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Abstract

This thesis investigates advanced control strategies for photovoltaic (PV) systems, focusing on
power quality improvement and efficient energy injection into the grid. The limitations of conventional
boost converters (CBC) are addressed by employing a four-leg interleaved boost converter (FLIBC),
which offers reduced ripple, enhanced efficiency, and suitability for high-power applications.

Fuzzy logic and incremental conductance maximum power point tracking (MPPT) algorithms are
compared, with fuzzy logic demonstrating superior performance in terms of convergence speed and
reduced voltage ripple. Nonlinear control strategies, including backstepping (BS), sliding mode control
(SMC), and super-twisting sliding mode control (STSMC), are implemented and compared with
traditional proportional-integral (PI) controllers for the FLIBC. STSMC exhibits the best performance
by eliminating chattering and achieving fast response.

For grid integration, a classical direct power control (DPC) strategy utilizing a switching table is
initially explored for the FLIBC-based Multifunctional Grid-Connected PV (MGCPV) system. The
FLIBC-based MGCPV system demonstrates superior performance compared to the CBC-based
MGCPV system, particularly in terms of reduced power ripple, lower overshoot, and diminished
harmonic distortion. These improvements highlight the enhanced efficiency and reliability of the
FLIBC-based system in grid-connected photovoltaic applications.

Then, an enhanced DPC strategy combined with space vector modulation (SVM) and a grey wolf
optimizer (GWO)-tuned BS controller is proposed. Simulation results validate the effectiveness of the
proposed control schemes in achieving precise power regulation, minimizing harmonic distortion,
reducing power ripple, and enhancing grid stability under various operating conditions, including
changes in solar irradiance and load variations. The GWO-optimized BS controller demonstrates
superior performance compared to PI controllers in the DPC-SVM strategy.

This research contributes to the development of robust and efficient control solutions for integrating
PV systems into modern power grids, paving the way for enhanced power quality and a more sustainable

energy future.

Keywords: Photovoltaic, Grid connected PV system, Backstepping, Sliding mode control, Interleaved

boost converter, Direct power control, Grey wolf optimizer



Résume

Cette thése explore des stratégies de contrdle avancées pour les systémes photovoltaiques (PV), en
mettant l'accent sur I'amélioration de la qualité de 1'énergie et l'injection efficace de I'énergie dans le
réseau. Les limites des convertisseurs boost conventionnels (CBC) sont abordées en utilisant un
convertisseur boost entrelacé a quatre branches (CBEQB), qui offre une réduction des ondulations, une
efficacité améliorée et une adaptabilité aux applications de haute puissance.

Les algorithmes de suivi du point de puissance maximale (SPPM) basés sur la logique floue et la
méthode de conductance incrémentale sont comparés, la logique floue démontrant des performances
supérieures en termes de vitesse de convergence et de réduction des ondulations de tension. Des
stratégies de controle non linéaires, notamment le backstepping (BS), le controle par mode glissant
(CMQ) et le contrdle par mode glissant super-twisting (CMGST), sont mises en ceuvre et comparées
aux contrdleurs traditionnels proportionnels-intégraux (PI) pour le FLIBC. Le CMGST présente les
meilleures performances en éliminant le phénomeéne de chattering et en offrant une réponse rapide.

Pour l'intégration au réseau, une stratégie classique de contréle direct de la puissance (CDP)
utilisant une table de commutation est initialement explorée pour le systéme photovoltaique
multifonctionnel connecté au réseau (PMCR) basé sur le CBEQB. Ce systéme montre des performances
supérieures par rapport au systéme PMCR basé sur le CBC, en particulier en termes de réduction des
ondulations de puissance, de diminution des dépassements et de réduction de la distorsion harmonique.
Ces améliorations mettent en évidence 1'efficacité accrue et la fiabilité du systéme basé sur le CBEQB
dans les applications photovoltaiques connectées au réseau.

Ensuite, une stratégie CDP améliorée, combinée a une modulation vectorielle (MV) et a un
contréleur BS optimisé par I'algorithme du loup gris (ALG), est proposée. Les résultats de simulation
valident l'efficacité des schémas de contréle proposés pour atteindre une régulation précise de la
puissance, minimiser la distorsion harmonique, réduire les ondulations de puissance et améliorer la
stabilité du réseau dans diverses conditions d'exploitation, notamment les variations de l'irradiation
solaire et des charges. Le controleur BS optimisé par ALG démontre des performances supérieures par
rapport aux contrdleurs PI dans la stratégie CDP-MV.

Cette recherche contribue au développement de solutions de contrdle robustes et efficaces pour
l'intégration des systémes PV dans les réseaux électriques modernes, ouvrant la voie a une meilleure

qualité de 1'énergie et a un avenir énergétique plus durable.

Mots-clés: Photovoltaique, systéme PV connecté au réseau, Backstepping, commande a mode glissant,

convertisseur boost entrelacé, commande directe de puissance, optimiseur a loup gris.
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General Introduction

General Introduction

The global transition toward sustainable energy systems has placed photovoltaic (PV) technology
at the forefront of renewable energy integration. Grid-connected PV (GCPV) systems are becoming
increasingly prevalent due to their potential to generate clean, reliable, and decentralized electricity [1].
These systems play a critical role in facilitating the integration of solar energy into the grid by ensuring
efficient energy transfer. Additionally, GCPV systems can support ancillary services such as harmonic
mitigation, reactive power compensation, and voltage regulation in utility grids [2].

However, this widespread adoption presents significant challenges, particularly concerning power
quality [3]. Voltage instability, harmonic distortions, and grid synchronization issues are among the
critical hurdles that compromise the performance and reliability of electrical grids [4]. The intermittency
of solar energy exacerbates these challenges, as does the dynamic nature of grid conditions and the
prevalence of widespread nonlinear loads. These factors necessitate the development of advanced
control strategies and converter topologies capable of handling high-power rates. Addressing these
issues is paramount for ensuring the seamless integration of PV systems into modern electrical grids,
ultimately supporting a more resilient and sustainable energy future.

Conventional boost converters (CBC) have been widely used in PV systems due to their simplicity
and cost-effectiveness [5], [6]. However, they exhibit several limitations when addressing the stringent
requirements of modern grid-connected PV systems. These converters often suffer from high switching
losses, significant current ripple, and limited efficiency, particularly under high power and dynamic
operating conditions [7]. Additionally, the single-phase design of CBCs can lead to poor thermal
management and increased stress on the components, ultimately reducing their reliability and lifespan.
To overcome these drawbacks, the interleaved boost converter (IBC) presents a promising alternative.
By distributing the input current across multiple phases, IBCs significantly reduce ripple, enhance
thermal performance, and improve overall efficiency [8]. Furthermore, the structure of IBCs allows for
better scalability and fault tolerance [9], [10], making them well-suited for both standalone and grid-
connected PV applications. The use of IBCs addresses many of the challenges associated with
conventional designs, offering a robust and efficient solution for modern PV systems.

Reliable Maximum power point tracking (MPPT) control strategies are crucial for maximizing the
efficiency of PV systems, especially under varying environmental conditions. Traditional techniques,
such as perturb and observe (P&O) [11] and incremental conductance (IC) [12], are commonly used
due to their simplicity and ease of implementation. However, these methods often exhibit limitations,
such as oscillations around the maximum power point, slow convergence under rapid changes in
irradiance, and reduced tracking accuracy in partial shading conditions. In contrast, advanced strategies

such as fuzzy logic-based MPPT [13], artificial neural network (ANN) MPPT [14], and bio-inspired
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MPPT [15] provide superior performance compared to conventional techniques. One of the advantages
of fuzzy logic-based MPPT is that it deals with the nonlinearity and uncertainties that characterize a PV
system thanks to the fuzzy rules used in its operation, making it faster and more accurate in tracking the
maximum power point (MPP) without the need for detailed system modeling [16]. These advanced
MPPT techniques not only improve energy harvesting efficiency but also enhance the overall reliability
and stability of PV systems, making them indispensable for modern applications.

In addition to reliable MPPT strategies, the implementation of robust control techniques for
converters, particularly the IBC, is crucial for ensuring optimal performance in PV systems. The IBC's
multi-phase structure requires precise control to maintain equal current sharing between its phases [17],
which is essential for minimizing component stress and ensuring long-term reliability. Conventional PI
controllers, while simple and widely used [18], often struggle to achieve the desired performance under
dynamic conditions and fail to address the nonlinearities inherent in modern converters. Nonlinear
control strategies, such as backstepping (BS) control [19], sliding mode control (SMC) [20], and super-
twisting control (STSMC)[21], offer significant advantages by providing improved robustness, faster
dynamic response, and enhanced disturbance rejection. These advanced techniques not only ensure
equal current sharing in the IBC but also enhance the overall stability and efficiency of the PV system,
making them critical components of modern control architectures.

The control strategies for grid-connected PV systems play a pivotal role in ensuring effective power
quality management and reliable operation under dynamic grid conditions. Among these strategies, the
instantaneous active and reactive power theory (PQ theory) [22], the synchronous reference frame
(SRF) method [23], voltage-oriented control (VOC) [24] and Direct power control (DPC) [25], [26] are
widely recognized. The DPC strategy has gained prominence due to its ability to directly regulate active
and reactive power by employing a hysteresis comparator and switching table without using control
loops. However, conventional DPC methods based on switching tables have limitations, including high
power ripple, variable switching frequency, and high computational requirements. To address these
drawbacks, an alternative DPC structure utilizing space vector modulation (SVM) has been proposed
[27], offering smoother switching transitions, improved harmonic performance, and enhanced control
precision. Moreover, the performance of power loop controllers within these systems is crucial. While
PI controllers are commonly used [28], they often exhibit limitations in robustness and adaptability
under grid disturbances. Alternative controllers, such as H-infinity controllers [29], sliding mode
controllers [30], and backstepping controllers [31], have been introduced to overcome these challenges.
These advanced control strategies provide superior disturbance rejection, faster response times, and
improved stability, making them integral to modern grid-connected PV system designs.

The advantages of the backstepping controller have made it a popular choice for ensuring the
precise and robust control of converters in PV systems. Its systematic design process, rooted in
Lyapunov stability theory, enables it to handle nonlinearities and uncertainties effectively, providing

excellent disturbance rejection and fast dynamic response [32]. By offering superior performance
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compared to conventional control strategies, backstepping control has established itself as a robust
solution for enhancing the efficiency and reliability of PV systems under dynamic operating conditions
[19].

The application of meta-heuristic algorithms, such as particle swarm optimization (PSO) [33],
genetic algorithms (GA) [34], and grey wolf optimizer (GWO) [35], has gained significant attention in
optimizing the performance of PV systems [36], [37], [38], [39]. These algorithms are particularly
effective in addressing complex, nonlinear, and multi-objective optimization problems inherent in
modern PV system control. By fine-tuning control parameters, such as MPPT gains or converter
controller settings, meta-heuristic algorithms enhance system efficiency, improve dynamic response,
and ensure robust performance under varying environmental and grid conditions. Their adaptability and
global search capabilities make them indispensable tools for advancing the state-of-the-art in PV system
optimization, contributing to more reliable and sustainable energy solutions.

The primary objective of this research is to develop and validate advanced control strategies and
converter designs aimed at improving the power quality and operational efficiency of both standalone
and GCPV systems. To address the limitations of conventional topologies, this thesis proposes the
adoption of IBC, which offers superior performance in terms of reduced ripple, fast response time, fault
tolerance, and scalability. Complementing these hardware innovations, the study introduces advanced
control strategies, including nonlinear controllers such as backstepping and sliding mode control, which
provide enhanced robustness and dynamic response compared to traditional PI controllers. Additionally,
the research focuses on the integration of fuzzy logic-based MPPT to optimize energy harvesting under
varying environmental conditions. For grid-connected systems, the thesis emphasizes the use of a DPC
approach, leveraging SVM to overcome the limitations of conventional switching table methods and
employing the GWO to fine-tune controller parameters for optimal performance. These contributions
collectively aim to mitigate harmonic distortions, ensure reliable grid synchronization, and enhance
system stability under dynamic grid conditions.

This work begins with a comprehensive review of existing PV grid-integration architectures,
emphasizing the power quality challenges and the limitations of current solutions. It identifies key gaps
in the literature and sets the foundation for the proposed research. The focus then shifts to standalone
PV systems utilizing IBC, comparing the fuzzy logic MPPT with classical techniques and
demonstrating their superior tracking efficiency and adaptability. Additionally, the advantages of
nonlinear controllers, such as BS control and SMC over conventional PI controllers, in enhancing
system stability and performance are highlighted.

The research further transitions to grid-connected PV systems employing IBC, evaluating the
performance of the classical DPC method with switching tables and the role of PI controllers in
regulating DC bus voltage. A novel converter topology, IBC, is introduced to mitigate the drawbacks of
traditional designs, such as high ripple and limited scalability. Finally, a control strategy combining

DPC with SVM and a GWO-optimized BS controller is presented. This approach replaces PI controllers
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in power loops, enhancing system stability and power quality under grid disturbances and demonstrating
the effectiveness of the proposed strategy in optimizing harmonic mitigation and reactive power
compensation.

The findings of this research present a holistic framework for improving the power quality of PV
systems in modern electrical grids. The proposed innovations contribute to enhancing grid resilience,
minimizing harmonic distortions, and enabling sustainable PV integration. Simulation tools, such as
MATLAB/Simulink, are extensively used for validation, providing a robust platform to demonstrate the
efficacy of the proposed methods. By addressing the identified gaps and challenges, this research
advances the state-of-the-art in PV system control and converter design, paving the way for a more

reliable and sustainable energy future.
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1 Introduction:

The rise in global energy consumption raises significant concerns regarding global warming caused
by greenhouse gas emissions and the degradation of fossil fuel reserves. In this context, it is essential
to focus on economic growth that respects sustainability principles. The modermn generation of power
systems prioritize the utilization of abundant, cost-effective, and clean energy resources called
renewable energy resources (RERs) to produce environmentally friendly energy. Among these
resources, solar energy is receiving extensive attention due to its benefits, such as sustainability,
availability, and pollution-free operation [40]. The amount of solar energy that falls on the Earth is rated
at about 175 petawatts (175 x 10'> KW) [41].

Over the past few years, many distributed generation systems have been integrated into the
electrical grid, mainly aimed at boosting renewable energy production. From the various forms of
energy, solar power integration refers to establishing a network that incorporates the sun's electricity
into the utility grid. The integration of solar systems into grids is a significant technological
advancement. It plays a crucial role in optimizing the energy balance of buildings, enhancing the
economy, minimizing operating expenses, and offering additional benefits to consumers and utility
providers. A GCPV system harnesses solar energy using PV panels, connects to the utility grid, benefits
from energy exchange, and enhances grid stability, promoting sustainable and reliable renewable energy
integration [39].

This chapter's organization is as follows: the 2™ section discusses the technologies of PV panels,
their simulation modules, the impact of weather conditions on the PV panel performance, and the
algorithms of maximum power tracking. The 3" section overviews the grid-connected, including their
structure, standards and recommendations, and synchronization techniques. In the 4™ section, the power
quality issues will be discussed in detail. The harmonics sources, their impact on the power systems,

and the mitigation techniques will be shown in the 5™ section.

2 Photovoltaic Systems:

Among the possible approaches for harvesting solar energy is the PV process, which involves
converting solar radiation into electrical energy. PV energy is a sustainable and environmentally friendly
source that does not deplete natural resources. Renewable energy is critical for effectively meeting the
world's growing energy demands while mitigating greenhouse gas emissions and reducing pollution.
2.1 Photovoltaic Cells:

2.1.1 The PV Cell Working Principle:

A PV cell is the fundamental component of a solar energy generation system, directly converting
sunlight into electrical energy without involving a mechanical engine. PV cells are composed of p-n
junctions. The presence of negatively charged electrons contributed by impurity elements functioning

as donors can be recognized by the term "n-type." On the contrary, the designation p-type signifies the
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presence of positively charged holes generated by acceptor impurity atoms. Stacking an n-type
semiconductor layer on top of a p-type semiconductor layer forms a PV cell. In addition, a third area,
known as a junction, forms between the two surfaces. Eventually, the electric field generated across the
junction by the dispersed charges on the surfaces of the n and p-type materials stops the diffusion
process. Considering the structure of the photovoltaic cell, light acts as an external energy source to
generate an electric current. This description is in accordance with the PV structure depicted in Figure
I-1.

Extra
electrons

Junction

e L Extra
F O 5
o = o holes
surf: p-layer

Figure I-1 Photovoltaic cell's p-n junction and n- and p-[42).

2.1.2 Type of PV Cell:

Silicon crystalline: The first generation of solar PV cells comprises crystalline-silicon-based cells,
including monocrystalline (m-crystalline) and polycrystalline (p-crystalline) variants (Figure I-2). The
brand name given to photovoltaic cells that consist of crystalline silicon derives from their
manufacturing process [43]. The monocrystalline cell is widely utilized, with over 80% of the market,
and is expected to maintain its dominance until the development of a more efficient and economically

competitive photovoltaic technology [44].

(b)
Figure I-2 Silicon crystalline PV module: monocrystalline (a), polycrystalline (b).

Thin-film: The second generation is Thin-film solar cells (Figure I-3), which are more cost-

effective because they require fewer components and a simpler production process than their crystalline
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silicon counterparts [45]. The solar cell manufactured using this method is very thin (range of 35 to 260
nm) due to the reduced amount of material used. The main approaches of thin-film technology of PV
cells are:

Amorphous Silicon.

Cadmium Telluride.

Gallium Arsenide.

Copper Indium Gallium Selenide.

Emerging technologies: Researchers are investigating third-generation photovoltaic technologies as
an alternative to silicon solar cells. Third-generation solar cells (such as tandem cells, emerging
concepts, dye-sensitized cells, perovskites (Figure 1-4), and organic cells) take a wide variety of
approaches, ranging from economic low-efficiency systems (such as organic solar cells) to costly high-
efficiency systems (such as III-V multi-junction cells) with uses varying from building integration to

space exploration [46], [47].

Figure I-4 Perovskites PV solar cell.

As depicted in Figure I-5, the power conversion efficiencies of emerging photovoltaic technologies

have increased significantly in recent years due to the increased scientific interest in their development.
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2.2  Mathematical Modeling of PV Module:

To simulate the nonlinear I-V characteristics of solar PV modules under various operating
conditions (irradiance and temperature), in the literature, numerous equivalent circuits have been
presented [49], [50], [51], [52], [53]. The single-diode (SD) [54] model is commonly used to simulate
the characteristics of solar modules. The SD model consists of several electrical components, as Figure
I-6 illustrates. The photo-generated current I,s, which depends on temperature and solar radiation, is
modeled as a current source. Furthermore, to simulate the semiconductor p-n junction, researchers
employ an ideal diode connected in parallel with the current source. In addition, series and parallel

resistors represent the internal cell resistance and the diode leakage current [55].

VID lp

Tpn XZ D Rp Vpy

o —

Figure I-6 PV cell Single diode equivalent circuit.

The PV module output current can be computed using the following equation [56]:
1y, =1, —1,—-1, (1.1)
Ipy, Ipn, Ip, and Ip denote the PV module’s output current, the photo-generated current, the diode current,
and the parallel resistor current, respectively. The photo-generated current Ip, by the PV module
depends on the solar irradiance and temperature [55]:
I,, = GL(I,HTC + K, (T -Tg)) (1.2)
sTC
Where K; is the short-circuit current temperature coefficient (A/K), G' and Gsrc = 1000 W/m? define
the solar irradiation (W/m?) and its nominal value in the standard test conditions (STC). T and
Tsrc=298.15 K are the temperature and its nominal value in the STC in Kelvin (K), respectively.
Ipn-stc 1s the photo-generated current in the STC, and its value is approximately equal to the PV
module short circuit current in STC. Equation (1.3) expresses the diode current using the Shockley
equation [57]:
ol

t

I - ,[p(uw (13)

Where Isp represents the diode's saturation current, Rs is the series equivalent resistor, and Vpy denotes
the cell output voltage. & is the ideality factor of the diode, and V; is the cell junction thermal potential,

which is given by [58]:

(1.4)
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k= 1.38x102 J/K is the Boltzmann constant, g= 1.6x10™"° C represents the electron charge, and ns
is the number of series cells in the PV module. In addition, the value of the saturation current of the
diode Isp related to the solar radiation and cell temperature can be calculated using the following
formula [59], [60]:
Lsc_src + K, (T — Tsrc)

I, =
i e VOC—STC+KV (T_TSTC) -1 (1'5)
*P alV

Where Isc.src is the short circuit current of the cell in STC, Foc.src is the open circuit voltage in
STC, and Ky is the open circuit voltage temperature coefficient (V/K).

Using Kirchhoff’s law, the parallel resistance current Ip can be calculated as follows:

I, = Vey + Rslpy (16)
RP
Therefore, we can write equation (1-1) which describes the I-V characteristic of the PV module as:
G Vo, +1,,R Vo + RGI
Lpy =@(1PhSTC+K1(T_TSTC)_1SD[6XP( = OLV:)V Sj_lj— - RPS - (1.7)

Figure I-7 illustrates an example of the electrical characteristics of a PV panel. The figure shows
the current-voltage (I-V) and power-voltage (P-V) curves. From the figure, Pypp, Vurp and Inpp denote
the panel's power in the maximum power point (MPP), the voltage in the MPP, and the current in the

MPP, respectively.

Current (A) Power (W)

Isc

= Pypp
Ipp |r=mmccccccccccccccccca e BT

1
Ve Voc

Voltage (V)

Figure I-7 The electrical characteristic I-V and P-V curves of the PV module.

2.3 PV String and PV Array:

High-power applications with high voltage and/or current require a high-power source. PV strings
or PV arrays (Figure 1-8) are PV systems that consist of multi-PV panels, allowing high electrical power
generation.

PV string is a number of PV panels wired in a series set. The aim of establishing a PV string is to
raise the voltage of the PV system. The string’s voltage is the sum of the PV panel's voltage and has the

same current. Equations (1.8) and (1.9) formulate the PV string voltage and current:

V =V, N, (1.8)

PV—string PV* Tsm
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1

PV—string — Iy, (1.9)
Nym: number of series PV modules.

APV array is a number of PV panels connected in series and parallel. Its voltage is equal to the sum

of the voltage of series panels, and its current is equal to the sum of parallel PV panels current as

expressed in the following equation:

I/F‘Vfarmy = I/Iv;'V]\(cm (1 1 O)
Ly =InN,, (1.11)
Npm: number of parallel PV modules.
% % % ........... %
Npm >
(@) (b

Figure I-8 PV system configuration: string (a), array (b).

In order to simulate the electrical characteristic of a PV array that consists of parallel and series PV

modules, the following equation is used [61]:

NYm NYn’l
Ver + 15y Ry (NA J Vey + 15, Ry (N‘ J
- pm pm 1.12)
IPV _IPthm _ISDNpm eXp G,VN _1 - N ( :
t sm RP( sm J
N,,

Figure I-9 shows the I-V and P-V curves of the PV array and compares them with the curves of the
PV module.

Current (A) Power (W)

Isc-array

t Pypr.array

Npm

 Prpp-modute

Nsm
\ \
Voc-module Voc-array
Voltage (V)

Figure I-9 The electrical characteristic of the PV array.
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2.4 Impact of Climatic Conditions on The Efficiency of PV Systems:

The PV system’s efficiency is mainly affected by the type of PV module and its manufacturing
technique. Figure I-5 shows that the PV cell directly converts 13% - 47.1% of the solar radiance to
electricity. However, climatic conditions (solar radiation and temperature) significantly impact the PV
module efficiency.

2.4.1 Solar Radiance Influence on PV System’s Electrical Characteristics:

Solar radiation significantly influences solar panels' electrical characteristics, as shown by the I-V
(current-voltage) and P-V (power-voltage) curves in Figure I-10. These graphical depictions indicate
how a solar panel will behave under different conditions. The main topic of this discussion, solar
radiation, has the following effects:

The increase in radiation intensity leads to a rise in the number of photons hitting the panel,
releasing more electrons and consequently increasing the current (Ipy) generated by the panel. It is
important to note that the fundamental shape of the I-V curve remains relatively constant. However,
increased radiation levels lead to a significant increase in the output current.

Furthermore, solar radiation has a direct impact on the power (Ppy) output of a solar panel, which
is calculated by multiplying voltage (V) and current (/) together (P = V * I). In most solar panels, the
voltage at the maximum power point (¥ypp) tends to exhibit a slightly stable behaviour as solar radiation
levels increase. Nevertheless, there is a significant rise in the current at the maximum power point
(Impp). As radiation levels increase, there is a corresponding increase in solar panels' power output

(Pumpp), leading to an upward shift of the P-V curve.
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Figure I-10 Solar radiation impact on I-V curve side view(a), top view (b), and P-V curve side view (c), top view (d).
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2.4.2  Temperature Influence on PV System’s Electrical Characteristics:

The impact of temperature on the electrical characteristics of solar panels is a crucial factor to
consider when analyzing and designing photovoltaic systems. This phenomenon is particularly evident
in the I-V and P-V curves, as Figure I-11 illustrates.

An increase in temperature is commonly associated with a decrease in the open-circuit voltage
(Voc) and a slight increase in the short-circuit current (Is¢c) on the I-V curve. This change in temperature
causes a shift to the right along the voltage axis and a decrease in current and voltage. However, the P-
V curve shows a more complex response to temperature changes. The primary aspect is a decrease in
the maximum power (Pwpp) due to the simultaneous decline in voltage and current levels. The
concurrent reduction in voltage at the maximum power point (¥ypp) and current at the maximum power
point (Iypp) results in a downward shift along the power axis. In order to precisely evaluate the impact
of temperature on solar panels, manufacturers commonly include temperature coefficients. These
coefficients are essential for optimizing photovoltaic systems and minimizing power losses caused by

temperature.
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Figure I-11 Temperature impact on I-V curve side view(a), top view (b), and P-V curve side view (c), top view (d).
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2.4.3 Partial Shading Influence on PV System’s Electrical Characteristics:

Partial shading significantly affects the efficiency of solar panels. It reduces the amount of power
generated, increases the mismatch losses, and can result in permanent damage, contributing to the
panels' destruction over time [62], [63], [64]. Various factors influence the severity of these impacts,
including the shading area, the arrangement of shaded panels within the array, the connections between
panels, and the geometry of the shading [65]. Global maximum power point tracking, PV module
reconfiguration, and bypass diodes are solutions proposed to mitigate the impact of partial shading.

Figure I-12 shows the I-V and P-V curves during partial shading.
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Figure I-12 Partial shading impact on I-V curve and P-V curve.

2.5 Maximum Power Point Tracking Algorithms:

MPPT algorithms have become popular in PV systems to optimize energy extraction from solar
panels [66], [67]. The MPPT achieves a continuous adjustment of the aspects of the operation of the PV
system through electronic converters to ensure operation at its MPP. The MPP refers to the specific
operating point of a solar panel where it produces the highest amount of electrical power, considering
changing conditions such as solar radiation intensity and temperature. There are many MPPT methods,
each with different benefits and drawbacks. The following are many popular MPPT algorithms:

2.5.1 Perturb and Observe:

The P&O algorithm represents a fundamental and frequently employed approach for achieving
MPPT in PV systems. Its main advantage lies in its inherent simplicity, making it a cost-effective option
for implementation [68]. The P&O method continually adjusts the operational parameters of a solar
panel by perturbing its operating point and subsequently monitoring the resultant variations in power
output. It proceeds in the direction of enhanced power output when such enhancement is observed while
altering the direction in the presence of power output reduction [69]. This iterative procedure facilitates
its convergence toward the MPP.

Nonetheless, the P&O algorithm has certain limitations. Notably, there is a compromise concerning
the step size and tracking speed [70]. An increase in step size enhances the tracking speed but causes

an amplification in the ripples of the voltage close to the MPP and decreases the accuracy. Conversely,
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the reduced step size can decrease oscillations but slow tracking speed and increase power loss.
Furthermore, tracking the MPP is limited to only one direction, either during voltage increase or
decrease. This constraint may lead to inaccurate monitoring and the possibility of missing the global
maximum power point (GMPP) in cases where the P-V curve exhibits multiple peaks, particularly in

partial shading [71]. Figure I-13 provides the flow chart of the conventional P&O algorithm.

Measure: V(k), I(k)

AV=V(k+1)-V(k)
dP=P(k+1)-P(k)

[V{k+1):V(k)+AV] [V(k+1)=V(k)-AV] [V(k+1)=V(k)+AV] [V(k+1)=V(k)—AV]

Figure I-13 Conventional P&O flow chart.

Various papers have proposed enhancements to improve the performance of the P&O algorithm.
Altwallbah et al. [72] present an improved adaptive P&O algorithm that effectively and precisely tracks
the GMPP in partial shading conditions. The algorithm overcomes the drawbacks of conventional P&O
by employing variable step sizes and appropriate comparison sequences. In [73], Taibi et al. propose a
variable step size P&O algorithm, which is determined using a fuzzy logic controller. The proposed
algorithm performs better than the conventional P&O during changed climatic conditions.

2.5.2 Incremental Conductance:

Hussain et al. proposed The incremental conductance algorithm in 1995 [74]. Its functionality
principle depends on the relationship between a solar panel's incremental conductance (d//dV) and
instantaneous conductance (//V). By comparing these two parameters, the IC is able to track the MPP
voltage across increasing or decreasing the operating voltage of the solar panel, as shown in Figure I-14.

The main equations express the IC algorithm given as follows:

ar = L Operating at the MPP (1.13)
dv 14
5—{/ > —é Operating at the left side of MPP (1.14)
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j_II/ < —é Operation at the right side of MPP (1.15)

The main benefits of the IC include efficiency, robustness, and ease of implementation.
Nonetheless, the main criticism of the IC algorithm lies in the challenging task of the optimal step size
[75], [76]. This choice involves finding a balance between the steady-state oscillation and the speed at
which the system can accurately follow the desired tracking point. Moreover, the algorithm fails to track
the GMPP during partial shading [77].

In this context, several papers propose improved IC algorithms to overcome the conventional IC
drawbacks [78], [79], [80], [81]. In order to tackle issues related to accuracy and tracking speed, the
authors in reference [82] suggest employing an IC algorithm with variable step sizes. Their approach
involves dividing the I-V curve into four distinct sections and assigning a specific step size to each
section. Mahmoud et al. introduce a variable step size IC algorithm that utilizes a fuzzy logic controller
to adapt the step size [80]. An IC algorithm-based particle swarm optimization proposed in [81] aims
to track the GMPP. The ICPSO algorithm shows a fast response and accurately tracks the GPMM during
the partial shading condition.

Measure: V(k), I(k)

AV=V(k+1)-V(k)
dI=I(k+1)-I(k)

[V(k+1):V(k)+AV] [V(/(-]):V(k)—AV] [V(k+1):V(k)—AV] [V(k+1):V(k)+AV]

[ I

[ |
( Return L
| e

Figure I-14 The flow chart of the incremental conductance algorithm.

2.5.3 Sliding Mode MPPT Algorithm:

Due to its notable characteristics, the SMC is a widely used nonlinear control technique. These
include fast dynamic response, robustness, system order reduction, effective disturbance rejection, and
ease of implementation. In the context of PV systems, SMC is frequently employed as an MPPT
algorithm in standalone and grid-connected PV systems configuration [83], [84], [85], [86].
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Yatimi and Aroudam [87] introduced a first-order sliding mode control (FOSMC) MPPT algorithm.
It is a principle based on observing the power derivative concerning the voltage (dP/dV) equals zero at
the MPP. Consequently, they select the sliding surface to force the system output to reach zero and
optimize the power output. However, the FOSMC suffers from the chattering phenomena, which causes

an oscillation around the MPP [21], as shown in the example in Figure I-15.

X2

X(to)

Sliding surface

Sliding band

Figure I-15 Phase portrait of a first-order sliding mode controller.

Several papers propose a high-order sliding mode (HOSM) to mitigate the drawback of FOSMC
[85], [86]. Kantas et al. suggest a third-order sliding mode control (TOSMC) for harvesting the MPP
applied on a standalone PV system [86]. The results show the TOSM algorithm's superiority over the
conventional FOSM in terms of maximum power output, reduced chattering, accuracy, and less
fluctuation in the voltage and current.

2.5.4 Artificial Neural Network MPPT:

ANNs are promising techniques that draw inspiration from the human brain’s structure and
operation. Recently, ANN has become an attractive solution adopted in PV systems [14]. It effectively
addresses the limitations of the conventional iterative MPPT algorithm, including slow tracking speed,
oscillation around the MPP, and accuracy tracking it during rapidly changing weather conditions or
partial shading [88], [89], [90]. The MPPT based on ANNSs provides the Fpp at its output. At the same
time, various papers use different parameters in the input, such as PV voltage and current, temperature,
irradiance, open circuit voltage, short circuit current, or a combination thereof [91], [92], [93].

However, The training of ANNs necessitates an extensive amount of data, which may not be
accessible or accurate for some PV systems [14]. Moreover, ANNs can show poor performance during
extreme conditions or noisy input. In addition, high computational costs and memory requirements may
increase the implementation cost. Figure I-16 shows an example of the structure of ANNs-based MPPT

with two inputs (irradiance and temperature), one hidden layer, and one output (Vupp).
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Input layer ~ Hidden layer  Output layer

Irradiance

N Vipp

Temperature W

Figure I-16 Example of the structure of ANNs-based MPPT.

2.5.5 Fuzzy Logic Controller:

Fuzzy logic is an extension of artificial intelligence specifically designed to manage inaccuracy and
uncertainty by applying linguistic rules and fuzzy sets. The FL comprises three fundamental steps [94],
as depicted in Figure I-17. The first step is fuzzification, which converts the real input values into
linguistic terms through the membership function. The second step is the inference process, which
applies the fuzzy rules to the fuzzified inputs and obtains the fuzzy output. The last step is
defuzzification, which converts the fuzzy output values into real output values using the membership
function defined for each output.

Fuzzy MPPT [95] adjusts the PV system's duty cycle or voltage to generate the peak power output
in response to changing environmental factors such as temperature and solar irradiance. Unlike other
MPPT techniques, fuzzy MPPT provides several benefits, including simplicity, robustness, fast

convergence, and low oscillation [80].

Rule base

v

Input _P{Fuzziﬁcation Inference systemHDefuzziﬁcation]_b Output

Figure I-17 Fuzzy logic controller’s block diagram.

2.5.6 Meta-Heuristic and Bio-Inspired Techniques:

Meta-heuristic and bio-inspired techniques are optimization methods used to track the MPP. These
are practical solutions to track the GMPP under partial shading conditions. In this context, various
MPPT algorithms inspired by nature are used, such as Particle swarm optimization [62], genetic
algorithm [63], grey wolf optimization [64], ant colony optimization [65], artificial bee colony[66] [66],
and cuckoo Search [96].

Particle swarm optimization is an optimization technique developed in 1995 by Kennedy and
Eberhart [33]. They were inspired by the collective behavior of bird flocking and the schooling activities
of fish. PSO allows the PV system to operate at the GMPP among all the MPPs, particularly when they

encounter challenges such as partial shading or multiple peaks in the P-V curve [97].
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Figure I-18 Particle swarm optimization algorithm.

PSO utilizes a population of possible solutions represented as particles. These particles can take the
form of duty cycles or PV voltages. Each particle has two fundamental properties: position and velocity.
The particle properties are updated in each iteration based on the particle’s best position and the swarm’s
global best position, and some random elements are introduced. Figure I-18 shows the process of
particle movement toward the best solution.

The genetic algorithm is an optimization algorithm that mimics the process of natural evolution
(Figure 1-19). Its fundamental principle involves creating and improving of a population of possible
solutions, guided by rules inspired by biology [98]. The main steps in the GA include initialization,
evaluation, selection, crossover, mutation, and replacement [34].

Initially, the GA generates a random population, represented in binary form (in our case, this relates
to PV voltage levels). Each binary element of the individual is called a gene. The evaluation step is
pivotal, as it guarantees the survival of the fittest individual within the population. In this stage, the
entire population is evaluated using a fitness function, which, in our context, aims to maximize power
output. The selection process follows, where individuals are picked based on probability, and the fittest
individuals closer to the optimal solutions have a greater chance of being selected. Subsequently, the
crossover procedure creates new individuals by combining several of the selected parent's genes.
Finally, the generation update is done using the replacement process, which uses techniques such as
elitism (preserving the best individuals), generational (replacing all individuals), or steady-state
(replacing few individuals). This process continues iteratively until a specific stopping condition is
satisfied. Common stopping criteria include reaching a predefined maximum number of iterations or
discovering an optimal solution.

The MPPT based on GA performs better than the conventional algorithm, especially during partial
shading conditions [99].
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Figure I-19 The main steps of the genetic algorithm.

The Grey Wolf Optimizer is an optimization algorithm designed to emulate the hierarchical
leadership structure and hunting behavior of grey wolves (Canis lupus) proposed by Mirjalili et al. in
2014 [35]. The GWO algorithm contains four different types of wolves, each possessing unique roles
inside the pack. The alpha wolf is the dominant leader of the pack, and it is the best solution to the
optimization problem. In contrast, the beta wolf is the subordinate of the alpha wolf, and its value
presents the second-best solution. The delta (9) is the third class in the pack and presents the third-best
solution. The remaining candidate solutions are the omega (®) wolves. The wolves exhibit cooperative
behavior by effectively coordinating their actions to hunt their prey. The hunting process guides the
alpha, beta, and delta, while the remaining omega wolves follow those three wolves.

In the GWO algorithm, three mathematical models emulate the hunting behaviors of wolves:
encircling the prey, hunting the prey, and attacking the prey [100]. The alpha, beta, and delta wolves
change their location using the encircling behavior based on the best solution discovered. The utilization
of hunting behavior determines the calculation of the distance between each wolf and the prey. The
attack behavior is employed to modify the position of each wolf by directing their movement towards
the prey, utilizing a random coefficient.

Several papers propose an MPPT algorithm based on GWO to gather the GMPP of a PV system
under partial shading. The technique performs better than conventional methods such as P&O, IC, PSO,
and GA [101], [102].

3 Fundamentals of Grid-Connected PV System:
GCPYV systems are decentralized renewable energy sources connected to the grids to augment the

efficiency of the electric network. This section will show a detailed overview of the GCPV.



Chapter 1: An Overview of Photovoltaic Systems for Grid-Connected Applications and Power Quality Enhancement

3.1 GCPV Structure:

GCPV systems allow customers to reduce their reliance on the utility grid by supplying excess or
unused power. The Classification of the GCPV structure depends on various factors such as the output
power rating, the PV module arrangement, or the power processing stage. The following are some
fundamental facts about the GCPV structure.

3.1.1 Power Rating:

The particular application defines the size and configuration of the system. The GCPV systems can
be classified into three levels depending on the power rating [ 103]: These categories include small-scale
systems (Figure 1-20 a), typically rated less than 20 kW, such as the eco-house rooftop GCPV in the
Sultan Qaboos University (Oman) [104]; medium-scale systems (Figure 1-20 b), covers the range of 20
kW to 1 MW, such as 200 kW PV system that carried out on the Jaen University (Spain) [105]; and
large-scale systems (Figure 1-20 c), covering a range that is higher than 1 MW, such as Bhadla Solar
Park in India (2245 MW) [106].

(©)

Figure I-20 Grid-connected PV system classification based on power rating: small-scale (Sultan Qaboos University —
Oman) (a), medium-scale (Jaen University — Spain) (b), and large-scale (Bhadla Solar Park— India) (c).

3.1.2 PV Module Arrangement:

GCPV can be categorized into four distinct configurations (central-, string-, multi-string-, AC
module) based on the PV module wiring to each other and the type of inverter system [107]:

Central inverters are typically interconnected with multiple PV arrays, comprising numerous PV
panels that attach to the direct current (DC) link of the inverter, as depicted in

Figure 1-21. Central inverters are widely used in large-scale PV systems (between 1 MW and 50
MW) due to their reduced cost and reliability since they may be installed in secure areas and have more
excellent power handling capabilities [2]. Since the entire array is coupled with a single inverter, this
particular arrangement is controlled using a single MPPT. Consequently, it is not considered an optimal

solution for partial shading situations, as shaded parts within the PV array considerably decrease the

22



Chapter 1: An Overview of Photovoltaic Systems for Grid-Connected Applications and Power Quality Enhancement

overall power output [ 108]. Moreover, if the central inverter malfunctions, the entire PV system will be
inoperable.

The PV modules are connected with a central inverter in various combinations such as series,
parallel, series-parallel, total-cross-tied, bridge-linked, and honey-comb [109]. Figure 1-21 presents the
central inverter and the various PV module combinations. In [110], Pendem and Mikkili investigate
various configurations under varied shade situations to maximize power harvest while minimizing
mismatching power losses. The results show that the central inverter connected to the TCT PV array

with bypass diodes generates the maximum power by reducing the mismatching power losses.

7068 9568 §
]
]

I I IS,

(@) )

(e) /]

Figure I-21 GCPV system based on Central inverter: series (a), parallel (b), series-parallel (c), total-cross-tied (d), bridge
linked (e), and honey-comb (f).

The string inverter is a topology consisting of a series of modules to form a string, whereas every
single string is coupled to an inverter, as described in Figure 1-22. The string inverter allows the use of
an MPPT with each string. Therefore, partial shading and mismatching power losses significantly
decrease, enhancing overall system efficiency [111]. This system maximizes energy harvesting for the
grid, minimizes string diode losses, and reduces the size of the electrolyte capacitor, thereby extending
the inverter's lifespan [112]. Furthermore, if one of the string inverters fails, the remaining strings
continue to function, and replacing the faulty inverter with a new one is a simple procedure [113].

However, the installation cost is higher due to the use of several inverters.

23



Chapter 1: An Overview of Photovoltaic Systems for Grid-Connected Applications and Power Quality Enhancement

popnnnuEnnuy

Bty

Figure I-22 GCPV system based on string inverter topology.

A multi-string inverter is a dual-stage system that effectively merges the benefits of central and
string inverter configurations. Multiple strings are coupled directly to the voltage amplifier's converter,
and each string is equipped with an independent MPPT algorithm. Figure 1-23 depicts these strings
combined and connected to a central or single inverter [114].

The overall efficiency is significantly higher because each PV string is controlled individually.
Multi-string inverters offer numerous benefits, including cost reduction, increased flexibility, a smaller
DC-link capacitor, and enhanced energy production due to local MPPT and optimal monitoring of the

PV system [115]. Additionally, it facilitates improved performance of PV systems in scenarios of partial

shading, especially when the PV strings are subject to varying levels of irradiance and operating

JOUDInIDIna

temperatures [116].

Figure I-23. GCPV system based on the multi-string inverter.

AC module inverter is a single PV module linked directly to the grid through an inverter, as shown
in Figure 1-24, generally used on the small scall GCPV [117]. Within the AC module, many
functionalities, including MPPT, DC/DC voltage amplification, and DC-AC inversion, are combined
into an individual device referred to as a module to eliminate the mismatch losses. The AC module
topology is very beneficial to increasing system efficiency because it permits the optimal utilization of
PV modules. Nevertheless, increasing the number of PV modules in a system can increase the costs and

control requirements [118].
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Figure I-24 GCPV based on AC module inverter.

A comprehensive comparative analysis of the performance evaluation of all four inverter

configurations is conducted and presented in Table I-1.

Table I-1 A detailed comparison between the central-, string, multi-string- and AC module inverter [107].

Configuration Cost Efficiency  Flexibility  Reliability = Maintenance  Power rating
Central inverter Lowest Medium Low Low Low 1-50 MW
String inverter Medium High High High Medium 1-5 KW/string
delf t-;:"rmg Medium Medium Medium Medium High 1-50 KW
AC module Highest Highest Highest Highest Highest 600 W

3.1.3  Power processing stage:

Depending on the power processing stage, the different types of configuration systems of the GCPV
are single-stage and dual-stage configurations [119]. In a single-stage system, the PV panels are directly
connected to the inverter's input side, and the inverter's output side is connected to the grid, as illustrated
in Figure I-25 (a). On the other hand, in a dual-stage configuration, the PV panels are integrated with
the inverter's input side via a DC-DC converter, as shown in Figure 1-25 (b). Table I-2 shows a detailed

comparison analysis between the power processing stage configurations of GCPV.
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Figure I-25 Schematics of the Single-stage (a) and Dual-stage GCPV.
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Table I-2 Single-stage and Dual-Stage topologies comparison.

Single stage

Dual stage

Components Consists of only a grid-connected
inverter (DC/AC converter).

PV Array Connection The PV panels are directly
connected to the dc-bus of the
grid-tied inverter.

MPPT Performance The grid-tied inverter assumes the
task of performing the MPPT.

Efficiency and Cost Cost-effective, but efficiency
degrades.

Consists of an additional converter
between the PV panels and the grid-
connected inverter for the DC voltage
regulation.

A DC-DC converter is connected between
the PV panels and inverter.

The grid-tied inverter is charged for
performing the MPPT.

Complex control but high efficiency can
be achieved.

3.2 Three-phase Three-wire GCPV topologies:
3.2.1 Two-level GCPV:

Figure 1-26 shows a three-phase dual-stage, two-level GCPV consisting of PV panels, a DC/DC

converter, and a two-level voltage source inverter (2L-VSI). The 2L-VSI consists of six switching

devices. Each of the three legs comprises two IGBTs, which must operate complementarily [120]. It

converts a DC to an AC voltage with a specified frequency and amplitude. This topology is simple to

implement, highly efficient, and low-cost. However, it produces high harmonic distortion in the output

voltage and current, high voltage stress on the switches, and high switching losses [121].

Table 1-4 lists the possible operating states of a two-level inverter and its output voltage.

DC/DC
Converter

}

Figure I-26 Two-level dual-stage GCPV system.

Table I-3 Switching states and output voltage of two-level inverter.

State Vo Vi V2 V3 V4 Vs 13 V7
Si 0 1 1 0 0 0 1 1
S 0 0 1 1 1 0 0 1
S5 0 0 0 0 1 1 1 1
Ve 0 Vae Ve — Ve ~ Ve — Ve Ve 0
f:l;l‘f;e Ven 0 - %Vdc %;/dc ;ch %Vdc —2 %Vdc —1 ;Vdc 0
Ven 0 ==V —3 Ve —3 Ve 3V 3V 3V 0
4 0 gvdcm gvdcmo gv‘,cazo V2180 =V, 2240 —V,;.2300 O
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3.2.2 Three-level Neutral Point clamped (NPC):

The three-level NPC (3L-NPC) inverter consists of four switching devices (e.g., MOSFET or
IGBTs) and two power diodes in each leg, as illustrated in Figure [-27. The outer switches Si, and S,
operate at a high switching frequency, while the inner switches S», and Sz, operate at the grid frequency.

Table 1-4 and Figure 1-28 show the operating state and the output voltage of one leg of an NPC
inverter. 3L-NPC inverters are becoming increasingly common as active interfaces for grid-connected
PV systems due to their features, such as higher voltage operation, reduced harmonic, lower common
mode voltage, and lower voltage stress on power switches [122]. However, the multilevel inverter
requires more switching devices and complex control circuits than a two-level inverter; further, the cost

of implementation, size, and complexity will rise.

DC/DC
Converter

3LNPC-VSI
Figure 1-27 Three-level dual-stage NPC GCPV system.

Table I-4 The operating state and the output voltage of one leg of an NPC inverter.

Operating state Sia S24 834 Sta Output voltage
P state ON ON OFF OFF +V4o/2

O state OF ON ON OFF 0

N state OFF OFF ON ON -Vgo/2

Sie

Sic Sic

(@) (b) (©
Figure I-28 Operating state of one leg of an NPC inverter: P (a), O (b), and N (c).

3.2.3 Three-Level T-Type NPC Inverter:
The three-level T-type NPC (3L-TNPC) inverters, a specialized form of the NPC inverter, are

experiencing increased popularity. The T-type becomes an alternative solution to the complex three-
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level inverter topologies due to its ability to eliminate clamping diodes, huge capacitors, and isolated
sources. In addition, they have beneficial features such as low harmonic distortion, higher efficiency,
and lower switching count [123]. Figure I-29 depicts the GCPV system based on a 3L-TNPC inverter.
This topology is similar to 2L-VSI; the only difference is the inclusion of bi-directional switches
connected to the neutral point of the DC link capacitor. Table I-5 compares the 2L-VSI and 3LNPC-
VSI topology.

+
DC/DC W . N
Converter i\
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3LT-VSI

Figure I-29 Three-level T-type NPC GCPV system.

Table I-5 Comparison between 2L-VSI and 3LNOC-VSI topologies.

2L-VSI 3LNPC-VSI 3LTNPC-VSI

No. of switch 6 12 12

No. power diode 0 6 0
Line-to-Line Voltage Level 3 5 5

Total harmonic distortion High Low Low

Cost Low Very high High
Complexity Low High High
implementation Easy Hard Moderate
Commercial example Semikron Semikron Infineon

SK300GB063D SKI150MLI066T F3L75r12W1h3 B27

3.3 Grid-Connection Standards and Recommendations:

Significant developments in the photovoltaic industry in recent years have led to a rise in the
proportion of solar power in distribution systems. Accordingly, many countries and international
commissions (e.g., the International Electrotechnical Commission IEC and the Institute of Electrical
and Electronics Engineers IEEE) have started establishing appropriate solar interconnection standards,
modeling them after the interconnection standards and guidelines developed for wind generation [124].
Power quality, safety, and protection are the three main categories into which most interconnection
standards fall. Researchers and engineers worldwide can benefit from a common technical language
established by consensus standards and guidelines for the GCPV system. Table I-6 lists some standards
and procedures for integrating PV systems with the grid.
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Table I-6 Several international standards for the PV systems integration in the grid [124).

Standard Title of the standard Publication

IEEE Std 1547TM -2003 (R2008) IEEE Standard for Interconnecting Distributed

(including amendment IEEE 1547a-2014) Resources with Electric Power Systems IEEE

Recommended Practice for Utility Interface of

IEEE Std 929-2000 Photovoltaic (PV) Systems IEEE

EC 61727-2004 Ph().toyoltalc (PV) systems - Characteristics of the IEC
utility interface

RD 1663/2000 Interconne.ctlon of PV installations to the low- Spain
voltage grid

GB/T 19964-2012 Technical requirements .for connecting China
photovoltaic power station to power system

TPC Technical Guideline Taiwan Power Company Technical Guideline for Taiwan

integrating renewable energy with the grid

3.4 Grid Synchronization Technique:

The current generated by the inverter and fed into the utility grid must be synchronized with the
grid's voltage. The primary purpose of the synchronization method is to obtain the grid voltage's phase
angle.

Currently, the phase-locked loop (PLL) is a widely used synchronization mechanism for extracting
the phase angle of the grid voltage due to its efficiency and robustness, even in the presence of high-
order harmonics in the grid. The main architecture of PLL illustrated in Figure I-30 consists of a phase

detector (PD), a low-pass filter (LF), and a voltage-controlled oscillator (VCO).

PD
==
|
0 I LF
| |
| |

= = .= d
Figure I-30 The basic structure of PLL.

\ 4
D

VCO

A 4

The synchronous reference frame PLL (SRF-PLL) is commonly employed in three-phase GCPV
systems due to the accurate and fast estimation of the grid phase angle under ideal grid conditions. The

architecture of the SRF-PLL is depicted in Figure I-31.
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Integrator

Figure I-31 The basic structure of PLL.

The Park transformation converts the measured grid voltage to the rotating synchronous frame dq,
as shown in (1.16). The Proportional Integrator (PI) regulates the q elements, with the grid frequency
being the resulting output of this PI. The utility grid phase angle is determined by integrating the grid
frequency and subsequently providing this information as feedback to the PD (Park transformation)

[125].

v, 5 cos(0) cos(B-2m/3) cos(0+2m/3) |V,
v, =3 —sin(0) —sin(0-2n/3) —sin(6+2n/3)|V, (1.16)
A 1 I

2 2 2

4  Power Quality Issue:

The term "power quality" refers to the level at which the supplied electrical power (voltage and
current) meets the requirements of the system's equipment, hence assuring the system's ability to operate
effectively and reliably. Poor power quality is a critical factor in modern electrical systems, as it can
cause various operational problems, including decreased efficiency and lifespan of equipment, higher
maintenance costs, equipment malfunctions, and safety risks. The ideal signals of a three-phase grid
are:

e Three pure sinusoidal waveforms.
e  Their amplitude and phase angle are constant.
e 27/3 (rad/s) phase shift between them.
In this context, a variation of any signal from the ideal signal of voltages and currents is referred to as

a power quality disturbance. The typical power quality disturbances are cited in the following:
4.1 Voltage Sags:

Voltage sags, or voltage dips, refer to a temporary voltage amplitude reduction where the voltage
levels drop between 10% and 90% below the usual operating range [126]. Voltage sags are a prevalent
form of power quality disturbances that can cause significant disturbances to electrical and electronic
devices. The causes of voltage sags are short circuit faults, connections to heavy loads, or lightning

strikes. Figure 1-32 shows the voltage sag waveform.
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Figure I-32 Voltage sags waveform.

4.2  Voltage Swells:
A voltage swell is a short-duration phenomenon of an increase in the grid voltage between 10% and
90%. Voltage swell is mainly caused by a single line-to-ground fault that switches off a heavy load and

energizes a large bank of capacitors [127]. Figure 1-33 illustrates the waveform of the voltage swell.
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Figure I-33 Voltage swell waveform.
4.3 Voltage Interruption:

Interruption is a complete loss of voltage supply level to less than 10% of the operating voltage
[128]. Voltage interruption (as shown in Figure 1-34) is classified into short-duration and long-duration.
Short-duration interruption results from protective devices such as circuit breakers, a failure of a
switching device, disturbances, or reclosers in response to faults. On the other hand, long-duration
interruption is typically caused by storms, trees hitting the lines, or miscoordination of protective

devices [129].
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Figure I-34 Voltage interruption waveform.

4.4 Voltage Imbalance:
A voltage imbalance occurs when the amplitude and/or phase of the three-phase voltages in a three-
phase electric system deviates from the standard value of amplitude and a 120-degree phase shift

between phases [130]. Several problems can produce a voltage imbalance, including asymmetrical

31



Chapter 1: An Overview of Photovoltaic Systems for Grid-Connected Applications and Power Quality Enhancement

faults, unequal loads on different phases, an unbalanced transformer, or issues in the power distribution

system. Figure I-35 shows the voltage imbalance waveform.
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Figure I-35 Voltage imbalance waveform.

4.5 Voltage Flicker:

Voltage flicker [131] refers to rapid and unpredictable variations in voltage levels in an electrical
system. It is a temporary change in voltage caused by fluctuations in demand or equipment failures in
the electrical grid. Fluctuations in the voltage waveform often characterize voltage flicker (as depicted
in Figure I-36), and it can cause disruptions or disturbances in electrical equipment.

4.6 Voltage Frequency Variation:

Voltage frequency variations are defined by the deviation of the fundamental frequency of the
voltage from its nominal value, which may be 50 or 60 Hz [132]. The duration of a frequency variation
might range from a few cycles to a few hours. Rapid changes in the connected loads generally cause

such variances. The permitted range for variation in voltage frequency is typically limited to £0.5 Hz.

Voltage (V)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)

Figure 1-36 Voltage flicker waveform.
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Figure I-37 Voltage frequency variation waveform.

4.7 Harmonics:

Harmonics [133] refers to the voltage or current distortion. A harmonic is a component of a

waveform of a frequency that is an integer multiple of the fundamental frequency of the electrical
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system, generally 50 Hz or 60 Hz. For example, the fifth harmonic for the US electrical distribution
system would be 5*60 Hz = 300 Hz. A sinusoidal distorted waveform and its components are shown in

Figure I-38.
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Figure I-38 Example of a sinusoidal distorted waveform, its fundamental, and some harmonic components.

5 Harmonics Sources, Impact and Mitigation Techniques:

Nonlinear loads modify the sinusoidal characteristics of the AC power system, leading to the
presence of harmonic currents in the AC power system.
5.1 Sources and Impacts of Harmonics:

5.1.1 Sources of Harmonics:

Power system harmonics can be caused by several processes, including ferro-resonance,
subsynchronous resonance, magnetic saturation, nonlinear loads, and electronically switched loads. The
main source of harmonic distortion is from nonlinear loads. In the following some harmonics sources
[134]:

e Static power converters include inverters, rectifiers, triacs, diacs, etc.

e Home appliances include fluorescent lighting, computers, variable-speed air conditioning, and
televisions.

e Arc furnace.

e Induction heating.

e Adjustable speed drives.

e  Wind and solar plants.

e Transformers.

e Rotating induction machines.

e Synchronous generators.

5.1.2 Impacts of Harmonics:
Electronic devices become exposed to the damaging effects of harmonics. The following is a list of
the harmonics issues [134]:

e The capacitor bank failed due to excessive reactive power, resonance, and harmonic
amplification, causing undesired fuse behavior.

e Induction and synchronous machines can experience overheating, harmonic torques,
oscillations, and excessive losses, which can lead to torsional stress growth.

e A rise in negative sequence current loading damages windings and the rotor circuit of
synchronous generators.

e Increase in flux density and generation of harmonic fluxes in transformers, followed by derating
and eddy current heating.
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e Resonance induces excessive currents and overvoltages in the power system.

e Derating of cables is the consequence of eddy current overheating and skin effect losses.

e Telecommunication circuits are exposed to inductive interference.

e Solid-state and microprocessor-controlled systems are susceptible to signal interference.

e Relay malfunctioning.

e The firing circuits that use zero-voltage crossing detection and latching may experience
unstable functioning.

e Interference with power plant excitation systems and massive motor controllers.

e Subsynchronous resonance may occur.

e Flicker.

When capacitors are present, nonlinear loads can induce a resonant condition with one of the load-

generated harmonics, creating a previously absent situation. This circumstance also gives rise to the
following additional effects:

e Prolong the decay rate of the transformers and increase its transient inrush current.
e Rise the duty of the switching devices.

5.2 Total Harmonics Distortion (THD):

Total harmonic distortion (THD) [135] is a factor that quantifies the harmonic distortion in voltage
or current and allows systematic and comparable evaluations of power system quality to be carried out.
Furthermore, THD plays a vital role in enhancing the quality and reducing distortion of power systems.
The THD value quantifies the rate at which the measured signal deviates from its fundamental

component, which is typically the most dominant in power systems, as expressed in the following

< 2
\/ZXn (1.17)
THD ==

!
X, and X are the harmonic components of rank n and the fundamental components' amplitude

equation:

values.
5.3 IEEE Std-519 Standard for Harmonic Control in Electrical Power Systems:

The IEEE Std-519 standard [136] is a vital reference in power quality, serving as guidelines for
designing power systems and assuring harmonic interaction between power sources and loads. The main
emphasis is on harmonics, which refer to undesired distortions in the AC waveform resulting from
electronic devices. These distortions can cause significant damage to electrical equipment, resulting in
malfunctions, overheating, and full failure. The IEEE 519-1992 harmonic limits for current and voltage
at the point of common coupling (PCC) are shown in Table I-7, Table I-8, Table I-9, and Table I-10.

The IEEE 519-1992 document recommends setting even harmonics' upper limits at 25% of the
upper limit for odd harmonics. In addition, deliver distortions leading to a direct current offset are

restricted.
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Table I-7 Current distortion limits for general distribution systems (120 V - 69 KV).

Maximum harmonic current distortion in percent of I,

Individual harmonic order h (odd harmonics)

Isc/IL <11 11<h<17 17<h<23 23<h<35 35<h THD%
<20* 4.0 2.0 1.5 0.6 03 5.0
20<50 7.0 3.5 2.5 1.0 0.5 8.0
50<100 10.0 4.5 4.0 1.5 0.7 12.0
100<1000 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0
Where

Isc 1s the maximum short-circuit current at PCC.

I is PCC's maximum demand load current (fundamental frequency component).

Table I-8 Current distortion limits for general sub-transmission systems (69.001 kV - 161 kV).

Maximum harmonic current distortion in percent of I,

Individual harmonic order (odd harmonics)

Isc/IL <11 11<h<17 17<h<23 23<h<35 35<h THD%
<20* 2.0 1.0 0.75 0.3 0.15 2.5
20<50 35 1.75 1.25 0.5 0.25 4.0
50 <100 5.0 2.25 2.0 0.75 0.35 6.0
100 <1000 6.0 2.75 2.5 1.0 0.5 7.5
>1000 7.5 3.5 3.0 1.25 0.7 10.0

Table I-9 Current distortion limits for general transmission systems, >161 kV.

Maximum harmonic current distortion in percent of I,

Individual harmonic order (odd harmonics)

Isc/IL <11 11<h<17 17<h<23 23<h<35 35<h THD%
<50%* 2.0 1.0 0.75 0.3 0.15 2.5
=50 3.0 1.5 1.15 0.45 0.22 3.75

* All power generation equipment is limited to these values of current distortion, regardless of actual
Isc/IL.
Table I-10 Voltage distortion limits.

Bus voltage at PCC Individual voltage distortion (%)  Total voltage distortion THD (%)
69 KV and below 3.0 5.0
69.0001 kV through 161 kV 1.5 2.5
161.001 kV and above 1.0 1.5

5.4 Harmonics Mitigating Techniques:

Different filters have been utilized to eliminate the current harmonics in the context of harmonic
mitigation techniques. In the following, the commonly used devices are discussed:
5.4.1 Passive Filter:

In distribution systems, passive filters (PFs) have been utilized most frequently to minimize the
flow of harmonic currents. Typically, they are custom-designed for specific applications. Its advantages

include harmonic mitigation, reactive power compensation, and the absence of undesirable harmonics.
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However, PFs possess disadvantages, such as inaccurate frequency tuning and demanding extensive
calculations, the resonance with line impedance takes place, they cannot be used when harmonic
components vary randomly, and they are also heavy and bulky in size. [137]

PFs comprise passive elements such as resistors, capacitors, and inductors. They are usually
connected to the grid in parallel, as Figure 1-39 shows. PFs are commonly used in industry and can be
categorized into four types, as illustrated in Figure [-40: single tuning, first order, second order, and

third order [138].

Nonlinear
Load

Three phase PF

R R C
+
L C
+ + L R
(a) (b) © (d)

Figure 1-40 Passive filter types: single tuning filter (a), first order (b), second order (c), and third order (d).

5.4.2 Active Power Filter:

Power engineers are focusing on developing dynamic and adaptable solutions to power quality
issues due to the increased severity of power quality in power networks. These devices, frequently called
active power line conditioners or active power filters (APF), may enhance voltage balance in three-
phase systems, control terminal voltage, decrease flicker, adjust current and voltage harmonics, and
compensate for reactive power. A benefit of active filtering is its inherent ability to adapt to network
and load variations dynamically. APFs can mitigate several harmonic frequencies and are not influenced
by significant changes in network properties, reducing the possibility of resonance between the filter
and network impedance. An additional advantage is that they occupy less space than conventional
passive compensators. [139]

APF types can be categorized as series active power filters, shunt active power filters, unified power

quality conditioners, and hybrid APFs [140], as shown in Figure [-41. Typically, the inverter component
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of APFs can consist of either a voltage source inverter (VSI) or a current source inverter (CSI). VSIs
are widely preferred due to their simple structure and ease of implementation [141].

Figure 1-41(a) illustrates a series active power filter (SEAPF) connected in series with the
nonlinear load. This configuration mitigates voltage signal disturbances, including voltage harmonics,
unbalances, fluctuation, etc. The SEAPF can eliminate distortion in the voltage waveform caused by
the load and regulate the voltage at the load terminals, regardless of voltage sag, swell, distortion, or
unbalances in the supply voltages, through injecting harmonic voltage components into the grid using
a coupling transformer [142]. The primary functions of SEAPFs are to act as a harmonic isolator and
voltage regulator between a nonlinear load and the utility grid.

Shunt active power filter (SAPF) [139] mitigates current harmonics by injecting compensating
currents that are identical in magnitude but opposite in direction to the harmonics. In this scenario, the
SAPF functions as a current source by injecting the harmonic components produced by the load, but
with a phase shift of 180 degrees. The SAPF effectively eliminates the load current's harmonic
components, resulting in a source current that is in phase with the grid voltage and has a sinusoidal
waveform. This principle can be applied to any load regarded as a harmonic source. Furthermore, using
a suitable controller, the SAPF can effectively set the reactive power equal to zero. The power
distribution system considers the SAPF and the nonlinear load as an ideal resistor. Figure 1-41(b)
illustrates the configuration of the SAPF.

Currently, hybrid power filters attract the researcher's interest due to the beneficial characteristics
gained from the used filters. Unified power quality conditioner (UPQC) topology combines SEAPF
and SAPF connected in parallel via a DC-link element [143]. This configuration improves the power
quality by eliminating voltage disturbances in the grid and mitigating the current harmonics. The
SEAPF component in the UPQC reduces the harmonics and disturbances of the voltage; on the other
hand, the SAPF mitigates the current harmonics and reactive power compensation and enhances the
DC-link regulation [144]. However, the high cost of this configuration is the main drawback. Figure I-
41(c) shows the structure of the UPQC configuration.

To achieve the advantages of both active and passive filters in terms of cost, effectiveness, and
stability. Figure 1-41(d) shows an APF connected in series with a PF via a coupling transformer. APF
improves the compensatory properties of PF by essentially forcing utility currents to become sinusoidal
and in phase with the phase-to-neutral voltage [139]. Another hybrid topology proposed in [145]
consists of a shunt PF and an APF connected in series with the source, as illustrated in Figure 1-41(e).
The proposed topology performs better than the hybrid technique that uses the SAPF and series PF. The
parallel connection of an APF and a PF with the load is proposed in [146]. The hybrid filter presented
comprises two single-tuned PFs, each tuned to the 5™ and 7™ harmonic of the fundamental frequency;
on the other hand, a SAPF aims to mitigate higher-order harmonics. The basic structure of this type is
depicted in Figure I-41(f). Table I-11 summarizes the characteristics of the various topologies of power

filters.
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Figure I-41 Active filter topologies: SEAPF (a), SAPF (b), UPQC (c), series SEAPF and PF, in parallel with load (d);
parallel SEAPF and PF in parallel with load (e), parallel SAPF and PF, in parallel with load (f).

Table I-11 The main features of power filters [137], [147].

Functionality Passive Filter Active Power Filter Hybrid Filter
Harmonic mitigation  Yes' Yes Yes

Reactive power Yes Yes Yes
compensation

Phase balancing No Yes Yes

Advantages The cheapest Eliminate harmonics of any The same features of
Undesirable harmonics are order. APFs.
absent. Better harmonics mitigation?.  Less voltage stress on
Suitable for variable loads switches.
and harmonics varied Better harmonics
randomly. mitigation?.
Reactive power management. Reactive power
Easy to implement. management.
Small in size.
Disadvantages System requirements Expensive. Expensive.
determine the design. Complex. The most complex.

Tuning requires an extensive
calculation.

Sensitive to overloads.
Resonance with the line
impedance.

Not suitable for variable
loads.

Heavy and bulky.

High number of passive
filters.

1 Only the selected harmonics. 2 Compared with passive filters.
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5.4.3 Multifunctional GCPV:

Multifunctional grid-connected PV (MGCPV) system refers to a GCPV system that provides
ancillary services beyond active power injection [148], such as reactive power compensation, harmonic
mitigation, voltage regulation, energy storage in battery, and contributing to grid stability. Through
those ancillary services, the MFGCPV system improves the power quality of the grid and guarantees a
robust and stable electricity supply. Integrating MFGCPV with ancillary power quality enhancement
services reduces the cost by eliminating the necessity for separate devices. Figure [-42 shows the

structure of MFGCPV.
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Figure I-42 The structure of the multifunctional grid-connected photovoltaic system.

6 Conclusion:

This chapter presents an overview of the GCPV system and the power quality issue. Initially, the
photovoltaic technology is discussed in detail, including its operating principle, the technology of
panels, the mathematical modeling of PV modules and arrays, and the impact of climatic conditions,
including irradiation, temperature, and partial shading, on the panels' productivity, along with the
commonly used MPPT algorithms.

In addition, an overview of the GCPV has been discussed. The structures of the GCPV depend on
the power rating, photovoltaic panel arrangement, and power processing stages, which are listed and
presented. Moreover, international standards of GCPV systems are shown. Then, we provide the
common synchronization technique that is used to synchronize the GCPV with the voltage grid.

Then, we focus on power quality issues such as voltage sag and swell, voltage fluctuations and
interrupt, flicker, frequency deviation, and harmonics. Further, the harmonic sources, their impact on
the power systems, and the IEEE 519 standard are presented. Finally, the commonly used techniques
that are used to mitigate the harmonics and improve the power quality, such as passive filters, active
power filters, and multifunctional GCPV systems, are discussed.

In the next chapter, we will analyze, design, and control a photovoltaic system based on an
interleaved boost converter to enhance the harvesting of the maximum power generated by the PV

panels and compare its performance to that of a conventional boost converter.
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1 Introduction:

Concerns about renewable energy sources have increased globally due to declining conventional
energy supplies. Renewable energy sources represent a solution to these concerns and a reliable
alternative to fossil energy sources [149]. Solar energy is one of the most effective solutions for energy
production. Sunlight can be converted directly into electrical energy through PV panels. It is
characterized by ease of installation, does not require continuous maintenance, is environmentally
friendly, and has low maintenance costs [150]. However, PV systems have several challenges, such as
nonlinear behavior due to dynamically changing climatic conditions and the impact of partial shading
on the output performance of the PV module. In addition, the main limitation of PV systems is the low
output voltage. From this perspective, the power electronic converters have gained the interest of
researchers because they play a vital role in the operation of MPPT algorithms, PV system injection on
the grid, and the adoption of PV systems with high-power applications.

Several DC/DC converter topologies are commonly used in PV systems, including buck, boost,
buck-boost, cuk, flyback, and single-ended primary-inductance converter (SEPIC) [151]. Recently,
DC/DC converters have played a vital role in regulating the output voltage of the PV system to produce
the maximum possible power, decrease it, or increase it.

In some applications, the load requires a high-magnitude voltage compared to the power source's
output voltage. Therefore, the boost converter has been proposed as a voltage step-up in many
applications such as PV systems, fuel cells, electrical vehicle charging, and battery power systems [152],
[153], [154], [155]. In addition, the boost converter allows PV systems to track their maximum power
points using MPPT algorithms. However, CBCs are unsuitable for high-power applications, have poor
efficiency, and in high-duty cycles, the current and voltage ripples rise.

Researchers have grown their interest in raising the PV system's lifespan and efficiency in recent
years while minimizing power losses, specifically in high-rating power applications. Several papers that
improve the topologies of boost converters have been proposed to overcome the limitation of the CBC.
The IBC [156] is a topology widely used to overcome the CBC topology. IBC is a suitable device for
high-power applications such as fast electrical vehicle charging, industrial uses, and high PV plant
applications due to its beneficial features, such as low input current and output voltage ripples, reduced
voltage stress on the switches, reduced size of inductors and capacitors, and converting high amounts
of power [157], [158].

This chapter discusses the topologies of CBC and IBC and their functioning principles. It also
discusses the design of two topologies, including the selection of their components. Moreover, it
presents the implementation of the MPPT algorithms with a 60-kW standalone PV system. Besides, it
discusses the control linear and nonlinear strategies that enhance the efficiency and stability of the IBC-

based PV system.
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2 Conventional Boost Converter:

The conventional boost converter is a DC/DC step-up converter used to increase or boost the input
DC voltage to a higher DC voltage level. Theoretically, a standard boost converter can gain high voltage
as the duty cycle approaches unity [159].

This section will discuss the conventional boost converter's topology, modeling, principle of
functioning, and design.
2.1 System Description and Modeling:
2.1.1 Circuit Description:

Figure I1-1 shows the conventional boost converter topology. The circuit contains a boost inductor
L, diode D, controlled semiconductor switch S (commonly used MOSFET or IGBT), and output filter
capacitor Co. In addition, resistor R is utilized as a load. Vi, Vo, Vi, Iy, I1, and Io represent the voltage
source, the output voltage, the inductor voltage, the input current, the inductor current, and the output

current, respectively.

Viv SOJK} C,m— Vo H R

Figure II-1 Conventional boost converter circuit.

2.1.2 Conventional Boost Converter Analysis:

To describe the CBC principle of operation, the converter is assumed to operate in a continuous
conduction mode, with all components considered ideal (without parasitic resistance) and the diode's
forward voltage. Figure 11-2 shows two modes of functioning in a period of operation Ts. In the first
mode, when the switch S is turned on (+=[0, dT5s]), diode D is turned off, as depicted in Figure 1I-2 (a).
The inductor current /; increases linearly while the capacitor supplies the load R. Therefore, the
capacitor voltage decreases.

In the second mode, the switch S is closed (¢ = [ dTs, Ts]). Where the power stored in the inductor
is provided to the load R through the diode D, and the output capacitor will charge. In this mode, the
inductor current decreases until the next cycle, when switch S is turned on again. Figure I1-3 illustrates

the boost converter waveforms.

v L Io
A
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Figure II-2 Conventional boost converter operating modes: switch closed (a), switch opened (b).
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Figure II-3 Conventional boost converter waveforms.

2.1.3 Conventional Boost Converter Modeling:
The differential equations that describe the operation of the boost converter are expressed using
Kirchhoft’s voltage law (KVL) and Kirchhoff’s current law (KCL) in the following:
e Switch S close (S=0):

Vo =19y )
@.1)
dv,(t) —1,(1)
d  C,
e Switch S open (S = 0):
Vo =12D _y 0 -v,
2.2)

dV,(0) _1,(0)~1,(0
dt C,
Where V7, is the inductor voltage (V), I is the inductor current (A), Vv is the input voltage of the CBC,

1o is the output current of the CBC, and Vo is the output voltage of the CBC (V).
Combining the equations (2.1) and (2.2) and using the switch state function, we can write the

differential equations of the conventional boost converter as follows:
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dl, (@) _Viw®—[1-S]7,()

dv, ol
C, " =1,(N[1-S]-1,()

Replacing the switch state S by its average value d (duty cycle) in a simple time. Therefore, the

average module is provided in (2.4)

dl,(t) _ V(@0 =[1-d]V,(®)

dt L (2.4)

dv,t) o
C, i =1,(0)[1-d]-1,(0)

2.2 Design of Conventional Boost Converter:

The first step before the selection of the inductor and the output capacitor is calculating the duty

cycle d using the following equation:

v,
d=1-1m 2.5)
Vo
2.2.1 Inductor Selection:

The equation that allows the calculation of the inductor value is expressed as:
Vo
f:S’WAIL
Where fsy is the switching frequency, and AIL is the inductor current ripple, chosen to be 20% to

L>

d(1-d) (2.6)

40% of the output current /o.
2.2.2  Capacitor Selection:

The equation that allows the calculation of the inductor value is expressed in (2.7):
1,d

JswlVo
Where AV is the output voltage ripple, its value can be 2% of the output voltage Vo.

2.7)

G, >

2.3 Conventional Boost Converter Limitation:

The most significant limitations of CBC are [21], [160], [161]:
e High input current and output voltage ripple.
e Unsuitable for high-power applications.
e The voltage gain is limited due to parasitic parameters.
e High voltage stress across the semiconductor switch.
e Low efficiency.
e Switching losses.

o Bulky size in high power applications.
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3 Four Legs Interleaved Boost Converter:

The IBC is a promising choice for addressing the limitations of CBC [156]. These converters offer
the benefits of decreasing the size of inductors, enhancing the power level, and minimizing the voltage
stress on the power switches. This section will describe the four-legs interleaved boost converter
(FLIBC) circuit and its modeling, investigate the mode of operation, and select the components.

3.1 System Description, Analysis and Modeling:
3.1.1 Circuit Description:

Figure 1I-4 represents the FLIBC topology. It consists of four identical conventional boost
converters connected in parallel to the same power source and load. The legs of the IBC operate with
the same switching frequency and duty cycle d with a phase shift equal to 90° degrees between them.
The interleaving process allows the share of power among the legs, reduces the input current and output

voltage ripple, and decreases the voltage stress of the switches [162].

Ly Iy . £4
Lis | £=3
I gz
I | :D:] 1o

SCESCES St o

ol ]

Figure II-4 Four Legs interleaved boost converter circuit.

3.1.2 Interleaved Boost Converter Analysis:
The four-legs interleaved boost converter can operate in various cases depending on the duty cycle
value. Our study will take the following value (d = 0.25, d = 0.375,d = 0.5, d = 0.675, d = 0.75). The

control signal waveforms, the inductors' current flow, and the FLIBC input current are illustrated in

Figure II-5 and Figure I1-9.
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Figure I1-5 FLIBC current waveforms (d=0.25). Figure I1-6 FLIBC current waveforms (d=0.375).
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Figure II-7 FLIBC current waveforms (d=0.5). Figure I1-8 FLIBC current waveforms (d=0.675).
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Figure I1-9 FLIBC current waveforms (d=0.75).
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The semiconductor switches of the FLIBC operate using a phase shift control signal between them.
The equation that allows the calculation of the phase shift time considering the IBC legs can be written

as follows:

0, =%(j—1);j=1,2,...,1v (2.8)
Where ¢; is the phase shift time of the concerned leg j, T is the sample time value, and N is the number
of legs.
The input current ripple is a vital factor that affects the power source's efficiency and life span. The
IBC inductors are assumed to be identical L;=L,=...=Lx, and their internal resistances are negligible.

The IBC input current ripple value can be calculated using the following general equation [163]:

v i—1 —1 i
ALy == d-L—|(j-Nd); L—<a<L 29
N N N

Where j=1, 2, ..., Nis the subsection of the operating period, and /N is the number of IBC legs. Therefore,

we can observe that the input current ripple 4/,y= 0 when d=j/N and the maximum value of the input

current ripple of the IBC can be written as follows:

AIIN max Vv() d = 2] 1 (210)
’ 4NLfSW 2N
Then, the input current ripple expression of the FLIBC can be deduced using the equation (2.9) as
below:
v,
d (1 4d ) 0<d Sl
4
7 (d J (2-4d) 1 _, 1
Al = fSW ‘1‘ i @2.11)
[d j (3- 4d —<d<—
LfSW 2 4
(d J (4—4d) 2<ds
Lf gy
Meanwhile, the inductors' current ripple expression of the IBC is the same as that of the CBC.
14
Al =—2-d(1-d 2.12
v =g, 100 =1

The normalized input current ripple variation of the IBC regarding the duty cycle is illustrated in Figure
II-10. It is clear that the interleaving process ensures the decrease of the input current ripple of the IBC.
Moreover, raising the number of legs leads to a reduction in the input current ripple.

On the other hand, the generalized equation of the output voltage ripple of the IBC is given in (2.13)
[163]. Figure II-11 depicts the variation of the IBC output voltage ripple 4V as a function of the duty
cycle. It is noticed that the output voltage ripple decreases when the number of IBC legs increases. In
addition, the AVobecomes null for d= k/N for k= 1,2, ..., N-1, and its maximum value when d=1, where

its value is given in (2.14).

48



Chapter II: Standalone PV Systems Based on IBC: Design, Control and Performance Analysis
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Then, the output voltage ripple of the FLIBC can be calculated using the following equation:

-5

|
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Figure 11-10 Normalized IBC input current ripple compared to CBC.
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Figure I1-11 Normalized output voltage ripple of the IBC compared to CBC.

3.1.3 IBC Modeling:
As assumed above, the IBC inductors are identical (L=L;=L,=...= Ly), and the diodes' internal
resistance and forward voltage are neglected. The simplified average model of the IBC is presented

according to the KVL and KCL using the following equations:

dl,(6) Vi (©) ~[1-4,]7,(»)
dt L
N j=12,.,N (2.16)
oy jZZ;ILj(t)[l—dj]—lo(t)
d C,

Where Vpy is the PV panel voltage.
3.2 Design of Interleaved Boost Converter:

The design of the interleaved boost converter is an important step in ensuring the optimal operation
of the converter and maintaining the equal sharing of input current between the legs. The selection of
the IBC component is subject to the system requirements, such as the maximum rated power, input
voltage and current, output voltage and current, input current ripple, output voltage ripple, and the
switching frequency.

3.2.1 Selection of Inductors:
The equation that allows to calculate the value of the inductors L of the IBC can be deduced from
(2.10) the maximum input current ripple equation [164]:
L= —VO
ANAL s
The inductance value can be decreased by increasing the switching frequency or increasing the number
of IBC legs.
3.2.2 Selection of Capacitor CO:

2.17)

Using the equation of the maximum output voltage ripple (2.14), the expression of the output

capacitor of the IBC can be given as follows:
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C, = & (1_N‘1j (2.18)
AV, for N

Omax

3.3 PV System Based on Four Legs Interleaved Boost Converter:

The PV systems have a major drawback represented in their nonlinear behavior. The power
produced by PV systems depends on weather conditions such as solar radiation and temperature.
Further, PV systems need to operate at their optimal performance, and a DC/DC converter and a reliable
control strategy are necessary to track the maximum power point. In addition, large-scale PV systems
require a suitable DC/DC converter to handle the high power. The IBC meets the abovementioned
requirements due to its advantages. Figure 1I-12 shows the investigated PV system fed a FLIBC and

connected to a load R.

Le | I D
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Ly 13 33
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Figure II-12 PV system fed four legs IBC.

According to the circuit in Figure 1I-12, the differential equations that represent the legs current,

the output voltage, and the PV system voltage are given by:

dI,(6) Vo 0)=[1-d, [V, (0)
e L
1,0|1-d,; |-1,(
dVO(t):,Z-; /O[1-d,}-1.0 j=1,2,3,4 (2.19)
dt C,
dVo,(t) 1p,(t)—1,(@)
i C,

4  Control Strategies:

A double-loop control strategy [165] is proposed to ensure the control objectives of an FLIBC,
which are tracking the MPP of the PV system, equal current sharing between the legs, and obtaining a
robust and fast response system. The general control scheme of the double loop control is illustrated in
Figure II-13. It consists of an outer loop controlling the PV voltage to track its reference, provided by

an MPPT algorithm. In addition, an inner loop guarantees equal current sharing between the FLIBC
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legs, where the output controller of the outer loop serves as a current reference. The following will

explain in detail the design of various parts of this controller.

Outer Loop — — — —— Inner Loop — — — — —
[ m
I r---— - - - - === 'i
| | |
MPPT Voltage | 1 Crent Plant 1 Plant 2
controller controller

Figure 1I-13 General scheme of the double loop control strategy.

4.1 MPPT Controllers Design:

As discussed in Chapter I, many algorithms are used to track the maximum power point of a PV
system. This section will design the three most commonly used algorithms: incremental conductance
and fuzzy MPPT.

4.1.1 Incremental Conductance:

Incremental conductance is a method utilized to track the MPP of a PV system that has key
differences compared to the P&O, such as fast tracking and high accuracy. The technique has been
discussed in detail in the precedent chapter (Chapter I — section 2.5.2). The pseudocode of the

incremental conductance is presented below.

Pseudocode 11-1 Incremental conductance algorithm steps.

1- Initialization: define the initial values of the initial voltage reference Vpyr(k), previous current Ipp(k),
step size 47> 0, and the initial value of the measured voltage Vpy (k) and current Ipy (k).

2- The measure of voltage and current: acquire voltage Vpy (k+1) and current Ipy (k+1) measurements in
real-time from the PV system. Then, calculate the difference between the current measurements and the
previous measurements as follows: AVpy= Vpy(k+1) - Vey(k), Alpy=Ipy (k+1) - Ipy (k)

3- Change the voltage reference according to the following conditions:

(] IfAVpy=0, & Alpy =0 then -> VP\)r@f (k"l‘]) = VPVrg_/(k).
(] IfAVpy=0 & Alpy> 0, then -> vargf (k+l) = VPV(k) + A4V
(] I£AVpy=0 & Alpy<0 & Alpy/ AVpy > -]Pv(k+1)/va(k+I), then = vamf(k+]) = va(k) -AV.
o IfAVpy#0 & Alpy! AVpy= -Ipy (k+1)/Vpy (k+1), then > Vevrer (k1) = Vey rer (k).
o  IfAVpy#0 & Alpy/ AVpy > -Ipy (k+1)/Vpy (k+1), then =D Vpyer (k+1) = Vey(k) + AV.
o IfAVpy#0 & Alpy/ AVpy < -Ipy(k+1)/Vpy(k+1), then =D Vpyer (kt1)=Vpy(k) - AV.
4- Update the previous variables with the current variables for the next iteration.
VPV (k) = VPV (k+]), IPV (k) = IPV (k+])
5- Return the PV system voltage reference Vpy.or (k+1).
6- Return to step 2 (voltage and current measurement) and continue the cycle.

4.1.2 Fuzzy MPPT:
The fuzzy MPPT is a controller that optimizes the operating point of the PV system to achieve the
MPP and gather the peak power during varied climatic conditions [36]. As seen in (Chapter I- 2.5.5),

the fuzzy logic controller consists of three essential stages: fuzzification, inference method, and

defuzzification [166].
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The fuzzification block is the process that converts the real input value into their corresponding
degree of membership in the defined linguistic variable based on membership functions. In this
controller, the size of the variation of the voltage reference is determined regarding the change of power
with respect to the voltage (2.20) (the slope of the P-V curve dPpy/dVpy) and the rate of change of power
(2.21) at a sampling time.

P(k +1)— P(k)

Fo= Vey (k+1) =V, (k) (2.20)

CE = E(k +1)— E(k) (2.21)

Therefore, the operating point of the PV system can be located using the slope of the P-V curve E
if it is on the right or the left side of the MPP, while CE serves as an indicator of the change of E over
a sampling time, providing insights about the rate of acceleration or deceleration of the power change.
On the other hand, the output of the fuzzy MPPT controller is the rate of variation of the PV system AV
to track the optimal operating point where the slope E equals zero. In the proposed controller, the input
and output variables are divided into five fuzzy sets (linguistic variables), such as negative big (NB),
negative small (NS), zero (Z), positive small (PS), and positive big (PB). Figure 1I-14 shows the

membership functions of each fuzzy set of inputs and output.
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Figure I1-14 Fuzzy logic membership functions.

The inference method is a process that applies the fuzzy rules to the fuzzy sets of the input in parallel
to obtain the fuzzy set of the output corresponding to the rules [167]. The inference process is based on

the Mamdani rule that uses the max-min operation. Where max is used for the operator (AND), and min
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is used for the operator (OR). Table II-1 lists the proposed fuzzy MPPT rules based on the Mamdani
method and the operation AND.
Table I11-1 Fuzzy MPPT rules.

CE
NB NS V4 PS PB
NB zZ zZ NB NB NB

NS zZ zZ NS NS NS
Z NS zZ zZ V4 PS
PS PS PS PS V4 V4
PB PB PB PB V4 zZ

The output of the proposed controller AV is obtained using the defuzzification step according to the
output membership functions. Several methods have been proposed for the defuzzification process. The
commonly used methods are the height method (HM), mean of maximum (MoM), and centroid of area
(CoA) [167]. In this work, the designed fuzzy MPPT is implemented using the CoA, and its equation is

given below:

D AV (AV)
AV =it (2.22)

2 (AF)
Here, AV; represents the individual output lvoalues associated with each membership function, and
s represents the membership degree of AV
4.2  Proportional Integral Controller:

The proportional integral is a linear feedback controller that adjusts a process or system to a desired
setpoint. Due to its efficiency, low cost, and simple tuning, it is commonly used in various applications,
such as industrial control systems, robotics, and automotive systems. The principle of operating the PI
controller is based on the adjustment of the control signal «(?) based on the error between the setpoint
and the measured output of the system. The time domain equation of the PI controller is composed of a
proportional term and an integral term, as shown in equation (2.23):

u(®) =K, (X,(0-X,0)+ K [(X,0)- X, 0)dt (2.23)
K,, Ki, Xa, and X,, denote the proportional and integral gain, the desired setpoint, and the system output,
respectively.
4.2.1 Design of The PV System Voltage Controller:

According to the FLIBC module that is expressed in the equations (2.19), the deferential equation
that describes the dynamic behavior of the PV system voltage is given below:

AVyy (1) _ 1y (=1, (1)

(2.24)
dt Cy
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Using the Laplace transform, the transfer function Gy of the voltage open loop can be expressed as
follows:
Vo (s 1
GV(s)zL()z— (2.25)
U(s) Cps
Where Ui(s) = Ipi(s) - Iiv(s) is the output of the controller, and s is a complex frequency domain

parameter. On the other hand, the PI controller transfer function is given as below:

K.
C(s)=2) g K (2.26)
Eis) 7 s
Therefore, the voltage closed-loop transfer function is given in equation (2.27):
K .
CPV s+ (Iflv
G (s) = N N (2.27)
R LAy i
IN CIN

Many methods of tuning the PI controller parameters include the Ziegler-Nicloas method, trial and
error, pole placement, and artificial intelligence. To meet the desired performance, such as response
time and overshoot, the closed-loop transfer function is compared to the canonical form transfer
function of the second-order system. Equation (2.28) expresses the second-order system transfer

function.

2

)
F(§)=—— (2.28)
() s +200s + o

Z denotes the damping ratio, and w is the natural angular frequency. Therefore, the PI parameters of the

voltage control loop can be calculated as follows:

K, =280C, K, =0C, (2.29)
4.2.2 Design of The Equal Current Sharing Controller:

The inner loop controller aims to achieve balanced current distribution among the FLIBC legs. Each
leg's current reference is derived by dividing the voltage controller’s output by the number of legs (4
legs). The PI controller parameters are tuned using the previous manner in the voltage controller. The

transfer function of the current open loop is written as below:

1, _1

G,(s)= (2.30)
/) U, (s) Ls
Where Uz = Vpy- (1 - d)) Vo. The closed-loop transfer function is expressed as follows:
K
pe 4 ic
Go(s)=—L L (2.31)

§T g i
L L

Therefore, the PI parameters are calculated using the following equations:
K,=20l K =L (2.32)
The duty cycle that fed the pulse width modulation block can be calculated using the following

equation:
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The control scheme of the FLIBC based on the PI controller is illustrated in Figure II-15.
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Figure II-15 PI Control scheme of PV system fed FLIBC.

4.3 Backstepping Controller:

Backstepping control [32] is a powerful nonlinear control technique that stabilizes and regulates

complex dynamical systems. It is particularly well-suited for systems that can be represented as a

cascade of interconnected subsystems. In this section, we design a BS controller for the FLIBC-based

PV system to achieve the desired control objectives:

e  MPPT: The BS controller will ensure that the PV system operates at its maximum power point

by tracking the reference voltage provided by the MPPT algorithm.

e Equal Current Sharing: The controller will guarantee balanced current distribution among the

FLIBC legs, improving system efficiency and reliability.

e Robustness and Stability: The BS controller design will focus on achieving robust performance

and stability against parameter variations and external disturbances.

The BS controller approach involves designing virtual control laws for each subsystem in the

cascade, progressively "stepping back" from the final output to the input [ 168]. BS controller allows for

the systematic construction of a Lyapunov function that guarantees the overall system's stability.

In the following, we will detail the design process of the BS controller for the FLIBC-based PV

system, including the selection of Lyapunov functions, derivation of virtual control laws, and stability

analysis.

The differential equations of the FLIBC used to design the backstepping controller are shown in

(2.19). Let us define the tracking error of subsystem 1 as follows:

&=V —

v

ref

) ZJ(VPV - Vref)dt
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Where V,.ris the desired voltage given by the MPPT algorithm, then the derivative of the tracking errors

is shown below:

e =V, - Vre/‘ :C_IN(]PV -1, )_Vre/’ (2.35)

e, =¢

The Lyapunov function V; and its derivative are defined as follows:

V—teilig (2.36)
2 2
Vl =€ +heye, =¢ |:CL(1PV _[[N)_ Vref +7‘1€2} (2.37)
IN

Where V; is a positive definite and A;> 0 is a design parameter, to ensure the asymptotic stability of

subsystem 1, the derivative of the Lyapunov function should be negatively defined (7, < 0). Therefore,

the derivative of the Lyapunov function becomes as follows:
; 1
Vi=¢ |:C_(IPV _]1N)_Vref +?‘ez:|:_K1612 (2.38)

IN
Then, the virtual control law ¢ that is considered as a setpoint of subsystem 2 can be deduced from

(2.38) as follows:

1 1 .
%zz[[m/ +Cpy (K + e, _I/ref)] (2.39)

Here, K, represents a positive constant that serves as a design parameter.

6:

To design the BS controller of the equal current sharing, let us define the tracking errors of

subsystem 2 as follows:

e, =1,,-0
Voo (2.40)
e, = (1, -8)dt
The time derivative of e3; can be given as follows:
) | .
&y, =1y _SZZ(VPV _(1_d./))V0_6 241)
Using equation (2.40), we find that:
I,=e,;+d (2.42)
Replacing equation (2.42) in equation (2.35), the time derivative of the tracking error e; can rewritten
as follows:
6 = (1, — e, ~45)- 7., (2.43)
C[N
By the combination of equations (2.39) in (2.43), equation (2.43) can be reformulated as:
. 4
e=-Ke—-he,——e, (2.44)
Cw

Then, the time derivative of the Lyapunov function of subsystem 1 becomes as follows:
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: . 4 4
Vi =eé +M\ee =¢ {—Klel _C_e”} =-Ke —C—e3jel (2.45)
IN IN
The Lyapunov function of subsystem 2 is a positive definite as follows:
1 A
v,=V, +Ee32j +72ef/. (2.46)
Where A is a positive design parameter, the derivative of V> with respect to time can written as:

L . . 4
V=V +e,e,+he, e, = -Kel +e, (63 +he,, —C—elj (2.47)
IN

Then, for the asymptotic stability of subsystem 2, the derivative of the Lyapunov function should be

negative definite V, <0 as follows:

; 4
V,=-Ke +e, (eg +he,; ——elj =-Ke -K,e;, (2.48)
CIN
Where K is a positively defined design parameter, then, from (2.48), we found:

. 4 1 . 4
éthe, ——e =—(VPV—(1—dj))V0—8+7»2e4j -——e¢ ="K, (2.49)
CIN L CIN
Therefore, the virtual control law d; can be deduced using (2.49):
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Figure I1-16 BS controller scheme for PV system fed FLIBC.

IN
’ Vo
Finally, the control scheme of the BS controller-based FLIBC is shown in Figure I1-16.

4.4 Sliding Mode Controller:

: 4
L(S —h,ey; +C—e1 —Kze3].] Vo (2.50)
d =1+

SMC [169] is a nonlinear control for controlling variable structure systems. The objective of the
SMC is to change a nonlinear system’s behavior using a discontinuous control signal and ensure robust
performance. SMC involves creating a control law that guides the system state to a chosen sliding
surface and keeps it there. This sliding surface is a "boundary" separating various system behaviors.
The SMC is widely used to control DC-DC boost converters due to its beneficial characteristics, such

as high efficiency, fast transient response, stability, and robustness against parameter variation and
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external disturbances [6]. The following SMC and super twisting SMC (STSMC) are designed for the
FLIBC-based PV system.
4.4.1 First Order Sliding Mode Controller:

The objective is to force the PV system’s voltage to track the reference provided by the MPPT
controller and ensure equal current sharing among the FLIBC legs. Implementing the SMC scheme
involves two steps. The first is choosing the sliding surface that the system should follow to achieve the
control objectives. The second step is designing the control law implemented to maintain the system's
state trajectory on the sliding surface by adjusting its trajectory.

The sliding surface is selected as (2.51) to guarantee the gathering of maximum power of the PV
system. The selected sliding surface is a combination of the error between the PV voltage and its setpoint
value provided by the MPPT.

S, =e + e, (2.51)
Here, A3 is a positive definite gain, e; and e, are the trajectory errors of subsystem 1, which are given
by:
e =V, - Vref
6= j(VPV V. )dt

The key advantages of this control approach are robustness and stability. This stability is demonstrated

(2.52)

by the following Lyapunov function, which is relevant to the surface's attractiveness:
K=%W (2.53)
The time derivative of equation (2.53) must be negative in order to guarantee asymptotic stability close
to the equilibrium point.
V,=8,5,<0 (2.54)
The control law of the SMC consists of two parts, as shown in (2.55). The equivalent control law u., is
responsible for generating the control signal necessary to ensure the convergence of the system's
trajectory toward the sliding surface during the reaching phase. On the other hand, the discontinuous
part usy acts as a switching control, ensuring that the system’s trajectory is maintained on the sliding
surface. It compensates for uncertainties and disturbances and guarantees the robustness of the SMC.
Ugye = Uy, +llgy (2.55)
When designing the reaching control law u.,, it should be ensured that the time derivative of the
sliding surface equals zero, and solve the equation for the control law, as follows:
S =é +Ae,=0 (2.56)
Can rewrite (2.56) as follows:

| )
S :—(IPV -1, )—Vref+7n3e2 =0 (2.57)
o |
Then, the reaching control law can be deduced as follows:
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=1p +Cpy (7‘361 _V;«zf‘) (2.58)

Moreover, the discontinuous control law can be given as follows [170]:

ueq = IINeq
gy =L psy = K;sign(S,) (2.59)
K3> 0 is a positive design parameter, and sign is a switching function that checks the sign of the sliding

surface. Then, the control law can be written as:

Iy =Ty + sy = 1oy +Cpy (7‘3@1 - Vre/ ) +K,sign(S,) (2.60)
To prove the stability of the closed-loop voltage subsystem, it should be valid that the positive

Lyapunov function is decreased along the sliding surface as follows:

) . 1 .
Vi=§8 =5 (C_(IPV _|:11N9q +IINSW:|) _Vref +7“331] (2.61)
IN

Using (2.60), we can rewrite the time derivative of the Lyapunov function as follows:

. 1 ) .

&&:&[E—@W—PW+QMMq—nﬁ+K§@M$D—Kd+Mq] (2.61)
IN

Then, equation (2.61) becomes as:

SS = S(— 53 sign(S)] <0 (2.62)

IN

Therefore, the control law satisfies the stability analysis criteria, where the time derivative of
the Lyapunov function is negative definite, indicating the system's asymptotic stability.
The SMC law of subsystem 2 can be designed following the precedent steps. Firstly, choosing the

sliding surface as follows:

S, =e, +\,e, (2.63)
Where e; and e are trajectory errors of subsystem 2 that are defined in equation (2.64):
e=1,-9%
Py (2.64)

e,=|(1,-8)at
In which d represents the inductors current reference (6= 0.25/v). To ensure the robustness and stability
of subsystem 2, let us define the following positive definite Lyapunov function:
v, = %S; (2.65)
The Lyaponuv function stability and convergence of the trajectory errors to the sliding surface can be
ensured by satisfying that the time derivative of the Lyapunov function V> is negative definite as
follows:
V,=8,8,<0 (2.66)
Initially formulating the equivalent control law u., by assuming that the time derivative of the sliding
surface is equal to zero allows for designing the control law satisfying the condition mentioned above.
Subsequently, the equation can be solved for the equivalent control.
S,=é+he, =1, —8+h,e,=0 (2.67)
Then, substituting equation (2.19) in (2.67), we found:
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.V, -0-d
S, = 134 (L

Therefore, the equivalent control law of subsystem 2 can be given as:

Wo

Jeq

Sy, =0 (2.68)

d -1+ L(S —k2e3) -V,
VO

Moreover, adding a discontinuous control part is necessary to maintain the trajectory errors on the

(2.69)

sliding surface.

d gy =—K,sign(S,) (2.70)

J
Therefore, the sliding mode control law of the subsystem 2 can be expressed as follows:

L(8-n.e)=V,,
Vo
To prove the closed loop stability of subsystem 2, it should verify the Lyapunov function stability

d.i = djt’q +djSW =1+ _K4Sign(S2) (2'71)

condition:

d

II,Z

d

'

d

Iy Current Controller

Figure II-17 SMC Control scheme of PV system fed FLIBC.

V, ~(-d)V,

V,=8,S, :Sz[ —8+x4e3] (2.72)

By replacing the expression of d; (2.71) into the equation (2.72), we get:

V,= 5.5, =S, ViK4sign(sz )<0 2.73)
[

The SMC diagram is depicted in Figure I1-17.
4.4.2 Super Twisting Sliding Mode Controller:

STSMC is a modern control approach utilized in a variety of applications, including power
electronics [171] and renewable energy systems such as PV systems [172]. It is an improvement of
conventional sliding mode control that aims to increase system performance, robustness, transient
response, and reduce chattering. Moreover, STSMC also offers improved accuracy and superior
tracking outcomes in dynamic environments. In the following, we will detail the design process of the
ST-SMC for the FLIBC-based PV system. The STSMC control law can be expressed as follows:
(2.74)

Ugr_sye = Uog T Ugp
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ueq 18 the equivalent control law, similar to the one derived for SMC in equation (2.58). Meanwhile, usr
is the super-twisting control law, defined as [67]:

Ugy :—( |S|sign(S)+ BJ.sign(S)dt) (2.75)
Here, o and P are positive design parameters that determine the STSMC's convergence rate and
chattering reduction.

Then, the control law of the subsystem 1 can be given as follows:

Iy =1, +Cy (7\,561 - V,:f ) - (oc11 /lS1 |sign (8,)+ Bljsign (S, )dt) (2.76)
While the control law of the subsystem 2 is defined as:
L(8=nse; )=V,
=1+ ( v ) —(a21/|S2|A9ign(Sz)+ BZJ.sign(Sz)dt) (2.77)
o
The STSMC control scheme is illustrated in Figure II-18.
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Figure II-18 STSMC Control scheme of PV system fed FLIBC.

5 Simulation Results and Discussion:

In this section, a comprehensive evaluation and comparison of the performance of the different
proposed controllers is performed and implemented in MATLAB/Simulink. Firstly, the performance of
the FLIBC and the CBC based on the PI controller is provided to prove the superiority of the FLIBC,
as seen in section 3. In addition, a comparison between the proposed MPPTs is offered to analyze their
performance. Secondly, the proposed BS controller, SMC, and STSMC will be compared with the PI
controller to verify their performance. The simulation parameters of the PV system, CBC, FLIBC, and
the proposed controllers are listed in Table II-2, Table II-3, and Table II-4. The irradiation and

temperature profiles used in the simulation are illustrated in Figure 11-19.
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Table 1I-2 PV system parameters.

PV System Parameters Value
Maximum power P, (1000 w/m?, 25 °C) 85.14 W
Maximum power voltage Vypp 1727V
Maximum power current Iypp 493 A
Open circuit voltage Voc 2183V
Short circuit current Isc 533A
Short-circuit current temperature coefficient K; 0.069 %/°C
Open circuit voltage temperature coefficient K - 0.39 %/°C
Number of series cells per module 7 36
Number of series-connecter modules per string N, 35
Number of parallel strings N, 21
Table 11-3 The CBC and FLIBC parameters.
Parameters Value
CBC FLIBC
Inductor L 5SmH 5 mH
The output capacitor Co 46 uF 46 uF
The input capacitor Cyv 1200 puF
The load R 44 Q
Switching frequency fsw 25 kHz
Table 11-4 Parameters of the proposed controllers.
Controller Parameters FLIBC CBC
Ky 36 12
PI Kiy 27x10% 3x104
Ky 280 56.56
Kic 3.92x10%  32x10*
K 5.52x10*
K> 10x10°
BS M 2147.9
A2 8x10°
K; 3340
SMC K 20
V¥ 0.1
A4 0.4
As 0.001
As 6
o 20
STSMC o 198
P 4
B2 2.2
__ 1000
g 900 1
g 800 4
2 700 1
k=
600 \ . \ | .
0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)
(@)
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Figure I1-19 Simulation profile of the irradiation (a) and the temperature (b).

5.1 Performance Analysis of The FLIBC based on PI Controller:

The FLIBC power circuit (Figure I1I-12) and the PI controller scheme (Figure II-15) are
implemented using MATLAB/Simulink environment. The IC MPPT algorithm is used to track the peak
power of the PV system. The simulation results of the PV system based on FLIBC and CBC controlled
using a PI controller are shown in Figure 11-20 and Figure II-26.

According to the PV system voltage curves in Figure 1I-20 and Figure 1I-21, the PV system based
on CBC or FLIBC tracks the reference voltage provided by the MPPT control. However, the FLIBC
presents superior performance compared to the CBC in terms of response time, voltage ripple, and
overshoot. In zone A, the FLIBC tracks the reference in 0.022 s, while the CBC tracks the reference in
0.026 s. In zone B, the voltage ripple presented using the FLIBC is 0.8 V. On the other hand, the CBC
presents a high voltage ripple equal to 10.8 V, while in zone C, the FLIBC shows a faster response than
the CBC.

Figure I1-22 shows the PV system current; it is clear that the FLIBC reduces the PV system current
ripples which improve the PV system's lifespan.

The input current of the FLIBC and CBC is illustrated in Figure I1-23. The input current ripple of
the FLIBC is less than the input current ripple in the CBC. The current ripple reduction is due to the
interleaving technique (phase shift between FLIBC legs) used in the FLIBC. In addition, the FLIBC
inductors current is shown in Figure 1I-24. The dual loop control based on the PI controller achieves
equal current sharing among the legs.

Thanks to the IC algorithm, the FLIBC tracks the peak power. It presents a fast-tracking time and
low power ripple compared to the CBC, as shown in the behavior of PV system power in Figure I1-25.

Finally, the output voltage and current of the FLIBC and CBC are depicted in Figure 1I-26. The
output voltage and current ripple are reduced significantly using the FLIBC. On the other hand, the
CBC shows a high output voltage and current ripple. The reduction of the output ripples leads to an

enhancement in the lifespan of loads and reduces the power losses.
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Figure I1-20 The voltage of the PV system based on CBC.
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Figure II-21 The voltage of the PV system based on FLIBC.
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Figure 11-22 The PV system current using the FLIBC and CBC.

67

0.7



Chapter II: Standalone PV Systems Based on IBC: Design, Control and Performance Analysis

350
—CBC
—FLIBC
300 *
<
z 250 _
=
5}
E 200 “H
9 Il i
S I ‘\ i
g I
2 150
Sy
5}
b=
>
= 100
S
@)
50 *
0 L | | L L |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)
Figure I1-23 Converters input current Iy.
60 60
40 40
- W [ s W l
20 20
0 : : : : ' : 0 ‘ : ‘ - ‘ :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s) Time (s)
60 60
40 H 40 H
- I A
20 20
0 : : : . : 0 : : : : : :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 02 0.3 0.4 0.5 0.6 0.7
Time () Time (s)

Figure 11-24 Equal current sharing between FLIBC legs.
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Figure I1-25 PV system produced power.
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Figure II-26 Output voltage and current of the FLIBC compared with CBC.

5.2 Performance Analysis of MPPT Algorithms:

The FLIBC-based PV system has been tested under the control of both the IC and fuzzy logic MPPT
algorithms. Considering the aforementioned weather conditions, the test was conducted using
MATLAB/Simulink. The comparison between the two algorithms considers the tracking time of the
peak power and the power ripple. The voltage curves of the PV system are illustrated in Figure I11-27,
with further detail provided by zooming in on the zones, as shown in Figure 11-28 and Figure I11-29. As
can be seen, the fuzzy logic MPPT exhibits faster convergence due to the quicker adjustment to weather
changes and reduced voltage ripple around the maximum power voltage thanks to the continuous
adjusting of the operating voltage based on the fuzzy logic mechanism. On the other hand, IC typically
requires more iterations to converge to the MPP because it perturbs the operating point and compares
changes in power to determine the direction of movement toward the MPP. As a result, it exhibits
slightly longer tracking times compared to fuzzy logic.

In zone A, the fuzzy logic MPPT achieves a tracking time of 37 ms, faster than the IC algorithm's
43 ms. In comparison, the voltage ripple of the PV system decreased from 0.8 V to 0.35 V, which is
attributed to the utilization of the fuzzy Logic MPPT, as seen in zone B. In zone C, the overshoot is
almost similar in both algorithms. However, the IC algorithm exhibits a higher voltage ripple in the
same zone than the fuzzy logic approach. The fast convergence to the Vipp using fuzzy logic MPPT is
demonstrated in zone D, as shown in Figure 11-29.

The PV system power curves using the Fuzzy logic MPPT and IC are illustrated in Figure 11-30. It
is clear that the fuzzy logic MPPT exhibits a fast convergence to the peak power during fast-changing

weather conditions and has a reduced power ripple compared to the IC algorithm.
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Figure II-30 The PV system power curves using the IC and Fuzzy logic MPPT algorithms.

5.3 Performance Analysis of The FLIBC based on BS Controller:

This section investigates the FLIBC connected to a PV system and controlled using nonlinear
backstepping control. The control scheme shown in Figure II-16 is applied to the system using
MATLAB/Simulink. In this part, the fuzzy logic MPPT is utilized to track the MPP due to its superiority
over the IC. The simulation parameters are listed in Table 1I-4. The simulation results of the BS
controller are compared with those of the PI controller.

Figure 11-31 shows the voltage behavior of the PV system fed a FLIBC and controlled using a fuzzy
logic MPPT and BS controller. The BS controller demonstrates significant improvements in both
response time 7T and the tracking time 7, compared to the PI controller. Moreover, voltage ripple around
the operating voltage and overshoot during weather disturbances are considerably reduced. Specifically,
the BS controller achieves a response time of 4 ms, while the PI controller lags at 22 ms. Similarly, the
BS controller tracks the MPP in 6 ms, whereas the PI controller requires 43 ms, as seen in zone A. Zone
B shows a reduction in voltage ripple with BS controller equal to 0.6 V compared to the PI controller
0.8 V. Overshoot in zone C is also significantly reduced from 5.2 V with PI control to 1.9 V with BS
controller. Finally, zone D further confirms the optimized tracking time of BS controller (4.3 ms)
compared to the PI controller (20 ms).

Figure 11-32 compares the PV system's current curves under BS controller and PI control, again
highlighting the BS controller’s superior performance. Figure 11-33 illustrates the PV system's power
behavior, with zoomed-in zones showcasing the BS controller improves the MPP tracking time.

Finally, Figure 11-34 shows the current of the FLIBC inductors, demonstrating that the BS controller

contributes to an equal distribution of current between the FLIBC legs.
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Figure II-31 PV system’s voltage curve using BS controller.
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Figure I11-32 PV system’s current curves using BS controller and PI controller.
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0.415

0.42

575
0.59 0.595 0.6
Time (s)

77

0.605 0.61 0.615 0.62

0.625 0.63



Chapter II: Standalone PV Systems Based on IBC: Design, Control and Performance Analysis

N r-f
(o]
_;—1
20

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s) Time (s)

60

N P—}d
<t
r—:_l
20
: . " . 0 . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s) Time (s)

Figure 11-34 Equal current sharing between FLIBC legs using BS controller.

5.4 Performance analysis of The FLBIC based on SMC and STSMC:

In the following, the performance of a PV system fed FLIBC and controlled using both SMC and
STSMC has been investigated. The control scheme presented in Figure 1I-17 and Figure II-18 are
carried out using MATLAB/Simulink environment. The fuzzy logic MPPT is used to track the peak
power of the PV system during fast-changing weather conditions. The simulation parameters of the
controllers are listed in Table I1-4. The simulation results are shown in Figure II-35 — Figure 11-40.

The voltage curves of the PV system that fed FLIBC and controlled using SMC and STSMC are
illustrated in Figure 11-35 and Figure [1-36. The SMC presents a faster response and tracking time than
the PI controller. However, the SMC shows a chattering phenomenon, which is not seen when the PI
controller is used.

The STSMC is proposed to address the chattering issue. The voltage curve of the PV system based
on FLIBC controlled using STSMC is depicted in Figure 11-36. As can be seen, the performance of the
PV system is enhanced thanks to the STSMC. In which the chattering phenomena are eliminated, the
response time is improved, and the tracking time of the MPP voltage is reduced compared to the SMC.

Specifically, in zone A, the STSMC exhibits a response time of 2.8 ms, significantly faster than the
6.7 ms response time of the SMC. Additionally, zone B highlights the effectiveness of STSMC in
reducing voltage ripple, decreasing it from 5.5 V with SMC to 0.8 V. Furthermore, STSMC successfully
minimizes overshoot in zone C, bringing it down from 8.3 V with SMC to 1.6 V. Finally, zone D
confirms the rapid MPP tracking capability of STSMC, achieving the MPP voltage within 6 ms,
compared to 6.7 ms for the SMC.

Figure 1I-37 shows the PV system’s current curves, where conventional SMC displays slower
response and higher current ripple. In contrast, STSMC achieves faster response and significantly

reduced current ripple.
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Figure II-38 illustrates the PV system’s power curves using SMC and STSMC. The superiority of
the STSMC over the SMC can be observed clearly. Zone A shows the MPP's fast-tracking when the
STSMC is employed. In addition, zone B shows a reduction of the power ripple thanks to the STSMC.
The fast response time of the STSMC is confirmed through zone C and zone D.

Finally, equal current sharing among the legs is achieved using both controllers, as seen in Figure
I1-39 and Figure 11-40. The figures demonstrate that the STSMC exhibits less current ripple compared
to the SMC.
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Figure I1-36 PV system's voltage curve using STSMC

190
180 —
170
< Zone
_f?* 160 D S
é 150 - Zone
= C
(&]
£ 140 L——J 7
&}
2
; 130 I+ Zone
7 B
120 - Zone SMC
A
—ST-SM
110 - ST-SMC
100 | i | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)
141 : ‘
——SMC
140.5 ’—ST—SMC‘
140
< < 1395
z z
e Z 139) ,
§ % 1385 Y | I
: : N ’\ l\ ‘|| W "“”l\ !\”\ Hl '\H '” w\
.% % 138
z 140 t £ 1375
137
130
Zone A 1363 Zone B
120 : : : 136 : : : : : ‘ :
0 0.02 0.04 0.06 0.08 0.1 0.14 0145 015 0155 016 0165 0.17 0.175 0.18
Time (s) Time (s)

81



Chapter II: Standalone PV Systems Based on IBC: Design, Control and Performance Analysis

145 : r ; T 182
Zone C
140
dwwwmwumm 180
135 1
< <
= 130 1 =178
_ﬂ- »—P‘
5 125) 1 8
3 3 176
§ 120f 1 g
Z Z
& &
> 115¢ 1 > 174
=] Ay
110+ 1
172
105 ko
100 ‘ ‘ 170 ; ; ) ; ‘ ; ;
0.28 0.29 03 031 032 033 059 0.595 0.6 0.605 0.61 0615 0.62 0.625 0.63
Time (s) Time (s)
Figure II-37 PV system's current curves using STSMC and SMC.
4
x 10
7
6 —
—~ ’—| ZOne
% 5F | — D B
Zone B
2 Zone C
(=]
5 4} .
2
o
a
: 3 .
2
vl
>
wa
> 2 b
o
Zone
1F A ——SMC
——ST-SMC
0 I I I I I \
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)
4 4
7210 : . : 5052 X0
Zone A
5.0515
6F A\l »ll'- [
5.051 [
= st -
E, 5>5.0505
= ey
~ =%
5 4f ] 5 505
S z
o Q
o o
§ 5l J § 50495
Z Z
) >
7 7
> > 5.049
~ A~
5t ]
5.0485
1k |
5.048
0 s . : 5.0475 ; ‘ ‘ ) ) : ‘
0 0.005 0.01 0.015 0.02 0.14 0145 015 0155 016 0165 017 0175 0.8
Time (s) Time (s)

82



Chapter II: Standalone PV Systems Based on IBC: Design, Control and Performance Analysis

PV system power PPV(W)

65 x10* .
Zone C
6l
55F
5 .
0.395 0.4 0.405

Time (s)

0.41

6.15

@ o
o o o >
o & o S =

PV system power PPV(W)

w
%
v3

5.8

5.75
0.595 0.6

x10*
Zone D

MC ||
SMC

0.605 0.61

Time (s)

0.615

Figure I1-38 PV system's power curve using STSMC and SMC.

60

40
o

20

0.3 0.4
Time (s)

60

0.1 0.2

0.3 0.4
Time (s)

0.5

0.6 0.7

40

1Ll

20

0.1 0.2

0.3 0.4
Time (s)

0.5

60

40

IL2

0 0.1 0.2 0.3 04 0.5 0.6 0.7
Time (s)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)

Figure I1-39 Equal current sharing between FLIBC legs using SMC.

0 0.1 0.2 03 0.4 0.5 0.6 0.7

Time (s)

0.3 0.4
Time (s)

0.5

0.6 0.7

83

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Time (s)

Figure I1-40 Equal current sharing between FLIBC legs using STSMC.



Chapter II: Standalone PV Systems Based on IBC: Design, Control and Performance Analysis

To evaluate the effectiveness of these strategies, a comprehensive comparison of the control
strategies is presented in Table II-5, focusing on key performance indicators derived from the simulation
results. The comparison specifically examines the transient response time, MPP tracking speed, PV
voltage ripple, overshoot magnitude, and the perfermence index (IAE, ISE, ITAE and ITSE),
contrasting the conventional PI controller with advanced nonlinear techniques such as BS controller,

SMC, and ST-SMC, all implemented within the FLIBC topology under identical conditions.

Table 11-5 Comprehensive comparison of the control strategies.

Controller PI BS SMC ST-SMC

Response time in Zone A 22 ms 4 ms 6.7 ms 2.8 ms

MPP tracking time in Zone A 37 ms 6 ms 9.6 ms 2.8 ms
PV voltage ripple (V) in Zone B 0.35 0.6 5.5 0.8
PV voltage overshoot (V) Zone C 5.9 1.9 8.3 1.6

IAE of the PV voltage 3.610 0.481 2.359 0.467

ISE of the PV voltage 692.7 82.88 301.2 84.97

ITAE of the PV voltage 0.048 0.021 0.130 0.019

ITSE of the PV voltage 4.751 0.055 1.576 0.057

6 Conclusion:

This chapter presents a comprehensive analysis of the design, control, and performance of a
standalone PV system using a four-leg interleaved boost converter. The study compares various control
strategies such as PI, backstepping, SMC, and STSMC to achieve optimal system performance.

The simulation results demonstrated that:

e The FLIBC offers significant advantages over the conventional boost converter in terms of
reduced input and output current ripple, improved efficiency, and suitability for high-power
applications.

e The fuzzy logic MPPT algorithm exhibits faster and more accurate MPP tracking than the
incremental conductance algorithm.

e Nonlinear control strategies, such as backstepping, SMC, and STSMC, provide superior
performance compared to the PI controller concerning the response time, tracking time, and
voltage ripple and overshoot reduction.

e The STSMC eliminates chattering, improving efficiency and smoother operation.

The study concludes that the FLIBC, combined with a fuzzy logic MPPT and a nonlinear control

strategy like STSMC, provides a highly efficient and robust solution for standalone PV systems. This
configuration ensures optimal power extraction from the PV panels, even under varying weather

conditions, and improves system stability and performance.

84



Chapter III:

Classical Control of Multifunctional Grid-Connected
PV System Based on FLIBC




Chapter 111 Classical Control of Multifunctional Grid-Connected PV System Based on FLIBC

1 Introduction:

The significance of MGCPYV is increasingly recognized within the context of evolving energy
demands and the expanding integration of solar energy sources. These systems extend beyond their
conventional role of power generation, offering additional functionalities such as reactive power
compensation and harmonic mitigation, thereby supporting grid stability and efficiency. Their capacity
to regulate voltage levels and mitigate harmonic distortions is pivotal for ensuring stable grid operation
and enhancing power quality.

The MGCPV is typically composed of a two-stage power conversion scheme [173]. In the first
stage, the highest DC power possible from the PV system is provided, usually using DC-DC converters.
In contrast, this DC power is transported to the grid by converting it to AC power in the second stage,
using VSI[174]. The VSl is used as a SAPF to reduce harmonic current, compensate for reactive power,
and integrate the PV-generated energy into the grid [175].

The solar panels are commonly coupled with a DC-DC boost converter to raise their voltage and
bring it up to the desired level by the DC link voltage. Moreover, it maintains the PV power close to the
peak power using an MPPT controller. Generally, the researchers employ the CBC topology within the
PV system conversion chain [173], [176], [177]. However, the CBC topology is associated with various
inherent limitations, such as high current stress on components, large inductor size, reduced efficiency
at high power levels, slow transient response, and significant power ripple levels [19]. Despite these
drawbacks, the interleaved boost converter has emerged as a preferred topology to overcome the
constraints of the conventional boost converter. This is due to its advantages, which include lower power
ripple, higher efficiency, compact size, and enhanced suitability for high-power applications [178],
[179].

Generally, each stage of the MGCPV structure consists of two control loops: the PV voltage and
inductor current control loops in the first stage (PV-IBC), as discussed in the second chapter. While the
DC-bus voltage and grid power control loops in the inversion stage (grid-connected inverter) [180].
Several control strategies have been adopted for controlling the active and reactive power of the
MGCPV system, such as instantaneous reactive power theory (PQ theory), voltage-oriented control
[24], synchronous reference frame control [181], and direct power control [182].

Direct power control strategy is one of the common techniques used in power electronics
applications, particularly in shunt active power filters, PWM rectifiers, Microgrids, etc [176], [182],
[183], [184]. In 1998, Noguchi et al. [185] pioneered the development of DPC, an innovative control
strategy derived from the principles of direct torque control (DTC). In DPC, there are no internal current
control loops and no PWM modulator block because a switching table appropriately selects the
converter switching states based on the instantaneous errors between the commanded and estimated

values of active and reactive power.
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In this chapter, the MGCPV topology based on FLIBC and controlled using the DPC strategy
employing a switching table is investigated to handle the high power rate and drawbacks of the CBC
topology. Extensive simulation tests are carried out using the MATLAB/Simulink environment to verify
and compare the proposed topology with the performance of the MGCPV topology that uses the CBC.
2 System Description and Modeling:

In this study, a multifunctional grid-connected PV system goes beyond simply generating power
from sunlight. By incorporating additional functionalities, it actively participates in maintaining grid
stability and power quality. This section explores the configuration of such a system, highlighting its

key components and finally providing their modeling.

Nonlinear
load

DC/DC
Boost
Converter

<}

Figure III-1 Multifunctional Grid-Connected PV System basic configuration.

As seen in Figure III-1, the studied system is composed of four main parts: PV modules fed a
DC/DC boost converter, voltage source inverter (VSI), AC power supply, and nonlinear load. The DC/
DC boost converter connects the PV modules to the VSI and operates the MPPT algorithm. The two-
level VSI consists of six switches and a capacitor connected to the DC side. Moreover, it is connected
to the grid at the PCC via an R-L coupling filter. The 2L-VSI operates as a shunt active power filter; its
main objectives are for the reactive power compensation and to mitigate the current harmonic distortion
caused by the nonlinear loads. In addition, VSI allows the injection of the PV power generated into the
load and/or the grid. The nonlinear load is connected to the grid across three inductors. The nonlinear
load is a harmonic current source composed of a three-phase uncontrolled diode rectifier connected to
an R-L load.

2.1 Power Grid Modeling:

A three-phase power supply (Figure I1I-2) is usually modeled with three voltage sources having
their own voltage and phase waveforms. If the voltage waveforms are purely sinusoidal with the same
amplitude and the phase angle between the voltages is 120°, then the source is balanced. Otherwise, the
source is unbalanced. The mathematical equations that describe the behaviour of the grid voltages can

be given as follows:
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. di
V,=Ri,+L —*+v,

sa dt
I/sb :insb +Ls Cil;b +Vb (31)
t

di,
Vsc = Rsisc + Ls —=+ vc
dt

Where Vi p.c is the grid voltage, iy, is the grid current, and v, is the PCC voltage.

Vsa RS LS isa P CC

Figure III-2 AC power supply circuit.

2.2  Nonlinear Load (Three-Phase Uncontrolled Diode Rectifier) Modeling:

Recently, the growth of nonlinear electronic loads has increased significantly worldwide. The most
common nonlinear loads are AC/DC converters, such as three-phase and single-phase rectifiers. In the
proposed system, a three-phase full-wave rectifier is employed as a nonlinear load. This type of three-
phase nonlinear load (Figure II1-3) is widely used in industrial zones and high-power applications, such
as the converters of direct current distribution systems (HVDC).

i,

X, %, &, A
D, D Ds
R, L i
Va| T R
| | R/ L/ ]
vl > Lo
I : R L, L
v"LJ >»-
PCC
N T

Figure III-3 Nonlinear load: Three-phase full-wave rectifier circuit.

2.3 Two-Level Voltage Source Inverter Modeling:

The schematic of the three-phase 2L-VSI topology is shown in Figure I1I-4. The VSI consists of an
R-L coupling filter, six semiconductor switches, and a DC link capacitor. The 2L-VSI is connected to a
three-phase power supply through an R-L coupling filter. The 2L-VSI includes two zero voltage and six
zero voltage vectors, as listed in Table I1I-1. The mathematical equation of the voltage of the 2L-VSI

can be expressed using the switching functions as follows:

Vi y 2 -1 -1[S,
Vin =% -1 2 -1, (3.2)
14 -1 -1 2|8

JeN

88



Chapter 111 Classical Control of Multifunctional Grid-Connected PV System Based on FLIBC
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Figure I11-4 2L-VSI circuit.
Table 111-1 Voltage vectors of 2L-VSI
Vﬁ S a S b S c VfaN Vbe I/ch Vfab Vfbc Vfac
0 0 0 0 0 0 0 0 0 0
1 1 0 0 2Vpc/3 - Vpcl3 - Vpcl3 Ve 0 Vbc
2 1 1 0 Vpel3 Vpel3 2Vpcl3 Vpel2 Vel Vbe
3 0 1 0 - Vpc/3 2Vpc/3 - Vpcl3 Ve Vbe 0
4 0 1 1 -2Vpc/3 Vpcl3 Vpcl3 Ve Vpcl2 Vpcl2
5 0 0 1 - Vpc/3 - Vpcl3 2Vpc/3 0 Vbe Ve
6 1 0 1 VDC/3 - 2 VDC/3 VDC/3 VDC/2 VDC VDC/Z
7 1 1 1 0 0 0 0 0 0

According to Kirchhoff’s laws, the differential equations that describe the dynamic model of the

2L-VS], as illustrated in Figure I11-4, can be given below:

difa 1 Rf . 1 1
—‘=—(va -V, —vau) =i, =V, +—V,
at L S L= Lo L
di 1 R, 1 1

/b f .
—— =V, =V, — V|, ——V, +—V
dt Lf( b Jb Rﬂ?) Lf o Lf o Lf b 33)
di, 1 R, 1 1

. :_(Vc Ve _VR/'c) :__/ifc T Vem 7V
dt L, L, L, L,
dv, 1 . . ;
_dItJC =C—DC[Sal/a +8,i,, + Scl/b]

Where v, is the PCC’s measured voltage, vz 5. is the output voltage of the VSI, iz is the output
current of the VSI, and S, are the VSI switching functions.
The previous equations can be rewritten in the rotating reference frame using the following Park

transformation:

cos(wr)  cos(wt)  cos(wr)
X0 =ThoX e = \/; —sin(wr) —sin(ot) —sin(wr)|X,,. (3.4)
1 1 1

22 2
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Using (3.3) and (3.4), the 2L-VSI model on the rotating reference frame can be given as:

di R 1 1
P , . .
— =, — 0l ——V, +—,
dt L, TL .
di R
o _ i voi, _vaq +qu (3.5)
dt L, % L
dav. 1 . .
d;)c :_CDC I:Sdlfd + SqlfJ

Meanwhile, the modeling of the 2L-VSI in the stationary frame using Clarck transformation that is

given in (3.6)

1 -0.5 -0.5
2 NEIEENE)
Xopo = Topo X ope = 3 0 5 T3 X b (3.6)

1
V2 V2 2

Therefore, the 2L.-VSI model on the stationary frame can be expressed as follows:

di,, R, . 1 1

=, TV T,
dt L, L, L,

di, R, 1 1

i:——/ifB ——Vt—W (3.7)
a L 7" L, L,

dv,. 1 . .

— = Syi,, + Sy,
a C,, [ a'fa TP fﬁ]

3 Direct Power Control:

DPC stands out among the several control approaches investigated for the regulation of MGCPV
systems exhibiting various characteristics. Ohnishi et al. propose the basic concept of the DPC strategy
to control a three-phase PWM rectifier [186], which is derived from the direct torque control of the
induction machines proposed by Takahashi and Noguchi in 1986 [187]. In DTC, the amplitudes of the
torque and flux are used as controlled inputs. Meanwhile, in DPC, the active and reactive power
amplitudes are used as controlled inputs.

DPC allows the control of the MGCPV without using any internal control loops or PWM block. Its
fundamental concept involves choosing the suitable switching states using a predefined optimal
switching table, which is based on the errors limited by hysteresis bands observed in the active and

reactive powers and the position of the source voltage space vector, as depicted in Figure III-5.
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Nonlinear
load

)

DC/DC
in| 2L-VSI Boost

Converter

Instantaneous active and
reactive power calculation (3.8)

P [

Figure I11-5 Conventional direct power control of MGCPV system.

The active power P and reactive power Q are calculated using the voltage and current of the grid

across the following expressions:

{P =Vsols, + Vsl (3.8)

0= Vscc[sa - VSﬁISoc
The active power reference is delivered by the output of the DC bus voltage controller. At the same
time, the reactive power set point is equal to zero to guarantee unity power factor operation [29].

The power errors are calculated as follows:

AP=P,-P
‘ (3.9
AQ=0,, -0
Then, the power is fed into the hysteresis controller to calculate the digitized signals E, and E; as
follows:
AP>¢:E, =1
AP<g:E, =0
(3.10)
AQ>¢e:E, =1
AQ<e:E,=0

3.1 Switching Table:

The switching table used in DPC consists of the optimal switching states that allow the control of
active and reactive power. The switching states are determined by the power error signals provided by
the hysteresis controllers and the position of the voltage in the space vector. Noguchi et al. proposed the

widely used switching table in [185]. The voltage space vector is illustrated in Figure I1I-6, and the
switching table is listed in Table III-2.
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001 101

Figure I11-6 Voltage space vector.

Table 111-2 Switching table of the DPC.

Sector
Er | Ep
0; 0, 0; 04 0s O 0, 0Os 09 010 0 012
1 1 111 111 000 000 111 111 000 000 111 111 000 000
0 101 111 100 000 110 111 010 000 011 111 001 000
0 1 100 110 110 010 010 011 011 001 001 001 101 100
0 101 100 100 110 110 010 010 011 011 011 001 101

3.2 DC-Bus Voltage Regulator Design:

In order to maintain the DC bus voltage in the desired setpoint and decrease its fluctuations, an anti-
windup compensator-based PI controller is suggested in several papers, such as [29], [188]. The control
scheme is depicted in Figure I11-7. The PI controller contains a proportional gain K4 and an integral
gain K., which minimize the steady-state error. In addition, an anti-windup compensator has been

employed to avoid saturation of the controller output with a gain K.

_ X P

v DC

Figure I11-7 The block diagram of the DC bus voltage regulator based on the Anti-windup PI controller.

The closed-loop transfer function of the DC bus voltage regulator can be expressed as follows:

K, K
G (S):VDC — CDC CDC (3‘11)
Voc *
Voe P s+&
DC CDC

To calculate the PI controller gains K, and K;, we can use the transfer function of the second-order

system, which is given as:

F(s)=——On (3.12)

7 +2Cm,s + @’
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Then, by equalizing (3.11) and (3.12), the PI controller gains can be deduced in the following:

{Kpr](‘ = zc.?wnCDC

2
Kidc - (DnCDC

(3.13)

3.3 Phase Locked Loop Design:

Synchronizing a PV system with the electrical grid requires accurately determining the grid voltage
characteristics, including the amplitude, phase shift, and frequency of the grid voltage component. A
commonly used method in power electronics for this purpose is the phase-locked loop (PLL) technique.
The PLL block enables the MGCPYV system to synchronize effectively with both balanced and disturbed
grid conditions. The three-phase PLL [189] processes the three-phase voltage signals and transforms
them into a two-axis representation commonly achieved using a Park transformation, as shown in Figure
III-8. The phase detector compares the phases of the converted input signal with the VCO output. The
resultant error signal is subsequently transmitted to the loop filter. The loop filter analyses the error
signal to provide a control voltage that reduces phase error using a PI controller, hence regulating the
VCO. As a result, the VCO modifies its frequency and phase according to the control signal received
from the loop filter, therefore synchronizing with the reference signal.

Va Va

Figure II1-8 Conventional three-phase PLL block.

To improve the performance of the three-phase PLL, a self-tuning filter (STF) is used to extract the
fundamental components of the three-phase voltage signals, as illustrated in Figure I1I-9. The PLL based
on STF is insensitive to disturbances and allows the filtering of the sensed voltages suitably using the
af} axis, which improves the obtained results during distorted voltages.

The transfer function that describes the dynamics of the STF block can be given as follows [190]:

1

Fs)= V' zk(s+k)+jcoc
Vg (s+k)2+u)f

k and ©. are parameter gain and cut-off frequency. The fundamental component Vg can be given as

(3.14)

follows:

AR B!

; s (3.15)
V=S 0)-r 9]+ 20,
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Figure I11-9 STF-PLL block.

The performance of the proposed PLL techniques is investigated using distorted voltage source
signals. The obtained results are shown in Figure III-10 and Figure IlI-11. The STF-PLL technique
provides better performance than the conventional PLL, where the distorted voltages are well-filtrated

and quickly estimate their position angular (theta 0).
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Figure I11-10 The voltage sensed at PCC (a), the output of the conventional PLL (b), and the output of the STF-PLL (c).
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Figure I11-11 The phase angle (theta) detected by conventional PLL (a) and STF-PLL (b).

4  Simulation Results and Discussion:

Numerous simulations have evaluated the proposed system, as shown in Figure III-5. The

simulations focused on the properties of the conventional DPC of an MGCPV based on FLIBC during

transient and steady-state operation.

The simulation model has been developed using the MATLAB/Simulink environment. Its
simulation parameters are presented in Table III-3. The proposed system has been investigated using

various solar irradiation values during constant temperature (25 °C). Figure I1I-12 shows the irradiation

profile.

Finally, the system is investigated under load variation in t = 1.6 s, 1.8 s] range, where a second

Table 111-3 Simulation parameters.

MGCPYV Parameters

Parameter Value
Source Voltage Viyax 220V
Source frequency 50 Hz
Ry, L 10 mQ, 0.6 mH
Rf, Lf 0.6 mQ, 2 mH
R, L. 1 mQ, 0.3 mH
Ry, Ria, Ly 10Q, 85Q, 1 mH
DC bus voltage Vpc 800 V
Cpc 4000 uF

DC Bus Voltage Controller Parameters
Parameter Value
Kpic 0.88
Kiae 48.4

resistive load decreased from 10 Q to 8.5 Q in =1.6 s and vice versa in 1.8 s.

Irradiation (W/m?)

T T T | T

1000 —

[

(=3

(=)
T

600

400 -

200

0 Il 1 1 L 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Time (s)

Figure I11I-12 Solar irradiation profile.
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The performance of the DC bus voltage for both topologies, relative to their reference values, is
depicted in Figure I1I-13. Before the integration of the PV panels, the DC bus voltage of both topologies
stabilizes at 66 ms. After the PV panels are integrated at t = 0.3 s with irradiation equal to 200 W/m?,
the CBC topology exhibits notable fluctuations, including an overshoot of 48.8 V and an undershoot of
3.3V, with a response time of 52.5 ms. In contrast, the FLIBC topology shows enhanced performance,
with significantly reduced fluctuations, presenting an overshoot of 8 V, an undershoot of 2 V, and the
same response time of 52.5 ms.

Att=0.6s, the irradiation level is increased from 200 W/m? to 600 W/m?2. Both topologies recover
their reference values within 60 ms, experiencing a 13.2 V overshoot. However, the FLIBC exhibits
less voltage ripple (AVpc= 0.7 V) compared to the voltage ripple in the CBC topology (AVpc =2 V).

The solar radiation rises from 600 W/m? to 1000 W/m? at z = 0.9 s; the two topologies exhibit an
overshoot of 13 V with a response time of 61 ms. In this period, the voltage ripple AVpc is 2.7 V and
0.9 V for the CBC and FLIBC, respectively.

Att=1.2s, after the solar irradiation decreases from 1000 W/m? to 800 W/m?, the converters show
an undershoot of 6.4 V and a response time of 55 ms. In contrast, the FLIBC topology reduces the
voltage ripple to 0.9 V, while the CBC topology’s voltage ripple is 2.3 V.

In the time interval ¢ = [1.655,1.8 s], the system was subjected to a load variation, wherein the
resistive load was decreased from 10 Q to 8.5 Q and then reverted to 10 Q at ~=1.8 s. The MGCPV

system responded promptly to this transient, quickly recovering its reference voltage value within 55 ms

with an undershoot of 2.7 V and an overshoot of 2.7 V.
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Figure I1I-13 DC bus voltage of the MGCPV based on conventional DPC.

The active power, reactive power, and PV power curves for both topologies are depicted in Figure
III-14 and Figure I11-15. At ¢ = 0.05s, after integrating the MGCPV system (without the PV array), the
active power Ps rapidly aligns with its reference value. Simultaneously, the reactive power Qs drop to
zero, indicating that the DC bus capacitor fully compensates the reactive power demand from the
nonlinear load. As a result, unity power factor operation is achieved, reflecting the power efficiency. In
this mode, the MGCPYV is employed as a SAPF, which only mitigates the harmonics and eliminates the
reactive power.

At ¢t = 0.3s, the PV system of the MGCPV is activated. Between ¢ = [0.3s, 0.6s], with a solar
irradiation of 200 W/m?, the power generated by the PV system (6.43 kW) is less than the nonlinear
load's power demand. Consequently, the grid's active power decreases while the reactive power remains
zero. This period demonstrates the PV system's role in enhancing power quality by supplying power to
the nonlinear load, reducing grid consumption, and compensating for reactive power through the DC
bus capacitor. Notably, during this interval, the FLIBC topology exhibits a lower power ripple compared
to the CBC topology.

During the period ¢ = [0.6s, 0.9s], as solar irradiation increases from 200 W/m? to 600 W/m?, the
PV system's power output rises accordingly from 6.43 kW to 19.4 kW. As shown in the curves, the

power generated by the PV system exceeds the demand for the nonlinear load. Consequently, the
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MGCPV system meets the load's power requirements, with the excess power being fed back into the
grid, as indicated by the negative grid power value.

As the irradiation increases from 600 W/m? to 1000 W/m?, the power produced by the PV system
rises from 19.4 kW to 32.3 kW during the period ¢# = [0.9s, 1.2s]. In this interval, the power generated
by the PV system exceeds the demand of the nonlinear load, allowing the MGCPV system to supply
energy to the load and feed the surplus power back into the grid. During this process, reactive power is
effectively managed. At this power level, the FLIBC topology demonstrates superior performance,
exhibiting significantly lower power ripples compared to the CBC topology.

Between t = [1.2s, 1.6s], as irradiation levels decrease from 1000 W/m? to 800 W/m?, the PV
system's power output grows from 32.3 kW to 26 kW. During this time, the power produced by the PV
system exceeds the demands of the nonlinear load, enabling the MGCPYV system to supply the necessary
energy to the load while feeding the surplus back into the grid. Throughout this period, reactive power
remains equal to zero to achieve the power factor unity. From the figures, we can observe that the power
ripple of the CBC topology rises when the solar irradiation increases. At the same time, the FLIBC can
handle high-power levels efficiently with reduced power ripples.

Finally, the nonlinear load resistance decreased during the interval t=[1.6s,1.8s]. During this period,

the power produced by the PV system connected to the grid successfully met the load's power demand.
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Figure I11-14 The MGCPV active and reactive power using CBC.
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Figure I11-15 The MGCPV active and reactive power using FIBC.

Figure 1II-16 and Figure I1I-17 illustrate the grid voltage and current for phase A. Before the
MGCPV is activated, the current waveform is distorted and out of phase with the voltage due to reactive
power that is consumed by the load. However, once the MGCPYV is activated at /= 0.05s, it immediately
begins injecting the filtering currents. As a result, the harmonic components are removed at the PCC,
and the source current becomes a sinusoidal wave in phase with the source voltage, which indicates the
power factor's unity.

At =0.3s, the PV system is integrated with the MGCPV with solar radiation equal to 200 W/m?,
then increased to 600 W/m?, 1000 W/m?, then decreased to 800 W/m?, respectively. In the interval
t=1[0.3, 0.6], the grid current decreases thanks to the current injected by the PV system to the nonlinear
load.

Then, the power produced using the PV system during the remaining interval is surplus to the
nonlinear load power demand. Therefore, the source current becomes on the opposite side of the voltage

and has no significant peaks, which means that the current is injected into the utility grid.
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Figure I11-17 The grid A-phase voltage and current using FLIBC.

The current spectrums are illustrated in Figure I11-18-Figure I11-20. Initially, before activating the
MGCPYV, the total harmonic distortion (THD) is measured at 25.31%, as seen in Figure II1-18.

Att=0.05s, the harmonic currents are significantly reduced due to the MGCPYV, resulting in a THD
of 1.80% without the PV system ( Figure I11-19).

Once the PV system is introduced, the recorded THD varies between the two topologies, as depicted
in Figure I11-20. For the CBC topology, the THD values are 4.06%, 6.23%, 3.43%, and 2.60% at
irradiance levels of 200 W/m?, 600 W/m?, 800 W/m?, and 1000 W/m?, respectively. In comparison, the
FLIBC topology outperforms the CBC in terms of THD reduction, with values of 2.89%, 4.47%, 1.91%,

and 1.26% for the same irradiance levels.
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Figure 111-18 Grid current spectrum before activating the MGCPV.
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Figure I11-20 Grid current spectrum after activating the MGCPV with a PV system: CBC (a) and FLIBC (b).

Conclusion:

This chapter presents the classical control of a multifunctional grid-connected PV system based on

the FLIBC topology. It details the system configuration and modeling of the key components, including

the power grid, nonlinear load, and two-level voltage source inverter.

The DPC strategy was adopted to regulate the MGCPYV system's active and reactive power. The
design of the DC bus voltage regulator and the phase-locked loop was also discussed. Extensive

simulations were carried out to evaluate the proposed system's performance under various operating

conditions, such as changes in solar irradiation and load disturbances.

The results demonstrate that the FLIBC topology exhibits superior performance compared to the
CBC in terms of lower power ripple and less voltage regulation of the DC bus. Specifically, the FLIBC
showed reduced DC bus voltage ripple. Additionally, the MGCPV system was able to effectively

compensate for reactive power and mitigate current harmonics caused by the nonlinear load.
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Overall, the classical control of the MGCPV system based on the FLIBC topology provides an
efficient solution for integrating solar energy into the grid while maintaining power quality and grid
stability.

In the next chapter, an optimized nonlinear BS control strategy based on fixed switching DPC will

investigated to overcome the drawbacks of the conventional DPC.
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1 Introduction:

The increasing demand for clean energy has led to the widespread integration of PV systems into
the power grid. Advanced control strategies are necessary to ensure high efficiency, stability, and
multifunctional capabilities to optimize the performance of these grid-connected systems. Conventional
DPC with a switching table and hysteresis controller has been widely used for controlling grid-
connected converters. However, this approach has several disadvantages, such as variable switching
frequency, increased switching losses, high sampling frequency, and higher current harmonics, which
degrade power quality [191].

DPC combined with SVM has emerged as a promising solution to overcome these limitations [188].
The DPC-SVM approach provides a fast-dynamic response, reduces power ripple, and ensures a fixed
switching frequency, which enhances power quality and reduces switching losses [192]. This makes it
particularly suitable for multifunctional PV systems that require high performance and reliability.

However, using a PI controller in the DPC-SVM strategy presents some limitations [29]. The PI
controller is sensitive to parameter variations and has difficulty handling nonlinearities and external
disturbances, which can lead to reduced control accuracy and degraded system performance,
particularly when the system's performance requirements are stringent. To mitigate these limitations, a
BS controller is proposed as an alternative. The BS controller offers a systematic design approach that
can handle system nonlinearities effectively [193]. It improves robustness against parameter
uncertainties and external disturbances, improving stability and dynamic performance [194]. Using the
BS controller, the DPC-SVM strategy can achieve enhanced power regulation, improved transient
response, and greater overall reliability for grid-connected PV systems.

The grey wolf optimizer [195] can further optimize the BS controller. GWO is a nature-inspired
optimization algorithm that mimics grey wolves' social hierarchy and hunting behavior [37]. By using
GWO to optimize the parameters of the BS controller, the system can achieve even better performance
in terms of faster convergence, reduced steady-state error, and improved robustness [152].

This chapter presents the design and implementation of an enhanced DPC-SVM control scheme for
a MGCPV system. The proposed method addresses the challenges associated with power quality
improvement, harmonic compensation, and effective energy injection to the grid. By employing DPC-
SVM with a BS controller optimized by the GWO algorithm, the control system achieves precise power
regulation, improved transient response, and enhanced robustness. This comprehensive approach
mitigates common issues such as grid disturbances and power quality degradation, ultimately
demonstrating how this sophisticated control strategy can significantly improve PV-based power
systems' overall performance, reliability, and efficiency in a modern grid environment.

The performance of the proposed control scheme is evaluated using the Matlab/Simulink
environment. The MATLAB/Simulink model allows for detailed simulation of the grid-connected PV

system, incorporating realistic system parameters and operating conditions. Various scenarios,
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including changes in solar irradiance, grid disturbances, and load variations, are simulated to test the
robustness and effectiveness of the control strategy. Key performance metrics such as power quality,
transient response, harmonic distortion, and steady-state error are analyzed to validate the superiority
of the DPC-SVM with a BS controller optimized by GWO.

2 Direct Power Control Based on Space Vector Modulation (DPC-SVM):

DPC is a widely used strategy for controlling power systems [27], [182], [196], [197], particularly
in applications such as shunt active power filters, grid-connected inverters, and PWM Rectifiers. While
conventional DPC based on a switching table and hysteresis controller is widely used for its simplicity
and fast dynamic response [198], it also has some limitations that may impact its performance in certain
applications [199]. DPC-SVM is an improved version of conventional DPC that incorporates to address
the limitations of conventional DPC proposed by Malinowski et al. [27]. By using SVM, DPC-SVM
offers more precise control over the switching patterns of the power converter, resulting in a fixed
switching frequency, reduced power ripples, and improved overall performance. The DPC-SVM control
method comprises an instantaneous active and reactive power estimator, an external DC bus voltage
control loop that establishes the active power setpoint Py, using a PI controller, and two internal active
and reactive power loops based on PI controllers. The reactive power reference Qs is set to zero to
ensure the unity power factor operation. Finally, the output of the power controller is transformed into
the rotating reference frame (d-q frame) and then fed to the SVM block, which determines the
appropriate switching states of the VSI.

2.1 Active and Reactive Power Estimation:

According to instantaneous reactive power theory, the instantaneous active and reactive power

using the rotating reference frame component can be expressed as follows:
P=V,I, +V,I,

V4 and V, are the PCC voltage components, and /s and /,, are the source current. To simplify the control

@.1)

system and decouple the control of active and reactive power, the rotating reference frame's direct axis
(d-axis) is aligned with the voltage vector, as shown in Figure IV-1 [200]. As a result, the voltage along
the quadrature axis (q-axis) becomes zero while the entire voltage vector is concentrated along the d-
axis. The equations below describe the voltage components in the rotating reference frame when the d-

axis is aligned with the voltage vector.

2
Va=q7Vm =V 4.2)
V,=0
Therefore, the active and reactive power can be calculated as follows:
P=tl, (4.3)
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Figure IV-1 d-axis aligned with the voltage vector.

2.2 Power Control Loop Based on PI Controller:
PI controllers of the power control loop can be analytically designed using a simplified model of

the grid in the rotating reference frame as given in (4.4)

di
sd . .
L d; - _R,\'l‘\'d + L\'O‘)lxq _vd +vxd

s

(4.4)

sq . .
L, 7 =—-Ri, —Loi,-v, +v,

Where i54, are the grid current, vy, are the grid voltage and v,, are the PCC voltage.
When the direct component of the grid voltage is considered aligned with the voltage vector, the model

becomes as follows:

di
L %:_R\l\d +Ls'(’0ixq _Vd +U

s

i (4.5)
i
L—L=-Ri —Lwi,—v

dt s'sq s s q

The transfer function of the active (P) and reactive (Q) power can be expressed using (4.5) as follows:
i, (s 1
p(s) = d_) e —
u(s) Ls+R
()1
uy,(s) Ls+R

Where u,(s) = Liwi, —v, +U and u,(s) =-L,oi, -,

(4.6)
q(s)

Thus, from the transfer functions (4.6), the coupling between the dynamics of the grid current iy and iy,
has been transformed into decoupled dynamics. Consequently, the grid currents i; and iy, can be
controlled independently by acting on the quantities «; and u,, respectively. The block diagram of the

power control loop is illustrated in Figure IV-2.
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L

Py —&) oL »

Figure IV-2 Block diagram of the power control loop based on PI controller.

A A

5

2l
S
Q

Let’s consider that the control quantities u; and u, are expressed as:

u,(s) =(£+Kpj<f;ef _P)
§ 4.7)
uz(s){%w,,](gm- -0)

Therefore, the closed-loop transfer function, which is identical for both power components, is given by:

K,s K,
A
P = s s (4.8)
Q=" "% x
s°+ S+
LS LS
Thus, the gains K, and K; can be calculated as:
K, =28l - R, “9)
K =L

Then, the PCC voltage reference is given as follows:

V:’ = U + Ls(’Oisq - ul (S)

(4.10)
v; =—L i, —u,(s)
Consequently, the VSI voltage reference can be calculated as:
5 * . di/d .
Vi =Vg— R/-lfd — Lf ? + L/.(m/.q
4.11)

oV Ry L, [ e
Vig = Ve ~ by — Ly da Ol

The block diagram of the DPC-SVM strategy based on the PI controller is shown in Figure IV-3.
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— (4.10)| [(4.11)
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Figure IV-3 DPC-SVM strategy based on PI controller.

3 DPC-SVM Based on Backstepping Controller:

Recently, nonlinear control approaches have been an alternative solution to linear control
drawbacks. Kanellakopoulos [201] and Kokotovic [202] developed the BS control, a systematic and
flexible approach that can effectively control nonlinear systems in the presence of uncertainties.

In the field of power electronics, BS control is widely used. Chebabhi et al. present a
comprehensive control strategy that integrates three-level three-dimensional modulation techniques
with BS control to enhance the performance of SAPFs based on a three-level NPC four-leg inverter
[32]. The proposed approach significantly improves power quality and system stability, making it a
valuable contribution to power electronics. In [203] a DPC strategy for a PWM rectifier is suggested
for achieving the unity power factor where the BS control was employed to control the DC bus voltage.
The simulation results demonstrate the feasibility and adaptability of the BS controller and its
effectiveness in regulating transient or stationary voltage with an almost sinusoidal current source with
low THD. In the following sections, the design process of the BS control strategy is detailed for both
the active and reactive power control loops.

3.1 Active and Reactive Power Controller based on BS Controller:

The foundation of the BS control strategy lies in the precise modeling of the active and reactive
power dynamics of an MGCPYV system. Using the voltage components v; and v, as control inputs, the
power equations are defined as:

dpP

L =-RP-LoO-v,+U
dt (4.12)

L, CZ—? =—RO+LoP+v,
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Where L, = L andR, = R :
e e

The tracking errors for active and reactive power are expressed as:

{e” =P-Fy (4.13)
e =0-0,,
Their time derivatives, critical for control design, are given by:
¢=P-p, =—%P—®Q—Z—d+%— ref
¢ e e (4.14)
’, - Re Vq
eQ = Q_Qref :_ZQ+®P+Z_QV€

To ensure system stability, Lyapunov functions are defined for each subsystem:

V=i + 22 fet)

(4.15)
Vo= %eé + }%Q(Jegdt)z
Where 3, and %, are design parameters.
The derivatives of these functions are expressed as follows:
VP =e, (e'P +kPIePdt>
(4.16)

V,=¢, (e'Q + kQIeth)
To ensure the asymptotic stability of the system, the Lyapunov functions derivative with respect to time
must be negative definite as:
ko
Ve = heer (4.17)
Vo =-Kye,

Therefore, substituting (4.9) with (4.10) results in the following:

-K,e;=e, (e'P + kPJ.ePdt)

(4.18)
—KQeé =e, (ég + XQJ.eth)
Then,
-K,e, :(e'P +7»PJ.ePdt) @.19)
-K,e, = (éQ + KQjeth)
To design the control law v, and v,, must replace (4.14) in (4.19), then:
vy =—RP-L0Q+U-LP, +LK,e,+Lk, e (420,

vy =RO-LoP+L0,, ~LKye,~Lk,[eydt
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Finally, the VSI voltage references can deduced as follows:

C o diy
Vi =Va ~Ryip — L, A Loty
(4.21)
* * . d
V=V, ~ R, —L — dt -L,oig,
The block diagram of the power control loop is illustrated in Figure IV-4, and the block diagram of the

DPC-SVM strategy based on the BS controller is shown in Figure I'V-5.

U
/4 I
Prey BSC Ls+R 1% P
Objective ( L““’l
Jee GWO |
function |
|

L L.

Orer ‘%}* Bic LsLR Tq'[>__’ 0

Figure IV-4 The block diagram of the power control loop is based on the optimized BS controller.

Nonlinear
load

BS control | |

4’—:-7 Eq.(4.20) || 4. 21)
ref

Figure IV-5 DPC-SVM strategy based on BS controller.

3.2 DC-Bus Voltage Regulator Based on Optimized Anti-Windup PI Controller:
In this chapter, the DC bus voltage regulator based on PI controller and optimized using the grey
wolf optimization technique is proposed. The controller gains are tuned across an objective function

(OF) (Figure I'V-6). The GWO allows to choose the gains that give the minimum value of the OF.
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Figure IV-6 DC Bus voltage regulator based on GWO-Anti-Windup PI controller.

4  Grey Wolf Optimizer Algorithm:

The GWO [35] is a bio-inspired method that mimics the hunting behavior of the grey wolf group.
Generally, the group size ranges from 5 to 12 wolves [204]. The hierarchical system of there are four
tiers in the grey wolf social hierarchy: alpha (a), beta (), delta (J), and omega (), where alpha is the
leader level, and the three lower levels must follow it. The second-level beta can provide feedback and
help the alpha-level make decisions. In addition, lead the two lower levels. The delta level dominates
the lowest omega and submits to the alpha and beta levels. The rest of the wolves are the last level of
omega, and they are not important in the group but are required to protect the dominant structure. Muro
et al. [205] describe the principal steps of grey wolf hunting behavior, which are as follows

1. Approaching, tracking, and pursuing the prey;

2. Pursuit, harass, and encircling maneuvers, tracking and hunting the prey;

3. Attack and hunt the prey.

The following mathematical equations describe the procedures mentioned above.
D=|C.X,()- X ()| (4.24)
X(@i+1)= \f(,,(i) —ZI.D‘ (4.25)
Where Xp is the position vector of the prey, i is the recent iteration, X is the vector of the grey wolves'
position, and D is a vector that refers to the distance between the prey and wolves. 4 and C are
coefficient vectors which can be computed using the following equations:
o (4.26)
A=2ar,-a (4.27)
On the other hand, r; and r, are random numbers that vary in each iteration in the range [0, 1]. In
addition, a is a vector decreased during iterations from 2 to 0. According to the grey level, the distance

of each level can be given as:
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D, :|€‘1.)Z'u —)?|
D, = |@~5fﬁ -)?| (4.28)
D, =|C,.X, —)?|

D,, Dg and D; are the distances between wolves of alpha level and prey, wolves of beta level and prey,
and wolves of delta level and prey. C;, C> and C; are the coefficient vectors of the first three best fittest
positions: X;, X>, and X3. And X, Xp, and X; are the best search agents. The equations that represent the

three best positions of grey wolves are expressed as follows:
X, =X, -4,(D,) (4.29)

The formula below can be used to compute the position of the prey for the best search agent.

S X, +X,+X
Xi+n=r A (4.30)
3
The flowchart of the GWO algorithm is presented in Figure I'V-7.
| —
Initialize the population of Update the position of each
the GW X; (i=1, 2, ..., n) search agent using (4.30).
Initialize a, 4, C Update a, 4, C
Define each search agent's Calculate each search agent's
fitness function fitness function
Set X, Xp, and Xj as the best, the second best, Undate X.. X and X,
and the third best search agent, respectively pdate 4e, Apand 4

Figure IV-7 The flowchart of the grey wolf optimization algorithm.

The objective function used in the optimization is described as follows:

For the power loops, the integral time square error is used as an objective function, and its equation

is given as:

1, = ITSE(P,, ~ P) = [T (P, - P) a1 (4.31)
For the DC bus voltage:

Sy = wWITSE(V ) + w,(max(Vy. ) - VDCu»/ )/ VDCre/ +w,THD (432)

114



Chapter 1V:DPC-SVM based on GWO-Backstepping Control of Multifunctional Grid-Connected PV System Fed FLIBC

Where w1, wa, and w3 are positive definite weighting factors. Figure IV-8 and Figure IV-9 show the OF
curves during the optimization process. Using the trial and error method, the obtained gains of the DC

bus voltage controller are tuned using the following weighting factors: wi = 0.3, w, = 0.7, and w3 = 6.

4039.9
~ 4039.8995
4039.899 |

4039.8985

Best score Best score of f’

4039.898

4039.8975

5 10 15 20 25 30
Iteration

Figure IV-8 The behavior of the OF f; during the power loop optimizing process.

3.251

3.5 |

3249

Best score of f,

3248

3247/

3246

20 40 60 80 100
Iteration

Figure IV-9 The behavior of the OF f; during the DC bus voltage optimizing process.

5 Simulation Results and Discussion:

The proposed system was analyzed through comprehensive simulations conducted using
MATLAB/Simulink software. Extensive tests were performed under various operating conditions to
assess the system's performance and ensure a thorough evaluation of its capabilities.

The simulation results focused on the performance of the MGCPV system based on FLIBC, which
employed DPC-SVM in conjunction with an optimized BS controller achieved through a GWO
algorithm. These results were compared to those obtained using a DPC-SVM based on a PI controller.
The parameters used in the simulations are listed in Table IV-1. In addition, the solar irradiation profile

used to evaluate the system is presented in Figure I'V-10.
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Table IV-1 Simulation parameters.

MGCPV Parameters Controller Parameters
Parameter Value Parameter Value
Source Voltage Viax 220V Optimized BS controller
Source frequency 50 Hz Kp, Ko 9.2145x10° 10x10°
R, Ly 10 mQ, 0.6 mH Ap, Ao 4.1541x10°  1.7147x10°
R; Ly 0.6 mQ, 2 mH Optimized PI controller
R, L. 1 mQ, 0.3 mH Kpac 0.592
Kige 75.66
Riy, R, L 10Q,85Q, 1 mH
L1, 112, L m K, 973
DC bus voltage Vpc 800 V GWO Parameters
Che 4000 uF Search Agent 50
Switching frequency 20 KHz Max iteration 100
1000
~ 800 -
g
=
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=
g 400~ 1
g
200
0 L L | 1 ! 1
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2
Time (s)

Figure IV-10 Solar irradiation profile.

Figure IV-11 illustrates the DC bus voltage of the MGCPV using both controllers (P and GWO-
PI). At ¢ = 0.05 s, the MGCPV without the PV system is connected to the grid. The DC bus voltage
rapidly tracks its reference value. The PI controller reaches the reference value in 66 ms without
overshoot, whereas the optimized PI controller achieves its reference value in 44 ms with a 6 V
overshoot.

After integrating the PV system at t = 0.3 s, the DC bus voltage perturbation was rectified using
both controllers. The PI controller exhibits an overshoot of 4.8 V and a response time of 54 ms. In
contrast, the GWO-tuned PI controller achieves a faster response time of 29 ms and an overshoot of
53V.

At t=0.6, the solar irradiation increases from 200 W/m? to 600 W/m?. The optimized PI controller's
behavior is faster than the PI controller's, with response times of 32 ms and 61 ms, respectively.
Regarding overshoot, the GWO-PI controller exhibits 12.9 V, while the PI controller shows 11.3 V.

After increasing the solar irradiation in z = 0.9 from 600 W/m? to 1000 W/m?, the DC bus voltage
experiences a perturbation quickly rectified by the DC bus voltage controller. The PI controller exhibits
an overshoot of 11.2 V and a response time of 60 ms. The response of the GWO-PI controller is faster

than that of the PI controller, whose response time is 38 ms and an overshoot of 12.5 V.
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When the solar irradiation decreased from 1000 W/m? to 800 W/m? at ¢t = 1.2 s, the DC bus voltage

exhibited an undershoot for both controllers. The GWO-PI controller recovered its reference with a

response time of 38 ms and an undershoot of 6.4 V, while the PI controller regained its reference value

at 55 ms with an undershoot of 5.5 V.

For the load variation that occurred at =1.6 s and ¢ = 1.8 s, the DC bus voltage controllers rejected

that perturbation and quickly recovered the reference value.
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Figure IV-11 DC bus voltage of the MGCPV.
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The power curves of the system, including the grid active and reactive powers and the PV system
power, are illustrated in Figure IV-12 and Figure IV-13. After connecting the MGCPV to the grid
without the PV system at ¢ = 0.05, the DPC-SVM strategy, based on both controllers, allows the system
to track the reference values of active and reactive power. The reactive power drops to zero, indicating
that the unity power factor is achieved. During this period, the active power ripple is 580.7 W for the
PI controller and 404.8 W for the optimized BS.

Att=0.3 s, the PV system is integrated with the MGCPV system, where the PV system's produced
power is 6.43 kW. When the PV system is integrated, the active power absorbed by the grid decreases
from 10.7 kW to 6.58 kW. The power ripple in the MGCPYV system using DPC-SVM with an optimized
BS controller is 450.3 W, while the power ripple with a PI controller is 617.5 W.

When the irradiation increases from 200 W/m? to 600 W/m?, the controllers smoothly track the
power references. The power injected by the PV system causes the grid's active power consumed by the
load to become negative. In this case, the power injected into the grid exceeded the load power demand.
The negative active power value signifies that the PV system's excess power is being fed into the grid.
The optimized system demonstrates a lower power ripple (590 W) compared to the DPC-SVM strategy
based on a PI controller (696.2 W).

After = 0.9 s, the solar irradiation increased from 600 W/m?to 1000 W/m?, causing the PV system's
power output to rise from 19.44 kW to 32.31 kW. In this period, the power ripples of the PI controller
and the optimized BS controller are 853.4 W and 753.5 W, respectively.

Decreasing the solar irradiation to 800 W/m? at ¢ = 1.2 decreased the PV system’s power output,
which in turn reduced the power injected into the grid. In this period, the power generated by the PV
system is 25.97 kW, which surplus the grid’s power demand (10.7 kW). The power ripples, in this case,
are 731.1 W for the PI controller and 655 W for the optimized BS controller.

Finally, in the event of load variation, the system rejects that perturbation and rectifies the load
power demand.
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Figure IV-12 Grid's Active and Reactive power using MGCPV based on PI controller.
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Figure IV-13 Grid's Active and Reactive power using MGCPV based on optimized BS controller.

The grid's current and voltage for phase A are illustrated in Figure IV-14 and Figure IV-15. The
curves in Figure [V-14 are derived from the topology employing the PI controller, while Figure IV-15
presents the simulation results from the optimized BS controller topology. From the figures, it is evident
that the current is distorted and phase-shifted relative to the grid voltage before integrating the MGCPV
system. During this period, a significant amount of harmonics in the source current with a THD value
equal to 25.31%, as shown in the current spectrum before inserting the MGCPYV system in Figure [V-16.

After integrating the MGCPYV system into the grid at #=0.05 s, the grid current assumes a sinusoidal
waveform and aligns in phase with the grid voltage. This indicates that harmonics have been effectively
suppressed and reactive power has been compensated. The optimal BS controller performs better than
the PI controller, whereas the response time is 50 ms and 65 ms, respectively. In this case, the grid
supplies the load, and the inverter works as SAPF.

Att=0.3 s, the PV system is integrated with 200 W/m? of irradiation. During this period, the grid
current remains sinusoidal and in phase with the grid voltage. However, the amplitude of the grid current
decreases because the PV system's generated power is being injected into the grid.

When solar irradiation increases from 200 W/m? to 600 W/m? at ¢ = 0.6 s, the power generated by
the PV system exceeds the demand from the nonlinear load. Consequently, the grid current becomes
180 degrees out of phase with the voltage, indicating that power is being injected into the grid. A similar
behavior is observed when irradiation increases at # = 0.9 s from 600 W/m? to 1000 W/m?; the amplitude
of the grid current becomes more negative, suggesting an increase in power injection due to higher PV
system power generation. At # = 1.2 s, solar irradiation decreases to 800 W/m?, leading the PV system
to reduce its power output, which in turn decreases the amplitude of the current injected into the grid.

During load variation events at t = 1.6 s and ¢ = 1.8 s, the system quickly rectifies the load demand

without current spikes.
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The grid current spectrums are shown in Figure IV-16 -Figure IV-19. The THD of the distorted grid
current before inserting the MGCPV is 25.31%, as seen in Figure IV-16. At t = 0.05s, the MGCPV
system is integrated with the grid without the PV system. The THD observed in the topology of the
DPC-SVM based on the optimized controllers is 1.04% compared to the PI controller, whereas the THD
is 1.45%, as illustrated in Figure IV-17.

122



Chapter 1V:DPC-SVM based on GWO-Backstepping Control of Multifunctional Grid-Connected PV System Fed FLIBC

After integrating the PV system, both topologies meet the IEEE-514 standards, as the grid current
spectrums show in Figure IV-18 and Figure IV-19. Where the PI controller THDs are 2.35%, 3.69%,
1.71% and 1.19% for irradiations 200 W/m?2, 600 W/m?, 800 W/m? and 1000 W/m?, respectively. On
the other hand, the optimized topology using the BS controller shows THD values of 1.68%, 2.80%,
1.31%, and 0.91% for solar irradiations of 200 W/m2, 600 W/m?, 800 W/m2, and 1000 W/m?2,

respectively.
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Finally, Table IV-2 provides a comprehensive comparison of the two controllers. The results clearly
show that the DPC-SVM system with BS controller optimized using GWO outperforms the
conventional DPC-SVM with PI controller in terms of the performance indexes (IAE, ISE, ITAE, and
ITSE), power ripple reduction, and THD values.

Table IV-2 Comprehensive comparison of the performance standards between an Optimized BS and PI controller.

Controller IAE ISE ITAE ITSE
PI 6.345 376.6 1.260 14.87
DC bus voltage
GWO-PI 5.892 368.0 1.096 13.94
P 687.6 4.720x10° 2514  2.115x10°
CDPC
0 350.6 6.208x10° 2159  4.628x10*
P 558  4.994x10°  70.29 1.271x10°
Power loop DPC-SVM-PI
0 170  4.820x10°  43.22 1.321x10*
P 547.7 4.981x10°  67.39 1.251x10°
DPC-SVM-BS
0 169  4.779x10°  41.66 1.295x10*
Irradiation (W/m?) 0 200 600 800 1000
CDPC 873.2 9157 994.5 1079 1119
Power ripples (W) DPC-SVM-PI 580.7 617.5 696.2 731.1 853.4
DPC-SVM-BS  404.8 4503 590.0 655.0 753.5
Irradiation (W/m?) 0 200 600 800 1000
CcDhPC 1.80  2.89 4.47 1.91 1.26
THD (%) DPC-SVM-PI 145 235 3.69 1.71 1.19
DPC-SVM-BS 1.10 1.78 2.94 1.38 0.98

6 Conclusion:

This chapter meticulously presents and validates an enhanced DPC-SVM strategy tailored for
MGCPYV systems. The core innovation lies in substituting the PI controller within the DPC-SVM with
a sophisticated BS controller, further optimized through the GWO algorithm with the DC bus voltage
regulator. Through MATLAB/Simulink simulations, the proposed control scheme's performance has
been comprehensively evaluated against the traditional DPC-SVM with a PI controller, demonstrating
its superior capabilities across a spectrum of operational scenarios.

The simulation results robustly confirm the efficacy of the BS controller, particularly when its
parameters are fine-tuned using the GWO. The optimized BS controller consistently outperformed the
conventional PI controller in several critical performance metrics. Notably, the system exhibited
significantly faster transient responses under various disturbances, including step changes in solar
irradiation and load variations. This rapid response is crucial for maintaining grid stability and ensuring
seamless integration of PV systems, especially in dynamic grid and weather conditions. Furthermore,
the proposed control demonstrably achieved reduced power ripples in both active and reactive power,
contributing to enhanced power quality injected into the grid. This reduction in power fluctuations

translates to smoother operation and minimized stress on grid infrastructure.
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Perhaps most importantly, the optimized BS controller effectively mitigated harmonic distortion,
consistently achieving lower THD values in the grid current compared to the PI-based DPC-SVM. This
improvement is vital for complying with stringent grid codes and ensuring the reliable operation of
sensitive equipment connected to the power network. The lower THD values directly reflect the
enhanced power quality delivered by the PV system, a key requirement for modern grid integration.

The GWO's success in optimizing the BS controller's parameters is noteworthy. GWO's nature-
inspired approach enabled efficient searching of the parameter space, leading to gains that minimized
objective functions related to transient response, steady-state error, and harmonic content. This
highlights the potential of bio-inspired optimization algorithms in enhancing the performance of
complex control systems in power electronics.

In conclusion, this chapter convincingly demonstrates that the proposed DPC-SVM control strategy,
incorporating a GWO-optimized BS controller, represents a significant advancement in the control of
MGCPYV systems. It offers a robust, high-performance solution that addresses key challenges related to

power quality, transient response, and grid stability.
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General Conclusion

General Conclusion

This thesis has undertaken a comprehensive investigation into advanced control strategies for PV
systems dedicated to enhancing the electrical grid's power quality. The core objective has been to
address the critical challenges of efficient energy injection and power quality, which are paramount for
the seamless integration of PV systems into electrical grids and the realization of a sustainable energy
future.

Chapter I laid the groundwork for this research by providing an overview of photovoltaic systems
for grid-connected applications and power quality enhancement. It established the context of increasing
PV integration and the associated power quality challenges, reviewed fundamental PV technologies and
their modeling, and analyzed the impact of environmental conditions on PV performance. Furthermore,
Chapter I surveyed various MPPT algorithms, including conventional and advanced techniques, and
provided a detailed overview of GCPV system structures, relevant standards, and synchronization
methods. Crucially, this chapter comprehensively outlined key power quality issues, such as voltage
sags, swells, and harmonics, and explored mitigation techniques, highlighting the limitations of current
solutions and identifying critical research gaps that this thesis aims to address.

Chapter II focused on standalone photovoltaic systems based on the interleaved boost converter,
delving into their design, control, and performance analysis. This chapter introduced both CBC and
FLIBC topologies, demonstrating through modeling and simulation the inherent advantages of the
FLIBC, particularly in reducing current and voltage ripple and improving efficiency in standalone
applications. A comparative analysis of fuzzy logic and incremental conductance MPPT algorithms
revealed the superior performance of fuzzy logic in terms of convergence speed and reduced voltage
ripple. Furthermore, this chapter compared linear (PI) and nonlinear (BS, SMC, STSMC) controllers
for the FLIBC, demonstrating the enhanced performance of nonlinear control strategies, with the
STSMC showing particular promise due to its chattering reduction and fast response.

Moving to grid-connected applications, Chapter III investigated the classical control of the MGCPV
system based on the FLIBC. This chapter implemented a conventional DPC strategy with a switching
table and PI controllers for an MGCPYV system employing the FLIBC. Through detailed modeling of
grid components, nonlinear loads, and a two-level VSI, the chapter evaluated the performance of this
classical DPC approach. The simulation results confirmed the effectiveness of the FLIBC-based
MGCPV system in enhancing power quality through harmonic mitigation and reactive power
compensation. Crucially, Chapter III demonstrated the superior performance of the FLIBC topology
compared to the CBC within a classical DPC framework in grid-connected scenarios.

Building upon the classical approach, Chapter IV presented the core innovation of the thesis: DPC-
SVM Based on GWO-BS Control of MGCPV Systems Fed FLIBC. This chapter meticulously designed
and validated an advanced DPC-SVM strategy incorporating a BS controller optimized using the GWO.
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General Conclusion

Extensive comparative simulations against a traditional PI-based DPC-SVM system convincingly
demonstrated the significant performance enhancements achieved by the proposed GWO-optimized BS
controller. The results highlighted superior transient response, reduced harmonic distortion, minimized
power ripple, and enhanced robustness against disturbances for the advanced control strategy. This
chapter definitively showcased the effectiveness of the proposed DPC-SVM with GWO-optimized BS
control in achieving precise power regulation, reduced current harmonics that meet the IEEE-514
standards and reactive power compensation.

The findings of this thesis carry significant implications for the field of grid-connected PV systems.
The successful implementation of the FLIBC, coupled with fuzzy logic MPPT and the GWO-optimized
BS-based DPC-SVM, offers a holistic framework for achieving superior performance, reliability, and
efficiency in PV energy injection. These advancements directly contribute to enhancing grid resilience,
minimizing harmonic pollution, and facilitating a more seamless and sustainable integration of solar
energy into the power grid.

Furthermore, this research paves the way for future investigations in several directions. Practical
implementation and experimental validation of the proposed control scheme on a hardware prototype
are crucial next steps. Further research could explore the system's performance under more complex
and realistic grid conditions, including unbalanced grid voltages and frequency variations. Extending
the control strategy's capabilities to incorporate advanced grid support functions, such voltage and
frequency regulation, anti-islanding protection and fault management, would further enhance the value

and applicability of the proposed solution for modern power grids.
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