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CHAPTER 1 - INTRODUCTION

1.1. PROBLEM STATEMENT

The research explores the efficient integration of wind and solar energy into a hybrid
power supply system, aiming to develop a sustainable and optimized solution for current energy
demands. The study focuses on two main directions:

e Energy management in a hybrid system. This aspect involves coordinating the energy
generated by wind turbines and photovoltaic panels to ensure uninterrupted power supply to
consumers despite environmental variability. Chapter 5 addresses the design of the hybrid system
using compatible technological components, advanced controllers, and inverters. The
implemented solutions aim to minimize losses, maximize efficiency, and resolve encountered
issues, such as equipment limitations or connection challenges.

e Experimental validation of mathematical models. Experiments compared the
simulation results obtained in Matlab (Simulink) with practical data from hybrid system testing.
In Chapter 4, mathematical models and detailed block diagrams were developed for each
renewable source and the integrated system, analyzing their interactions and performance under
varied operating conditions. This process enabled a comprehensive assessment of the system'’s
efficiency and adaptability..

By integrating renewable energy sources and optimizing energy flows, the research
contributes to the development of a sustainable hybrid system capable of meeting current energy
needs and adapting to changing environmental conditions.

1.2. RESEARCH OBJECTIVES

This research aims to develop, optimize, and validate a hybrid power system based on
renewable energy sources, combining wind turbines and photovoltaic panels. The objectives of
the study are detailed and aim to fulfill essential directions for optimizing and implementing an
efficient and sustainable system. Therefore, the doctoral thesis seeks to pursue the following:

1. Literature review - Identifying technological advancements and analyzing the
components of hybrid systems (turbines, photovoltaic panels, battery storage, inverters,
controllers) for optimal energy management.

2. Development of mathematical models - Creating and simulating mathematical models
in Matlab (Simulink), considering meteorological factors and the variables of a fluctuating
environment to optimize energy performance. Experimental validation of the model through
comparison with simulation results and the development of an original mathematical model
capable of analyzing the influence of environmental factors on energy production.

3. Implementation and experimental testing - Constructing a functional prototype and
developing an autonomous wind-photovoltaic hybrid system, tested under real-world conditions
to calibrate and validate the mathematical models, demonstrating the system's efficiency and
applicability.

This study makes a significant contribution to the optimization of hybrid systems,
improving the anticipation and management of energy production based on external conditions.

1.3. STRUCTURE AND CONTENT OF THE THESIS

The doctoral thesis is structured into six chapters that focus on the development,
simulation, and validation of a wind-photovoltaic hybrid system based on renewable energy
sources..
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Chapter 1 - Introduction, contextualizes the research by highlighting the importance of
renewable energy sources and the thesis objectives.

Chapter 2 - Current state of development, analyzes advancements in renewable energy,
with a focus on wind turbines and photovoltaic panels.

Chapter 3 - Fundamental Principles, covers the fundamentals of hybrid systems,
including components such as wind turbines, photovoltaic panels, battery storage, inverters, and
controllers. The analysis is based on over 100 articles from international databases.

Chapter 4 - Mathematical models and performance simulation of hybrid systems,
presents mathematical algorithms for estimating energy production, simulated in Matlab
(Simulink), along with an original model for system performance analysis.

Chapter 5 - Experimental implementation and contributions to performance
optimization of hybrid systems, describes the design and testing of the hybrid system prototype,
validating experimental results against simulated data..

Chapter 6 - Conclusions and development perspectives, summarizes the main original
contributions and proposes future research directions..

This research makes significant theoretical and practical contributions, validating the
utility and efficiency of hybrid systems under diverse environmental conditions.
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CHAPTER 2 - CURRENT STATE OF RENEWABLE ENERGY SOURCES

2.1. TECHNOLOGICAL CONCEPTS OF WIND TURBINES

Bladeless wind turbine systems

Bladeless wind turbines utilize aeroelastic resonance to convert wind energy into
electricity, offering advantages such as lower costs, the absence of rotating components, and
operation at low wind speeds. However, their efficiency varies with wind speed, prompting
research into solutions like magnetorheological elastomers for resonance adjustment, thus
contributing to more sustainable and eco-friendly energy solutions [1], [2], [3], [4], [5], [6], [7].

Passive wind turbine systems

Passive wind turbine technology is based on the Venturi effect. When a fluid flows
through a constricted section formed between two optimally configured profiles, a pressure drop
occurs, drawing air from the edges of the channel. By placing a small rotor in this setup, wind
energy is captured, providing a silent, low-maintenance, environmentally friendly system that is
efficient in generating electricity [8], [9], [10], [11], [12].

Modular multi-rotor wind system

The modular multi-rotor wind system is based on an innovative design that integrates
smaller turbines into a vertical structure. This arrangement optimizes energy capture from wind
flows by eliminating active yaw mechanisms and reducing dependency on directional
fluctuations, offering an efficient and cost-effective alternative to large conventional turbines
[13], [14], [15], [16], [17].

2.2. TECHNOLOGICAL CONCEPTS OF PHOTOVOLTAIC PANELS

Bifacial photovoltaic systems

Bifacial photovoltaic systems, equipped with solar cells on both sides and a transparent
layer, capture both direct and diffuse or reflected light, generating up to 35-40% more energy
compared to monofacial panels, especially when integrated with solar tracking mechanisms [18],
[19], [20], [21], [22], [23], [24], [25].

Transparent photovoltaic panels

Transparent photovoltaic panels, with extensive applications in agriculture and urban
buildings, combine efficient energy generation with crop protection and optimal storage of
agricultural products. Agrivoltaic systems further enhance biomass and energy production on the
same surface. Using transparent luminescent solar concentrator technology, these panels achieve
an efficiency of 10.8% and a transparency of 45.8%, maximizing the conversion of ultraviolet
and infrared radiation [26], [27], [28], [29], [30].

The technology behind transparent solar panels represents a major innovation in
renewable energy, allowing integration into the glass surfaces of buildings to generate electricity
from the solar spectrum without compromising natural lighting. This contributes to energy
efficiency, reduced cooling costs, and the development of sustainable infrastructures compatible
with various architectural designs [27], [29], [30].
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CHAPTER 3 - FUNDAMENTAL PRINCIPLES OF RENEWABLE
ENERGY SOURCES

Throughout history, energy has been a central element in the development of humanity.
However, the excessive dependence on fossil fuels such as coal, oil, and natural gas has led to
adverse effects, including global warming and climate change. Traditional resources are finite,
and the transition to renewable sources, such as solar, wind, hydroelectric, and geothermal
energy, is becoming essential, requiring research to improve their efficiency, costs, and stability
[31], [32], [33].

Renewable energy, derived from self-regenerating sources such as the sun, wind, water,
and biomass, is used to produce electricity, fuels, and heat, offering advantages such as low
environmental impact and virtually unlimited potential. Although sources such as hydroelectric,
wind, and solar energy are among the most widely used globally, they face challenges such as
intermittency and unpredictability, which affect the efficient operation of energy systems and
their economic feasibility [34], [35].

In the last two decades, the capacity of renewable energy sources has grown significantly,
with notable growth rates in wind and solar energy [36], [37].
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Fig. 0.1. Cumulative global capacity of renewable energy sources from 2000-2020 based on IRENA
available data [36], [37]

3.1. WIND TURBINE TECHNOLOGY

Wind energy has evolved significantly since 2013, from small turbines to multi-megawatt
turbines, which are now widely integrated into electrical grids and wind farms. Although wind
turbines are becoming increasingly efficient, research continues to optimize their performance
and costs by implementing new generators and control technologies for more efficient integration
into electrical grids [38], [39], [40], [41].

Modern turbines utilize the principle of aerodynamic lift and can be classified into two
types: horizontal-axis or vertical-axis (aerodynamic resistance), with various control systems
designed to maximize energy production depending on wind speed. However, under varying
wind conditions, turbines do not always operate at maximum power, and controlling the
rotational speed or blade angle is essential for optimizing production [42], [43], [44].

Fig. 0.2. Classification of turbines based on the turbine axis position
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Electricity generation through wind turbines offers significant benefits, such as the
elimination of polluting emissions and low operational costs, with no waste production. Vertical-
axis wind turbines are omnidirectional and have advantages such as lower installation heights and
easier maintenance. However, they are less efficient compared to horizontal-axis turbines, which,
although more complex, provide higher yields and are preferred in modern wind energy
applications [42], [43], [45], [46], [47].

Disadvantages of wind turbines include noise and visual pollution, as well as the
instability of energy production due to variable wind. However, technological advances have
significantly reduced noise, and further development may expand their use in areas with limited
wind potential [45].

Wind turbines capture wind energy through a rotor that is constantly adjusted to align
perpendicular to the wind direction, converting the kinetic energy of the wind into mechanical
energy. The rotor's movement is generated by the pressure difference between the exposed and
opposite sides of the blades, and the mechanical energy is transformed into electrical energy
through a generator. In the medium wind speed range, the system optimizes conversion efficiency
by controlling the blade pitch angle and rotational speed to maintain an optimal power coefficient
and control the generator's torque [45], [48], [49].

The wind energy conversion system consists of three major components: mechanical,
electrical, and control, and is structured into three main stages: transforming the kinetic energy of
the wind into mechanical energy, converting mechanical energy into electricity through the
generator, and connecting to the electrical grid through a power converter. The key components
for this conversion are the rotor, gearbox (in direct drive solutions), electric generator, power
converter, and transformer [50], [51], [52].

Wind Turbine System
[ |

Wlnd Power Rotor Gearbox Generator Converter Transformer Grid
2 Y b .F K - @h
Input Output

Mechamca[ Power Conversmn E:h strical Power Conversion

Fig. 0.3. Typical power conversion stages in a horizontal-axis wind turbine [52]

The main components of a horizontal-axis turbine are (Fig. 3.5.): 1. Blade 2. Blade
support 3. Pitch angle control device 4. Hub 5. Rotor housing 6. Main support 7. Main shaft 8.
Aircraft warning lights 9. Gearbox 10. Mechanical brakes 11. Hydraulic cooling devices 12.
Generator 13. Power converter and electrical control, protection, and disconnect devices 14.
Transformer 15. Anemometer 16. Nacelle frame 17. Support tower 18. Yaw system [53].

Fig. 0.4. Main 'components of a horizontal-axis wind turbine [53]
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3.2. PHOTOVOLTAIC TECHNOLOGY

Renewable energy sources are considered a technological option for generating clean
energy. One of these systems that has attracted particular interest is the photovoltaic system,
regarded as one of the most promising renewable energy sources [89]. The photovoltaic energy
system is increasingly attracting attention due to the use of non-polluting, renewable, and free
solar energy, alongside growing concerns about environmental issues and the global energy crisis
[54], [55], [56], [57].

The principle of operation of solar cells (Fig. 3.10.), is based on the photovoltaic effect,
which involves the combination of two semiconductor materials, n-type and p-type, creating a
potential difference. Photons from solar radiation transfer energy to electrons, releasing them
from the crystalline lattice. This potential difference causes an organized flow of photo-generated
carriers (electrons and holes), and through the contacts in the cell, an external circuit is formed
that allows the circulation of electric current to provide useful energy [58].

|
/
Fluxulde /
“giuri" /

Fig. 0.5. Principle of operéfi?orﬁ'of the solar cell [58]

The photovoltaic system consists of four main blocks: the power source, the DC-DC
converter, the load, and the controller. The role of the static power converter is to adjust the
impedance to ensure the maximum energy delivery from the panel. The photovoltaic module has
a nonlinear power-voltage characteristic with a peak point (the maximum power point tracking—
MPPT) where the system operates at maximum efficiency, and the intensity of solar radiation
determines the variability of the generated power. The MPPT technique, combined with a DC-
DC converter, optimizes the power extracted from the photovoltaic system, thereby maximizing
the panel efficiency under changing weather conditions [59], [60], [61].

3.3. ENERGY STORAGE TECHNOLOGY

Energy storage has become an essential component in the development of smart energy
systems, attracting the attention of international organizations and countries that have developed
strategies for its implementation. Recent storage technologies offer a solution to address the
intermittency of wind and photovoltaic energy, which are influenced by weather conditions, and
power fluctuations can affect the frequency and voltage of the grid. By integrating energy storage
systems into renewable energy production, power fluctuations can be reduced, maintaining
system stability and minimizing the impact on the grid [62], [63], [64], [65], [66], [67], [68], [69],
[70].

Energy storage technology involves transforming energy from one form to another so that
it can be stored for later use. Energy may be stored in various media and then converted back into
electrical energy when needed.
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3.4. STUDIES ON HYBRID ENERGY GENERATION SYSTEMS

Solar and wind energy are widely used renewable sources, but due to the variability
imposed by factors such as season, geography, and climate, they present high uncertainty, which
can lead to energy instability. Combining the two sources using a DC-AC hybrid system allows
complementary energy generation, improving reliability and reducing dependence on a single
source. In isolated systems, the issue of excess energy must be managed, but this can affect
system performance [71], [72], [73], [74], [75].

The hybrid system mainly consists of the following components: a photovoltaic energy
generator, a wind energy generator, a controller, storage batteries, and an inverter, with the
system structure presented in Fig. 3.6. [71], [76].

Fig. 0.6. Schematic diagram of gﬁméutonomous‘Wi";d—photovoltaic hybrid system [76]

Photovoltaic energy results in the production of direct current from solar radiation, while
wind energy comes from the kinetic energy of the wind, which often produces electricity in the
form of alternating current. By combining the two energy sources, we can achieve not only
maximum power but also an optimal system and better productivity that suits our needs [77], [78].

The total capacity of a wind-photovoltaic hybrid system is determined based on the
estimated annual power demand, average wind speed, and solar radiation. Each renewable energy
source is defined based on actual environmental conditions. To improve the performance of a
hybrid system in various operating and environmental conditions, the maximum power point
tracking of the photovoltaic system and the pitch control of the turbine blades are considered [79].
The hybrid system is chosen because the use of two connected sources has a more efficient rate
than conventional systems based on a single renewable energy source [80].

There are two main objectives in designing the control strategy for hybrid renewable
energy systems. One important issue is maximizing energy extraction since these energy sources
provide varying amounts of power to the supply system under different conditions [81]. The
photovoltaic panel and wind turbine offer highly fluctuating energy, heavily dependent on
weather conditions. To overcome these issues, energy efficiency can be monitored by MPPT
algorithms [82]. The other issue is regulating the output voltage around a predetermined value; in
this case, the output voltage of the DC-AC converter must be controlled so that the DC-AC
inverter delivers the appropriate voltage on the AC side [81]. Therefore, it is essential to provide
solutions for a continuous and reliable energy source in remote areas. Hybrid power systems have
proven to be a viable option [83].

10
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CHAPTER 4 - MATHEMATICAL MODELS AND PERFORMANCE
SIMULATION OF HYBRID SYSTEMS IN SIMULINK

4.1. HORIZONTAL AXIS WIND TURBINE

4.1.1. Mathematical models of the wind energy conversion system

Electricity generation through wind turbines is the result of the interaction between the
wind and the rotor blades, a process in which the kinetic energy of the wind is converted into
rotational mechanical energy, which is then transformed into electrical energy [53].

To determine the kinetic energy of an air flow moving with speed, vi (m/s), the following
formula can be used [53], [84], [85]:

m- Ul
E.= 2 (4.1)
Therefore, the specific available power, Pavailable Of @ mass of air is [53], [85]:
dE. q-v?
Pavailable = E = 2 (4.2)
The capacity can be expressed by the formula:
dm
q= E:‘rn:p-s-v1 (43)

, this is known as the continuity equation, where m is the moving air mass (kg/s), influenced by
the air density p and the volume that passes through a surface area S (m?) of the air stream's
cross-section considered [53], [84], [85].

The air density varies depending on pressure and temperature [42], according to the ideal
gas law. Since pressure and temperature change with altitude at the installation site, their
combination affects the air density, which can be derived from the simplified relation (valid up to
an altitude of 6000m) [53]:

p=po—1194-107*-h (4.4)
where po, represents the standard air density at sea level (kg/m®), and h este is the height of the
turbine tower above sea level [53].

With the necessary information about density, exposed surface area, and velocity, the

available specific power of the air flow can be calculated in Watts [53], [84], [85]:
pSv{
Pavaitable = T (4.5)

A simplified model, developed by Albert Betz, is often used to calculate the energy
production of an ideal wind turbine, with the available incident power described by formula (4.5).
The more kinetic energy the turbine can extract from the wind, the lower the wind speed will be
at the turbine's exit.

The power coefficient C, (or efficiency coefficient) is the ratio of the extracted power to
the available wind power. This coefficient is also known as the "Betz limit," referring to the
fundamental concept: "The maximum power that can theoretically be extracted from the airflow
using an ideal turbine cannot exceed 59% of the available incident wind power.”

To determine the performance coefficient of the turbine, C,, a generic equation is used
[53], [85]:

c, —Cs

@Qﬁﬁw&k—%ﬁ—Q%WWwM (4.6)

where,
1 1 0,035

X A+0083 B3+1

(4.7)

11



Contributii privind realizarea unui sistem hibrid de alimentare cu surse regenerabile de energie

The coefficients c1 through ce are: ¢1 = 0.5176, ¢2 =116, c3=0.4,¢c2 =5, cs =21 si ce =

0.0068. The maximum value of C;is reached for § = 0, where 3 is the blade pitch angle [85], [86].

The aerodynamic characteristics of a blade are usually defined by the relationship

between tip speed and power coefficient. The tip speed ratio, denoted by parameter A, is the ratio

between the tangential speed of the blade tips and the wind speed at the inlet of the air flow tube
[53], [85], [86]:

v w, 'R
1=-L=_r (4.8)
%1 %1
21In
W, = (4.9)

60
where ar, is the angular rotational speed of the rotor [rad/s], R is the radius of the rotor [m], and n
is the rotor speed [rpm].

Since the power generated by a wind turbine depends on the power coefficient Cp and the
available wind power, it can be expressed as [53]:

Sv3

P=C,- ke (4.10)

The mechanical power generated can be calculated as follows [53]:
pSvi

Py =0m Cp- (4.11)

The electrical power generated can be calculated as follows [53]:
pSvi

Pezne'nm'cp'T (4.12)

The useful electrical power generated can be calculated as follows [53]:
pSvi
By = Naux "Ne " Mm " Cp* (4.13)

2
where [53]:

e 1m is the overall mechanical efficiency of the transmission system;
e 1 is the generator efficiency;

e 1aux iS the auxiliary circuit efficiency.

The horizontal-axis wind turbine, through which experimental data is to be collected,
includes fixed blades that rotate a shaft on which the rotor of the synchronous generator with
permanent magnets is mounted. The rotor consists of a permanent magnet, which generates a
rotating magnetic field obtained mechanically, leading to the generation of electromotive forces
at the level of the three-phase windings of the stator [87].

4.1.2. Simulation of the wind mathematical model

Using Simulink software, a block diagram of a horizontal-axis wind turbine will be
implemented to analyze the modeling of the characteristics and phenomena that arise. This
involves defining the mathematical relationships that describe the interaction of the turbine with
the wind, the generator, and other system components. Additionally, turbine parameters, such as
the performance coefficient, the blade pitch angle, etc., must be established to accurately reflect a
real-world environment.

To obtain concrete values in the simulation, it was necessary to estimate the mechanical
losses of the wind turbine due to incomplete specifications, considering losses of 1-3% of the
total power for high-quality bearings and 1-2% for internal aerodynamic friction. Thus, the
overall mechanical efficiency of the transmission system was set at 97%, the generator efficiency
at 95%, and the wind controller efficiency was considered to be 97%. These constants will be

12
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integrated into the Simulink block diagram to determine the useful electrical power generated by
the wind turbine according to formula (4.1.).

Fig. 0.1. Schema bloc pentru determinarea puterii electrice utile generate de turbina eoliana

In the block diagram shown in figure 4.1., formula (4.9) has been integrated to determine
the angular speed of the rotor as a function of the rotational speed, since measurements at
different wind speeds will be carried out in the experimental section using a tachometer. The
rotational speed of the wind turbine generator's rotor will be used as an input data for the

simulation.

4.1.3. Simulated results

To ensure the highest possible accuracy of the simulated data, input values were taken
from the experimental section, where the wind speed was measured with an anemometer and the
rotor's rotational speed was determined using a tachometer. This approach will allow for a direct
validation of the simulated data by comparing it with the actual measured values, ensuring a close
correlation between the experimental results and those obtained from the simulations.
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Analyzing the graph of values obtained from the simulations, a direct proportional
relationship can be observed between the useful electrical power generated by the wind turbine
and the wind speed. This results from the fact that, as the wind speed increases, the airflow
available to the turbine rotor is greater, which leads to a significant increase in the power
captured and converted into useful electrical energy.

The method of integrating experimental data as input values in the simulation process
allowed for a rigorous calibration of the mathematical model. The simulation generated detailed
information about the performance coefficient, such as the useful electrical power generated by
the wind turbine, and these results will later be compared with the experimental data obtained
during tests conducted in real field conditions.

13
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4.2. PHOTOVOLTAIC PANELS

4.2.1. Mathematical models for the photovoltaic energy conversion system

A photovoltaic cell can be considered as a current generator and can be represented by the
equivalent circuit shown in Fig 4.3.

I

OIS v

O

Fig. 0.3. Equivalent circuit configuration of a photovoltaic cell with a single diode [88]

The basic equation for the equivalent circuit configuration of a photovoltaic cell with a
single diode (Fig. 4.3.) is defined using Kirchhoff's current law for the current | [88], [89], [90],
[91], [92]:

I=1,—1I,— Iy (4.14)

where:
I, is the generated current;
I, is the light-generated current in the cell;
Ip, is the current lost through the diode, dependent on the voltage;
Ish, is the current lost due to the shunt resistance [88], [89], [90], [91].

The light-generated current in the cell is defined as:

I, = (Isc_T + K; (T, — Tref)) N (4.15)

where:
Isc, is the short-circuit current as a function of temperature;
Ki, is the temperature coefficient of the short-circuit current;
T, is the temperature of a cell in Kelvin (K);
Tref, IS the reference temperature in Kelvin (K);
S, is the solar radiation in kW/m? [89], [90], [91].

To measure solar radiation in W/m2, we can rewrite formula (4.15) as:

S
I, = [Isc + K (T, — Tref)] ' m (4.16)
Another formula used to determine the light-generated current in the cell is:

S+ S-Alb(1 —cosB)
I, = [Isc + K (T, — Tref)] ' 1000

(4.17)

where:
Alb, is the albedo factor;
©, is the angle of incidence of the solar radiation.
The short-circuit current can be defined as a function of temperature as follows:
Iscr = Isc[1 + Ki(Te — Tref)] (4.18)
In the equivalent circuit of the single-diode model, Ip is modeled using the Shockley
equation for an ideal diode as follows [88], [89], [90], [91], [92]:

V+IR;
Ip=1I,- (e nr — 1> (4.19)

where:

14
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n, is the ideality factor of the diode, a unitless parameter, which for a single-junction cell
typically ranges from 1 to 2;
V, is the cell voltage;
Rs, is the series resistance.
lo, is the saturation current given by the formula [89], [91]:

T\ sl )
o)

kn (4.20)
Tref

where:
Eg, is the bandgap energy of the semiconductor material used in the solar cells.
Irs, IS the reverse saturation current given by the formula [91]:

I
Ips = —y—— (4.21)

where:
Vo, IS the open-circuit voltage.

The open-circuit voltage can be defined as a function of temperature as follows:

Voc_T = Voc[1 + Ky, (T, — Tref)] (4.22)

where:
Ky, is the temperature coefficient of the open-circuit voltage;

V7 is the thermal voltage given by the formula [88], [89], [90], [91], [92]:

kT,

V= ¢ (4.23)

where:
k, is Boltzmann's constant (1.381 x 1023 J/K);
g, is the charge of the electron (1.6 x 10°*° C) [88], [89].
Ish, is the current lost due to the shunt resistance, given by the formula [88], [89], [90], [91],
[92]:
_ V+IR,
sh Rsp

(4.24)

where:
Rsh, is the shunt resistance.
Thus, the current supplied to the load is given by the following formula [88], [89], [90],

[91], [92]:
V+IRs V + IR,
I=IL_10' e nvr _1 - (425)
Rsh

In typical solar cells, the leakage current Ish is usually very small compared to the other
two currents in the equation, thus becoming negligible. Therefore, the saturation current of the
diode can be experimentally determined by applying an open-circuit voltage Vo to a cell that is
not exposed to light and measuring the current passing through it [88].

4.2.2. Simulation of the photovoltaic mathematical model

This section aims to present the simulation process of the mathematical model of a
photovoltaic system in Simulink, highlighting its importance in evaluating the performance of
real systems. By simulating various operating scenarios and adjusting input parameters, valuable
insights can be obtained about the photovoltaic system's behavior under different conditions, thus
contributing to improving its efficiency and reliability.

The mathematical model of the photovoltaic panel was developed based on the
fundamental equations that describe the electrical behavior of solar cells.
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In the final stage of the simulation, the block diagram for calculating the current generated
by the photovoltaic panel was developed, taking into account all relevant parameters according to
formula (4.25):
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Fig. 0.4. Block diagram for calculating the current generated by the photovoltaic panel, |

This block diagram provides a clear and structured representation of how the variables
and parameters interact to determine the current produced, considering the effects of various
operating conditions and characteristics of the photovoltaic system.

3.5818202097739)

w

T 95.162308295124
B

3.3049412602474)

» 0.27687794352649|
NV sere r @.7

Fig. 0.5. Block diagram for determining the electrical power generated by the photovoltaic panel

4.2.3. Simulated results

To obtain relevant and accurate simulated data, a series of experimental parameters were
used as input data for the mathematical model of the photovoltaic panel in Simulink. These
experimental data include the voltage generated by the panel, measured solar radiation, and the
temperature at the photovoltaic cell level. Additionally, the angle of incidence of solar rays on the
panel was calculated precisely, taking into account the day, hour, and minute when the
measurements were taken. This incidence angle was determined through the analysis and
integration of the four main angles that contribute to its formation, thus ensuring the accuracy of
the simulated data. Using this approach, we were able to obtain the current and power generated
by the panel, which were then used as simulated data for model validation.
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Fig. 0.6. Simulated power and current as a function of solar radiation over time

The method of using experimental data as input for the simulation provided the advantage
of offering precise calibration of the mathematical model. The simulation yielded a series of data
regarding the power generated and the current produced by the photovoltaic panel. These results
will be compared with the experimental data collected during field tests.

4.3. INTEGRATED SIMULATION OF THE HYBRID SYSTEM

This subsection presents the integrated simulation of the hybrid renewable energy system,
composed of the renewable energy sources: wind and photovoltaic. Simulations for each
subsystem were performed in Simulink, using mathematical models specific to each technology.

The wind turbine simulation was based on key parameters such as rotor radius and blade
pitch angle, considered constant, while the input variables included wind speed and rotor speed.
For the photovoltaic system, the albedo was treated as a constant value, and the input variables
included solar radiation, temperature, voltage taken from the experimental part, and the
calculated angle of incidence of solar rays on the panel.

The wind system simulation included all efficiencies and power losses, from mechanical
losses in the transmission part to the efficiency of the synchronous generator and the wind
controller. Subsequently, in the experiment, data on the output power generated by the turbine
after the wind controller will be obtained, where an intelligent resistor was integrated for
parameter measurement. These experimental values will be compared with the data obtained
from the simulation.

In the simulation of the photovoltaic system, relating to the experimental configuration,
measurements will be collected via the solar charge controller, which has input ports for the
photovoltaic panel and output ports for the battery storage, thus acquiring data for both types of
connections. The mathematical model analyzed the parameters obtained from the photovoltaic
panel, but for a realistic evaluation in the final stage of the hybrid system, relevant data refer to
the charging of the battery storage. Therefore, it is necessary to integrate the efficiency of the
solar charge controller into the block diagram of the photovoltaic system simulation.
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Fig. 0.7. Block diagram of the hybrid system in Simulink

The simulation conditions included variations in the previously mentioned experimental
parameters as input data, and the equipment efficiencies were simplified, being included in the
calculations to evaluate the overall performance of the hybrid system.

The integration of the simulations was achieved by accumulating the power generated by
each system separately, according to the theoretical principle of connecting renewable sources in
parallel, where the electrical powers add up [93], [94]. The input parameters of the simulation
were taken from real-time experimental measurements.
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Fig. 0.8. Time variation of the simulated powers in Simulink

After performing the simulation values for the wind-photovoltaic hybrid system, the
obtained results provide an initial evaluation of the theoretical behavior of the system under
various operational scenarios. These simulated values allow us to analyze the energy potential
and the overall efficiency of the system. At this stage, the system has not yet been validated, so
the data require a comparison with the experimental values (field measurements) to confirm the
accuracy and viability of the theoretical model.
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CHAPTER 5 - EXPERIMENTAL IMPLEMENTATION AND
CONTRIBUTIONS TO THE OPTIMIZATION OF HYBRID SYSTEM
PERFORMANCE

In this chapter, we will present the experimental achievements and contributions made in
the development of hybrid systems. As part of this effort, the design and implementation of two
renewable energy systems were carried out: a wind system and a photovoltaic system. The
experimental data obtained for each of these systems will be detailed in the following sections,
highlighting the technical specifications, testing methods, and performance achieved.

Initially, we will focus on the design of the wind system, explaining the development
stages, component selection, and optimization criteria used to maximize energy efficiency. The
experimental data collected during performance tests will be presented, followed by an analysis
of the results and conclusions drawn.

Subsequently, we will detail the design of the photovoltaic system, following a similar
approach. The technical specifications, testing methodology, and experimental results obtained
will be discussed, with an emphasis on factors influencing system performance.

Finally, the two systems will be integrated into a hybrid system. This section will include
a description of the integration process, an analysis of the synergies between the two energy
sources, and an evaluation of the overall performance of the hybrid system.

5.1. DESIGN OF THE WIND SYSTEM

5.1.1. Experimental implementation of the wind system

Through the “Renewable Energy Sources and Electrical Equipment Maintenance”
laboratory at the Naval Academy “Mircea cel Batran,” I had access to equipment and resources
that allowed the development of an optimized wind system for various testing conditions. The
design process included careful selection of components, their configuration, and integration into
a system capable of generating and efficiently managing the energy produced by the horizontal-
axis wind turbine. The project involved the development of a fully autonomous wind system,
including essential components such as the controller, batteries, and inverter.

After analyzing and detailing all the components necessary for creating an autonomous
wind system, | proceeded to the practical stage of designing and implementing it. In this stage, |
created the electrical schematic of the entire system, which included the connections and
interactions between the wind generator, charge controller, battery bank, inverter, and the
variable load consumer system.
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Fig. 0.1. Electrical schematic of the autonomous wind system with variable load
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Based on the electrical schematic, the physical implementation of the autonomous wind
system was carried out, allowing the collection of relevant experimental data, such as voltage,
current, generated power, and system efficiency under various operating conditions, to
experimentally evaluate its performance and validate the simulated mathematical model.

5.1.2. Experimental results

Once physically completed, the wind system was installed on the building of the Faculty
of Naval Engineering at the “Mircea cel Batran” Naval Academy for adjusting the operating
parameters of the controller, smart measurement resistors, inverter, and calibrating the data
acquisition board for precise monitoring of essential variables, as well as optimizing electrical
connections to reduce losses and improve energy efficiency. Experimental data were then
collected.

Through the smart measurement resistor connected to the negative terminal at the output
of the wind controller, data were monitored and transmitted to the acquisition board, which
recorded the following parameters: charging current and voltage, charging power of the battery
bank (to be specified in the hybrid system), and useful electrical power generated by the wind
turbine. In parallel with this activity, wind speed at the turbine level was measured using a
WTB816A anemometer. These measurements were crucial to assess the impact of wind conditions
on the system's performance.

A

Fig. 0.2. Measuring wind speed at the level of the horizontal axis wind turbine

The wind turbine rotor speed was measured using a tachometer, enabling the subsequent
determination of the rotor's angular speed, which will facilitate the validation of simulated data
by comparing it with the values obtained from the experimental side.

The experimental data used in simulations were recorded on 28.08.2024, during a day
with moderate wind. Although data were also collected on days with lighter winds, only relevant
values corresponding to stronger wind gusts were selected for the final analysis, when the
acquisition board collected significant values of the parameters of interest.

These experimental data are essential for verifying and validating the simulated model of
the system. By comparing the data obtained during practical tests with the results of the
simulations, the accuracy of the theoretical model will be assessed, and any discrepancies will be
identified.

The acquisition board received experimental data from the smart measurement resistor,
which recorded the following parameters at the output of the wind controller: the useful electrical
power of the wind turbine, current, voltage, and the charging power for the battery bank (the last
three parameters will be used in validating the hybrid system).
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Fig. 0.3. All parameters of the turbine acquired by the smart measurement resistor

5.1.3. Validation of experimental and simulated data

The following subsection details the process of validating experimental and simulated
data for the 200W wind turbine. Validation is a crucial step in ensuring the accuracy of the
mathematical model in the simulations. By comparing the experimental data obtained under real
testing conditions with the results generated by the mathematical model in the simulation, the
degree of concordance between the actual behavior of the turbine and the theoretical predictions
can be assessed. This analysis will allow for identifying any deviations and appropriately
adjusting the model parameters.

By applying the relative error calculation method, we were able to compare the simulated
values with those obtained from real experiments, identifying any discrepancies or minor
deviations. This approach allowed for a detailed evaluation of the model's accuracy, while also
providing essential information about potential improvements needed. With the relative error
staying within limits under 1.69%, we can confirm that the developed mathematical model
successfully reflects the behavior of the wind system, making it a reliable tool for future analyses
and predictions.
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Fig. 0.4. Variation over time of real and simulated values of useful electrical power

5.2. DESIGN OF THE PHOTOVOLTAIC SYSTEM

5.2.1. Experimental implementation of the photovoltaic system

In the subchapter "Design of the Wind System," | detailed all the components necessary
for a complete autonomous system. The photovoltaic system will include all the previously
specified elements, except for the horizontal-axis wind turbine and its controller. In this section,
we will focus exclusively on the specifics of the photovoltaic system, addressing components that
were not mentioned in the context of the wind system. We will explore in detail the aspects
related to the design and integration of photovoltaic components and collect relevant
experimental data to evaluate the performance of this system, thus ensuring a comprehensive and
accurate analysis.
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After detailing the specific components that will be integrated into the photovoltaic
system, | proceeded with the creation of the electrical diagram. This diagram was designed to
ensure optimal system operation, taking into account the particularities of the selected equipment.
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Fig. 0.5. Electrical diagram of the photovoltaic system

5.2.2. Experimental results

After completing the photovoltaic system, we obtained experimental data on the voltage
and power generated by the photovoltaic panel using the data acquisition board. In this
subchapter, we focus exclusively on analyzing the electricity production. The solar radiation
incident on the inclined surface was measured using a PYR1307 pyranometer.

Solar Power Meter K

Fig. 0.6. Measuring solar radiation on the inclined surface with the PYR1307 pyranometer

Experimental data were collected on a clear day with 1/8 cloud cover to validate the
mathematical model created in the Simulink simulation. To ensure the accuracy and efficiency of
the model, measurements were recorded on both sunny and cloudy days, during the period from
02.08.2023 to 13.09.2023. The experimental measurements from 23.08.2023 provide a solid basis
for comparing the theoretical and real performance of the constructed photovoltaic system.
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Fig. 0.7. Power and voltage generated by the 395W photovoltaic panel

The data acquisition board received real-time information from the solar charge
controller, which recorded important parameters related to the voltage and power generated by
the photovoltaic panel (data used to validate the mathematical models for the photovoltaic
system), as well as the values of current, voltage, and battery charging power (data used in the
validation process for the hybrid system simulations).

Fig. 0.8. All parameters recorded by the solar charge controller

5.2.3. Validation of experimental and simulated data

An essential component of any research process is the verification and validation of the
results obtained through simulation against experimental data. In this case, to ensure the
relevance and accuracy of the mathematical model developed for the photovoltaic system, it is
crucial to analyze how well the simulated values match those obtained experimentally.

During the experiment, the data acquisition board recorded the voltage and power values
generated by the photovoltaic panel at the solar charge controller every minute, allowing us to
calculate the current generated by the photovoltaic panel under real conditions.

In the simulation, the basic mathematical model for the equivalent circuit configuration of
a photovoltaic cell with a single diode was used, and the input data included: solar radiation, cell
temperature, angle of incidence of sunlight on the inclined surface of the panel, and the voltage
experimentally measured by the panel. Following the simulation in the Simulink software, the
current value and, implicitly, the simulated power of the panel were obtained.

To validate the simulated data against the experimental ones, we used the relative error
formula. Based on the error calculation formulas mentioned earlier and utilizing the data obtained
both experimentally and through simulation, a table was created presenting the relevant
differences between the respective values.
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Fig. 0.9. Time variation of experimental current and power compared to simulated values

The simulated data for the photovoltaic system were validated through a rigorous
comparison with the measurements obtained experimentally, allowing for an accurate assessment
of the mathematical model's accuracy. Following this detailed analysis, it was found that the
maximum relative error between the simulated and experimental values was only 1.1%, an
outstanding result that demonstrates the model’s ability to replicate the real performance of the
photovoltaic system with high precision. This relatively small error reflects the fact that key
parameters such as solar radiation intensity, conversion efficiency, and operating conditions were
well correlated in the simulation, thus providing a solid basis for extrapolating the results and
applying them to practical scenarios. Therefore, this validation confirms that the model is suitable
for accurate predictions and for the subsequent evaluation of the photovoltaic system's behavior
under different operating conditions.

5.3. DESIGN OF THE HYBRID SYSTEM

5.3.1. Creating of the hybrid energy generation system

When two renewable energy sources are connected to a distribution bus, the total
generated power will be the sum of the powers provided by each source, provided that they are
properly synchronized and compatible in terms of voltage and frequency (for AC) [93], [94], [95],
[96].

After the equipment was calibrated according to the specific requirements of our system
and issues related to incorrect connections were resolved, the electrical diagram and connection
scheme were created. These diagrams ensured a clear and coherent organization of the system
components, facilitating the correct implementation of all the necessary electrical connections for
the proper functioning of the assembly.
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Fig. 0.10. Electrical diagram of the wind-solar hybrid system
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In our case, we have a 200W wind turbine generating alternating current (AC), which is
converted to direct current (DC) through a wind controller, and a 395W photovoltaic panel
connected to the batteries through a solar charge controller. The two sources are connected to the
distribution bus, meaning that both supply the battery and the consumer system with DC power.
The total available power at the distribution bus is theoretically the sum of the powers generated
by both sources, depending on environmental conditions (wind intensity and solar radiation) [93],
[94], [95]. If both sources are operating at maximum capacity, the total available power would be
595W.

From an energy management and distribution perspective, the wind and solar controllers
requlate the flow of energy to the batteries and consumers, eliminating the risk of
desynchronization (as would be the case with AC). The energy produced by the renewable
sources will charge the batteries and power the consumers depending on the system's
requirements and the state of charge of the battery banks. When the energy produced by both
sources exceeds consumption, the excess energy will charge the batteries. If consumption
exceeds the produced energy, the system will draw power from the batteries. Depending on the
resistance of the circuits and the connecting components, small imbalances may occur in the
current flow between the sources and the distribution bus; however, these are generally managed
by the controllers.

5.3.2. Experimental results from testing the hybrid energy system

This subsection presents the experimental results obtained through the data acquisition
board after practical tests were conducted on the hybrid system, consisting of two renewable
energy sources: wind and photovoltaic. The measurement steps were previously elaborated and
detailed for each component, using a rigorous methodology to obtain the reference values
necessary for validating the simulated mathematical model.
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Fig. 0.12. Real-time data acquisition
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The day of 28.08.2024 was strategically chosen due to favorable weather conditions for a
detailed evaluation. The full cloud cover (8/8) limited the performance of the photovoltaic panel,
while still allowing for an in-depth analysis of the wind turbine's energy production. On that day,
moderate wind gusts provided favorable moments for recording essential parameters of the
turbine, contributing to the collection of precise data for evaluating the hybrid system. These
experimental measurements are crucial for correlating the results with theoretical simulations and
validating the system's performance under varying weather conditions.
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Fig. 0.13. Time variation of hybrid system's charging power

The system produced electrical energy according to environmental conditions, namely
wind for the wind turbine and solar radiation for the photovoltaic panel. In addition to energy
production, the system also had its own consumption. The internal DC power consumption was
generated by the necessary electronic equipment, such as the data acquisition board, smart
measuring resistors, and the inverter. Furthermore, there was an external AC power consumption
at the inverter's output, which powered the consumer system with variable steps.

The energy produced by the entire system was used to cover both internal and external
consumption, with any surplus directed towards charging the batteries. Depending on the energy
demand from the consumers and the environmental conditions, the energy stored in the batteries
was used to compensate for insufficient production. The battery charging and management
algorithm ensured the protection of the batteries against excessive discharge, maintaining a
balance between system production and total consumption.
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Fig. 0.14. Operation of the hybrid system connected to the consumer system with variable load
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5.3.3. Validation of experimental and simulated data

In the simulation of the hybrid renewable energy system, the values obtained for the
power generated by each subsystem were combined to analyze overall performance. The
simulations indicated that the total power generated by the hybrid system fell within the expected
limits based on experimental data. For the wind turbine, the simulations produced a variable
average power depending on the wind speed, while for the photovoltaic system, the generated
power was correlated with variations in solar radiation and temperature.

On 28.08.2024, under conditions of lower solar radiation and moderate winds, the
combined power of the system reached a maximum value of 204 W, while the mathematical
model simulated a value of 204.38 W. Analyzing the minimum value recorded by the hybrid
system, it generated 26 W, while the simulation in Simulink predicted a value of 26.28 W,
confirming an accurate prediction of the generated power. Based on the actual data from the
hybrid system, the following values were obtained: for the wind turbine, the generated power
varied between 2.42 and 62.59 W, depending on the real wind speed measured, while the
simulation determined values between 2.01 and 62.27 W. The photovoltaic system produced
power values ranging from 23.21 to 210.17 W, depending on solar radiation, cell temperature,
and the angle of incidence of sunlight on the panel, while the mathematical model in Simulink
produced values between 24.78 and 204.38 W.

The main objective was to validate the simulated results by comparing them with the real
data obtained from testing. During this validation process, it was found that the relative error did
not exceed the threshold of 2%, ensuring the accuracy of the mathematical model and its
correlation with the practical performance of the hybrid system.
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Fig. 0.15. Real and simulated powers of the hybrid wind-photovoltaic system

The simulated model for the wind component is well-calibrated for the range of low
experimental values, indicating a good validation. The simulation for the photovoltaic part shows
slightly higher errors, particularly in the middle power range (where the sun may be partially
covered by clouds), due to the efficiency of the solar charge controller at the output, which does
not maintain a constant peak efficiency of 98%. The simulation for the total power is accurate,
and the differences between experimental and simulated values are minor, suggesting that the
overall model works well for predicting the generated hybrid power. These conclusions support
the validation of simulated data with experimental data in the PhD thesis, demonstrating that the
model for the wind-photovoltaic hybrid system is efficient.
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CHAPTER 6 - CONCLUSIONS AND DEVELOPMENT PERSPECTIVES

6.1. PERSONAL CONTRIBUTIONS

One of the main contributions of the thesis is the development of an original
mathematical model created specifically to simulate the complex interactions between the
components of a wind-photovoltaic hybrid system. This model makes a significant contribution
to the field of renewable energy by its ability to simultaneously integrate a variety of dynamic
variables and provide accurate predictions of the system's behavior based on fluctuating weather
conditions. Unlike traditional models, which often treat each energy source separately and use
simplified approximations to assess interactions between them, the model developed in this thesis
takes into account the rapid and often unpredictable variations in wind speed and solar radiation
intensity. This more complex approach not only allows for more realistic simulations but also
facilitates the dynamic adaptation of the model to real operating conditions, offering efficient
solutions for managing the variability of energy production.

Another major personal contribution is the creation of an experimental prototype that
allowed the theoretical validation of the developed mathematical model. Through this prototype,
a direct comparison was made between the simulated and real-world measured data, providing a
practical confirmation of the model's functionality and accuracy. The development of the
prototype required an interdisciplinary approach, involving not only theoretical knowledge from
mathematics and physics but also technical skills in circuit design, energy parameter
measurement, and optimization of the hybrid system components. This stage of the research
clearly demonstrated that the proposed model not only works in simulated conditions but can also
be successfully implemented in real physical systems. Real-time measurements taken from the
prototype revealed a very good correlation between the theoretical results and the system's field
performance, thus confirming the validity of the adopted approach.

The development of an autonomous hybrid system capable of operating in variable
and challenging environments represents another important contribution. Thanks to its
autonomy, the system reduces dependence on external energy grids, a major advantage for use in
isolated environments. An essential aspect of this contribution is the system's ability to
automatically adjust its operating parameters based on the availability of renewable resources and
consumption needs. This allows it to effectively manage battery charging and discharging, as
well as direct energy to the most relevant consumers at any given moment.

Moreover, this research opens new perspectives for the development of similar hybrid
systems in other critical fields, such as powering isolated homes or research bases in Arctic
regions, where energy fluctuations and extreme conditions demand innovative and efficient
technological solutions. By integrating different renewable sources into a single system capable
of responding quickly and precisely to resource variations, the contributions of this thesis provide
a solid starting point for expanding the use of renewable energy in varied and challenging
contexts. Additionally, the proposed mathematical model can be adapted and extended to
incorporate other renewable energy sources, such as biomass or hydro energy, thus
broadening its applicability in different and complex scenarios.

In conclusion, this research makes significant contributions both theoretically and
practically, not only by developing and validating an innovative mathematical model but also by
creating a functional prototype that can be successfully applied in real-world situations.
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