20h24

STC power (manufacturer) Pnom 85 Wp Technology Si-mono
Module size (W x L) 0.545 x 1.225 m? Rough module area Amodule 0.67 m?
Number of cells 1x 36 Sensitive area (cells) Acells 0.56 m?

Specifications for the model (manufacturer or measurement data)

Reference temperature TRef 25 °C Reference irradiance GRef 1000 W/m?
Open circuit voltage Voc 218 V Short-circuit current Isc 533 A
Max. power point voltage Vmpp 173 V Max. power point current Impp 493 A
=> maximum power Pmpp 851 W Isc temperature coefficient mulsc 3.7 mA/°C

One-diode model parameters

Shunt resistance Rshunt 220 ohm Diode saturation current loRef 68 nA
Serie resistance Rserie  0.24 ohm Voc temp. coefficient MuVoc -3 mVv/°C
Diode quality factor Gamma 1.30

Specified Pmax temper. coeff. muPMaxR -0.46 %/°C Diode factor temper. coeff. muGamma -0.001 1/°C

Reverse Bias Parameters, for use in behaviour of PV arrays under partial shadings or mismatch
Reverse characteristics (dark) BRev 3.90 mA/v? (quadratic factor (per cell))
Number of by-pass diodes per module 2 Direct voltage of by-pass diodes 0.7V

Model results for standard conditions (STC: T=25°C, G=1000 W/m?, AM=1.5)

Max. power point voltage Vmpp 174V Max. power point current Impp 490A
Maximum power Pmpp 852 Wec Power temper. coefficient muPmpp -0.46 %/°C
Efficiency(/ Module area) Eff mod 12.8 % Fill factor FF 0.732
Efficiency(/ Cells area) Eff cells 152 %

PV module: Algerian PV, ALPV 85-125M-36

6 T
Cells temp. =25°C

Incident Irrad. = 1000 Wim?

Incident Irrad. = 800 W/im#

Incident Irrad. = 600 W/m®

current [A]
w
T

Incident Irrad. = 400 Wim?

Incident Irrad. = 200 W/im#

25
Voltage [V]
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PVSYST
N Final year Project - Floating PV
ELHAMDI Fatima Zohra - CHAREF KHODJA Imane

Characteristics of a PV module

Manufacturer, model : Algerian PV, ALPV 85-125M-36

Data source : Manufacturer

File : ALPV 85-125M-36B.PAN of 28/11/16 20h24

STC power (manufacturer) Pnom 85 Wp Technology Si-mono
Module size (W x L) 0545x1.225 m? Rough module area Amodule 0.67 m?
Number of cells 1 x 36 Sensitive area (cells) Acells 0.56 m?

Specifications for the model (manufacturer or measurement data)

Reference temperature TRef 25 °C Reference irradiance GRef 1000 W/m?
Open circuit voltage Voc 218 V Short-circuit current Isc 533 A
Max. power point voltage Vmpp 173 V Max. power point current Impp 493 A
=> maximum power Pmpp 851 W Isc temperature coefficient mulsc 3.7 mA/°C

One-diode model parameters

Shunt resistance Rshunt 220 ohm Diode saturation current loRef 68 nA
Serie resistance Rserie  0.24 ohm Voc temp. coefficient MuVoc -73 mv/°C
Diode quality factor Gamma 1.30

Specified Pmax temper. coeff. muPMaxR -0.46 %/°C Diode factor temper. coeff. muGamma -0.001 1/°C

Reverse Bias Parameters, for use in behaviour of PV arrays under partial shadings or mismatch
Reverse characteristics (dark) BRev 3.90 mA/V? (quadratic factor (per cell))
Number of by-pass diodes per module 2 Direct voltage of by-pass diodes 0.7V

Model results for standard conditions (STC: T=25°C, G=1000 W/m?, AM=1.5)

Max. power point voltage Vmpp 174V Max. power point current Impp 490A
Maximum power Pmpp 852 Wec Power temper. coefficient muPmpp -0.46 %/°C
Efficiency(/ Module area) Eff mod 128 % Fill factor FF 0.732

Efficiency(/ Cells area) Eff cells 152 %
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Final year Project - Floating PV
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Manufacturer, model :

Data source :

File :

Characteristics of a PV module

Algerian PV, ALPV 85-125M-36

Manufacturer

ALPV 85-125M-36B.PAN of 28/11/16 20h24

Reverse Bias Parameters, for use in behaviour of PV arrays under partial shadings or mismatch

STC power (manufacturer) Pnom 85 Wp Technology Si-mono

Module size (W x L) 0545x1.225 m? Rough module area Amodule 0.67 m?

Number of cells 1 x 36 Sensitive area (cells) Acells 0.56 m?

Specifications for the model (manufacturer or measurement data)

Reference temperature TRef 25 °C Reference irradiance GRef 1000 W/m?

Open circuit voltage Voc 218 V Short-circuit current Isc 533 A

Max. power point voltage Vmpp 173 V Max. power point current Impp 493 A

=> maximum power Pmpp 851 W Isc temperature coefficient mulsc 3.7 mA/°C

One-diode model parameters

Shunt resistance Rshunt 220 ohm Diode saturation current loRef 68 nA

Serie resistance Rserie  0.24 ohm Voc temp. coefficient MuVoc -73 mv/°C
Diode quality factor Gamma 1.30

Specified Pmax temper. coeff. muPMaxR -0.46 %/°C Diode factor temper. coeff. muGamma -0.001 1/°C

Reverse characteristics (dark) BRev 3.90 mA/V? (quadratic factor (per cell))

Number of by-pass diodes per module 2 Direct voltage of by-pass diodes 0.7V
Model results for standard conditions (STC: T=25°C, G=1000 W/m?, AM=1.5)

Max. power point voltage Vmpp 174V Max. power point current Impp 490A
Maximum power Pmpp 852 Wec Power temper. coefficient muPmpp -0.46 %/°C
Efficiency(/ Module area) Eff mod 128 % Fill factor FF 0.732
Efficiency(/ Cells area) Eff cells 152 %

PV module: Algerian PV, ALPV 85-125M-36

Cells temp. =25°C

Incident Irrad. = 1000 W/m®

Incident Irrad. = 800 W/m®

Incident Irrad. = 600 W/im*

current [A]
o
T

Incident Irrad. = 400 W/m#

Incident Irrad. = 200 W/m®

25
Voltage [V]
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PVSYST V5.11

13/05/25 10h17

PVSYST
L

Final year Project - Floating PV

ELHAMDI| Fatima Zohra - CHAREF KHODJA Imane

Manufacturer, model :

Data source :

File :

Characteristics of a PV module

Algerian PV, ALPV 85-125M-36

Manufacturer

ALPV 85-125M-36B.PAN of 28/11/16 20h24

Reverse Bias Parameters, for use in behaviour of PV arrays under partial shadings or mismatch

STC power (manufacturer) Pnom 85 Wp Technology Si-mono

Module size (W x L) 0545x1.225 m? Rough module area Amodule 0.67 m?

Number of cells 1 x 36 Sensitive area (cells) Acells 0.56 m?

Specifications for the model (manufacturer or measurement data)

Reference temperature TRef 25 °C Reference irradiance GRef 1000 W/m?

Open circuit voltage Voc 218 V Short-circuit current Isc 533 A

Max. power point voltage Vmpp 173 V Max. power point current Impp 493 A

=> maximum power Pmpp 851 W Isc temperature coefficient mulsc 3.7 mA/°C

One-diode model parameters

Shunt resistance Rshunt 220 ohm Diode saturation current loRef 68 nA

Serie resistance Rserie  0.24 ohm Voc temp. coefficient MuVoc -73 mv/°C
Diode quality factor Gamma 1.30

Specified Pmax temper. coeff. muPMaxR -0.46 %/°C Diode factor temper. coeff. muGamma -0.001 1/°C

Reverse characteristics (dark) BRev 3.90 mA/V? (quadratic factor (per cell))

Number of by-pass diodes per module 2 Direct voltage of by-pass diodes 0.7V
Model results for standard conditions (STC: T=25°C, G=1000 W/m?, AM=1.5)

Max. power point voltage Vmpp 174V Max. power point current Impp 490A
Maximum power Pmpp 852 Wec Power temper. coefficient muPmpp -0.46 %/°C
Efficiency(/ Module area) Eff mod 128 % Fill factor FF 0.732
Efficiency(/ Cells area) Eff cells 152 %

PV module: Algerian PV, ALPV 85-125M-36

Cells temp. =25°C

Incident Irrad. = 1000 W/m®

Incident Irrad. = 800 W/m®

Incident Irrad. = 600 W/im*

current [A]
o
T

Incident Irrad. = 400 W/m#

Incident Irrad. = 200 W/m®

25
Voltage [V]
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Appendix C: Battery Ritar RA 12-100

Cells Per Unit
Voltage Per Unit

Capacity 100Ah@20hr-rate to 1.75V per cell @25°C
Weight 63.5 Ib. (Tolerance +5%)
Internal Resistance 5m Q max.
Terminal Default F12(M8),F15(M6) &L4 Optional
efault F12(M8),F15(MG) £14 Optiona AGM BATTERY

Max. Discharge Current 1000A (5 sec) MAINTENANCE FREE

. - DC (Deep Cycle) series batteries provide
Design Life 12 years superior high integrity and reliability. It is
Max. Charging Current 30.0A specially designed for frequent cyclic charge

Cs 75.0Ah and discharging. By using strong grids, thick

plate and specially active material are

Reference Capacity 870 ggg:; designed for repeated deep-discharge
Czo 106 DA applications. The DC series batteries offer
136 V-13 8lv @25 30% more cyclic life than the standby series.
Float Charging Voltage B V=15 . . It is suitable for solar and wind renewable
9ing 9 Temperature Compensation: -3mV/'C/Cell energy storage, mobility and medical

14.6 V~148V @ 25C equipment and cable TV etc.

Cycle Use Voltage Temperature Compensation: -4mV/"C/Cell

Discharge: -20'C~80'C m
Operating Temperature Range Charge: 0'C~50'C N n > -
Storage: -20'C~60'C W Net W w

RITAR Valve Regulaled Lead Acid (VRLA) batleries can

be stored for up to & months at 25°C and then recharging
Self Discharge is recommended. Monthly Self-discharge ratio is less 150 9001 15014001 ISO45001
than 3% at 25°C.Please charged batteries before using.

Container Material AB.S. UL84-HB, UL84-V0 Optional. N@ ( €

*Nuts and bolts included L1389 MH 28539 BSTXD210316008501EC

{\

306.5 168.5

‘ | T L J Length |306.5+2mm (12.1inches)
} ! + | ; B Y Width |168.5+2mm (6.63 inches)

! B N B Height 210+2mm (8.27 Inches)

E

‘ A ‘ Ln [ *The glass mats are placed in belween

I | . SH-® = @ 7 the battery plales, and these glass mats

| ‘ g — hold the electrolyte.

} I "

F.V/Time | 10MIN | 15MIN | 30MIN | 1HR 2HR 3HR 4HR 5HR 8HR | 10HR | 20HR
1.60V 2238 | 180.9 | 107.8 | 60.74 | 36.17 | 28.17 | 22.10 | 18.80 | 12.06 | 10.00 | 5.183
1.65V 206.1 | 169.1 | 102.1 | 58.67 | 34.96 | 27.31 | 21.44 | 18.21 | 11.96 | 9.905 | 5.155
1.70V 191.0 | 159.1 | 96.83 | 56.79 | 34.03 | 26.15 | 20.78 | 17.72 | 11.77 | 9.714 [ 5.090
1.75V 175.3 | 149.0 | 93.01 | 55.00 | 32.72 | 25.48 | 20.21 | 17.22 | 11.58 | 9.619 [ 5.000
1.80V 159.5 | 136.4 | 89.58 | 562.56 | 31.60 | 25.00 | 19.74 | 17.00 | 11.39 | 9.524 [ 4.952
1.85V 124.8 | 1129 | 75.96 | 46.91 | 28.90 | 23.27 | 18.51 | 15.65 | 10.73 | 8.952 [ 4.905

F.V/Time | 1OMIN [ 16MIN | 30MIN | 1HR 2HR 3HR 4HR 5HR 8HR | 10HR | 20HR
1.60V 381.0 | 3155 | 1959 | 114.0 | 68.39 | 53.50 | 42.59 | 3558 | 23.50 | 19.61 | 10.35
1.65V 366.9 | 306.8 | 191.3 | 1121 | 66.54 | 5217 | 41.56 | 34.62 | 23.31 | 19.42 | 10.25
1.70V 3424 | 290.4 | 182.1 | 108.8 | 64.88 | 50.17 | 40.23 | 33.76 | 23.03 | 19.05 | 10.16
1.75V 318.6 | 2741 | 1757 | 105.8 | 62.57 | 4893 | 39.29 | 3299 | 2265 | 18.86 | 9.977
1.80V 203.6 | 2563.4 | 170.0 | 101.4 | 61.15 [ 48.65 | 38.53 | 32.54 | 22.28 | 18.67 | 9.885
1.85V 2329 | 2129 | 1458 [ 91.10 | 56.31 [ 4538 | 36.27 | 30.10 | 21.05 | 17.63 | 9.792

(Note) The above characteristics data are average values obtained within three charge/discharge cycle not the minimum values,
The battery must be fully charged before the capacity test. The Czo should reach 85% after the first cycle and 100% after the third cycle.
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(Note) All above information shall be changed without prior notice, RITAR reserves the right to explain and update the latest information.

HENGYANG RITAR POWER CO.,LTD.
RITAR P

‘Add: 10th Floar, Tower C, 1st Building, Softwara Industs

OWER (VIETNAM) CO.,LTD. Guangdong, China 518087
.ritarpower.com Tel: +86.755-33081
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Appendix D: Hall effect current sensor LEM LASS

— I, 1 N2

-

Current Transducer LA 55-P

For the electronic measurement of currents: DC, AC, pulsed...,
with galvanic separation between the primary circuit and the secondary
circuit.

‘AN us RaHS 4iax

Electrical data

Iy Primary nominal RMS current 50 A
Iow Primary current, measuring range 0...%70 A Features
R, Measuring resistance @71,=70°C|1,=85°C
Ry Rumas [Rumn Rt ma e Closed loop (compensated)
with 12 V @+50A, 10 100 |60 95 Q current transducer using the Hall
@+£70A 10 50 60" 60" Q effect
with 15V @150A, 50 160 [135 155 Q e Insulating plastic case recognized
@+£70A 50 90 13521352 QO according to UL 94-V0.
I, Secondary nominal RMS current 50 mA Ad
. vantages
N/N;  Turns ratio 1:1000 9
(o Supply voltage (5 %) 12 .15 A e Excellent accuracy
Min  Typ Max e Very good linearity
1 Current consumption @ +15V 8+, 10+, 12+ mA e Low temperature drift
- e Optimized response time
Accuracy - Dynamic performance data e Wide frequency bandwidth
No insertion |
¢ Emor @1,,, 7,=25°C @ +15V (5 %) £0.65 % S SN S
@12 .. 15V (45%) 10.90 o ¢ High immunity to external
) . . interference
5 Linearity error pA L % e Current overload capability.
Typ | Max ’
I Electrical offset current @ 7, =0, 7,= 25 °C 0.2 mA Applications
Iy, Magnetic offset current ® @ I, = 0 and specified R, ) )
after an overload of 3 x I, +0.3 mA e AC variable speed drives and
I,,  Temperature variationofZ,  -25°C...+85°C +0.1| +0.6 mA servo motor drives
40 °C ... -25°C 02| #1.0 mA e Static converters for DC motor
. drives
o

LA, Delay t!me to 10‘:6 of the final output value for I, step ) <500 ns « Battery supplied applications
f.e  Delay time to 90 % of the final output value for 7, step * <1 Hs e Uninterruptible Power Supplies
BW Frequency bandwidth (-1 dB) DC ... 200 kHz

General data

(UPS)
e Switched Mode Power Supplies
(SMPS)

T, Ambient operating temperature -40 ... +85 °C e Power supplies for welding
T,,  Ambient storage temperature -40 ... +90 °C applications.
R Resistance of secondary winding @ 7,=70°C 80 Q T .
s @ r: —g5e0 oo 0 Application domain
m Mass 18 e Industrial.
Standards EN 50178: 1997
UL 508: 2010

Notes: " Measuring range limited to $60A_
2 Measuring range limited to £55A
* Result of the coercive field of the magnetic circuit
4 For a di/dt = 200 Alps.

N°97.13.25.000.0

Page 173

LEM International SA
Route du Nant-d'Avril, 152
1217 Meyrin

www lem.com

6July2023NVersion 19 LEM reserves the right to carry out medifications on its transducers,

in order to improve them.
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Current Transducer LA 55-P

Insulation coordination

U, RMS voltage for AC insulation test, 50 Hz/1 min 25 kv

U, Impulse withstand voltage 1.2/50 ps 5.7 kV
Min

dg, Creepage distance 5 mm

d,, Clearance 5 mm

¢TI Comparative tracking index (group 1) 600

Applications examples

According to EN 50178 and IEC 61010-1 standards and following conditions:

e Over voltage category OV 3
e Pollution degree PD2
e Non-uniform field

EN 50178 IEC 61010-1

d., dg, Uy Rated insulation voltage Nominal voltage
Basic insulation 300V 300V
Reinforced insulation 150V 150 V
Safety

This transducer must be used in limited-energy secondary circuits according to

IEC 61010-1.

This transducer must be used in electric/electronic equipment with respect to
applicable standards and safety requirements in accordance with the manufacturer’s
operating instructions.

Caution, risk of electrical shock

When operating the transducer, certain parts of the module can carry hazardous
voltage (eg. primary busbar, power supply).

Ignoring this warning can lead to injury and/or cause serious damage.

This transducer is a build-in device, whose conducting parts must be inaccessible
after installation.

A protective housing or additional shield could be used.

Main supply must be able to be disconnected.

Page 2/3
6July2023Version 19 LEM reserves the right to carry out modifications on its transducers, LEM International SA
in order to improve them. Route du Mant-d'Avril, 152

1217 Meyrin
wwwler.com
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Dimensions LA 55-P (in mm)

=

12.7

Hall element position

Marking area
LM g7
= 7
0 = Y
o
] ®
' 1 M- | A+
1 ]
’ ~
] 655 °
g e 06x07
508 7286
[ [ Clearance 4, [ Creepage 4., |
| A-B | S mm | S mm ‘
Recommended PCB layout
5.08 2286
3 $124° | 3 P
T E Connection
» 3x @22 R
366 o0V
PCB holes diamefer:
Secaondary pin: @1.2mm o+l
PCA footprint:
w - Puds design according fo IPC 2221PC 2222 o-U,
Mechanical characteristics Remarks

e General tolerance
e Primary through-hole
e Fastening & connection of secondary

e Recommended PCB hole

0.2 mm
12.7 x 7 mm
3 pins

0.6 x 0.7 mm
@ 1.2 mm

e [ is positive when I, flows in the direction of the arrow.
e Temperature of the primary conductor should not exceed

90 °C.

Installation of the transducer must be done unless
otherwise specified on the datasheet, according to LEM
Transducer Generic Mounting Rules. Please refer to
LEM document N°ANE 120504 available on our Web site:
https://www.lem.com/enffile/3137/download.
Dynamic performances (di/dr and delay time) are best
with a single bar completely filling the primary hole.

In order to achieve the best magnetic coupling, the
primary windings have to be wound over the top edge of
the device.

This is a standard model. For different versions (supply
voltages, turns ratios, unidirectional measurements...),
please contact us.

Page 313

6July2023Version 19

LEMreserves the ﬁ%ht to carry out medifications on its transducers, LEM International SA
em.

in order to improve

Route du Nant-d'Avril, 152
1 yrin
www lerm.com
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Mouser Electronics

Authorized Distributor

Click to View Pricing, Inventory, Delivery & Lifecycle Information:
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Appendix E: ACS 712 Current sensor

ALLEGRO

microsystems

ACS712

Fully Integrated, Hall-Effect-Based Linear Current Sensor IC
with 2.4 kVgys Isolation and a Low-Resistance Current Conductor

FEATURES AND BENEFITS
= Low-noise analog signal path

= Device bandwidth is set via the new FILTER pin

= 5 us output rise time in response to step input current

= 80 kHz bandwidth

= Total output error 1.5% at Ty,=25°C

= Small footprint, low-profile SOIC-8 package

= 1.2 mQ internal conductor resistance

= 2.4 kVpys minimum isolation voltage from pins 1-4 to pins 5-8
= 5.0V, single supply operation

= 66 to 185 mV/A output sensitivity

= Output voltage proportional to AC or DC currents

= Factory-trimmed for accuracy

= Extremely stable output offset voltage

= Nearly zero magnetic hysteresis

= Ratiometric output from supply voltage

TUV America
Certificate Nurmber:
U8V 1505 54214 038
CB 1306 54214 026

PACKAGE: 8-Lead SOIC (suffix LC)

Not to scale

DESCRIPTION

The Allegro™ ACS712 provides economical and precise
solutions for ACor DC currentsensing inindustrial, commercial,
and communications systems. The device package allows for
easy implementation by the customer. Typical applications
include motorcontrol, load detection and management, switch-
mode power supplies, and overcurrent fault protection. The
device is not intended for automotive applications.

The device consists of a precise, low-offset, linear Hall circuit
with a copper conduction path located near the surface of the
die. Applied current flowing through this copper conduction
path generates a magnetic field which the Hall IC converts into a
proportional voltage. Device accuracy is optimized through the
close proximity of the magnetic signal to the Hall transducer.
A precise, proportional voltage is provided by the low-offset,
chopper-stabilized BiICMOS Hall IC, which is programmed
for accuracy after packaging.

The output of the device has a positive slope (>Viour,)
when an increasing current flows through the primary copper
conduction path (from pins 1 and 2, to pins 3 and 4), which is
the path used for current sampling. The internal resistance of
this conductive path is 1.2 mQ typical, providing low power
loss. The thickness of the copper conductor allows survival of

Continued on the next page...

Typical Application

e VCC
1P+ VIOUT

3 ACST12
3|jp_ FILTER

P- " anp

Application 1. The ACS712 outputs an analog signal, V7.
that varies linearly with the uni- or bi-directional AC or DC
primary sampled current, I, within the range specified. Cg
is recommended for noise management, with values that

depend on the application.

ACS712-DS, Rev. 22
MCO-0000197

February 13, 2024
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ACS712 Fully Integrated,

Hall-Effect-Based Linear Current Sensor IC

with 2.4 kVzys Isolation and a Low-Resistance Current Conductor

DESCRIPTION (continued)
the device at up to 5x overcurrent conditions. The terminals of the
conductive path are electrically isolated from the signal leads (pins
5 through 8). This allows the ACS712 to be used in applications
requiring electrical isolation without the use of opto-isolators or
other costly isolation techniques.

SELECTION GUIDE

The ACS712 is provided in a small, surface mount SOIC8 package.
The leadframe is plated with 100% matte tin, which is compatible
with standard lead (Pb) free printed circuit board assembly processes.
Internally, the device is Pb-free, except for flip-chip high-temperature
Pb-based solder balls, currently exempt from RoHS. The device is
fully calibrated prior to shipment from the factory.

Part Number Packing [1] (nTé} c‘;’;ﬁg‘jﬁ"‘(ﬁ;‘g Seg;::;":ﬂ'f;f,ﬁ"-’*
-S VARIANT [2]
ACST712ELCTR-20A-S Tape and reel, 3000 pieces/reel —40 to 85 =20 100
ACST712ELCTR-30A-S Tape and reel, 3000 pieces/reel —40 to 85 +30 66
-T VARIANT B3]
ACST712ELCTR-05B-T Tape and reel, 3000 pieces/reel —40 to 85 5 185
ACST12ELCTR-20A-T Tape and reel, 3000 pieces/reel —40 to 85 +20 100
ACST712ELCTR-30A-T Tape and reel, 3000 pieces/reel —40 to 85 +30 66

[1] Contact Allegro for additional packing options.

[21-S denotes the lead-free construction with tin-silver-based solder bumps.

[31-T denotes Pb-contained construction with Pb-based solder bumps. Operati
are RoHS compliant using allowed exemptions provided in Annex |1l and IV
plicable].

ABSOLUTE MAXIMUM RATINGS

ing performance of -T and -S devices are identical. -T devices
of Directive 2011/65/EU [Exemptions 7(a), 15, 15(a), as ap-

Characteristic Symbol Notes Rating Units
Supply Voltage Vee 8 \"
Reverse Supply Voltage Vree -0.1 V"
Output Voltage ViouT 8 Vv
Reverse Output Voltage Veiout -01 v
QOutput Current Source TiouTiSource) 3 mA
Output Current Sink Tiout(sink) 10 mA
Overcurrent Transient Tolerance Ip 1 pulse, 100 ms 100 A
Mominal Operating Ambient Temperature Ta Range E —40 to 85 °C
Maximum Junction Temperature T,(max) 165 °C
Storage Temperature T-iiﬂ —651t0 170 *C

Allegro MicroSystems

ALLEGROM 955 Perimeter Road
Manchester, NH 03103-3353 U S A

microsystems www allegromicro.com
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ACS712 Fully Integrated, Hall-Effect-Based Linear Current Sensor IC
with 2.4 kVxys Isolation and a Low-Resistance Current Conductor

ISOLATION CHARACTERISTICS

Characteristic Symbol Notes Rating Unit

Withstand Voltage [1] Viso | Agency rated for 60 seconds per UL 62368-1 ( edition 3) 2400 Vams
) . . Maximum approved working voltage for basic (single) isolation 420 Vpk o Vpe

Working Voltage for Basic Isolation Vel according to UL 62368-1 ( edition 3) gy Vens

y Tested +5 pulses at 2/minute in compliance to IEC 610004-5, 1.2 pus
Impulse Withstand Voltage VIMPULSE (fise) 50 s (width) 4000 Vpk
Clearance Der Minimum distance through air from IP leads to signal leads. 4 mm
Creepage Dcp Minimum distance along package body from IP leads to signal leads 4 mm
Distance Through Insulation DTI Minimum internal distance through insulation 63 um
Comparative Tracking Index CTI Material Group 11 400 to 599 v

111 100% Production-tested for 1 second in accordance with UL 62368-1 (edition 3).

Parameter Specification
CAN/CSA-C22.2 No. 60950-1-03
Fire and Electric Shock UL 60950-1:2003
EN 60950-1:2001

Allegro MicroSystems

ALLEGROM 955 Perimeter Road
Manchester, NH 03103-3353 U S A

microsystems www allegromicro.com




Appendix

Appendix F: B25 Voltage sensor

Voltage Detection Sensor Module 25V

Basics

The Arduino analog input is limited toa 5 VDC mput. If you wish to measure higher voltages, vou
will need to resort to another means. One way is to use a voltage divider. The one discussed here is
found all over Amazon and eBay.

It is fundamentally a 5:1 voltage divider using a 30K and a 7.5K Ohm resistor.

Keep in mind, you are restricted to voltages that are less than 25 volts. More than that and you will
exceed the voltage limit of your Arduino mput.

Basic Connection

Voltage Sensor

0]
=
o
=
0
0

WCC = 25V

Inputs

GND - This 1s where you connect the low side of the voltage you are measuring. Caution! : This 1s
the same electrical point as your Arduino ground.

VCC: The is where you connect the high side of the voltage you are measuring

Outputs

S: This connects to your Arduino analog input.
— (or minus): This connects to your Arduino ground.
+: This is not connected. It does absolutely nothing... zilch... nada... jack diddly doo doo.

Schematic
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The schematic for this is pretty straight forward. As previously mentioned, its just a couple of
resistors. In fact, you could build your own in a pinch.

VCC

O

30K

7.5K

GND -

O : O

Tutorial

The Connections

Find yourself a 9 volt battery and connect 1t, your voltage sensor module and Arduino as shown
below.
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Appendix J: LM35 Temperature sensor

Product 'L- Sample & Technical 2 Tools & Support &
= Folder e s Buy Documents #% Software Community
I3 TEXAS
INSTRUMENTS LM35
www.ti.com SNIS159C —AUGUST 1999-REVISED JULY 2013
LM35 Precision Centigrade Temperature Sensors
FEATURES DESCRIPTION
+ Calibrated Directly in ° Celsius (Centigrade) The LM35 series are precision integrated-circuit

2 o temperature sensors, with an output voltage linearly
* Linear +10 mV/°C Scale Factor proportional to the Centigrade temperature. Thus the
* 0.5°C Ensured Accuracy (at +25°C) LM35 has an advantage over linear temperature
+ Rated for Full -55°C to +150°C Range sensors calibrated in ° Kelvin, as the user is not
. Suitable for Remote Applications required to subtract a large constant voltage from the
output to obtain convenient Centigrade scaling. The
= Low Cost Due to Wafer-Level Trimming LM35 does not require any external calibration or
+ Operates from4to 30 V frimming to provide typical accuracies of +%4°C at
« Less than 60-pA Current Drain room temperature and +%°C over a full -35°C to
. _ o +150°C temperature range. Low cost is assured by
* Low Self-Heating, 0.08°C in Still Air trimming and calibration at the wafer level. The low
+ Nonlinearity Only £%°C Typical output impedance, linear output, and precise inherent
« Low Impedance Output, 0.1 W for 1 mA Load calibration of the LM35 make interfacing to readout or
’ control circuitry especially easy. The device is used
with single power supplies, or with plus and minus
supplies. As the LM35 draws only 60 pA from the
supply, it has very low self-heating of less than 0.1°C
in still air. The LM35 is rated to operate over a -55°C
to +150°C temperature range, while the LM35C is
rated for a -40°C to +110°C range (-10° with
improved accuracy). The LM35 series is available
packaged in hermetic TO transistor packages, while
the LM35C, LM35CA, and LM35D are also available
in the plastic TO-92 transistor package. The LM35D
is also available in an 8-lead surface-mount small-
outline package and a plastic TO-220 package.

+V Vs
(4Vto20V) |
LM35 Vour
L35 _SUT\TUTlo 0 mv/°C
mV + 10.0 mV/®
| R1
Figure 1. Basic Centigrade Temperature Sensor Vs
(+2°C to +150°C) Choose Ry = -Vg /50 pA

Vour = 1500 mV at 150°C
Vour = 250 mV at 25°C
Vour = =550 mV at -55°C

Figure 2. Full-Range Centigrade Temperature
Sensor

Please be aware that an important notice conceming availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.
All trademarks are the property of their respective owners.

PRODUCTION DATA information is current as of publication date.
Products conform to specffications per the terms of the Texas Copyright © 1899-2013, Texas Instruments Incorporated

Instruments standard warranty. Production processing does not
necessarily include testing of all parameters.
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LM35

SNIS159C —AUGUST 1999—REVISED JULY 2013

13 TEXAS
INSTRUMENTS

www.ti.com

‘ These devices have limited built-in ESD protection. The leads should be shorted together or the device placed in conductive foam
‘h\ during storage or handling to prevent electrostatic damage to the MOS gates.

CONNECTION DIAGRAMS
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Appendix H: DS18B20

PRELIMINARY

- DS18B20
ﬂ- DALLAS Programmable Resolution

¥ SEMICONDUCTOR 1-Wire® Digital Thermometer

ww.dalsemi.com

FEATURES PIN ASSIGNMENT
*  Unique 1-Wire interface requires only one
port pin for communication DALLAS
»  Multidrop capability simplifies distributed DS1820
temperature sensing applications
» Requires no external components
* Can be powered from data line. Power supply
range 1s 3.0V to 5.5V
» Zero standby power required
»  Measures temperatures from -55°C to
+125°C. Fahrenheit equivalent is -67°F to
+257°F ne [ ][4 8 | [[Inc
»  *0.5°C accuracy from -10°C to +85°C
* Thermometer resolution 1s programmable NC DI 2 7 :I:D NC

from 9 to 12 bits Voo LI || 2 6 NC

BOTTOM VIEW

DS18B20 To-92
Package

» Converts 12-bit temperature to digital word in % 8 o ‘
750 ms (max.) o = DQ DI 4 5 :l:l:l GND
* User-definable, nonvolatile temperature alarm
seftings DS18B20Z
» Alarm search command identifies and 8-Pin SOIC (150 mil)
addresses devices whose temperature is
outside of programmed limits (temperature PIN DESCRIPTION
alarm condition) GND - Ground
= Applications include thermostatic controls, DQ  -Data n/Out
industrial systems, consumer products, Vpp - Power Supply Voltage
thermometers, or any thermally sensitive NC - No Connect
system
DESCRIPTION

The DS18B20 Digital Thermometer provides 9 to 12-bit (configurable) temperature readings which
indicate the temperature of the device.

Information is sent to/from the DS18B20 over a 1-Wire interface, so that only one wire (and ground)
needs to be connected from a central microprocessor to a DS18B20. Power for reading, writing, and
performing temperature conversions can be derived from the data line itself with no need for an external
power source.

Because each DS18B20 contains a unique silicon serial number, multiple DS18B20s can exist on the
same 1-Wire bus. This allows for placing temperature sensors in many different places. Applications
where this feature 1s useful include HVAC environmental controls, sensing temperatures inside buildings,
equipment or machinery, and process monitoring and control.
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DS18B20
DETAILED PIN DESCRIPTION Table 1
PIN PIN
8PIN SOIC | TO92 | SYMBOL | DESCRIPTION

5 1 GND Ground.

4 2 DQ Data Input/Qutput pin. For 1-Wire operation: Open
drain. (See “Parasite Power” section.)

3 3 Vob Optional Vpp pin. See “Parasite Power” section for
details of connection. Vpp must be grounded for
operation in parasite power mode.

DS18B20Z (8-pin SOIC): All pins not specified in this table are not to be connected.

OVERVIEW

The block diagram of Figure 1 shows the major components of the DS18B20. The DS18B20 has four
main data components: 1) 64-bit lasered ROM, 2) temperature sensor, 3) nonvolatile temperature alarm
triggers TH and TL, and 4) a configuration register. The device derives its power from the 1-Wire
communication line by storing energy on an internal capacitor during periods of time when the signal line
is high and continues to operate off this power source during the low times of the 1-Wire line until it
returns high to replenish the parasite (capacitor) supply. As an alternative, the DS18B20 may also be
powered from an external 3 volt - 5.5 volt supply.

Communication to the DS18B20 is via a 1-Wire port. With the 1-Wire port, the memory and control
functions will not be available before the ROM finction protocol has been established. The master must
first provide one of five ROM function commands: 1) Read ROM, 2) Match ROM, 3) Search ROM, 4)
Skip ROM, or 5) Alarm Search. These commands operate on the 64-bit lasered ROM portion of each
device and can single out a specific device if many are present on the 1-Wire line as well as indicate to
the bus master how many and what types of devices are present. After a ROM function sequence has
been successfully executed, the memory and control functions are accessible and the master may then
provide any one of the six memory and control function commands.

One control function command instructs the DS18B20 to perform a temperature measurement. The result
of this measurement will be placed in the DS18B20’s scratch-pad memory, and may be read by issuing a
memory function command which reads the contents of the scratchpad memory. The temperature alarm
triggers TH and TL consist of 1 byte EEPROM each. If the alarm search command 1s not applied to the
DS18B20, these registers may be used as general purpose user memory. The scratchpad also contains a
configuration byte to set the desired resolution of the temperature to digital conversion. Writing TH, TL,
and the configuration byte is done using a memory function command. Read access to these registers is
through the scratchpad. All data is read and written least significant bit first.

20f27



Appendix

DS18B20
DS18B20 BLOCK DIAGRAM Figure 1
MEMORY AND
+—> CONTROL LOGIC
64-BIT ROM y
DQ AND v
1-WIRE PORT < TEMPERATURE SENSOR
INTERNAL Voo SCRATCHPAD| HIGH TEMPERATURE
<> TRIGGER, TH
¥ »| LOW TEMPERATURE
v TRIGGER TL
POWER
Voo SUPPLY 8-BIT CRC
paraiiel GENERATOR CONFIGURATION
REGISTER

PARASITE POWER

The block diagram (Figure 1) shows the parasite-powered circuitry. This circuitry “steals” power
whenever the DQ or Vpp pins are high. DQ will provide sufficient power as long as the specified timing
and voltage requirements are met (see the section titled “1-Wire Bus System”). The advantages of
parasite power are twofold: 1) by parasiting off this pin, no local power source is needed for remote
sensing of temperature, and 2) the ROM may be read in absence of normal power.

In order for the DS18B20 to be able to perform accurate temperature conversions, sufficient power must
be provided over the DQ line when a temperature conversion is taking place. Since the operating current
of the DS18B20 is up to 1.5 mA, the DQ line will not have sufficient drive due to the 5k pullup resistor.
This problem is particularly acute if several DS18B20s are on the same DQ and attempting to convert
simultaneously.

There are two ways to assure that the DS18B20 has sufficient supply current during its active conversion
cycle. The first is to provide a strong pullup on the DQ line whenever temperature conversions or copies
to the E> memory are taking place. This may be accomplished by using a MOSFET to pull the DQ line
directly to the power supply as shown in Figure 2. The DQ line must be switched over to the strong pull-
up within 10 s maximum after issuing any protocol that involves copying to the E* memory or initiates
temperature conversions. When using the parasite power mode, the Vpp pin must be tied to ground.

Another method of supplying current to the DS18B20 is through the use of an external power supply tied
to the Vpp pin, as shown in Figure 3. The advantage to this is that the strong pullup is not required on the
DQ line, and the bus master need not be tied up holding that line high during temperature conversions.
This allows other data traffic on the 1-Wire bus during the conversion time. In addition, any number of
DS18B20s may be placed on the 1-Wire bus, and if they all use external power, they may all
simultaneously perform temperature conversions by issuing the Skip ROM command and then issuing the
Convert T command. Note that as long as the external power supply is active, the GND pin may not be
floating.

The use of parasite power is not recommended above 100°C, since it may not be able to sustain
communications given the higher leakage currents the DS18B20 exhibits at these temperatures. For
applications in which such temperatures are likely, it 1s strongly recommended that Vpp be applied to the
DS18B20.
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Appendix I: Irradiation sensor PYR 20

B Unleash Your
WL 1magination http://www.infwin.com

2 Introduction

PYR20 pyranometer, or solar Radiation Sensor, measures global radiation of both direct and
diffusion of solar irradiance. The internal temperature compensation minimizing the error caused
by heating of the sensor. Each sensor is calibrated against Eppley Precision Spectral Pyranometer
and offers excellent accuracy and consistency. The sensor is applicable for science research, solar

power , greenhouse, weather station etc.

Measurement range to 2000W/m2, Spectral range 400-1100nm
Output interface with RS485, Voltage or Current

Temperature compensated

Level indicator and spring loaded for installation

Water proof to IP66 can be used outdoor

High accuracy and consistency with excellent stability
Reverse power protection and Built-in TVS/ESD protection

Specifications

Output Interface Analog Voltage 0-2V Analog Current 4-20mA RS485
(Output resistance (Load Resistor<500chm) | Modbus-RTU
~0ohm)

Power Supply 3.9-30v/DC 12-30V/DC 3.9-30V/DC

Power Consumption | 7mA@24V DC 30mA@24V DC TmA @24V DC

(with 20mA output signal)

Pyr Range Range:0-2000W/m2, Accuracy 5%, Resolution:1W/m2

Spectral Range 400-1100nm

Direction Error Percent of reading: £3% (0 - £70°); £10% (£70 - £85°)

IP Ratings 1P66

Operating -40~85C

Temperature

Installation Screw hole * 3

Cable Length 2 meters, or Customize

Dimension 75*55*58mm

Endeavour Technology Co. Ltd. Dalian, CHINA. Website: http://www.infwin.com
Call: +86-411-66831953 +86-4000-511-521 Fax: +86-411-82388125 Email : infwin@163.com =4 =
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3 Wiring diagrams

Tvpe

‘Wiring diagram

Analog
Voltage
Output

Red (V+): Power Supply +
Black (G): Power Supply -
Blue (O1): Analog Output

Wiring Diagram for Analog Voltage Output 0-2V

{ L% \\bltage Detector  BLUE: Ol

surpLY: (D
surPLY+ (RS

Analog
Current
Output

Red (V+): Power Supply +
Black (G): Power Supply -
Blue (O1): Analog Output

m?ml‘em Detector  BLUE: O1

BLACK: G

SUPPLY-
SUPPLY+

RS485
Modbus

Red (V+): Power Supply +
Black (G): Power Supply -
Yellow (T+): RS485+/A/T+
White (T-): RS485-/B/T-

Endeavour Technology Co.,Ltd. Dalian, CHINA. Website: http://www.infwin.com
Call: +86-411-66831953 +86-4000-511-521 Fax: +86-411-82388125 Email : infwin@163.com gt B
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Wiring Diagram for RS485 Modbus

YELLOW : T+

RS485+

R5485-

BLACK : G
suerLy- (D
surrLy: HEED

ALL RS485 communication parameters (Mosbus Slave Address, baudrate, parity, databits, stopbits)

are set in internal register and can be saved when power down, the factory setting is ADDRESS=1,
BAUDRATE=9600bps,PARITY=NONE, DATABITS=8bits, STOPBITS=1bit;

Sometimes you may FORGET the communication settings, In this case, you can open the shield
module and press the SET button for more that 3 seconds, then all the communication parameters reset
to factory setting, then communicating with the sensor using the factory setting to set your desired

settings. Please re-power up the sensor to make the settings effective.

Endeavour Technology Co.,Ltd. Dalian, CHINA. Website: http://www.infwin.com
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