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General introduction

The continuous rise in global energy demand, driven by population growth, indus-
trialization, and technological development, has made energy one of the most essential
elements for sustaining modern life. It is indispensable not only for basic human needs,
such as cooking, heating, cooling, and lighting, but also for economic development, sup-
porting vital sectors including agriculture, industry, services, and transportation. However,
the heavy reliance on conventional fossil fuels to meet these needs has resulted in serious
environmental concerns, such as greenhouse gas emissions and climate change, in addition
to challenges related to resource depletion and energy security [1].

In response to these challenges, renewable energy sources such as solar and wind power
have emerged as viable and sustainable alternatives. Their abundance, environmental
compatibility, and potential to reduce dependence on conventional fuels make them key
contributors to the future global energy mix. However, the integration of renewable energy
into existing electrical grids poses several challenges, particularly due to the intermittent
and fluctuating nature of these resources. This has motivated the development of advanced
energy transmission and control systems to ensure efficient, stable, and reliable operation.

Among these, high-voltage direct current (HVDC) transmission systems based on volt-
age source converters (VSCs) have become increasingly attractive. Unlike conventional
AC transmission, HVDC-VSC technology provides long-distance power transfer with re-
duced losses, independent control of active and reactive power, and enhanced grid stabil-
ity. Such characteristics make HVDC-VSC systems particularly well-suited for connecting
large-scale renewable energy plants, such as offshore wind farms and remote photovoltaic
installations, to the main grid. Nevertheless, effective integration requires accurate system
modeling and advanced control strategies to manage dynamic interactions, ensure power
quality, and maintain voltage stability under variable operating conditions [2].

The efficiency of renewable energy systems is also highly dependent on their control
strategies. For photovoltaic (PV) systems, maximum power point tracking (MPPT) algo-

rithms are essential to adapt to changing irradiance and temperature conditions, thereby
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maximizing energy harvesting. Similarly, wind energy systems based on permanent magnet
synchronous generators (PMSGs) require robust control schemes to optimize torque, regu-
late DC-link voltage, and meet grid code requirements under fluctuating wind speeds. The
coordination of such control techniques, particularly when combined in hybrid renewable
energy systems (HRES), is critical for ensuring reliable energy generation and seamless
integration with HVDC-VSC transmission networks.

Recent advances in artificial intelligence and metaheuristic optimization methods have
further enhanced system performance. Techniques such as particle swarm optimization
(PSO), grey wolf optimization (GWO), and dandelion-inspired optimization (DO) have
been employed to enhance the accuracy, convergence speed, and overall operational sta-
bility of MPPTs in PV systems [3]. Likewise, intelligent controllers, such as feed-forward
neural networks (FFNNs), have been employed to enhance the robustness of HVDC-VSC
systems by improving DC-link voltage regulation and optimizing active and reactive power
flow management. These approaches address the limitations of conventional controllers,
particularly under rapidly changing environmental and operating conditions.

Motivated by these considerations, this thesis investigates the modeling, control, and
integration of PV and wind energy sources with HVDC-VSC transmission systems. The
objective is to implement effective strategies that enhance system efficiency, stability, and
reliability. The dissertation is organized into four main chapters:

Chapter 1 provides an overview of renewable energy resources, focusing on solar and
wind power, and discusses their integration with HVDC-VSC transmission systems as a
solution for long-distance and large-scale energy transfer. Chapter 2 presents the mod-
eling and analysis of PV systems, wind energy systems, and HVDC-VSC transmission,
highlighting the main challenges of hybrid integration. Chapter 3 examines advanced
control strategies for PV and wind energy systems, including MPPT techniques for PV
and control schemes for PMSG-based wind turbines, as well as the role of VSC-HVDC
systems in hybrid renewable energy integration. Chapter 4 focuses on the application
of optimization-based MPPT methods and intelligent control strategies for HVDC-VSC

systems, evaluating their performance under varying environmental conditions.



Chapter 1

State of the art: Hybrid renewable en-
ergy and HVDC-VSC system

I.1 Introduction

Since its discovery, energy has become an essential part of daily life and directly impacts
climate change and development. It is necessary to meet the increasing basic human needs
such as cooking, Heating, cooling, lighting, and boiling water, in addition to supporting
the economic aspect and facilitating production such as agriculture, industry, services,

transportation, and all activities that require an energy source.

At present, many nations rely heavily on conventional sources like fossil fuels to gen-
erate a significant proportion of the global energy supply. Nonetheless, the dependence
on fossil fuels poses several adverse consequences on the environment and exacerbates cli-
mate change. Given the finite and unsustainable nature of fossil fuel reserves, countries
are shifting their focus towards renewable energy sources to enhance their production and
diminish their reliance on traditional sources. They are promoting and facilitating the im-

plementation of renewable energy initiatives to meet the escalating global energy demand.

Renewable energy is expected to emerge as a premier and major energy resource in the
coming years, so researchers are working to develop it, increase its efficiency, and increase
the quality of energy transmission. This chapter discusses renewable energies, with a focus
on solar energy and wind energy as the most common sources, to present and clarify its
potential as a basic source of energy in the upcoming years and decades for humanity,
besides, the HVDC-VSC transmission system is discussed to demonstrate its benefits in

connecting remote solar panel farms and wind turbines to the terrestrial AC power grid.
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I.2 History and statistics of renewable energies

The exploration and application of renewable energy sources have a storied history,
stretching back to antiquity when civilizations utilized wind and hydropower for various
mechanical operations. The genesis of contemporary renewable energy technology, however,
can be traced to the latter half of the 19th century. A seminal moment in this trajectory
was the establishment of the world’s first commercial hydropower plant in 1882, which

marked the advent of harnessing water for electricity generation [4,5].

The development of renewable energy technologies accelerated dramatically during the
20th century, as a result of the intensive exploitation of fossil fuels [6]. The limitations of
these non-renewable resources and the deleterious environmental repercussions precipitated
a burgeoning interest in alternative energy sources. In the nascent stages of this shift during
the 1950s and 1960s, experimental initiatives were undertaken to ascertain the feasibility

of wind and solar power, effectively laying the base for future technological innovation [7].

The oil embargo of the 1970s served as a critical inflection point, as the resultant spike in
oil prices and heightened cognizance of the ecological ramifications of fossil fuel dependency
catalyzed a resurgence in the pursuit of renewable energy alternatives [8]. Subsequently,
governments across the globe commenced substantial investments in the development and
research of renewable energy technologies, culminating in pronounced enhancements in

both the efficiency and economic viability of these energy sources.

By the dawn of the 21st century, exponential growth characterized the renewable energy
sector, with diminishing costs and escalating investments underscoring this trend. Accord-
ing to (IEA), renewables accounted for approximately 15% of global electricity generation
by 2020 [9).

Technological advancements in energy technologies have reduced dependence on fossil
fuels. Increased public awareness of climate change has accelerated the adoption of renew-
able energy, underscoring its importance in addressing current energy needs and reducing
human-induced climate impacts [9,/10]. Figure shows the projected trajectory of elec-

tricity production from different sources, while Figure |[.2| shows the evolution of electricity

4
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production from renewable energies.
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Figure 1.2: World electricity generation by renewable energy

I[.2.1 Renewable Energy Benefits

The adoption of renewable energy sources offers significant environmental advantages
over the conventional reliance on fossil fuels. Chiefly, the shift toward renewables facili-
tates a substantial diminution in the emission of greenhouse gases, which are pivotal in
exacerbating global climate change phenomena . The combustion of fossil fuels has
been demonstrably linked to increased carbon levels within oceanic ecosystems, catalyzing

a process of acidification with detrimental effects on marine biodiversity [12]. Moreover,

bt
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the implementation of renewable energy systems is conducive to the abatement of pollu-
tion, thereby contributing to the enhancement of both air quality and public health. This
improvement could potentially manifest in reduced incidences of respiratory ailments, car-
diovascular complications, malignancies, and reproductive health issues [13].

Beyond the reduction of atmospheric pollutants, renewable energy sources also offer a
pathway to alleviate water consumption demands. Traditional power stations, including
fossil fuel and nuclear power plants, are intensive users of water for cooling and other
operational processes. In Germany, for instance, these power plants account for a substan-
tial 75% of the national water demand |11]. The progression towards a renewable energy
paradigm is poised to diminish water utilization, thereby contributing to the conservation
of this critical resource, renewable energy, derived from inexhaustible natural resources
such as sunlight, wind, and water, is replenished more rapidly than it is consumed, pre-
senting a sustainable alternative to finite fossil fuels [7]. The array of benefits associated

with the deployment of renewable energy includes:

e Minimal emissions: Technologies such as PV panels and wind turbines operate

devoid of gas emissions [14].

e Amelioration of air and water quality: Renewable energy systems do not emit
the noxious pollutants associated with the burning of fossil fuels, resulting in im-
proved quality of both air and water, which has favorable implications for environ-

mental and human health [15].

e Enhancement of energy security: The availability of renewable resources can
mitigate the importation of fossil fuels, reducing the risk of volatile energy prices and

sudden supply disruptions. disruptions [16].

e Stimulation of employment: The burgeoning renewable energy sector creates job
opportunities in various domains, including engineering, installation, and mainte-

nance, fostering economic advancement [17].

6



chapter 1 State of the art: Hybrid renewable energy and HVDC-VSC system.

e Cost-effectiveness: The decreasing costs of renewable energy technologies have
rendered them increasingly economical, often outcompeting fossil fuel-based energy

generation, thus offering potential savings for consumers [1§].

e Diminished environmental impact: Renewable energy systems typically incur a
lower ecological footprint, utilizing fewer resources and generating less waste com-
pared to their fossil fuel counterparts, which is integral to preserving natural habitats

and reducing human environmental impact [19].

I[.2.2 A brief history and statistics of wind power

In the latter half of the twenty-first century, the conceptualization of wind as a viable
energy source was actualized through the advent of electricity-generating windmills in
both the UK and the USA circa 1887 and 1888, However, the genesis of contemporary
wind energy can be traced to Denmark in 1891 with the establishment of wind turbines
with horizontal-axis, and in 1897, wind turbines reached a length of 22.8 m. The sector’s

maturation was evident by the 1980s, marking the inception of the modern wind power

industry [20]. The Figure [[.3 shows the world’s first and largest windmill [21].

The 12 kW turbine built by Charles Brush in 1887

Figure 1.3: The first windmill 12kW

Wind energy is widely appreciated and considered one of the most prominent and

important sources of promising renewable energy, owing to its remarkable cost competi-

7
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tiveness and undeniable environmental benefits. As of 2020, wind energy accounted for
approximately 6.6% of global electricity generation , a testament to its rapidly grow-
ing significance in the energy landscape. Regarding specific figures, onshore wind energy
played a pivotal role with a substantial contribution of 1488.5 TWh, while offshore wind
energy made a noteworthy impact with a contribution of 100.1 TWh.

By Figure we can discern a notable upward trajectory in electricity generation from
wind turbines across the past eight years, thereby showcasing the growing importance of

this sustainable energy source.

Wind energy
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Figure 1.4: World electricity generation by Wind energy

The global capacity of onshore wind energy has soared to an impressive 770 GW by the
end of 2021, with an equally notable capacity of approximately 54.3 GW for offshore wind
energy. Remarkably, this represents an 11% surge in capacity for both technologies when
compared to the preceding year . Figure which offers a comprehensive view of the

total installed capacity of electricity from wind turbines in the world throughout the past

decade.
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Figure 1.5: Total installed capacity of electricity by wind turbines

This analysis leads us to the overarching conclusion that this growth is poised to persist
and even intensify in the foreseeable future, as the IEA, with great confidence, predicts
that the global capacity of wind energy will achieve an astonishing 1,110 GW by the year
2025, subsequently escalating to an overwhelming 2,110 GW by 2030 . Based on these
compelling figures, through Figure [[.6]and [[.7], it becomes apparent that China and the US
dominate as the most prominent and fiercely competitive nations in this emerging field of

renewable energy, as emphasized by the latest data from the IREA .
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Figure 1.6: Top 10 countries of electricity generation by wind turbines
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Wind energy
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Figure 1.7: Top 10 countries of installed capacity of electricity by wind turbines

The price competitiveness of wind energy is a key element driving its rise. According
to the IEA, the levelized cost of electricity produced by onshore wind has undergone a
significant fall of 69% during 2010. Consequently, it has emerged as one of the most
economically feasible sources of electricity in several. Offshore wind is likewise heading
toward cost competitiveness, experiencing a drop of 30% between 2015 and 2020 [26].
The combination of this cost competitiveness alongside supportive policy frameworks and

ongoing technological advancements has led to substantial expansion within the sector.

I[.2.3 Categories and construction of wind energy
From the Figure [[.8] the categories of wind energy systems can be classified according
to the specific types of wind turbines utilized and their respective applications, which can

be described as follows:

1. Horizontal-Axis Wind Turbines: Common turbines with a horizontal rotor shaft
and three blades are used in utility and residential settings for high efficiency and

substantial electricity generation.

2. Vertical-Axis Wind Turbines: Turbines with a vertical rotor shaft, that captures
the wind from any direction. They are suited for urban or turbulent environments

due to easier maintenance and less wind direction dependence.

10
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3. Offshore Wind Turbines: Large turbines installed in water, generating more power

from stronger, consistent winds and benefiting from fewer land-based obstacles.

4. Onshore wind turbines: These are large, land-mounted turbines that are typically
installed in locations with strong, sustainable airflow and are less expensive than

offshore turbines, as they do not require the infrastructure for installation in the

water.

Categories of wind
energy

Figure 1.8: Categories and construction of wind energy

I.2.4 Advantages and disadvantages of wind power

Wind energy represents a swiftly expanding sector within renewable energy, holding
substantial promise for substantial reductions in emissions and decreased reliance on fossil
fuels. Wind energy utilization has exhibited a consistent growth trajectory over recent
decades, propelled by advancements in technology, cost efficiencies, and supportive gov-
ernmental policies. Nevertheless, like any energy source, it is accompanied by advantages
and disadvantages necessitating thoughtful evaluation, the most important of which are

summarized in the table [L1l
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Advantages ‘ Disadvantages

Reducing dependence on fossil fuels:
Wind energy lowers reliance on fossil fuels
by producing electricity without greenhouse
gas emissions.

Positive environmental impact: Wind
energy benefits the environment by avoid-
ing habitat destruction, reducing toxic pol-
lution, using less land than other energy
sources, and improving air quality, which re-
sults in fewer respiratory and cardiovascular
diseases.

Wind farms boost

local economies by creating jobs in tur-

Economic stimulus:

bine manufacturing, installation, and main-
tenance, and enhance energy security by di-
versifying energy sources and mitigating fos-
sil fuel price volatility.

Energy independence: Countries can
achieve energy independence and reduce
their dependence on energy imports by uti-

lizing wind energy.

Intermittency of wind energy: Wind en-
ergy’s variability due to changing weather
and wind speeds complicates electricity pro-
duction forecasting and grid integration.

Impact on wildlife: Wind turbines can

negatively impact wildlife, such as fires
caused by falling equipment and bird colli-

sions.

Noise pollution: Wind turbines can gener-
ate noise pollution, which can be a concern

for people living near wind farms.

Visually undesirable: Some individuals
find wind turbines visually unappealing and

may oppose having wind farms in their areas.

Table I.1: Advantages and disadvantages of wind power

12
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I.2.5 A brief history and statistics of PV system

In 1954, scientists from Bell Labs developed the first efficient PV panel, creating a
silicon solar cell with 6% efficiency, representing a major advance in solar technology. The
panel was demonstrated by operating a radio transmitter and a Ferris wheel. Before that,
in 1883, Charles Fritz made the first solar cell using selenium, but it was low efficiency
(1-2%) and impractical. The development of the silicon cell in the 1950s is considered the
real breakthrough of modern PV technology 7 the Figure shows the first solar panels
on the roof of New York City [2§].

Figure 1.9: Th ﬁrstist slr pals

PV systems have seen significant growth in recent years as a renewable energy source.
According to the IEA, global PV capacity reached 855 GW by the end of 2021, an almost
16.5% increase from last year. Figure[[.10]depicts the rising expansion of electricity capacity
in PV within the last ten years, While global electricity generation was approximately at
about 831TWh in 2020, Figure also shows the rising trend of electricity generation
from PV energy. This is due to the growth of the PV industry has been driven by declining
costs and increasing efficiency of PV systems, as well as the increasing urgency to reduce
carbon emissions.

PV energy is used in many applications such as buildings and factories, grid-connected
systems, and off-grid systems in remote areas, elucidating the surge in the proliferation of

this energy source.
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Figure 1.10: World electricity capacity by PV
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Figure 1.11: World electricity generation by PV

China leads globally in PV power with over 306 GW, accounting for nearly half of the
world’s total installed capacity. The US, Europe, and Japan are also important markets
for PV energy. Figure[[.12 highlights the ten most important countries in this field in 2021,
while Figure shows the global ranking in electricity generation and also indicates that
China is a strong competitor in this field with a generating capacity of 327.5 TWh in 2021.
The International Energy Agency (IEA) expects PV to play a crucial role in the global
demand for energy in the coming decades, as the agency expects PV capacity to reach

4,000 GW by 2030, which is a logical value in light of the facilities and development in this

field .
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Figure 1.13: Top 10 countries of electricity generation by PV

I.2.6 Advantages and disadvantages of PV system
PV systems offer several advantages, but they also have several disadvantages. The

table [[.2) summarizes the main advantages and disadvantages.
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Advantages ‘ Disadvantages

Clean and sustainable energy production:
PV provides clean, sustainable energy by pro-
ducing no greenhouse gases or air pollution,
which helps reduce carbon emissions and com-
bat climate change.

Versatility and scalability: PV is versatile
and scalable, allowing installation in various lo-
cations and adaptable to different energy needs,
making them ideal for both grid-connected and
off-grid applications.

Declining costs: PV costs have dropped sig-
nificantly in the past decade and are expected to
keep decreasing, making them more affordable.
High energy conversion efficiency: PV ef-
ficiently converts a significant portion of solar
energy into electricity, making it highly effec-
tive.

Reduced dependence on fossil fuels: PV
lessens global reliance on fossil fuels, enhancing
energy security and conserving finite resources.
No noise pollution: PV generates no noise
pollution, making it ideal for residential and ur-
ban areas compared to fossil fuel-based energy

sources.

PV

is less efficient in cloudy weather and can be

Dependence on weather conditions:

impacted by extreme temperatures, leading to
lower energy production and higher mainte-
nance costs.

High initial cost of installation: Despite
recent cost reductions, installing PV remains

costly, particularly for large-scale projects.

Need for energy storage: PV requires energy
storage for times when sunlight is unavailable,
adding to their cost and complexity.

PV pro-

duces less energy in low-light conditions, such

Ineffective in low light levels:

as cloudy days or at night.

Limited lifespan: PV panels generally last 25
to 30 years before needing replacement, poten-
tially increasing long-term costs.

Dispose and recycle: PV panels contain ma-
terials that can be harmful to the environment

if not disposed of or recycled properly.

Table 1.2: Advantages and disadvantages of PV systems

1.2.7 Types of PV installations
Figure [[.14] exhibits various categories of solar PV installation, which can be described

as follows:

1. Ground-mounted solar PV: This type of installation consists of solar panels that
are mounted on the ground using a metal or wooden structure. They are often used

in large-scale projects and are ideal for sites with much available land.
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2. Floating PV: This type of installation involves floating solar panels on bodies of
water, such as lakes or reservoirs. FPV systems can provide additional cooling for

the panels and reduce the pressure on land use.

3. Roof-mounted solar PV: This type of installation consists of solar panels that are
mounted on the roof of a building. This is the most common type of installation and

is suitable for homes and businesses with suitable roof space.

4. Building-integrated solar PV: This type of installation involves integrating solar

panels into the building design and structure, replacing traditional building materials

Construction of
solar panels

l #V \L A 4

Ground-mounted Floating Roof-mounted Building-integrated

such as roofing or walls.

Figure 1.14: Categories of solar panels installation

I.3 Topologies for offshore wind farms

Turbine assembly and interconnection system design will become critical as wind farms
are installed in far offshore locations. Proper selection of the assembly system topology is
essential to maximize the captured energy and ensure a high-reliability design. Researchers
have proposed different topologies, with the radial system being the most common. There-
fore, appropriate topologies must be chosen in terms of losses, reliability, and costs. The

following will describe some topologies for internal AC and DC grids.
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I.3.1 Topologies of offshore wind farms on AC grid

Three basic internal AC grid connections are utilized in offshore wind farms: Radial,
radial loop, and cluster/Star topology.
1.3.1.1 AC Radial topology

Figure [[.15 shows a radial configuration of a wind farm, where turbines in series that
generate AC power are connected using common cables based on the current carrying
capacity of the cable. These turbines are tied together at a substation mounted on an
offshore platform in the case of offshore wind farms, where the collector system voltage is
increased to transmit power to shore. This is the most common and cost-effective radial
configuration, however, this method may face reliability issues. If the cable between the
first turbine and the feeder is faulty, all the turbines connected after it will fail, resulting

in the loss of the power generated [29].

\ \ \

AC grid

Figure 1.15: AC radial topology

1.3.1.2 AC Radial loop topology

The Figure presents two types of radial loop topologies commonly used in offshore
wind farms: the double-radial loop and the single-radial loop, as illustrated in Figure |[.16
(a) and (b) respectively. In the single-radial loop topology, all wind turbines are connected
via a single cable that runs through the entire array to the substation, forming a partial
loop where energy flows in one direction.

While this setup is cost-effective and straightforward, it lacks redundancy; any fault in
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the cable can disrupt the connection for all turbines downstream. On the other hand, the
double-radial loop topology involves two parallel cables connecting each turbine, forming
a complete loop and ensuring redundancy.

In this configuration, power can still be transmitted via the second cable in the event of
a failure, providing greater reliability. However, this increased redundancy comes with

higher costs and complexity due to the additional infrastructure required [29,30].
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Figure 1.16: AC radial-loop topology

1.3.1.3 AC Cluster/Star topology

In this topology as in the Figure [.17, each wind turbine is to a central collection point
through separate cables (star/cluster), which in turn is connected to the power grid via an
underwater link.
This configuration offers several benefits including straightforward maintenance, as issues
with one turbine or cable do not impact the others, allowing for efficient repairs. It also
provides flexibility for expanding the farm by adding more turbines without significant
changes to the existing setup, and reduces the amount of underwater cabling compared to
other topologies. However, the system can be costly due to the high expenses associated
with the central collection station and the potential for increased costs and transmission
losses due to the lengthy individual cables. Additionally, the complexity of managing

protection systems for each connection poses a challenge [29].

19



chapter 1 State of the art: Hybrid renewable energy and HVDC-VSC system.
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Figure 1.17: AC cluster/star topology

I.3.2 Topologies of offshore wind farms on DC grid

Systems integrating HVDC connections to the grid generate AC power and employ
converter stations for converting AC/DC/AC for grid compatibility. However, experience
with offshore converter stations remains limited. Consequently, some researchers advocate
for medium-voltage DC collection systems paired with HVDC for grid interconnection.
This approach aims to enhance efficiency and reduce the need for large offshore converter
stations.
A proposed design involves a series-parallel configuration of turbines with DC collection,
which does not require a converter station to elevate the voltage to transmission levels.
Researchers have explored both series and series-parallel configurations for DC wind farms,
where turbines are connected in a series similar to batteries, thus increasing the voltage to
transmission levels [31},32]. three basic internal DC grid connections are utilized in offshore

wind farms: DC radial, DC Series, and DC Series-Parallel topology.

1.3.2.1 DC radial
Figure illustrates a DC radial topology of a parallel-connected wind farm, where the
turbines generate DC power output. The turbines produce medium-voltage DC (MVDC),
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which is transmitted as HVDC. Alternative DC radial systems have been proposed in
which power is initially collected as AC from the turbines and then transmitted as HVDC.
Offshore platforms with converter stations are used to step up the MVDC to the required
transmission voltage. In the system shown in Figure [[.I8], HVDC transmission is employed,

with an onshore converter station facilitating interconnection with the AC grid onshore [33].
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Figure 1.18: DC radial topology

1.3.2.2 DC series

The DC series topology in wind turbines involves connecting turbines in a sequence,
as shown in Figure [[I9 This setup allows the DC output from each turbine to accu-
mulate, raising the overall voltage as power passes through each turbine. This method
eliminates the necessity for large offshore converter stations, as the voltage is directly in-
creased through the series connection to reach transmission levels, thereby reducing power
losses over extended distances.
The primary benefits of this configuration include improved transmission efficiency due
to higher voltage and lower current, as well as a simpler infrastructure that avoids the
complexities of large converter stations. However, a potential issue is that a failure in one
turbine could affect the entire series, impacting the performance of the wind farm. This
approach is gaining attention for its use in MVDC and HVDC collection and transmission

in offshore wind farms [31].

21



chapter 1 State of the art: Hybrid renewable energy and HVDC-VSC system.
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Figure 1.19: DC series topology

1.3.2.3 DC series-parallel

The DC series-parallel topology combines both series and parallel connections to en-
hance power transmission, as presented in Figure [[.20] In this design, turbines are first
arranged in series to increase voltage levels, and then these series groups are connected in
parallel to maintain appropriate current and introduce redundancy.

This configuration effectively raises transmission voltage while offering better reliability
than a purely series system. Key benefits include improved transmission efficiency due to
increased voltage, enhanced system reliability through redundancy, and minimized power
losses. This makes it an ideal solution for offshore wind farms, where both efficient long-

distance power transmission and reliability are critical [32].

B B he

Figure 1.20: DC series-parallel topology

I.4 Topologies of PV system connected grid

In grid-connected PV systems, the design and operation of the inverter focus on im-
proving efficiency and production across different power levels. The main factors include
maximum power point tracking (MPPT), ensuring high efficiency, regulating power injec-

tion into the grid, and reducing harmonic distortion in the charged current.
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The performance of the inverter is closely related to the applied control strategy. This
section presents a review and comparison of the main power inverter topologies as shown
in Table [[.3] identifying four basic configurations for grid-connected PV setups without
battery storage [34].

I.4.1 Topologies centralized inverter

In the centralized inverter configuration for the PV system, numerous PV modules are
arranged either in series, in parallel, or both to create a large array as presented in the
Figure[[.21] This array is connected to a single, central inverter that transforms the direct
current (DC) produced by the modules into alternating current (AC) for grid supply.

The primary benefits of this setup include its straightforward design, cost-efficiency
for large-scale operations, and relatively simple maintenance. However, it faces challenges
such as reduced efficiency due to module mismatch losses, reliance on a single inverter (a
potential failure point), and the need for long DC cables. This topology is most commonly

utilized in large utility-scale solar farms [35].

L L T R —_— Central

inverter

PV array

Figure 1.21: Diagram of centralized inverter

I.4.2 Topologies string inverter

In the string inverter topology, several strings of PV modules are connected to their
dedicated inverters, with each string typically composed of 8 to 20 modules connected in
series as shown in the Figure|[[.22] and the power range is around 5 kW. This configuration
offers improved efficiency over centralized systems by minimizing mismatch losses.

Its modular nature also makes it easier to expand and provides greater flexibility in handling
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shading issues. However, the wiring is more complex, and it tends to be costlier for large-
scale applications compared to centralized inverters. This topology is commonly used in

residential, commercial, and industrial solar installations [36].
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Figure 1.22: Diagram of string inverter

1.4.3 Topologies multi-string

As shown in Figure [.23] this topology is similar to the string inverter topology, but
with the distinction that multiple strings of PV modules are linked to a single inverter
that features several MPPT inputs. This allows each string to function independently,
enhancing power conversion efficiency. This configuration improves overall performance,
reduces mismatch losses, and accommodates varying module orientations and technologies
more effectively than single-string systems. However, it is more costly and complex to

design and install [37]. It is typically used in medium to large commercial solar installations.
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Figure 1.23: Diagram of Multi-String
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I.4.4 Topologies Microinverter

In the microinverter topology, as shown in Figure each PV module is equipped
with its microinverter that directly converts the DC power from the panel into AC. This
design allows for individual MPPT for each module, which enhances energy production
and removes the issue of mismatch losses between modules. It also simplifies installation
and expansion while offering better performance in scenarios where shading is a concern.

However, the initial setup is more expensive and involves more components, and the
increased number of inverters can raise the likelihood of system failures [38]. This config-
uration is often used in residential systems, small commercial setups, and rooftops with

shading challenges.

[ |

sa|npow Ad

i

J9)I9AU]
pajesbajul-s|npoy
aa
oda

ov
ov
ov

-
—

snq ov

Figure 1.24: Diagram of Microinverter

Topology Applications
Centralized Medium Low Simple Utility PV farms
Inverter
String Inverter High Medium Moderate Residential, commercial
Multi-String High Medium-High Moderate Medium to large commer-
Inverter cial
Microinverter High High Complex Residential, small commer-
cial

Table 1.3: Comparison of PV system topologies
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1.5 The HVDC system

High-voltage direct current (HVDC) transmission relies on two primary technologies,
as shown in the Figure[[.25} (A) HVDC based on Voltage Source Converter (VSC) and (B)
HVDC based on Current Source Converter uses thyristors. HVDC-VSC uses transistors
such as IGBT, which allows it to independently control both active and reactive power.
This adaptability makes it ideal for integrating renewable energy sources and supporting

weak grids, especially in urban or offshore environments [39).

Figure 1.25: (A)-Self Commutated Voltage Source Converter(VSC), (B)-Line Commutated Cur-
rent Source Converter (CSC)

In contrast, CSC-HVDC, which relies on thyristor-based line-commutated converters
(LCC), is particularly suited for long-distance, high-capacity power transmission due to its
generally lower losses and higher efficiency over extensive distances. However, CSC-HVDC
requires a strong AC grid for commutation and lacks the capability to support reactive
power. Recent studies have aimed to enhance VSC-HVDC’s efficiency and scalability,
often by incorporating modular multi-level converters (MMCs) to boost fault tolerance
and reduce power losses [40].

For CSC-HVDC, researchers are exploring hybrid systems that combine features from
both converter types, increasing CSC’s adaptability and resilience in changing grid condi-

tions. These innovations are essential as HVDC technology continues to play a key role in
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updating power grids and advancing the global transition to renewable energy sources [41].
Figure [[.26|shows the proposed system for offshore wind farms and PV plants connected
to the HVDC system from a controlled rectifier (VSC) and an inverter (VSC); the next

chapter will describe the system components in detail.

Figure 1.26: Scheme of the proposed system

I.5.1 The HVDC-VSC transmission system

The HVDC-VSC transmission system was introduced to address the challenge of trans-
mitting electricity over long distances, especially from offshore wind farms. This system
converts AC generated by wind or solar power into DC, allowing efficient transmission
through underwater cables to the grid. The system enhances transmission efficiency and
enables voltage and frequency control, ensuring stable power delivery. Notably, HVDC-
VSC technology supports two-way power flow, allowing energy transfer in both directions.
Furthermore, these systems improve grid reliability by incorporating advanced power man-

agement, like active and reactive power control [42]43].
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I.5.2 A brief history of HVDC systems

Thomas Edison built the 1st electrical power system located in New York’s Pearl Street
station. This system, which started operating in 1882, was a DC system that served 59
consumers within a radius of approximately 1.5 km. The generator, cables, and loads
were all part of this system. HVDC technology was first commercialized in 1954 with the
installation of a power transmission link connecting Gotland to mainland Sweden. This
link used a 96 km submarine cable to transmit 20 MW of electricity at a nominal voltage of
100 kV. Today, there are more than 50 operational HVDC systems globally, with numerous

additional projects under development [44].

In the 1960s, numerous HVDC connections were developed, sparking significant inter-
national attention. Notable projects included the Konti-Skan link between Denmark and
Sweden, Japan’s Sakuma link with 50/60 Hz frequency converters, the connection between
New Zealand’s North and South Islands, the Italy-Sardinia link, and the link to Vancouver
Island in Canada [45].

In 1965, General Electric’s laboratories produced the thyristor, a semiconductor device
capable of performing the function of static switching with controlled closing. In 1970, the
first thyristor valve was tested on the Gotland link, and in 1972, the inaugural back-to-back

converter station was established by General Electric in Eel River, Canada [45].

The largest HVDC transmission project is the Itaipu link in Brazil, which was launched
in 1979 with a transmission capacity of 6300 MW. This connection was completed and
commissioned in several stages between 1984 and 1987, this link is crucial to Brazil’s

electric power supply [46].

The significant reduction in the cost of converters, facilitated by the new thyristor tech-
nology, has greatly contributed to the growth of DC connections. After Itaipu, the most
ambitious project was the Quebec-New England interconnection, which was the inaugural
significant multi-terminal HVDC link, with a transmission capacity of 2000 MW at £+450
kV, was established in 1992, In Sweden in 1999, the HVDC Light, an IGBT-based volt-

age source HVDC system, commenced electricity transmission between Grangesberg and
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Hellsjon. [47].

I.5.3 Description of the HVDC-VSC system

The HVDC-VSC system is a form of DC transmission that utilizes modern power
electronics technology, specifically IGBT, to facilitate the conversion between AC and DC.
Unlike conventional HVDC systems, which rely on LCC with thyristors, the HVDC system
uses VSCs, providing greater flexibility and improved transmission efficiency. As shown
in the Figure [[.27, the HVDC-VSC system is composed of several essential components,

including:
e Transformer: Steps up or steps down the voltage from the AC system.

e AC Filter: Removes unwanted harmonics from the AC power to ensure smooth

operation of the system.

e Phase Reactor: Controls the flow of current and helps in managing the voltage and

reactive power.

e Station VSC 1 (AC/DC Rectifier): Converts the AC power from the first system

into DC for transmission.

e DC Line (cable): The transmission line through which the DC power is transmitted

between the two converter stations.

e Station VSC 2 (DC/AC Inverter): Converts the transmitted DC power back

into AC power to be fed into the second AC system.

Station VSC 1 Station VSC 2 AC

System 2

sformer 2| S

AC
Filter 2

AC
System 1 Phase
Reactor 1

Phase
Reactor 2 Tran

DC Line

AC/DC
Rectifier

Figure 1.27: Diagram of HVDC-VSC system
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I.5.4 Advantages of the HVDC-VSC transmission
The following are the principal advantages of HVDC-VSC technology:

e Autonomous energy regulation: HVDC-VSC allows for separate control of ac-
tive and reactive power, improving system stability and reducing the need for extra

equipment.

¢ Rapid response: With high-frequency switching and PWM, VSC systems quickly

adjust to maintain power quality and stability.

e Improved grid connectivity: VSC systems can connect different grids and inte-

grate renewable energy sources.

e Black start capability: VSC systems can restart the grid after a blackout without

external power, enhancing system resilience.

e Complex DC grid: VSC supports multi-terminal DC grids, allowing for sophisti-

cated interconnections and integration of various renewable sources.

e Power quality enhancement: VSC systems help regulate voltage and address

issues like flicker and voltage sags, improving overall power quality.

I.5.5 HVAC Transmission System

The HVAC system is widely used in the transmission of global power systems. It
consists of two main components: converters and transmission lines. HVAC systems have
a lower cost advantage than HVDC-VSC systems. HVAC systems have fewer components
and are easier to install and maintain than HVDC-VSC systems. The HVAC system also
has a high degree of reliability because it has been extensively used and tested for many

years. Despite the advantages of the system, it also has many disadvantages, such as:

1. Transmission inefficiencies and voltage Instabilities: Long-distance power
transmission can result in inefficiencies, increased costs, and issues with voltage reg-

ulation, affecting connected equipment.
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2. Signal disruption: Electromagnetic interference can disrupt signals, potentially

leading to system malfunctions.

3. Power quality and safety concerns: Harmonic distortions and poor grounding
can impair power quality and present safety hazards, causing potential damage to

equipment.

4. System overload and insulation failures: Overloading the system can lead to
failures, while aging or environmental factors can cause insulation to degrade, result-

ing in safety risks and reduced performance.

5. Instability problems: Frequency and transient instability can cause synchroniza-

tion issues, power interruptions, and fluctuations that may damage equipment.

All these disadvantages make the HVDC-VSC system a suitable and promising option,

especially in terms of efficiency and long distances, despite the high initial cost.

I.5.6 Comparison of classic HVDC and HVDC-VSC

In HVDC-VSC system, it functions as a voltage source while synchronizing with the
frequency of the connected AC system. It can autonomously control reactive and active
power, offering a distinct advantage over a traditional HVDC system, which uses reactive
power and requires an external voltage source for switching.

In the power reversal case, a traditional HVDC modifies the polarity of direct voltage
while a VSC switches the direction of the current, making the conventional HVDC system
unsuitable in MTDC configurations, as a change in polarity from one converter would
reverse the polarity of all converters connected to the same DC grid, thus obstructing the
required power flow. VSC, however, ensures that the power flow can be reversed at a single
converter without affecting the DC voltage of the entire system. Additionally, power flow
inversion for a conventional HVDC system can be time-consuming, whereas, with a VSC,
it can be achieved instantancously [48}49).

In addition, the conventional HVDC system requires a robust AC network connection

due to potential voltage or frequency fluctuations that could result in switching errors and
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disrupt power transmission. Conversely, in a VSC setup, power flow is only impacted by
voltage drops, which are dependent on the level of reduction in the AC voltage. However,
a major challenge associated with utilizing HVDC-VSC is the higher switching losses, the
table presents a comparison between classic HVDC and HVDC-VSC [48,[50].

Category Classic HVDC ‘ VSC-HVDC
Converter Uses thyristor-based, LCCs | Employs IGBT-based convert-
Technology with limited adaptability to | ers with PWM, enabling fast,

Control and

Flexibility

Transmission
Distance and

Capacity
Installation and

Infrastructure

Economic

Considerations

dynamic grid conditions.

Limited controllability and re-
active power support; less ef-

fective in modern grids.

Best suited for long-distance,

high-capacity power transfers.

Requires large converter sta-
tions and extensive infrastruc-
ture; unsuitable for urban de-
ployment.

Cost-effective for large-scale,

long-distance projects.

flexible, and independent con-
trol of active and reactive
power.

Highly controllable with ro-
bust reactive power support,
ideal for renewable-rich and
weak grids.

Effective for medium to long
distances and variable power
sources such as offshore renew-
ables.

Compact converter design al-
lows easier integration into
existing or space-limited sys-
tems.

Increasingly viable for smaller-
scale or modular applications

due to technological advances.

Table 1.4: Comparison between classic HVDC and VSC-HVDC
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I.5.7 Topologies of HVDC transmission system

A variety of configurations exist in HVDC systems as shown in Figure [[.28] each with
distinct characteristics. The monopolar HVDC system (a) uses a single conductor, typically
with a ground or sea return. This setup is cost-efficient for certain installations, like
submarine cables, but has the downside of higher losses when relying on ground return.

In contrast, the bipolar HVDC system (b) consists of two conductors with opposite
polarities. This design offers increased reliability as if one line fails, the system can continue
to function at reduced capacity using the remaining pole and ground return. However, it
requires more infrastructure, raising installation costs.

The back-to-back HVDC system (c), designed for connecting two asynchronous AC
networks, converts AC to DC and back again without needing long-distance transmission.
It is ideal for connecting grids with differing frequencies, though it is unsuitable for long-
distance transmission. A more complex option, the multi-terminal HVDC system (d),
features multiple converter stations connected to a single HVDC line [51]. This configura-
tion allows for power injections and withdrawals at several points, providing flexibility but
complicating control and protection schemes.

Lastly, the tripolar HVDC system (f) employs three conductors, including a neutral
return conductor, allowing for continued operation if one pole fails. While this enhances
fault tolerance, it adds complexity and cost compared to more conventional systems. Each
of these configurations serves specific needs depending on the operational requirements,
geographical constraints, and economic considerations [52]. The table[[.5]summarizes these

configurations.
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a) Monopolar Configuration c) Back-to-Back Configuration

f) Tripolar Configuration

Figure 1.28: Topologies of HVDC transmission system
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Configuration

Description

Advantages

Disadvantages

Monopolar

Bipolar

Back-to-Back

Multi-terminal DC (MTDC)

Tripolar

Uses a single conductor for
power transmission, with a
return path through the
ground or a metallic con-
ductor.

Consists of two conductors,
one positive and one neg-
ative, allowing for greater

power transfer capacity.

Both the rectifier and in-
verter are located at the
same station, connecting
two asynchronous AC sys-
tems without a DC trans-
mission line.

Connects multiple converter
stations, allowing for com-
plex power distribution and
flexible power transfer.
Utilizes three conductors,
enhancing reliability and
capacity  while reducing
space needed for converter

stations.

Simplest and most
economical for long-

distance transmission.

If one conductor fails,
the system can still
operate at reduced
capacity using the
remaining conductor
with ground return.

Useful for intercon-
necting systems with

different frequencies.

High flexibility and al-
lows for more complex
power distribution.

Increased  reliability

and capacity, par-
ticularly effective in
space-constrained

areas like urban envi-

ronments.

Lacks redundancy; if
the conductor fails,
the system goes of-

fline.

More complex than
monopolar; higher

cost.

Limited to specific ap-
plications; no long-

distance transmission.

More complex control

and design.

Newer design; poten-
tially higher cost and

complexity.

Table 1.5: HVDC Transmission System Configurations

I1.5.8 Projets of technologies HVDC-VSC
HVDC-VSC technology has become a preferred solution for developers and grid opera-

tors, supporting large-scale renewable integration, underground and submarine links, and

interconnections between grids. With projects reaching capacities of up to 3,000 MW, it
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plays a vital role in advancing reliable long-distance power transmission. The table

presents some of the most important projects .

Project ‘(apa(‘ltx (MW) | Length (km) Countries/Region Year Details

Norway, UK 2021 | The longest subsea
link.

France, Spain 2015 | Underground HVDC
link.

Skagerrak 4 Norway, Denmark 2014 | Enhances power ex-
change between hy-
dro and wind/thermal
grids.

North Sea Link
(NSL)

INELFE Inter-

connector

Caithness- , Scotland (UK) 2018 | Connects renewable
Moray energy from northern
Scotland to UK grid.

Murraylink Australia 2002 | Connects South Aus-
tralia and Victoria via
HVDC-VSC.

Table 1.6: Top 10 Largest HVDC-VSC Projects
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I.6 Conclusion

The global community is confronted with significant obstacles in the provision of energy
for its expanding population. To address these challenges, the employment of HVDC tech-
nology becomes imperative due to its advanced stage of development and rapid evolution
within the energy sector. The supply of energy must occur in an environmentally benign
manner.

Numerous solutions have been devised to safeguard the environment while simultane-
ously fulfilling the escalating energy demand. Illustrative instances encompass offshore
wind energy and solar power harnessed in desolate regions, both of which are regarded
as clean and adaptable energy sources. Nonetheless, these energy sources are frequently
located in isolated areas, far removed from urban centers, necessitating the transmission
of substantial electrical power across extensive distances.

To tackle this quandary, the utilization of HVDC technology emerges as one of the
potential remedies to facilitate the delivery of energy from these distant regions. Conse-
quently, HVDC technology is expected to be essential in make a more sustainable world in
the coming years . Furthermore, it becomes evident that HVDC-VSC technology embod-
ies a resilient and cost-efficient alternative for the upcoming expansion of the transmission
grid. HVDC-VSC is the favored option for transmitting power from offshore wind farms
and PV plants to AC grids and can strengthen the AC grid.

This chapter provided an overview of renewable energies and presents a historical sum-
mary and statistics of wind and PV power systems. We have conducted several biblio-
graphic searches for different topologies to interconnect offshore wind farms and PV plants
in AC and DC. Finally, we presented the transmission system using HVDC-VSC converters
based on IGBTs.

In the next chapter, we present a PV and wind energy conversion model with a PMSG

generator, in addition, modeling an HVDC-VSC link and all its components.
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Modeling of systems: Photovoltaic, wind

energy conversion, HVDC-VSC

II.1 Introduction

The rapid development of the energy sector over the past decades has imposed the need
to fundamentally rethink how energy systems are designed, managed, and operated. Chal-
lenges related to environmental issues, security of energy supply, and increasing demand
for electricity have led to a growing interest in renewable energy sources and advanced
transportation technologies.

The importance of PV and wind power generation technologies has increased signifi-
cantly in recent years. Photovoltaics, which results from converting sunlight into electricity,
is a clean and abundant source of energy. For their part, wind farms take advantage of the
power of the wind to generate electricity.

The HVDC-VSC transmission system, an advanced technology, plays a crucial role in
enabling the efficient transportation of electricity over long distances. Unlike the traditional
HVAC transmission system. HVDC-VSC offers significant advantages in reducing power
loss, grid stability, and power control. However, modeling this energy and integrating it
into existing electricity networks presents complex challenges due to the need to ensure
coordination with intermittent renewable energy sources.

This chapter aims to model and analyze three main components of a power system

based on PVs, a wind turbine, and an HVDC-VSC transmission system.
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II.2 Description of the general system

The Figure illustrates the general configuration of the proposed system, comprising
four main components: a hybrid renewable energy system (HRES) connected to an utility
grid. This hybrid system includes two PV station, each with a rated power output of
100 kW, and a 100 kW wind farm. These are connected at the hybrid point of common
coupling PC'Crypria to an HVDC-VSC, which is ultimately connected to the terrestrial AC

grid. The details of the main component and its modeling will be described in this chapter.

HVDC-VSC System Receiver grid

Utility Grid

Rectifer

(sending end) DC cables Inverter

(receiving end)
1

Boost converter V&l

AL
v T
l(ab.c)

DC
DC

PV station I

Boost converter I1

oL A
v DC

PV station It Hybrid renewable energy system (HRES)

i

\
‘v Wind system Uncontrolled
N rectifier

Boost converter 111 ’

Figure I1.1: The general configuration of the proposed system

I1.2.1 Modeling a PV generator

The PV cells are designed as semiconductors, with a series arrangement of cells in
parallel to achieve the desired output power. A mathematical representation of the PV
cell can be found in the equivalent circuit model with a single diode. This model includes

a light-generating current source, a p-n junction for the single cell represented by a solitary
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diode, (Rs) series resistance, and (Rsh) shunt resistance. The shunt resistance describes

the internal resistance of the cell for current flow [55], as illustrated in Figure [[I.2]

Rs I

> MWW >
Id A A
Y

Iph
Diode
Rsh

vd

Iph

Figure I1.2: Equivalent electrical diagram of a PV cell
The current generated by the cell is given by the following equation:
LIy = Ipn — Lo = Lsn (I1.1)

The current passing through the shunt resistor I, is given by the expression:

Voo + R

Iy, = I1.2
" Rsh ( )
The Current of Shockley diode is given by the expression:
q (Voo + Rl )} }
1; =1, — | -1 II.
¢l [eXp { AT (1L3)

Where
Iy: diode saturation current (A).
I,,: The photocurrent generated by the incident light.
R: The series resistance (€2).
Rgp:The shunt resistance (£2).
T: Cell temperature (Kelvin).
q: The charge of an electron ( 1.6 x 10719C).
Vpo: voltage across the cell.

A: ideality factor of the diode.
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k: Boltzmann constant (1.38 x 10723J/K).

By replacing Eq ([1.2) and Eq (I1.3)) in Eq (II.1)) we will have:

q (Vo + RI) Vo + Rl
Ipv = [ph - [0 [exp [ZT —1] — pR—sh (II4)
The expression for the current I, generated from light is as follows:
G
And the saturation current Iy can be expressed by the following formula:
qVoen )
lo = ILsen - ’ II.
07 feem XD ( AKT (1L6)

with G and G,, are the actual and nominal irradiance (STC conditions) [W/m?], re-
spectively, Isc,,Voc, are nominal short-circuit current and nominal open-circuit voltage,
respectively,k; is coefficient of temperature effect on Isc,.T', T,, are the actual and nominal
temperatures (STC conditions) | Kelvin|, respectively.

A PV panel is created by connecting multiple PV cells in series and parallel configura-
tions. Through Eq , the output current (/pane) and output voltage (Viane) produced
by the PV panel can be calculated as follows [56]:

Ipancl = Np : Ipv
‘/panel - Ns . ‘/;)V

(IL7)

With Ny, N, is the number of series and parallel cells.
Therefore, by substituting Eq ([1.7) into Eq (II.4)), we can find the mathematical equa-
tion that describes the current generated by the PV panel [56]:

g (% + 1) e (REVow + BT )

Iy, = N, X I, — N, X 1y [exp T R

The following equation gives the power of the Ppv generator:
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Py = VI (IL.9)

Parameter values can be determined from the experimental data provided by the man-

ufacturer in the PV panel technical data sheet. The table provides the panel charac-

teristics.

Parameters Values (STC) Parameters Values (STC)
Power (W) 414.801 Tc of Isc (%/°C) 0.0307
Voc (V) 85.3 Iph (A) 6.098

Isc (A) 6.09 10 (A) 7.17e-13
Vmp (V) 72.9 Diode Ideality Factor 0.872

Imp (A) 5.69 Rsh () 419.78

Tc of Voc (%/°C) -0.229 Rs (©2) 0.5371

Table II.1: Characteristics of the PV Module SPR~-415E-WHT-D (Ns=7, Np=88)

I1.2.2 Characteristics of PV

The PV generator consists of interconnected cells to generate sufficient power. The
generator’s properties are determined by the current and voltage of the cells. Various
models of PV devices exhibit different I-V and P-V characteristics. Three key points on
the characteristic curve of a device are crucial: short-circuit, open-circuit, and maximum

power points. These points are illustrated in Figure [57].

A A

£ _
@
° o

Current (A)
Power (W)

V,
Voltage (V) wee Voc

Figure I1.3: Characteristic of a PV cell V-1 and P-V
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11.2.2.1 Effect of radiation

Figure [[T.4] shows P-V curves that illustrate how the power output varies with voltage
under different irradiation conditions from 100W/m? to 1000W/m?. Higher irradiance
generates a higher short-circuit current (Isc) and thus increases the power output of the
PV cell while the open-circuit voltage (Voc) has similar values. Partial shading on the PV

cell significantly affects the output power.

T T T

. 600 ¢ —Isc 1kWim? ||
< — 0.7 kW/m?
400 0.5 kW/m? | |
[ ‘ 2
£ 200 0.1 kW/m
(&) \1 / Voc
0 |
0 100 200 300 400 500 600 700 800
5 Voltage (V)
x10
T T T
s 3 1kW/m? ||
| || ==——0.7 kW/m?
g ; —— 0.5 kW/m?
| 2
31 — "  \\" 0.1 kW/m? |
o : ‘
0 Il ~
0 100 200 300 400 500 600 700 800
Voltage (V)

Figure 11.4: P-V characteristics with different irradiance for the PV array

11.2.2.2 Effect of temperature

Temperature has a significant impact on the voltage characteristics of a PV cell or
module (P-V) when the temperature changes from 25°C to 55°C. As the temperature
rises, the open-circuit voltage (Voc) decreases, while the short-circuit current (Isc) changes
less. These adjustments result in a decrease in the maximum power output and efficiency

of the PV device. The Figure shows the effect of temperature on output power.

11.2.3 DC-DC converters

A DC-DC converter is a circuit that converts DC voltage levels. This circuit is widely
used in a variety of applications and is based on inductors, capacitors, and switches such
as MOSFET or IGBT. It is possible to define three basic topologies for DC-DC converter
circuits. As shown in Table [[I.2] in this section, we introduce the principle of the boost

converter.
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Figure I1.5: Temperature effect on the PV characteristics

Type of .
Equivalent Circuit Duty Cycle Function
Converter
Reduces the DC output voltage Vi
Buck Converter D= %
" relative to the input voltage Vi,.
| Increases the DC output voltage Viut
Boost Converter ¢==- s =£\I . D=1 ‘Y—“ o
¢‘" Cin [ o | out relative to the input voltage Vi,.
Produces an output voltage Vi, that
Buck—Boost v b can be higher or lower than the input
Converter Vi 12D voltage Vin, depending on the duty cy-
cle D.
Table I1.2: Types of converter topologies
I1.2.3.1 Modeling of DC/DC boost converter

The boost converter functions as a step-up converter, thereby increasing the output
voltage relative to the input voltage at the same time. It operates in a manner opposite
to that of the buck converter [58]. The underlying operating idea is the utilization of a
Pulse Width Modulation (PWM) pulse to regulate the switch’s opening and shutting. In

the active state of the switch (case S,,), the circulation of electric current via the inductor
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(L) produces a magnetic field, which is then storing it as an inductive voltage.

On the other hand, in the event that the switch is inactive (case S,fr), the coupled
effect of the induced voltage and the input voltage results in the charging of the output
capacitor (Cout) to a magnitude that exceeds the original input voltage [59]. Figure [[1.6]
presents an illustration of the design of the boost converter, whereas Figure |[1.8 showcases
the configurations corresponding to the two distinct operating states. Figure [I1.7] shows
a schematic diagram of the dynamic variables X of the boost converter relative to the Ts

period during switch states.

] w >| ¢| out
I £ @ vtm
v

Vin C e
¢ in Cout

Figure I1.6: Design of the boost converter

Case S, Case Soff

Figure I1.8: Configuration of boost converter in the two operating cases (Son, and Syr¢)
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- in the case S,, : (0 <t < DTy)
By applying Kirchhoft’s law the equations can be written for the current I.; and [

entering the capacitor C;, and C,,; respectively and the inductor voltage V7, :

;

Iea(t) = Cip @il = 1, () — I1(t)

Teo(t) = Coy ™o — —1,,(t) (11.10)

Vi(t) = L0 — v (4)

\

- in the case S,f;r : (DTy <t <T)
In this case, the equations can be written for the current I.; and I., entering the

capacitor C;, and C,,; respectively and the inductor voltage V7, :

¢

Ion(t) = Cin ™5 = Lin(t) = 11 (1)

ICZ(t) = Cout dVo;;(t) = IL(t) - Iout<t) (1111)

= Vin(t) = Vour(t)

Vit - £

To find a dynamic representation valid for the entire T's period, the following expression
is generally used [60]:
dx dx dx

< —>T, = + 1-D 11.12
dprs dt(kD)TS( ) ( )

Where % is the average value of the derivative of x over a period Ts.

Applying Eq ([1.12)) to the systems of Eq ([I.10) and (II.11)), we obtain the equations

governing the system over a whole period. This gives us the approximate model of the
boost converter as follows:

p

_ dVin(t)

Lt = (1 — D)Ij, — C, Would (IL.13)

Via(t) = LY 4 (1= D)Viu,

\
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We can calculate the duty cycle (D) is related to the output voltage Vout and the input voltage
Vin by the following equation where D is value ranges 0 and 1:

Vin

D=1- (IL.14)

VOllt

11.2.3.2 Selection of the inductor

The boost inductance value is determined using the maximum allowable ripple current typically
ranging from 20% to 30% of the maximum expected input DC current [;,, the minimum duty cycle,
and maximum input voltage. The switching frequency determines the optimal value, typically set
at 95% or higher, to optimize the boost inductor’s operation. The inductor value can be expressed

using Eq (II.15) at the threshold between continuous and discontinuous modes [61].

( __ D'Ry:(1-D)?

- 2'fsw

[ = VinD (IL.15)
fsw-AlL

AIL = 20% X Iin(rnax)

Ly

The value of inductance must be greater than the critical inductance (L > Lpoynaary)-

11.2.3.3 Selection of the capacitor
The capacitor is chosen based on the change in voltage ripple, taking into account a voltage ripple
value of 5%. The following equation is used to determine the minimum capacitor value [58].

Vout -D
Conin = 2 (I1.16)
I1.2.4 Modeling the three-phase inverter

Figure I1.9 shows a common configuration of a three-phase forced-switching VSC based on IGBTs
with antiparallel diodes. Current is delivered in both directions through each bridge arm due to the
unidirectional characteristic of the diodes and the voltage polarity applied to each IGBT and

switching diode combination, giving three diodes with a phase shift of 120 degrees.

The flow of power is reversed by changing the direction of the DC, which is achieved by
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adjusting the DC voltage of the converter’s opposite terminals, allowing the DC to flow in

the desired direction. The DC power supply is provided by capacitors that can store a large

amount of energy. Design aspects to consider include active and reactive power generation

capability, injected harmonics limits, switching losses, and the cost of the design [62].

lac
pcC
O-IK} D-IKI} O-IKI} i Rf(a,bvc) Lfia,b,c)
Via >— AW e VS@ap)
Vde Vi b Ifb: W\/‘v m\ AV
Vfc.% e ):I—_
LS SImS:
| l [
Inverter,
Figure 11.9: Equivalent diagram of a three-phase inverter

In systems in balance, the source voltage is represented as follows:

Vsa(t) = Vi, cos(wt)

Vsy(t) = Vi, cos(wt — 27/3) (I1.17)

Vs.(t) = Vy, cos(wt + 27/3)

The inverter is linked to a filter inductor Ly and resistance Ry, a voltage equation in

(abc) coordinates is given by:

(

Vo=V, — Ly, % — Ry,
VS(, = Vfb — Lfbd;—j:b — beib (1118)
VSC = Vfc - Lfc d(ii{c - Rfcic

\

By applying the Concordia-Clark transform and the Park transform ,respectively to

equations [[11.5( [63], the model can be represented in the synchronous frame by:
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Lfdde = —Rfid + waiq + Vi —Vsy

‘ (I1.19)
L% — —Ryiy — Lywig+ V, — Vs,

dt

I11.2.5 Modeling of wind energy conversion system

Wind turbine modeling is an intricate endeavor that seeks to represent the physical and
mechanical properties of wind turbines within a computational framework or an analogous
environment. The complexity of the modeling task is compounded by the diverse range
of factors that influence wind turbine functionality [64]. To simulate a wind turbine effec-
tively, the process involves replicating the essential constituents of its modeling dimensions.
Within the realm of wind energy conversion systems, a plethora of topologies exists, each
aligned with a particular genre of generator technology [65]. In the current study for a
wind turbine configuration that incorporates a permanent magnet synchronous generator
(PMSG) in conjunction with a switching mode rectifier-diode and a DC/DC boost con-
verter. The rationale for this selection is anchored in several key features intrinsic to the

system [66]:

e The PMSG is capable of self-excitation, negating the need for external power sources

to initiate electricity generation.

e The output voltage of the accompanying boost converter is adjustable, facilitating

compatibility with the input demands of the subsequent inverter stage.

e The system boasts simplicity in control, which streamlines the management of power

output and system stability.

e The cost-effectiveness of this arrangement, when compared to alternative setups,

presents a financially viable solution for wind power generation.

These attributes collectively justify the selection of the topology based on PMSG,

underscoring its suitability for effective and efficient wind energy harnessing. A simplified
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diagram of the components of the wind turbine is depicted in Figure [[I.10l The elements

of the wind turbine are:
1. Aerodynamic model (Wind turbine rotor).
2. Mechanical model ( Drive train).
3. Permanent magnet synchronous generator (PMSG).
4. Electrical model (Rectifier-diode/Boost converter DC-DC/Inverter)

5. Transformer.

Wind speed
—>

! Mechanical Model

— ' ocf
'

1

Wind turbin rotor , Electrical Model
__________ .

Aerodinamic Model

Figure I1.10: the components of the wind turbine

11.2.5.1 Aerodynamic modeling

The mathematical equation for the aerodynamic force of wind turbines is essential
in modeling wind energy. It is typically derived from principles of aerodynamics and
mechanics and relates to various concepts within wind energy. According to [67], to analyze
wind turbine performance, several factors are essential. Air density (p) in [kg = m?]
affects the kinetic energy available for electricity generation. The swept area (A) in [m?] is
calculated using (7 R?), where (R) in [m] is the radius of the blade’s rotation. Wind speed
(V) in [m/s] significantly influences power output, which increases with the cube of wind
speed. The power factor (Cp) measures the turbine’s efficiency and varies depending on
design and operating conditions.

The tip speed ratio (\) is crucial for optimizing aerodynamic efficiency by comparing

the speed at the blade tips to the wind speed. Adjusting the blade pitch angle () helps
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regulate the turbine’s rotational speed and maximizes power generation across different

wind conditions. It can be expressed by the following mathematical aerodynamic model:

1
Prero = §pAvj (11.20)

The mechanical power P, in [Nm= s|, is given by the formula :

Pm = Paero-cp()\y ﬁ) (1121)

Therefore, by substituting Eq ([1.20)) into Eq (I1.21)), the equation takes the form:

Po = SpAVIC,(A, ) (11.22)

Cp(A, B) is a nonlinear function related to A and S which can be described as follows:

116
—0.4'6—5>exp< )

Cy(\, B) = 0.5176 - 3 ( i

where is \; determined using :

> +0.0068 - A (I1.23)

7

(2

1 1 0.035

X (A+008-8) 14

The mechanical torque T4 in [Nm| in a wind turbine can be related to the mechanical

(I1.24)

power P,, using the angular speed wg of the rotor as given by the equation:

P
Ty = - (II.25)
WR

And the angular speed wg is given by :

Vi

11.2.5.2 Characteristics of wind turbine power

The power characteristics of wind turbines are essential to understanding how to opti-
mize their design and operation. Weather conditions, blade design, and operating strategies
significantly impact performance; generally, wind speed and blade pitch angle are the most

important effects on performance.
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11.2.5.3 Effect of pitch angle

The pitch angle significantly affects the power curve of a wind turbine. Changes in tilt
angle can lead to significant changes in power output, especially at low wind speeds, and
from Figure it is clear that the power factor (Cp) is affected by changes in tilt angle
and affects the power production as shown in Eq [[1.21]

T T T T

B=0°
B=2°

| |

0 2 4 6 8 10 12 14 16 18 20

Lamda

Figure II.11: Characteristic curves of a wind turbine at various pitch angles.

11.2.5.4 Effect of wind speed

Figure shows that a higher wind speed increases the output power up to (12 m/s),
where the output power reaches the maximum value. Higher speeds produce more power,
but the turbine must be carefully controlled to avoid damage.

Different wind speeds make it possible to define four power zones, as shown in Figure
[[.12] the power curve of a wind turbine (Siemens-WT-2.3-108) [68] where Zone 1 refers to
an area where there is no power generation due to wind speeds being below the minimum
speed required for the wind turbine to start generating power. Zone 2, also known as the
Cut-in Speed area, refers to the speed range of 3 to 4 m/s at which the turbine starts
generating electricity. Within Zone 3, which corresponds to the turbine’s rated speed, it
achieves its maximum power output, often ranging from 11 to 15 m/s.

Beyond this speed, the turbine may decrease its output to prevent any potential harm.
Within Zone 4, which is the Cut-out Speed range, the wind turbines will cease operation

automatically as a safeguard for the wind turbine components when the wind speed exceeds

25 m/s.
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Siemens Wind Turbine SWT-2.3-108
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Figure I1.12: characteristics of wind turbine power

11.2.5.5 Mechanical modeling
The Figure [[I.13] illustrates the mechanical two-masses configuring of the drive train,

indicating the moments of inertia for the rotor and generator wind turbines as Jg and Jg,

in [K g.m?| respectively, are coupled by a rigid shaft.
GR
0G
WR wg
\ K _\
- ) ) )| =P
(_/ Dr Dg ‘_/
Je
Jr

Figure I1.13: Two-masses configuring of the drive train

The dynamic equations for the two-mass model of the drive train can be described as

follows:

JR%WR = TA — DR%WR — k (QR — 9@) (1127)
Jgiw@, = TG — DgiUJG + k (HR - 9@)

The rotor and generator angular speeds are in [rad/s|] and are given by:
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__ dgr

WR = —
a (I1.28)

wWag = dg;f

where Dy and D¢ are the rotor and generator damping in [Nm/Rad/s|, respectively. K
is the shaft stiffness in [Nm/Rad], while g and ¢ are the rotor and generator rotational
angles in [Rad], respectively.
11.2.5.6 Modeling of PMSG

PMSGs have become integral to the advancement of wind turbine technologies, pri-
marily due to their operational efficiency and durability. The absence of a gearbox in their
design simplifies the mechanical structure, leading to reduced maintenance needs [69]. The
PMSG's stator is characterized by a trio of sinusoidally distributed windings, phase-shifted
by 120 degrees electrically, which is a standard approach to modeling for accurate anal-
ysis [70]. These generators are particularly advantageous in direct-drive applications for
offshore wind turbines, where they convert mechanical to electrical energy with high reli-
ability, attributed to the consistent magnetic field provided by the embedded permanent
magnets, thus negating the requirement for external electrical excitation [71]. The PMSG
model is simplified in the d-q axis. Figure [[I.14] presents the equivalent circuit diagram of
the PMSG .

Figure I1.14: Diagram equivalent of a PMSG Circuit in d-q axes

From the simplified circuit in Figure [1.14] the voltages vgq and vgq of the PMSG in

the d-q axis are as follows:
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vga = Reica + Laa®8e — weday (11.29)

Vaq = Raicg + ch% + waeAad
Where
vaq and vge: The voltage of stator across the d-q axis in [V], respectively.
iga and ig,: The current of stator across the d-q axis in [A], respectively.
R¢: The equivalent resistance of the stator winding [€] .

Lgq and L, The equivalent inductance of the stator in the d-q axis in [H], respectively.

The flux of the stator can be defined as follows:

Acd = Lailga + Ay (11.30)

Aeg = Laglag
with
Aca and Ag, :The flux of stator across the d-q axis in [Wb], respectively.
As :The permanent magnet flux. [Wh]

By neglecting losses, the electric torque developed by the generator T is expressed in

units of [N.m] :

TG: 3/2 - P ()\GdIGq - )‘GqIGd) (1131)

Here, (p) represents the number of pole pairs of the generator. Furthermore, the electric

power Pg on the converter side of the generator, as given by:

PG: wGTG: _3/2(VGd]Gd+ VGqIGq) (1132)

11.2.5.7 Modeling the three-phase diode rectifier
A diode rectifier operates as an AC/DC converter, enabling the transformation of elec-

trical power from an AC source into a DC output, as shown in Figure [[[.15] Widely

95



chapter 11 Modeling of systems: Photovoltaic, wind energy conversion, HVDC-VSC

recognized for its simplicity, cost-effectiveness, and durability, the diode rectifier remains
a foundational component in power electronics applications. Despite its advantages, this
type of rectifier is limited by its unidirectional power flow, meaning it cannot facilitate

energy transfer back to the AC side. [72].

This rectifier structure includes six diodes arranged in a three-phase bridge configura-
tion: diodes D1, D3, and D5 with cathodes aligned to permit the forward flow of the DC,
14, and diodes D4, D6, and D2 with anodes positioned to establish the return path for 1.
When connected to a PMSG, the three-phase AC power is rectified, producing a pulsating
DC voltage.

However, one challenge of the diode rectifier is the generation of harmonic distortion
on the AC side, primarily the 5th and 7th harmonics [73]. These harmonics can impact
power quality and require additional filtering measures to meet grid compliance standards.
Moreover, since the rectified output has a ripple, additional capacitive or inductive filtering
may be necessary to smooth the DC voltage. The rectifier’s reliance on passive compo-
nents further adds to its ruggedness but can limit efficiency at higher power levels due to

conduction losses in the diodes.

A RET

UL

PMSG } c ——— u

xD4 xne xnz l

Figure I1.15: Diagram of diode rectifier

11.2.5.8 Transformer and offshore grid model
The wind turbine transformer Ty is responsible for stepping up the grid-side converter
voltage. In this modeling approach, the shunt branches of the transformer are omitted

because their impedances are considerably larger than those of the series components.
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As a result, the effect of the shunt impedances on power dynamics can be safely ignored
without affecting the model’s precision. Figure [[I.16| presents the electrical schematic of
the grid converter of the wind turbine linked to the offshore AC grid via the transformer
Ty . It is noteworthy that the transformer is depicted using its equivalent impedance, with

Rpw and Ly representing the resistive and inductive elements, respectively.

Grid side
converter

<::I Side of wind turbines

Figure I1.16: Integration of wind turbines into the grid

The dynamic voltages of this simplified model in synchronous (dq) coordinates can be

written as follows:

Viva = Rrwlrg + L™ — Ly Ipgwag + Vg
a e (I1.33)

d
Vivg = Rrwlpg + LTw% + Lrwlrpawaq + Vig

Here, the frequency wy, represents the rotational synchronous frame in [rad/s]. The

grid voltages Viy and Vg are stated in [V], while the current generated by the wind turbine

Ir is expressed in [A].

I1.2.6 Modelling a distributed offshore wind farm

After acquiring a single model of the wind turbine, it is feasible to create a corresponding
model for the entire offshore wind farm. The aerodynamic and mechanical parameters will
remain consistent with those of the individual wind turbines. Figure depicts the

distributed configuration of an offshore wind farm consisting of (n) wind turbines.
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Figure I1.17: Model of offshore wind farm (i=1,2,3,..)
The equations following illustrate the model electrical of the wind turbine (i-th) con-
nected to (PPClyy) of the offshore (AC) grid.

The equations of modeling a PMSG on the d-q axis:

dlgai

— _ Rai . Legi . L .
dt  —  Lga IGdl + LGai WaGi Iqu + Laai VGdl
dlggi

— _ Lagai ) . _ Rai ) 1 .
d " Lag Wai [Gd1 Lag IGq1 + Laq Vqu

(I1.34)
1
~ Lo wai A fi
The equation of power balance at the generator side converter:

P = =3 (Vaailca + Vagilag )
e (I1.35)
Ppcii = Epcilpcii
The equation of the dynamic DC-Link for Back-to-Back :

Ipci — Ipce =

(I1.36)
The equation of power balance at the grid side converter with n; represents a number
of wind turbines in the group :
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Ppeai = Epci(Ipcai)ni
(IL.37)

Pwi = 3(Vwailwai + Vwgilw i)

The equation for the dynamics of the offshore grid integration can be expressed in d-q

coordinates at synchronized rotation (wg,) as follows:

diwai . Bry, 1 1
ot = — Wt Ty + waglwgi + 70— Vwai — 17— VFa
Twni Twni Twni (1138)
dlwg RTWm', 1 1
at _quIWdZ N Ly Iqu T Ly qul N Ly VFq

The dynamic voltages of the offshore grid can be expressed in d-q coordinates at syn-

chronized rotation wy, as follows:

dVeq _ 1 N 1

i = o 2uic1 Iwdi — g IrRra + WagVig (11.39)
dVrq 1 m 1 '
2 = @y 2uiz1 Iwai — G lrRg — WaVrd

I1.3 Modeling of HVDC-VSC link

The HVDC-VSC link used in the studied system consists of a controlled rectifier (VSC),
a submarine DC cable, and an onshore inverter (VSC). This connection is linked to the
offshore PC'Cyprig point at the first terminal, which uses two transformers and a compen-
sation bank (Zgg) to provide the required reactive power. At the opposite station, another
transformer is connected to the terrestrial grid. Figure shows the basic elements of
the proposed HVDC transmission system.

HVDC Link

AC terrestrial grid

— RectifiervsC S — — — — — — — — o~ — — — — ) Inverter-VSC
z

Reactive power compensation
and harmonic filters

Figure I1.18: Configuration of HVDC transmission, a compensation bank, and transformer
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I1.3.1 Transformers

The fundamental role of transformers is the conversion of AC voltage into suitable levels
to guarantee the correct operation of converters. Moreover, transformers support ancillary
tasks like adjusting voltage, incorporating conversion modules, and providing insulation
from the homopolar element. The leakage inductance of transformers employed in this

transmission mode generally falls within the range of 0.1 pu to 0.2 pu [74].

I1.3.2 The phase reactance

Phase reactance is of paramount importance in AC systems, especially in the context
of interfacing conversion units with the network, as it facilitates a reliable power exchange
and diminishes the presence of harmonic distortion. This reactance, which emanates from
the inductance or leakage inductance characteristics of an interface transformer, permits
voltage discrepancies between the converter and the grid to manifest as circulating current,
thereby enabling an efficient interaction between the two voltage sources. Phase reactors
play a critical role in regulating both active and reactive power flows while simultaneously
serving as AC filters, effectively addressing high-order harmonics generated by VSC. Gen-
erally, a phase reactance value of 0.15 per unit is implemented to bolster system stability

and enhance power quality [75].

I11.3.3 Filters and DC capacitors

Depending on the AC grid, filters may be required to prevent harmonics from entering
the converter station. On the other hand, the high frequency of switching in the converter
unit makes the harmonics it generates more harmful to the equipment, but also easier to
filter. (Zpgr) represents both the rectifier (Cr) shunt capacitor and the harmonic filter
bank. Filters can be installed on the DC bus to limit DC voltage ripple without increasing
the value of the DC capacitance. In addition, a DC capacitor is added to maintain a stable

DC voltage while switching the switches of the switching unit.
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I1.3.4 Voltage source converters

VSCs represent a pivotal technological advancement within HVDC systems. They
facilitate the efficient transmission of electrical power and the adaptable management of
electrical energy. Their prominence has escalated significantly owing to their capacity to

enhance the integration of renewable energy resources and bolster electrical grids’ stability.

The inverter-VSC utilizing the three-level neutral point clamped (NPC) topology marks
a significant milestone in the power electronics field, especially for applications with medium
and high power [76]. A primary benefit of the three-level NPC inverter is its capability
to minimize harmonic distortion in output voltage and current, outperforming traditional

two-level inverters.

An additional voltage level facilitates harmonic reduction by more accurately approx-
imating a sinusoidal waveform, thereby enhancing the quality of power supplied to the
load. The inverter incorporates clamping diodes and semiconductor switches such as IG-
BTs, with DC-link capacitors used to divide the input DC voltage into two equal parts,
forming the neutral point. Clamping diodes link the neutral point to the middle point of
the DC link capacitors, producing three voltage levels: positive, neutral, and negative. The
semiconductor switches are configured in pairs, each governing the interaction between DC
link capacitors and the output phase. This configuration allows for precise regulation of
the output voltage through a carefully designed switching sequence |77]. This approach

ensures uniform voltage distribution across the switches and minimizes switching losses.

We add the bank filter connected to the inverter and the grid to reduce harmonics in
the output current. This configuration promotes the reduction of high-frequency harmon-
ics, which is critical for maintaining power quality, minimizing interference with sensitive
equipment, and ensuring stability and efficient performance. To enhance the harmonic
composition of the voltage, three-level systems have been constructed, featuring levels of
+1/2 Vdc, 0, and -1/2 Vdc. Figure illustrates a three-level HVDC converter that

employs a configuration integrating three-level clamping diodes 78] [79).
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Figure 11.19: The three-level HVDC converter
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11.3.5 DC cables

Due to the cable’s sensitivity to DC faults, this type of connection is primarily imple-
mented using underground or submarine cables. In addition, since the polarity of the DC
voltage is never reversed, industrially insulated cables are used, which are more economical
than conventional cables. The cable used in links of HVDC source converters is a recently
designed variant, distinguished by insulation composed of an extruded polymer that ex-
hibits exceptional resistance to DC voltage. This type of cable is the preferred choice for

HVDC connections due to its mechanical strength, flexibility, and lightweight [80].

I1.3.6 Submarine cable modeling

A submarine cable is used to transmit electricity from an offshore facility to an onshore
facility. The cable design incorporates a parabolic T-shaped DC transmission line, illus-
trated in Figure [I.20f This cable operates at a voltage of 50 kV and has a power rating
of approximately 3 MW.

The diagram of a circuit in Figure displays the ”'T” configuration, with Rr = R;=
3.475 mS), Lp = L;=0.3975 mH,Cr=0.5775 mF. Additionally, it shows Vz 4. and I; 4. as
the voltages across the rectifier and inverter, while C'r denotes the overall capacitance of

the direct current (DC) transmission line. Igg4. and I 4. denote the DC currents on the
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rectifier and inverter sides, respectively.

Rr Lr

+ == > AN AMWN—TN T +

Vide

V,
R.de Cr —

Figure I1.20: An equivalent circuit for the DC cable "T”

The dynamic equations according to the DC line model shown in Figure [[I.20] can be

expressed as follows:

d R 1 1
“Iric = —72IRrie + 7=VRac — 7= V1
dt Lr Lgr Lgr
d R 1 1
aliae = —THric — 77 Viee + £ Vr (I1.40)
d — 1 _ 1

\EVT - CTIRdc CTIIdc

I1.3.7 Power flow in interconnected AC systems

In interconnected AC systems, the active and reactive power flow is governed by a
conduction impedance, along with the amplitude and phase angle between the two voltage
vectors. Here, a VSC diagram illustrates the voltage source linked to an AC grid through

a collected reactance, and Xr is a series inductor of the converter and transformer, as

depicted in Figure [[1.21]

£8, v, 248,

vinv—vsc

n, b > Y n,

Inverter Voltage Grid Voltage

Figure I1.21: The Relative angle of voltage and impedance

The flow of active power P from the converter to the AC grid is expressed as:
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o ‘/gV;nv—vsc

T

P sin(A6) (I1.41)

where V; denotes the AC grid voltage, while V;,,,_,s. represents the voltage across the
VSC. X, is the reactance linking the VSC to V,, and ¢ indicates the voltage angle between
the VSC and V. Moreover, the reactive power exchanged between Vi, and the V; can

be expressed by the following equation:

V;m)fvsc (V;m)fvsc - % COS(AQ))

Q= e

(I1.42)

The above equations show that when there is a variation in voltage phase angles,
the active power component is zero, while the reactive power component depends on the

difference in the magnitudes of the voltage, with the change in angle determined by:

AO =0, — 0 (I1.43)

o If V; > Viny_vse, then Q is less than zero and indicates an inductive operation, which

means that the VSC absorbs the reactive power.

o If V, < Vipy—vse, then Q is greater than zero and indicates a capacitive operation,

which means that the VSC exports reactive power to the grid.

For equal voltage magnitudes, reactive power is zero, whereas active power varies with
the voltage angle. A positive angle (Ad > 0) indicates that power flows from the VSC
to the AC system (inverter mode), while a negative angle (Ad < 0) signifies power flow
from the AC system to the VSC (rectifier mode). The power flow equations ([I.41)-(IL.42)
demonstrate that four-quadrant power control is feasible. Although active and reactive
power can be controlled independently, there is inherent coupling between the VSC and
AC systems. The modulation index regulates the voltage amplitude and reactive power
for reactive power control, while the valve ignition timing relative to the AC side voltage

determines the phase angle of voltage and power flow [74].
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From Figure [[1.22] the equations for the voltages and currents of the transformer can

be defined as follows:

li dc c
> G@ Pstys
€«
e

— C Transformer

I U, X, I Xir Iy Uy
~YY Y\ > PCC,
- ;
-4 ¢ I Ay
L Lj g Zf
i I
E

Figure 11.22: Equivalent diagram of the VSC circuit

The converter voltage U, is defined by :

U, = U + X, 1, (I1.44)

The voltage at the AC filter node is denoted by Uy, and X, represents the reactance of
the converter, while I, represents the current flow across the reactance of the converter.

The current expression I, is as follows:

L =1 +I; (I1.45)

where I; represents the overall current passing through the converter to the transformer
and Iy represents the current passing through the impedance of the filter.

Uy is the voltage at the AC filter node given by :

Uf — Ut + XtT’It (1146)

where U; is the primary voltage of the transformer, and X;. is the reactance of the
transformer.

The filter current /7 is defined by the expression below:

_U

]f—Zf

(I1.47)
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In an inverter-VSC configuration, the capacitor C; stabilizes the DC voltage and mini-
mizes oscillations. We can draw the vector diagram from the previous converter equations,

as shown in Figure [[T.23]

Yart I¢

Figure I1.23: The Vector diagram of the VSC circuit

From Figure [[I.23] U, can be approximately equal to U — vse, considering that losses
and distortions in the system are, theoretically, zero or minimal. U; can be equal to U, if
the transformer ratio does not affect the final voltage, the angle § represents the voltage
angle between converter inductance and transformer impedances, and the angle 0 indicates

the relationship between the output voltage and current.

11.3.8 The AC terrestrial grid

The generated hybrid renewable energy (PV and wind) is connected to the onshore grid
at the station through an HVDC connection. To model the grid at the Pccs connection
point, we use an equivalent Thevenin model consisting of an impedance Z, and a voltage
source V, as shown in Figure [81]. where w, is the frequency of the grid and an

impedance consists of resistance R, with inductance L, in series.

Pg:Qq
Pecs —_—> Terrestrial grid
| Vs I Rg Ig Vg
| = )W
Wy Zg

Figure I1.24: Model of AC terrestrial grid
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I1.4 Conclusion

In this chapter, we have presented the detailed and simplified mathematical modeling
of hybrid renewable energy elements ( offshore wind farm and PV power plant ) connected
to an HVDC transmission system based on the diode rectifier and inverter-VSC. The
HVDC link utilizes a controlled diode bridge rectifier. The effects of this limitation will be
processed through the control of the inverters for the renewable energy system.

The VSC is considered optimal, neglecting conduction and switching losses, as well as
harmonics. For the AC grid, a simplified Thévenin equivalent model is used, with relatively
high short-circuit power.

Based on the modeling of the previous system components, the next chapter will present

control strategies and simulations for the system using the MATLAB software.
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Chapter 111

Control of a hybrid renewable energy

system connected to a HVDC-VSC

III.1 Introduction

The control of PV systems is crucial to maximize the efficiency and reliability of the
energy generation from solar irradiance. PV systems employ advanced MPPT techniques
to adapt to dynamic environmental conditions, such as changes in sunlight intensity and
temperature. These systems also integrate grid-connected inverters that regulate active
and reactive power, ensuring voltage stability and adherence to grid codes. Sophisticated
control methods, including dg-axis control and predictive control algorithms, are com-
monly implemented to improve the system response to disturbances and improve overall

performance in hybrid renewable energy setups.

Wind energy systems utilizing permanent magnet synchronous generators (PMSGs)
require precise control to ensure efficient and stable operation under varying wind condi-
tions. The control strategy for PMSG-based systems typically involves a full-scale con-
verter, comprising a machine-side converter (MSC) and a grid-side converter (GSC). The
MSC manages the generator’s torque to optimize energy capture, while the GSC maintains
the DC-link voltage and facilitates grid code compliance. Effective coordination of these
converters ensures optimal performance, reduced mechanical stress, and improved energy
integration in hybrid systems. The advanced control algorithms also enable the PMSG to
operate at variable speeds, enhancing energy extraction efficiency. In our case, we relied
on an uncontrolled rectifier on the machine side, tied to a boost converter and tied to a

VL.

HVDC systems based on VSC are essential for integrating hybrid renewable energy
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systems into modern power grids. VSC-HVDC technology provides independent control
of active and reactive power, supporting grid stability and facilitating long-distance power
transmission with minimal losses. The control architecture consists of outer loops for power
and voltage regulation, complemented by inner loops for current control to ensure fast
dynamic response. When integrating PV and wind energy sources, VSC-HVDC systems
enable seamless power exchange, maintaining system stability and ensuring high power

quality, even under fluctuating generation and load conditions.

II1.2 Control system design for grid-connected con-

verters
Grid-connected converters are employed in many applications, including distributed
generation systems, active power filters, unity power factor (UPF) rectifiers, and high-
voltage direct current (HVDC) systems. These converters serve the dual function of in-
verters when power is transferred from the DC to the AC side and rectifiers when power
flows in the opposite direction. Despite variations in operational mode, their structural
design and control capabilities remain largely consistent, differing primarily in the direction

of power flow.

The principal control functionalities of these converters include the following: (a) reg-
ulation of AC voltage, (b) independent management of active and reactive power, (c)
synchronization with the grid, (d) compliance with or exceeding harmonic standards, (e)
operation under grid faults and distorted grid conditions, and (f) detection and isolation
during islanding events. These functionalities are implemented through feedback con-

trollers that regulate various control parameters.

Figure depicts the standard configuration of a grid-connected converter system.
This configuration depicts a DC link feeding a voltage source inverter (VSI), which is
managed through multiple control stages. Irrespective of the particular arrangements per-
taining to the power stages, the grid-side converter and its control system remain consistent

with the structure delineated in Figure |[[II.1} The choice of control strategy is contingent
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upon the desired control objectives, system stability requirements, and power quality con-

siderations.
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Figure III.1: The general configuration of the control of grid-connected converters

I11.2.1 Power controllers

An active power control loop, typically implemented as an outer loop, serves the func-
tion of regulating the active power delivered by the system. This loop generates a reference
signal for the inner control loop through the implementation of various strategies, including
instantaneous power balance or MPPT algorithms. When the instantaneous power-balance
method is employed, the power control block utilizes the DC-link voltage as an input, com-
paring it with a predefined reference value. The fundamental premise of this methodology
is the equilibrium between the energy supplied to the VSI and the energy it delivers [82].

When the power received by the VSI is equal to the power it supplies, the DC-link
voltage remains stable. However, if the received power exceeds the delivered power, the
excess energy is stored in the DC-link capacitor, thereby increasing its voltage. Conversely,
when the delivered power exceeds the received power, the capacitor serves to compensate
for the deficit, resulting in a voltage drop. By monitoring and adjusting the DC-link
voltage, the system is able to effectively manage the delivery of active power [83].

In the case of renewable energy systems, MPPT algorithms are frequently used to
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maximize power extraction [84]. As illustrated in Figure [[IL.1] in microgrids, a central
control station often provides active and reactive power references to maintain equilibrium
between generation and demand within the local network. In such circumstances, the
control loop employs the power reference directly, with the actual power delivered being
measured and compared against this reference.

These control loops rely on feedback mechanisms to align actual system parameters
with their reference values. A Proportional-Integral (PI) controller is commonly employed,
as DC-link voltage and power values are scalar quantities, devoid of phase or frequency in-
formation. Using a first-order controller like the PI ensures simplicity and avoids increasing

the system’s order, thereby preserving phase margin and maintaining system stability [85].

I11.2.2 Current controllers

The output of the power controller serves as the input for the inner, faster-acting current
controllers. The current control loops are responsible for generating the requisite voltage
and frequency references for the subsequent PWM block. The voltage output from the
inverter is calculated as the vector sum of the AC grid voltage and the combined voltage
drop across the filter and grid impedances. Therefore, the current control algorithm must
calculate the converter’s output voltage for a specified power reference, taking into account
the filter drop in order to ensure that the power flow aligns with the desired reference [86].

In the literature on grid-connected converters, a variety of current controllers have
been proposed, each utilizing a different reference frame based on the specific application

or control strategy [87]. The most commonly used reference frame controllers are as follows:

e Natural Reference Frame Controllers.
e Stationary Reference Frame Controllers.

e Synchronous Reference Frame Controllers.

I11.2.2.1 Natural reference frame (abc reference frame controllers)
In this control strategy, the variables are maintained in their original reference frame,

which is referred to as the natural reference frame. Figure [[11.2]illustrates the control of the
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VSI in the (ABC) reference frame [88], wherein the phase currents (i,, i, i) are directly
managed within this frame. It is unnecessary to transform the quantities into another
reference frame for control purposes, as the comparison and control actions occur in the
same reference frame. To regulate the three-phase currents, three separate controllers
are required, and the neutral point of the output transformer must be connected to the
inverter’s ground point for independent phase current control. The outer loop typically

employs simple PI controllers, as the controlled variables are DC values.

e 3 Current
Ulge J DC-Link controller
controller

Q v Q
Y controller | . *

Figure II1.2: Control of grid-connected VSI in abc reference frame

5| Current |
" controller

+| Current
>
controller Yvy

I11.2.2.2 Stationary o-f frame controllers

The control of the grid-connected VSI within the reference frame is illustrated in Fig-
ure [[I1.3] This approach reduces the number of controlled parameters from three to two,
albeit at the cost of additional computational complexity arising from the transformation
of three-phase quantities into two-phase quantities. Conventional PI controllers are un-
suitable in this context since the transformed quantities remain time-varying, resulting
in persistent steady-state errors when managing AC signals. To address this limitation,
Proportional Resonant (PR) controllers have been proposed as an alternative, capable of
directly handling time-varying abc quantities effectively.

PR controllers are particularly effective for grid-connected systems. They ensure ac-
curate tracking of AC reference signals with zero steady-state error and minimal phase
delay [89]. However, a key drawback is their sensitivity to grid frequency variations. PR
controllers rely on infinite gain at the grid frequency, making them susceptible to insta-
bility if the operating frequency deviates beyond a certain range. Expanding the width

of the control band can mitigate instability but at the cost of increased steady-state er-
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ror |90].Another advantage of PR controllers is their capability for harmonic compensation,
which allows them to manage higher-order frequency components without impairing the
control of the fundamental component. This feature enhances their performance in grid-

connected applications by improving power quality and compliance with grid standards.

PR *
DC-Link | * L controller
controller
Modulation /
and \ /\/
PWM -
g " inverter ialib|ic o
controller | . * PR iy valvsloe

S
”| controller

vy
PLL
[:]

Figure II1.3: Control of grid-connected VSI in «a-f3 reference frame

111.2.2.3  Synchronous Reference frame controllers

This control approach begins by converting AC signals into DC signals using transfor-
mations based on a synchronously rotating reference frame. These transformations enable
the design of a DC control loop capable of accurately tracking AC signals with no steady-
state error. To perform these transformations, knowledge of the phase of the mains voltage
is essential [91]. Several methods for determining the instantaneous phase of the grid volt-
age have been discussed in the literature. Of these, the SRF-PLL is recognised as the most
advanced and has therefore been used in this study.

The transformation of the three-phase load currents to the a-3 system is as follows:

Lo IRt Y I (I1L.1)
is | 3 |0 V32 —v3/2 ' '

In a balanced three-phase system, the scaling factor 2/3 is typically employed for
amplitude-invariant transformations.

The rotating frame, aligned by (7/2) behind the a-axis, is thus oriented at t=0 with
the g-axis aligned with the a-axis. Consequently, the (d-q) components of load current can

be obtained by:
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iq sin(f) — cos(0) io

= . (I11.2)
iq cos(f) sin(h) i
Where 6 represents the phase angle obtained through the utilisation of a PLL
controller.
Simple PI controllers with a transfer function are used for control as follows:
F(s) =K, + % (I11.3)

Here, K, denotes proportional gain, while K; represents integral gain.

Figure illustrates the circuit configuration of a three-phase grid-connected VSI.
The inverter’s three pole voltages are represented as Viy,, Vi, and V., while the corre-
sponding grid voltages are denoted as V., Vi, and V.. In the diagram, Ly signifies the
filter inductance, Ry accounts for the resistance from the inverter to the grid, and the

currents injected into the grid for each phase are indicated as 744, 7, and ..

03 3 3 s e |

i
Via —>—ww— VS

Vi W iy v

Ve b M —

i [ hE [hE
[ T

Figure I11.4: Configuration of a three-phase grid-connected VSI

In systems in balance, the source voltage is represented as follows:

(

Vsa(t) = Vi, cos(wt)

Vsy(t) = Vi, cos(wt — 27/3) (IIL.4)

Vse(t) = V,, cos(wt + 271/3)
\
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The inverter is linked to a filter inductor L; and resistance Ry, a voltage equation in

(abc) coordinates is given by:

(

Vs, = Vfa — Lfa, dza — Rfaia

Vs, =V, — Ly, dife _ Ry, i (IIL.5)

dt

Vs.=Vy, — Ly, % — Ry i,

\

By applying the Concordia-Clark transform and the Park transform ,respectively to
equations [[IL.5( [63], the model can be represented in the synchronous frame by:

Lf% = —Rfid + waiq + Vd — VSd

' (I11.6)
Lyt = —Ryiq — Lywia + Vy = Vs,
The inverter output voltages V; and V, can therefore be written as follows:
: dig :
‘/d - ‘/;d + Rld + Lf% + qu)Zq (IH?)
. dig .
Vi = Vs + Rig + LfE — Lywi, (IIL.8)

The d-qg mathematical model reveals the inherent coupling between the variables on the
d-axis and the variables on the g-axis, complicating the controller design. To address this
challenge, a feedforward decoupling control strategy can be employed. By incorporating
a PI regulator, stable closed-loop control of the system is achieved. The corresponding

control equations are as follows:

ug = (K, 4+ £) (i — ig) —wLig + eq
(165 51) G ‘ (I1L9)
ug = (K, + K?) (iz —iq) + wLliq + €
As indicated by Equation [[IT.9] the feedforward decoupling control algorithm enables

the independent regulation of active and reactive power within the inner-loop current of
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a three-phase grid-connected inverter. Figure illustrates the diagram of the current

controller in the inner loop.

Figure IIL.5: Diagram of the current controller in the inner loop

Based on the principles of instantaneous power theory, the active power P and reactive

power Q within the synchronous rotating dg-reference frame are defined as follows:

pP—

Q=

N[O

udid + Ugt
( o) (I11.10)

N

(udiq — ugia)

When the d-axis is aligned with the synthesized grid voltage vector, such that u, = 0,
Equation [[II.10] can be reformulated as follows:

P = %udz’d

(IT1.11)
Q= %udiq

The inverter control strategy is defined through the application of equations [[IL.7] and

1.8} Using these equations, the overall block diagram for current regulation in a grid-

connected VSI within the SRF is derived, as illustrated in Figure [[II.6] Here, i} and i

represent the reference currents along the d and q axes, respectively. The PLL provides

the essential phase details of the grid voltage, enabling the abc-dq transformation process.
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Figure II1.6: General block diagram of VSI current control in SRF

I11.2.3 Phase-Locked Loops (PLL)
The PLL system typically comprises three key components: the Phase Detector (PD),

the Loop Filter (LF), and the Voltage-Controlled Oscillator (VCO), as depicted in Figure
111.7. The PD detects the phase error e(t) between the input signal i(¢) and the output
signal o(t). This error signal is then passed to the LF for further processing. The VCO

adjusts the output signal frequency based on the error signal [63].

Figure IIL.7: Diagram of PLL Block

The grid voltages are represented as:

(

V8q = Vi cos(6)

vsy = Vi, cos(0 — 27/3) (I11.12)

vS. = Vi, cos(0 4 27 /3)

\

where V,,, represents the amplitude and # denotes the phase angle.

The three-phase grid voltages are converted into a stationary reference frame o — 3

through the application of Clarke transformation, as expressed by the following equation.
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VS,
VSq 2 1 -1/2 —-1/2
_ =, / 2. sy (I11.13)
vss 310 V32 —v3)2
VS,

The expression for the grid voltage in the synchronous d-q frame is as follows:

vS sin (") —cos (¢’ VS,
T = ® AN (II1.14)
U8, cos(0') sin (@) vSg
0" denotes the estimated phase angle.
Hence,
v8g = V,, -cos (0 — ¢
‘ 6= (IIL15)

vsg = Vi, -sin (0 — 0')
As the estimated phase angle converges towards the actual phase angle of the grid

voltages, the grid voltages in the d-q SRF are expressed as:

v8q = Vi,
(II1.16)

vsy =0
Accurate phase angle estimation is achieved by minimizing the error between the esti-

mated and actual phase angles using a PI regulator [63]. The structure of the implemented

PLL is shown in Figure [[TL.8]

2
Vs Vs .
vsa —plabe 45 ap —m )—{pLl > 6
VSh —> .
Y w
Pe > a vsg g 4
0

Figure II1.8: Diagram of dq-PLL Block

I11.2.4 DC-link voltage regulation
DC-link voltage regulation ensures stability and efficiency in power systems by mini-

mizing fluctuations, improving reliability, and balancing energy flow using methods such
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as PI controllers.

The DC voltage dynamics equation is expressed as follows:

1
. = Ly.dt II1.17
v C(dc / ¢ ( )
With:
Ie: Current flowing through the capacitor [A].

vge: Voltage across the capacitor terminals [V].

By applying the Laplace transform, we get the following:

1
=—7 .
S.Odc d

As shown in Figure [[TL.9] the closed-loop transfer function can be expressed as follows:

Vdc_ref ‘)@_’ Kpdc* Kidc /s > 1/c4cS » Vdc

Figure II1.9: DC-link voltage control loop

Vde

(I11.18)

1+ﬁs w?
< Kt)

vde = II1.19
e g2y 26wes + w? ( )
Estimation of the PI controller parameters can be formulated as follows [92]:
Kidc - Wgcdc
(II1.20)

Kpdc = 2§ V Kidccdc

I11.2.4.1 Selection of DC link voltage
The DC link voltage is determined based on the target AC output voltage requirements
and the chosen modulation technique. In the case of space vector pulse with modulation

(SVPWM) systems, the relationship is defined as follows [93]:

VLfL(rms)

Vi =
47115 x 0.612 x my

(I11.21)
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Where
Vi, — L(rms):Line-to-Line RMS Voltage.
Vie: The value of the fixed DC link voltage the system requires.
my:is the ratio of the amplitude of the reference signal to the amplitude of the carrier signal
in pulse width modulation (PWM) systems, which ranges between 0 and 1.
1.15 and 0.612 are the correction factors in the SVPWM system and the conversion value

between the peak line-to-line voltage and the RMS, respectively.

I11.2.5 Presentation of SVPWM

SVPWM enhances voltage source inverter performance by optimizing the usage of the
DC bus, reducing harmonics, and minimizing losses. It synthesizes voltage vectors in the
a-f frame [94], and as illustrated in Figure two-level switching states of the inverter

are shown.

I I.J IINAN AN BN

T T2\'13
a a a
. . . .

—Vy = ——

Cd
e A e | f f Ll 5 e
T4 |15 |76 \ w \ \

S0(0,0,0) $4(1,0,0) S2(1,1,0) $3(0,1,0)

I N N

|
0o T o
|
I
o

Il
I
|
0o T o
II
o

Y LD Db Ly

$§4(0,1,1) $5(0,0,1) Sg(1,0,1) S7(1,1,1)

Figure II1.10: Configurations of VSI switching states

Where (Sa, Sb, and Sc) are control signals that have the following conditions:

1 if T, ON then Ty OFF,
S, = (111.22)

0 if 71 OFF then T, ON.
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¢

(

1 if T, ON then Ts OFF,

\O if TQ OFF then T5 ON.

1 if T3 ON then Ty OFF,

\O if T3 OFF then T@ ON.

(I11.23)

(I11.24)

The following equations express the output voltage of the inverter between phases:

;

\

The equations for simple output voltages can be expressed as follows [63]:

(

\

The possible cases of the output voltages are summarized in Table [I11.1{ [95].

Vab = Vdc (Sa - Sb)
Upe = Vde (Sp — Se)

Vea = Vde (Sc - Sa)

Vg = vdc.(éSa — le — %Sc)

3

Vp = Udc~<§Sb - %Sa - %SC)

Ve = vdc.(gsc — %Sa — %Sb)

(I11.25)

(I11.26)

0 0 0
1 1 0
2 1 1
3 0 1
4 0 1
3 0 0
6 1 0
7 1 1

0 0

0 204/3
0 Vae/3
0 —Uge/3
1 —2v4./3
1 —Vge/3
1 Vae/3
1 0

—Vge/3
Vae/3
204./3
Vae/3
—Vge/3
—20g,/3
0

Table III.1: Switch states for three-phase two-level VSI

81



chapter II1 Control of a hybrid renewable energy system connected to an HVDC-VSC

As shown in Figure [[IL.11] the three-phase voltage inverter generates eight states, in-
cluding six active and two inactive states. In a plane with the d-axis as the horizontal
axis and the g-axis as the vertical axis, these states form a hexagon depicted in Figure
[IT.11] This hexagon is divided into six sectors, each consisting of a triangle whose vertices
correspond to the null state (0 or 7) and two consecutive active states, such as (1 2), (2
3)... (6 1). Specific vectors bound these sectors [96].

The objective of SVPWM is to approximate the reference voltage V,.; using the eight
available state vectors. To achieve this, a straightforward approximation method is em-
ployed: it generates an average inverter output over a small period T, which is equivalent
to the reference voltage V,.y during that interval. Thus, vector pulse-width modulation

can be implemented by following these steps; for more details, see [96]:
e Identify the Sector of Operation.
e Calculate the duty cycles.

e Determine the switch sequence.

q axis A

V5(010) V,(110)

V,(000)

V7(111)

(-1/3,-1/73) V5(001) Vg(101) (1/3,-1/43)

Figure III.11: Possible switching states and sectors
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I11.2.6 Techniques of MPPT

The strategies of MPPT have a crucial role in maximizing the output energy of PV
systems through dynamically adjusting the operating point to align with changing envi-
ronmental factors, such as irradiance and temperature. The basic principle behind MPPT
is to continuously adjust the system’s operating voltage and current to achieve the highest
possible power output. Traditional MPPT methods include techniques such as perturba-
tion and observation (P&O) and incremental conduction (IC), both of which are widely
used due to their simplicity and ease of implementation.

However, these methods may struggle with accuracy under rapidly changing conditions.
Advanced MPPT strategies, such as those based on metaheuristic algorithms such as PSO,
GWO, and controllers such as fuzzy logic control (FLC), artificial neural networks (ANN),
have emerged to address these limitations [55,97].

These techniques provide faster and more accurate tracking by predicting optimal perfor-
mance, making them particularly effective in environments with dynamic weather patterns

or complex system configurations.In this section, we will present the proposed Dandelion

Optimization (DO) method, while the P&O, PSO, and GWO methods are detailed in
(Appendix [A]).

I11.2.6.1 Description of the dandelion plant

The DO algorithm is a nature-inspired algorithm inspired by the dispersal behavior of
the dandelion plant, Herba taraxacaci, a perennial herbaceous species of the Asteraceae
family. It grows up to 20 cm in height. This plant is characterized by its unique seed struc-
ture, which consists of a seed body, a thin beak, and a tuft of fine hairs, and it exhibits an
effective natural mechanism for seed dispersal.
Its seeds are carried by the wind for varying distances, and their spread is primarily influ-
enced by wind speed and environmental conditions. This biological process is mathemati-
cally modeled in the DO algorithm, where the seed distribution and colonization behavior
guide the search for optimal solutions. As such, the algorithm leverages the wind-driven

dispersal and adaptability of dandelion seeds to efficiently explore and exploit the solution
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space [3,98]. Figure [l1I.12| depicts the dandelion floating in the wind.

Figure II1.12: The dandelion floating in the wind

The dandelion plant reproduces to transmit seeds to the succeeding generation accord-

ing to a strategy based on the following three main stages:

1. Rising stage: During this stage, dandelion seeds ascend, influenced by factors to
wind speed and humidity. This stage is defined by its simulation under diverse

environmental conditions, as detailed as follows:

e The case of a clear day: The wind speeds take a normal distribution (Iny),
which makes the random numbers spread more widely along the Y-axis, and this
increases the probability of dandelion seeds moving to more distant areas. Due
to the change in wind speed, the vortices above the dandelion seeds adapt to
allow the seeds to flow upward in a spiral [3//98]. This behavior can be expressed

mathematically through the following equation:

dip1 =di + ¢ X uy X uy X Iny x (ds — dy) (II1.27)

where d; and d; | represent the positions of the dandelion seed at the current and
subsequent iterations, respectively. The parameter ¢ denotes the step size, Iny

corresponds to a log-normal distribution, and dy indicates the random initial
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position. The terms w, and wu, are lift coefficients that influence the seed’s

movement along the x and y axes, respectively.

The mathematical formula for the random location is given as follows:

ds =T (dmax - dmin) + dmin (11128)
where 1 is a random number between [0,1].

In(y) is the natural logarithmic distribution with mean g = 0 and variance

0% =1, and is given by the following mathematical formula:

L exp [~ (ny)?] y20
0 y <0

Iny = (I11.29)

where the variable y refers to the standard normal distribution N(0,1), and C'is
a parameter that guides the algorithm to initiate with a global search and sub-
sequently transition to a local search, thereby achieving accurate convergence.

This behavior is expressed mathematically as:

2
C' =rand x ( - 1) (II1.30)

max

The coefficients u, and u, on the variable dimension are calculated as follows:

r=1
Uy =T X cos @ (11131)
Uy =17 X sinf

where, 6 is a random number between [-7,7].

e The case of a rainy day: The dispersal behavior of dandelion seeds is in-
fluenced by increased humidity and air resistance. Under such conditions, the
seeds tend to ascend slowly with the wind while exhibiting a tendency to re-
main within local regions, enhancing their chances of survival [3]. The equation

expresses this behavior mathematically as follows:
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dt+1 = dt x K (11132)

The parameter K defines the local search range for dandelions and is calculated

using the following formula:

K =1-rand x ¢ (II1.33)

With q is given by the following formula:

1 5 1
_ 2 P S I11.34
1= _or+1" TP ors1 T TR _ort1 (TI1.34)

The rising stage of dandelion seeds can be summarized by the following math-

ematical formula:

di + ¢ X uy Xu, X Iny x (dys — d randn < 1.5
dpr =4 y > Iny % (I11.35)
di Xx K else

The algorithm dynamically balances exploration and exploitation by utilizing
random values sampled from a normal distribution. Additionally, setting a cut-
off threshold at 1.5 enhances its inclination toward global exploration, thereby

improving its ability to search broadly across the solution area.

2. Declining stage: In this stage, the algorithm emphasizes exploration, where dande-
lion seeds progressively migrate over a defined distance by repeatedly updating their
positions across all individuals, thereby covering a broader search space. During each
update, individuals retain a normal distribution pattern, and seed movement follows
a Brownian motion dynamic [3|98]. The following equation can mathematically rep-

resent this behavior:

dt+1 =di—c-By;- (davg,t - (Bt cC- dt)) (11136)
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where B; represents Brownian motion based on a normal distribution, while dayg ¢
denotes the average seed position during the ' iteration and is calculated by the

following equation:

pop

1
DaV = Dz II1.37
= (1.37)

3. Landing stage: In this stage, the focus is on exploitation, where dandelion seeds
choose a random landing site with the potential to reach global convergence. Here,
the optimal location is the one that gives dandelion seeds the better opportunity to
survive. Relying on the search information gained from the present elite, the seeds
tend to converge on the global optimum in the total search area [98]. This behavior

is expressed mathematically by the following equation:

dt+1 = delite + Levy()\) cC- (delite — dt . 5) (11138)

where dgite denotes the optimal location of the dandelion seed in the #" iteration,
Levy()) represents the Levy flight function, and § is a linearly increasing function

within the range [0, 2], calculated using the following equation:

2t
5= I11.39
Tmax ( )
The Levy flight is mathematically expressed as follows:
w-p

where 3 represents a random value in the range [0, 2], typically set to 1.5, s is set to
0.01, and w and N are random numbers uniformly distributed in [0, 1]. The parameter

p is calculated using the following formula:
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[ T(1+8) xsin (%)
o (F (H2) x B x 2(5)) (IL41)

Figure (a) depicts the movement behavior of dandelion seeds under varying
climatic conditions. During clear weather, the seeds initiate an exploratory phase by
updating positional data within randomly selected regions. Their motion is influenced
by the presence of vortices above, which alter the direction of movement through ro-
tational vectors modulated by the lift coefficients u, and u,. In contrast, rainy condi-
tions promote a more exploitative behavior, wherein the surrounding neighborhood
is intensively searched in all directions to facilitate localized seed dispersal. Figure
[11.13] (b) illustrates the regeneration process of dandelion seeds as they descend,
highlighting the global exploratory trajectory influenced by Brownian motion. This
irregular and stochastic migration pattern allows the population to investigate re-
gions in proximity to the global optimum, thereby improving the algorithm’s ability
to avoid premature convergence to local optima. As shown in Figure (c), the
search intensity is progressively refined as the algorithm converges toward the global
optimum. To mitigate excessive exploitation, individuals are directed using a linearly
increasing control function, while a Levy flight mechanism is employed to regulate

the magnitude of step sizes in subsequent movements.

Case 1: clear day Case 2: rainy day

Figure TI1.13: Sequential stages of dandelion seed motion modeled for global optimal solution:

(a) rising phase, (b) descending phase, and (c) landing phase
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111.2.6.2 Adaptation of the DO algorithm for MPPT

To ensure a precise and stable operation in PV systems, the implementation of the

DO algorithm for MPPT requires the incorporation of specific operational constraints and
control adaptations. A fundamental aspect of this algorithm involves the manipulation of
duty ratios, which serve as the primary control inputs for the power converter. Analogous to
the dispersal of dandelion seeds, these duty ratios must be confined within clearly defined
operational boundaries specifically, a minimum value d,;, = 0.1 and a maximum value
Amax = 0.9.
Enforcing these bounds ensures that the optimization process remains within a safe and
functionally viable region, thereby avoiding instability and preventing violations of the
converter’s permissible operating conditions. This contributes significantly to the overall
reliability and efficiency of power conversion within the PV system.

The DO algorithm advances through a structured sequence of three distinct phases: an
initial exploration phase (rising), a focused exploitation phase (descending), and a conver-
gence phase (landing). During the rising phase, the algorithm initiates a broad exploration
by generating random trajectories for the duty ratios, enabling a wide-ranging search of
the solution space.

In the descending phase, search intensification is achieved using principles derived from
Brownian motion, directing computational effort toward areas with promising performance
indicators.

Finally, in the landing phase, the search is refined using a linearly increasing function in
conjunction with Levy flight dynamics, facilitating convergence toward the global maxi-
mum power point (GMPP) with improved precision.

Throughout this iterative process, duty ratios are continuously updated and refined
until convergence criteria are satisfied. Upon identifying the optimal duty ratio, it is
applied to the power converter, thereby enabling the PV system to operate at its MPP.
The detailed flowchart of the DO-based MPPT method is illustrated in Figure [T1.14]
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Figure II1.14: Flowchart of the proposed MPPT based on the DO algorithm

I11.2.7 Look-up table techniques

A wind turbine model based on lookup tables is a highly effective method to simulate

turbine performance under varying operating conditions. This approach relies on precom-

puted data for parameters such as the power coefficient, torque coefficient, and aerodynamic

properties, all of which are functions of the tip-speed ratio and the angle of rotation of the

blade [99]. The utilization of multidimensional lookup tables enables the model to expedite

the calculation of aerodynamic torque and power for designated wind and rotor speeds,

thereby substantially diminishing the computational demands when contrasted with real-

time aerodynamic calculations |[100]. This efficiency renders it particularly advantageous
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for control system development and dynamic analyses. Furthermore, the utilization of
preprogrammed two-dimensional tables, which store optimal generator speeds and their
corresponding maximum power or torque values at varying wind speeds, or the employ-
ment of cubic mapping functions to derive reference signals for optimal power or torque,
are additional features of MPPT techniques based on lookup tables. Combining these tech-
niques ensures adaptability to diverse turbine designs and efficient tracking of maximum
power points, dependent on the availability of precise and comprehensive data |[101]. As
demonstrated in figure the wind speed and the rotational speed are employed as

input, with the mechanical torque serving as the output.

Wind speed
(mis)

@ >

Rotor speed (Wm)
N_base (rpm)

Figure II1.15: Simulink model of the studied wind turbine

I111.2.7.1 Tip Speed Ratio method

The tip speed ratio (TSR) control method is designed to regulate the rotor speed, ensur-
ing the TSR remains at its optimal value. Achieving this requires the precise measurement
of both the wind speed and the turbine’s rotational speed. The optimal TSR, specific to
each wind turbine system, is determined based on the turbine-generator characteristics and
varies across different configurations.

According to equations [[IT.42| and [[T1.43] maintaining the optimal rotational speed A,

of the wind turbine rotor for a given wind speed allows the system to achieve maximum
turbine efficiency, thus maximizing mechanical power output [102].
The TSR control method achieves this by adjusting the generator’s rotational speed

to sustain the TSR at its optimal point, where power extraction is at its peak. Despite
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being straightforward in its implementation, this approach necessitates accurate real-time
measurement or estimation of both wind speed and turbine speed. However, measuring
wind speed directly at the turbine rotor poses challenges in practice, particularly in small-
scale systems, as it adds complexity and increases costs [103]. Additionally, the method
requires knowledge of the turbine’s optimal TSR, which may vary with changes in the
turbine’s parameters. A block diagram illustrating a PMSG Wind Energy Conversion
System (WECS) utilizing TSR control is provided in figure [[II.16]

To maximize the efficiency of mechanical transmission in a wind turbine, the optimal

angular speed, (2, opt, is determined as follows:

Ao
m,opt — %'U (11142)
The maximum power of a wind turbine at different speeds is as follows:
Pmax = Qm,optjﬁopt (11143)

Where A, is the optimal tip speed ratio , R is the radius of a turbine, v is the wind

speed, and Ty, is optimal torque.

Power > Load

Converter

o 1

Controler

+ nopt

y—> Aopt/ R

Figure II1.16: TSR control system.

111.2.7.2 Optimal Torque Control
In the OTC approach, variations in wind speed are managed by continuously regulating

the generator torque to maintain operation at the optimal point, as defined by Eq [[11.44]
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Topt = Koth?)pt (11144)
And
1 R
Kopt = 57p~3—Cpmax (IIL.45)
2 At

The block diagram of the OTC MPPT strategy is illustrated in Fig[[TI.17] This method
involves measuring the rotor speed of the generator and calculating the optimal torque 75,
which corresponds to the torque that maximizes the turbine’s power output. The calculated

optimal torque serves as the reference torque for the vector control strategy applied to the

PMSG [97].

) Power 3
we Converter Load

L

Controler

+ Topt

Q —> Kopt. Qz

Figure II1.17: OTC control system.

111.2.7.3 Power Signal Feedback Control

The PSF control method requires prior knowledge of the wind turbine’s maximum
power curve, which is tracked through its control mechanisms. These maximum power
curves are typically derived from simulations, off-line experiments conducted on individ-
ual wind turbines, or from the turbine’s datasheet, posing challenges to achieving precise
implementation in practical scenarios [102]. In this approach, the reference power is deter-
mined either from a predefined maximum power data curve or by employing the turbine’s

mechanical power equation, where wind speed or rotational speed serves as input. Figure

[11.18) depicts the block diagram of the PSF control for maximum power extraction. The
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PSF control block generates the optimal power command Popt, which is subsequently used
in the grid-side converter control system to extract maximum power. Using Eq|[[11.43] this
process can involve measuring the generator’s rotor speed w to define the reference turbine

power P; [104].

Power > Load

Converter

1

Controler

Figure II1.18: PSF control system.

I1I1.3 Control of VSC-HVDC system

The philosophy of control in Voltage Source Converters (VSCs) focuses on generating
an alternating current (AC) voltage from a direct current (DC) source, emphasizing si-
multaneous regulation of both phase and amplitude. A stable VSC-HVDC link requires
precise control of the DC voltage to balance active power delivery and absorption between
converter stations, accounting for system losses. Control strategies may include maintain-
ing constant power, modulating power based on frequency, or maximizing available AC
network output, particularly in renewable applications. Active power is managed by ad-
justing the phase angle (0) relative to the AC network voltage, while reactive power control
is achieved via modulation index adjustments, as Figure shows. can choose between
reactive power regulation and AC voltage regulation for each end of the VSC-HVDC link.
A cascade control system facilitates this by employing an inner current loop and various
external regulators to ensure efficient operation across different applications. Each regu-
lator’s selection depends on specific operational requirements, highlighting the complexity

of VSC control in modern power systems.
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Figure II1.19: Control diagram of a VSC-HVDC link
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I11.3.1 AC control

Implementing AC control is essential to prevent overloading of the converter valves.
This control may be achieved either directly or through vector control, where current
management serves as an intermediate process for regulating parameters like active and
reactive power. The AC control loop operates within the dq reference frame, utilizing
model equations to ensure precision. A comprehensive understanding of the control system
is based on these model equations, as shown in Figure [[II.19, Here, the secondary voltages
from the transformer and the converter currents are separated into two balanced systems:
one with a positive sequence (p) and the other with a negative sequence (n).

The equation for the voltages the secondary transformer delivers to the converter is

given by:

ULg = ULap + ULan
Upy = ULbp + ULbn (I11.46)
Ure = ULcp + Uren

And for currents:

lyqg = Z.va}o + Lyan
Lob = Tobp T+ Lubn (II1.47)
lye = Z.vcp + Tyen
When the system is operating in a balanced state, then, van , tvbn 5 fven > ULan » ULbns ULen,
are zero.
For each phase:
di,

Uy — UL, = LUE + Ry, (II1.48)

In an unbalanced system, the voltage drop across the reactance terminals can be ex-
pressed in terms of both voltage and current’s positive and negative sequence compo-
nents [74]. The positive sequence voltages across the reactance, represented as (R, +jwL,),

are represented by the following differential equation:
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Lyap —f—z 0 0 Lyap
d | B R
E Lybp - 0 LZ 0 vap
Lt o f— o (I11.49)
= 0 0 Upap 0 ULap
+10 £ 0 U 0 ULbp
0 0 LLU uvcp uch
for the negative sequence voltage given by
Lvan _f_: 0 O Lvan
d R
E Lubn L_: 0 Lvbn
Lyen 0 0 _% Lven
- ! (II1.50)
1 1
Ty 0 0 Uyan Ty 0 0 ULan
+ 0 LAU 0 Upbn, - 0 LAU 0 ULbn
0 0 LLU Uyen 0 0 Liv ULen

The equations [[II.49] and [[IL.50] for voltages and currents are given when transformed
to the (o, 5) frame as follows:

i Z-'vozp _ - IE_: O Z.vap + LLU O uvap
dt I ivﬂp 0 _% ivﬂp 0 L%, UyBp (III 51)
B LAU 0 u Lap
| 0 | [
And
d ivan . - ]2_: 0 ivan + LLU O Uyan
dt i N 0 Ry i 0 L
- b . b o (I11.52)
B LLU 0 ULan
i 0 LLU Urpn
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Assuming the system is in balance (x, + z, + x. = 0), the transformed in the (o, )

frame is given by the following equation:

2 - 27T - 47
Tap = Ta +JTs = \[5 [Ia +zpe’ s + xce]ﬂ (I11.53)

The transformed in (a, §) frame can be written as follows:

Lq
to PV Vs . (IIL.54)
s 0 Vi Vs

Le

8

“ (I11.55)

— 1 1
1 1
mc - \/g - 5

The process of converting three-phase system variables, such as voltages and currents,

8
sy

into symmetrical components is typically performed in the complex plane. However, this
approach is less efficient fo r ti me-domain si gnals, as it relies on ap plying bo th a digital
Fourier transform (DFT) and its inverse. Several time-domain algorithms have been de-
veloped that offer improved efficiency to address this limitation. The approach utilized in
this thesis is depicted in Figure II1.20 Here, the (a, ) transformation remains identical for
both positive and negative sequences, making a single transformation adequate [105].

Figure shows the schematic used to calculate the positive and negative sequences

of the dq components.

Tan(k) = § [za(k) + 25 (k= i 7)) (I11.56)
ran(k) = 5 [25(K) + 2o (K — 175 ]
Lap(k) = 2a(k) = on(k) = 3 [aalk) - 25 (k= 12)] (1L57)
30(K) = (k) = 230 (k) = § [z5(0) + o (k= 1 )]
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iy, (Ue) ) abe ;<§§ > > IZ,B —> ivdp (uLdP)
iyp (upp) —> A
o) —> /" >/ g o
A
w | Time delay of
’ T4
> off —>  i,4, (Upqgpn)
—> /g > v e
Time delay of 4q

T4

Figure II1.20: Separation block of positive and negative sequence dq current

Where .y, Ten, gp, and xg, represent the positive and negative sequence components
along the («) and () axes, respectively. ( T ) denotes the period of the AC network,
while (Ts) is the sampling interval of the control system. Voltage and current equations
are subsequently converted from the (a/3) frame to the (dq) frame [105]. For the positive

sequence components, this transformation follows the expression:

T cosf siné T
R - g (IIL58)
Tgp —sinf cosf Tgp
And for negative sequences:
Tan cosf —sind Tan
— (II1.59)
Tgn sinf cos0 Zgn

Where 6 = wt, with w representing grid pulsation, the equations [[II.51] and [[I1.52] can

be expressed in the (dq) frame as below:

. R . 1
d Ludp - L_z W Ludp i Ty 0 Uypdp
dt 1 - —w L ) L U
| tvgp Lo vap Lo vap (111.60)
1
| 0 ULdp
1
| 0 T ULgp
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And also
i ivdn - g_z —w ivdn LLU 0 Uydn
N . w ke g 0 A || tugn
- : : (IIL.61)
_ LLv 0 ULdn

where iy4p, lydn; tugps tugn are positive and negative sequence active current, positive and
negative sequence reactive current, respectively.

From the equations[[T1.60]and [[T1.61], the equations for the positive and negative voltages

supplied by the VSC converter are as follows:

Uydp = ULdp + Rvivdp - WLvivqp + Lv %ivdp

(II1.62)
Upgp = ULgp + Rutvgy — WLyivdy + LyLivg,
For negative sequence voltages :
Uydn = ULdn T Rvivdn + WLvivqn + Lv %ivdn (III 63)

o . . d -
uvqn - qun + vavqn - WLvadn + Lvalvqn

The average voltages during the sampling period (k to k+1) are calculated by inte-

grating equations [I11.62| and [II1.63| from kT to (k + 1) T, and then dividing by Ts (the

sampling period).

ﬂvdp = aLdp + Rvgvdp - Wngvqp + 52—; {ivdp(k + 1) - ivdp(l{:)}

) ; (111.64)
Uygp = Urgp + Rolvgp + WLy Vpap + Tg {ivgp(k + 1) — dygp(K)}
And
avdn = aLdn + Rvgvdn + WLv%vqn + % {Zvvn(k + 1) - Zvvn(k)} (III 65)

77ﬂuqn - ﬁan + Rvqun — Wngfudn + 51_; {%}qn(k + ]-) — qun(k>}

Average voltage values during a sampling period are defined as follows:
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_ k+1)T,
todp = 7= [t VT g ()t

_ (k4+1)T,
Togp = 2 ST w1y (1)

For negative sequence voltages :

_ 1 (k+1)Ts
Uydn = T_S kTs vdn( )dt

_ (k+1)Ts
Uygn = Tg JkTs an( )dt

(I11.66)

(I11.67)

Assuming a linear network current and constant voltage, during the sampling period

Ts, from equations [[T.66] and [[TIT.67], the equations are as follows:

\

uvdp(k + 1
_wly
2

= uzap(k) + 5 {iuap(k + 1) + duap(k) }
ke 1)+ dugp(R)} + 22 {ivap(k + 1) — dugp(K)}
Urgp(k) + B2 {Lipgp(k + 1) + dygp(k)}
+ 1)+ doap(k) )+ 72 {iugp(k + 1) = dugp(k)}

)=
(

{togp
Ungp(k + 1) =

wLU {Zvdp(

Updn(k 4+ 1) = turan(k) + 2 {ivan(k + 1) + iyan(k)}
5 {iugn(k + 1) + dugn (k) } + 72 {ivan(k + 1) = dyan(k)}
Upgn (k + 1) = urgn(k) + B {ivgn(k + 1) + ivgn(k)}
— 22 Ldvan(k + 1) + doan(k)} + 2 {ivgn(k + 1) = dugn(k)}

(I11.68)

(I11.69)

The control relies on equations [[T1.68 and [[T1.69 additionally, the inner current adjust-

ment loop typically introduces a sample delay due to computation time and a brief interval

between valve operations (turn-on/off) to prevent a short circuit on the continuous side

of the converter, and at time (k+1), the voltages and currents are equal to their reference

values at time k.

Tygp(k +1) = x;dp(k)
Tpgp(k + 1) = 2%4gp (k)
Todn(k + 1) = 270y (k)
Togn(k + 1) = 2%qn (k)

\

Then the control equations for voltages and currents are as follows:
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Upap(k) = uzap(k) + Ruiugp(k) — 5= (i3, (k) + iugp(K))
+hp (iap(K) = tuap(K))

(IIL.71)
uqu<k) = qup(k) + Rvivqp(@ + % (ide(k) + Z'vclp(k))
. +k ( vqp(k) - ivqp(k))
And
' vdnuﬂ) in(F) + ot (8) + <52 (i3, (k) + ingn (1))
Ky (Fyan (K ) — tyan(K)) (I11.72)
vqn(k’) ULgn (k) 4 Ruugn (k) + <32 (54, (k) + ivan(k))
. +k ( vqn(k) - Z’U(]n(k))
Where the gain is given by:
kp = Fps (% - %) (I11.73)

The current regulator is implemented as shown in Figure |II[.21} Through the external

regulators, the reactive and active current reference values are added.

Tygn » Ry
&

Figure III.21: Block Diagram of the Inner Current Control Loop

102



chapter II1 Control of a hybrid renewable energy system connected to an HVDC-VSC

II1.4 External regulators

I11.4.1 DC voltage control

A converter is responsible for controlling the DC voltage by adjusting the amount of
active power it exchanges with its AC network. When there’s a drop in the DC voltage,
the converter introduces a phase lag in the generated AC voltage, drawing more active
power from the AC grid to increase the DC voltage. On the other hand, if the DC voltage
is too high, the converter applies a phase lead to the AC voltage, supplying more active
power to the AC network to bring the DC voltage down [74].

This adjustment provides the minimal additional power needed to charge or discharge
the capacitor, maintaining the target DC voltage level. A proportional (P) or PI controller
is commonly employed to perform this regulation [106].

The real-time active power, P4¢, and reactive power, Q) 4¢, exchanged in the AC system
(the AC side of the VSC converter), along with the DC power, Py, transmitted through
the DC link (the DC side of the VSC converter) are described by the following equations,

as depicted in Figure [[11.19]

P ac:ua'iva+u b T ULe * Tye
AC (abe) L Lb oy + UL (111.74)

QAC’(abc) - (uLa - uLb) ' ivc + (uLb - uLc) . iva + (uLc - uLa) : ivb

Pdc = Ude¢ * idc (11175)

In normal operation, the voltages in the AC system are balanced; therefore, the compo-
nents Uran, Urgn, and Urd,, UL, in references (af) and (dq), respectively, are zero. Then

the components urq,, and urg, can be described as follows:

ULdpy = 0

Y (I11.76)
ULgp = U

Where U represents the voltage magnitude, from equations the instantaneous forces

(active and reactive) in the dq frame can be expressed by the following equations:
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Pac(dg) = ULdp * Tvdp + ULgp * Tvgp = ULgp * ©
(dq) P vap qap vgp qp vgp (11177)
QAC(dq) = ULgp * todp — ULdp " tugp = ULgp * tudp
For the DC voltage regulator, a current is assumed to match the reference value. The

formulas for active and reactive power are provided:

P = Upgy - 1
R (I11.78)
Qac(dg) = ULgp - Undp
The equation for the transmitted power when neglecting losses in the transformer and

reactor is as follows:

Pac(ag) = ULep * Tngp = Pac = Udc * lac (I11.79)

Than

ULgp * T
e = —Lq’; vgp (I11.80)
dc

The equation for the DC voltage through the capacitors is:

d
Cdc%udc = idc — iload (11181)

Where 1,44 refers to the direct current of the DC line, by Integrating equation [[I1.81
on the interval from kTs and (k + 1)T and then dividing by Ts, and assuming both ig4.

and 7;,,q4 are constant we obtain :

Cdc
T

{uge(k + 1) — uge(k)} = ide — tioad (I11.82)

When the sampling period of the regulator is delayed, the reference voltage can be

obtained as follows:

uge(K +t) = Uj(K) (I11.83)
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The current reference can be found by substituting equations [II1.81] and [[II.83] into
[11.82 we obtain:

N (k’) = kdcp (Uzc(k}) - Udc(k‘)) + kload : iload(k) (11184)

vgp

With

— ug(k) Coe
kdcp - kdcpf u;qp(k) Ti
u:lc(k)

kload = ULgp (k)

(I11.85)

To stabilize the system, the k4, s factor can adjust the gain of the DC voltage regulator
Figure shows the DC voltage regulator diagram.

L vgp

iload > KLoad

Figure I11.22: Block of DC voltage control

I11.4.2 AC side active power control

The converter regulates power exchange with the AC network without managing the
DC voltage. In multi-terminal systems, one converter manages DC voltage while others
control active power exchange.

Active power control is accomplished by manipulating the phase angle of the converter’s
fundamental frequency. The active power flow is determined by the phase angle’s sign,
indicating whether power is absorbed or supplied. Effective power transfer in VSC-HVDC
links necessitates coordinated operation of both converter stations |[107,/108]. When the
generated voltage aligns with the network, the current becomes orthogonal to the voltage,
resulting in zero power exchange. If the generated voltage leads to the network voltage, the
VSC supplies active power due to collinear current. Conversely, if the generated voltage

lags, the VSC absorbs active power from the network [106].
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As shown in Figure |[11.23] an open-loop regulator is the simplest method of active
power control, assuming that the voltages are balanced. From equation |[[I1.78| the active

current reference is given by:

o= (I11.86)

P*/ULqp

Figure II1.23: Block of active power control

II1.4.3 AC side reactive power control

On the AC side, the VSC generates a three-phase voltage aligned with the network
to control the phase reactance potential difference. Initially, We assume that the voltage
generated in the phase is identical to the grid voltage.if the generated voltage has a lower
amplitude than that of the network [81,108], the current induced by the reactance, due to
the potential difference, lags in quadrature relative to the network voltage. In this scenario,
the current is in quadrature advance compared to the voltage of the network [107].

Consequently, the converter acts as a capacitor, supplying reactive energy to the net-
work. Conversely, if the generated voltage amplitude exceeds that of the network, the
VSC mimics a reactance, absorbing reactive energy from the network. The reactive power
managed by the VSC is regulated by the AC voltage magnitude via the modulation index
(using PWM), which is crucial for maintaining the AC voltages of other converters in the
transmission system [107].

Figure shows the reactive power regulator. Through Eq [[IL.78 the open-loop

regulator is obtained by the equation:

o= 9 (I11.87)

vdp
ULgp
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%
0 /vy,

Figure II1.24: Block of reactive power control

I11.4.4 Control of frequency

The regulation of the oscillator frequency, which dictates the sequence of pulses for the
valves of the converter, is of paramount importance when the VSC operates as the sole
power source, specifically in scenarios where the VSC-HVDC link supplies an isolated net-
work or a passive load. Conversely, when the VSC is integrated within an active system, it
can use the frequency control mechanism by modulating the power it supplies to or absorbs
from the interconnected AC network. The primary function of a frequency regulator is to
sustain the frequency at its designated reference value. The power variation corresponding
to a change in frequency within an interconnected network is called system stiffness [109].

A linear approximation can effectively represent the power-frequency relationship:
AP

Af

Where AP is the change in power, k; is the system stiffness. Af is the frequency

ks (I11.88)

deviation.

A greater k¢ indicates a greater stiffness of the system, necessitating large changes in
power to achieve small adjustments in frequency. In contrast, a lower k; indicates a more
flexible system, allowing small changes in power that result in large deviations in frequency.

In the normal system, the frequency is controlled and the control error is reduced to zero

by using a PI regulator in the feedback loop Figure [[II.25( shows the frequency regulator.

f* + R
Pl > 1 vdp

f

Figure II1.25: Block of frequency control
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I11.4.5 AC alternating voltage control

When a VSC feeds an isolated AC system, the AC voltage controller plays a key role in
ensuring that the output voltage aligns with the set reference value. This controller also
controls the power delivered to the load, provided that the rectifier station is responsible
for managing the DC voltage of the HVDC connection. By keeping the AC voltage at the
proper level, the system offers a consistent and dependable power supply to the load [109].
Additionally, the On-Load Tap-Changer (OLTC) changes the transformer taps to match
fluctuations in load circumstances or system needs. As a result, the modulation index of the
VSC, which governs the amplitude of the output voltage in respect to the DC-link voltage,
is modified correspondingly to complement these tap variations and provide constant AC

voltage stability [81].

The voltage drop AV across the reactance is depicted in Figure [[T1.26]

VSC-2
P,Q
D aa——
—_— Grid AC
T T Ry Xy Ts

) T

Figure II1.26: A VSC-HVDC link of side VSC-2

The equation for the voltage drop AV across the reactance is given as :

NRUP+XUQ

AV
Vi

(I11.89)

The voltage drop AV relies only on the reactive power. So the change in AC voltage V3
is also dependent on the reactive power. From equations [[TI.78 and [[TI.89] an AC voltage

regulator block diagram can be obtained as shown in Figure [[11.27]
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Pl —> i,

Figure II1.27: Block of AC voltage regulator

Where |uz| and |u}| denote the magnitude of the line voltage and its reference value,

respectively.

I11.4.6 Artificial neural network technology
111.4.6.1 Definition of ANN

ANNs are computational models inspired by the structure and function of the human
brain, designed to process and interpret complex, nonlinear data through interconnected
processing elements known as neurons. These models are widely used in various fields,
including renewable energy systems, due to their adaptability, fault tolerance, and ability
to approximate nonlinear functions without explicit mathematical models [110]. An ANN
typically consists of an input layer, one or more hidden layers, and an output layer, where
each neuron performs a weighted sum of its inputs followed by a nonlinear activation
function [110,/111]. Figure shows the structure of artificial neurons inspired by

biological neurons.

Inputs ‘ Outputs

Dendrites

Cell body Terminals

Weighted ~ Function
Sum

Artificial neurons

Biological neurons

Figure II1.28: The structure of artificial neurons inspired by biological neurons

111.4.6.2 The main components of ANN
ANNSs operate according to key components and working principles, which include the

following [110]:
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1. Neurons (Nodes): These are the basic processing units of an ANN, organized in

layers. Each neuron receives inputs, processes them, and produces an output .

2. Connections and weights: Neurons in one layer are connected to neurons in sub-
sequent layers. Each connection has an associated weight, which determines the
strength and importance of the input signal. These weights are the primary param-

eters learned during the training process.

3. Activation functions: After summing the weighted inputs, an activation function
is applied to the result. This function introduces non-linearity into the network, en-
abling it to learn complex patterns and map inputs to outputs in a non-linear fashion.
Common activation functions include Sigmoid, ReLLU (Rectified Linear Unit), Tanh,

and Softmax.

4. Layers: ANNs are structured into three types of layers:
1- input layer: Receives the initial data. The number of neurons in this layer corre-

sponds to the number of features in the input dataset.

2- Hidden layers: One or more layers between the input and output layers where the

majority of the computation and pattern recognition occurs.

3- Output layer: Produces the final result of the network, such as a classification label
or a predicted value. The number of neurons in this layer depends on the nature of

the task.

The basic working principle of an ANN involves two main phases: forward propagation

and backpropagation.

e Forward propagation: In this phase, input data is fed into the input layer and prop-
agates through the network, layer by layer, until it reaches the output layer. Each
neuron in a hidden or output layer calculates its output by taking the weighted sum
of its inputs from the previous layer and then applying an activation function. This

process generates a prediction or output from the network.
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e Backpropagation: This is the core learning algorithm for training multi-layered
ANNs. After forward propagation, the network’s output is compared to the ac-
tual target output, and an error is calculated. Backpropagation then calculates the
gradient of this error with respect to each weight in the network, effectively deter-
mining how much each weight contributed to the error. This error information is
propagated backward through the network, from the output layer to the input layer.
Based on these gradients, the network’s weights are adjusted iteratively to minimize
the error. This iterative process of forward propagation, error calculation, and back-
propagation continues until the network’s predictions are sufficiently accurate or a

stopping criterion is met. Figure shows a diagram of the structure of an ANN.

———» Feed Forward

___________________________________

Input 1

Input 2 Output

Difference in actual value

Input 3

Input Layer Hidden Layer Output Layer

Figure II1.29: The diagram of the structure of an ANN

111.4.6.3 Types of ANN
ANNs have different types, each designed to excel at specific types of tasks and data
structures. The choice of architecture significantly impacts the network’s ability to learn

and generalize. Among the most commonly used ANN structures are the following:

1. Feed Forward Neural Network (FFNN)
A FFENN represents one of the most fundamental architectures within ANNs. In
this structure, information propagates unidirectionally from the input layer, through

one or more hidden layers, to the output layer without forming feedback connections
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or cycles. As a result, data never re-enters a preceding layer. FNNs are generally
applied to relatively straightforward tasks, such as basic classification and regression,

where computational complexity and temporal dependencies are minimal [110].

2. Convolutional Neural Network (CNN)
A CNN is specifically designed to process data characterized by a grid-like topology,
such as images or structured spatial datasets. It incorporates convolutional layers
that employ learnable filters to extract salient features such as edges, shapes, and
textures from raw input data. This hierarchical feature extraction enables CNNs to
excel in pattern recognition tasks, including image classification, object detection,
and speech recognition, where the identification of spatial or structural patterns is

essential |110].

3. Radial Basis Function Network (RBFN)

A RBFN is a specialized ANN architecture suited for problems in which input data
can be effectively represented using radial or spherical functions. Typically com-
prising an input layer, a hidden layer with radial basis activation functions, and an
output layer, RBFNs transform inputs into a higher-dimensional feature space be-
fore performing the final mapping to outputs. They are particularly advantageous for
classification and regression applications involving data with nonlinear relationships

or distinct geometric patterns [110].

4. Recurrent Neural Network (RNN)

An RNN is architected to process sequential or temporal data, such as time-series
signals, text, or audio. Unlike feedforward structures, RNNs incorporate feedback
connections that allow outputs from previous time steps to be reintroduced into the
network’s processing pathway. This recurrent mechanism equips the model with a

form of memory, enabling it to capture contextual dependencies across sequences.
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Consequently, RNNs are widely utilized in applications such as language modeling,
speech recognition, and temporal forecasting, where prior information influences cur-

rent predictions |110].

111.4.6.4 Training an ANN

Training an ANN involves adjusting its internal parameters (weights and biases) to
minimize the difference between its predictions and the actual target values. This process is
essentially an optimization problem, where the goal is to find the optimal set of parameters
that allows the network to perform its task effectively. Various algorithms and techniques
are employed for this purpose, such as the Gradient Descent and Levenberg-Marquardt
algorithms, and details of these methods are provided in [110], each with its strengths and
weaknesses.
111.4.6.5 Control of VSC-HVDC system based on FFNN

FFNNs are trained under a supervised learning paradigm, where weight parameters
are optimized to minimize prediction errors, commonly evaluated using metrics such as
mean squared error (MSE) or sum squared error (SSE). Here, the Levenberg-Marquardt
optimization technique was used to ensure rapid convergence. Once trained, the network’s
generalization capability is evaluated using previously unseen data. Figure[[T[.30]illustrates
the steps involved in implementing the FFNN technique, while Figure illustrates the
structure of an FFNN.

Step 1 Step 2 Step 3 Step 4
Data Importation from p . ANN Structure Training and
Input Selection . q
the system Selection Testing

Figure II1.30: The steps of FFNN technique

The mean squared error is calculated using the following formula:

MSE = % Z:'Lzl (YT'L - Y;)2

(I11.90)
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—> Feed Forward
Hidden Layer

——_—— — — = = = =

Input Layer

Output Layer

|
Output |
|

Input 2

—_—— e e — — = -

— e - —

_____

~ - - - - - - - - =

Figure II1.31: The structure of an FFNN

where n denotes the number of samples in the dataset, Y7 . represents the target value
of the i*" sample, and Y; is the predicted value for the i*" sample. The prediction Y; is
obtained by applying the activation function f(-), specifically the sigmoid function, to the
weighted sum of the input features and the bias term. Here, m denotes the number of
input features, w;; is the weight connecting the ;™ input feature to the output neuron i,

z; is the value of the j™ input feature, and b is the bias term.
The FFNN is implemented in the following four main steps:

In the first step, data are extracted from the simulation environment, ensuring that the
dataset adequately reflects the system’s dynamic response across a wide range of operating
scenarios. This comprehensive representation is essential to enhance the robustness and

generalization capability of the neural network.

In the second step, relevant input variables are identified based on their influence on the
system output and their significance with respect to the defined control objectives. In the
system studied, the selection of inputs and outputs was made according to the following

approach:
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(

Input, : ey, =V, —Vs = Output, : 7

*

Input, : eg = Q* — Qmeas = Output, : @
(II1.91)

Inputs : eg=1;—1 = Outputy: VJ

Input, : e, =1i; —i, = Outputy: V]
\

The third step involves defining the architecture of the FFNN, which includes specify-

ing the number of hidden layers, the number of neurons in each layer, and the activation

functions to be employed.

Finally, in the fourth step, the network is trained using the previously collected sim-
ulation data. The Levenberg-Marquardt optimization algorithm is applied to iteratively
adjust the network’s internal weights to achieve optimal predictive accuracy. Upon comple-
tion of the training phase, the model is validated using previously unseen data to verify its

capability to maintain accurate and reliable performance under new operating conditions.

The control of both VSC1 and VSC2 is implemented using a hierarchical dual-loop
strategy composed of an inner current control loop and an outer loop. In VSC1, which
manages the hybrid renewable energy source side, the inner loop regulates the grid-injected
current in the synchronous rotating (d—q) reference frame, effectively decoupling the con-
trol of active and reactive power. Here, the database (inputs and outputs) is extracted
through the PI controller and trained using the FFNN module, as shown in Figure [[11.32]
and according to the approach described in Equation [[TL.91]

The outer loop in this case governs the reference signals for active and reactive power
according to the demands of the system. Similarly, VSC2 located on the grid side, regu-
lates the DC link voltage to maintain power balance between the two terminals. It also
employs an outer loop to control the DC voltage and an inner current loop for fast dynamic

response. Both VSCs utilize a similar current control structure, but the VSC2 connected
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to the grid has a PLL to synchronize with the phase and frequency of the grid voltage [112].

The overall control configuration of VSC1 and VSC2 is illustrated in Figure|[1[.33] and
Figure [[II.34] also shows that DC-link voltage control and reactive power are controlled
using the FFNN module.

VvSsC

Figure I11.32: Inner control loop with FFNN

VvsC

Hybrid Transformer Reactor DJ T

Inner current
controller

_— —_- - _- —- = =

Quter controller

Figure II1.33: The overall control configuration of VSC
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Figure II1.34: The outer controllers: (a) DC-link voltage control, (b) reactive power control

II1.5 Conclusion

Integrating hybrid renewable energy systems into power grids necessitates advanced
control strategies to ensure operational efficiency and reliability. Combining PV and wind
energy, these systems leverage complementary characteristics to optimize performance un-
der variable conditions. This chapter explored foundational control methods crucial for
coordinating energy sources and maintaining grid stability.

The control techniques applied in this work are based on the ability to adaptively
manage both active and reactive power. For PV systems, MPPT algorithms based on DO,
PSO, GWO, and P&O, have been highlighted for their role in optimizing energy extraction
under various dynamic conditions. For the wind energy system, a lookup table technique
was used to extract the appropriate output power. The current and power controllers
were integrated to maintain voltage stability and ensure compliance with the grid codes.
Furthermore, dg-axis control was employed to independently regulate active and reactive
power, while SVPWM was used to enhance the inverter’s performance by improving the
utilization of the DC link and reducing harmonic distortion. Together, these techniques
contribute to the robust operation of hybrid energy systems, enabling them to respond
effectively to disturbances and external changes.

For HVDC-VSC systems, the VSC-HVDC system provides independent control of ac-

tive and reactive power. This is achieved through the use of inner current control loops
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and the outer controllers based on an FFNN strategy, which ensure dynamic response and
maintain power quality and grid stability. Additionally, the separation of positive and neg-
ative sequence components within the dq reference frame allows for precise control under
unbalanced conditions, further enhancing the system’s reliability. In the next chapter, we

will discuss the simulation results of the studied system.
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Chapter IV

System simulation and discussion of

results

IV.1 Introduction

The integration of renewable energy with HVDC-VSC transmission systems ensures
efficient, stable, and flexible energy transmission, making it one of the most promising so-
lutions for energy transmission. However, the system requires control strategies to achieve
better robustness, performance, and stability to achieve system reliability.

This chapter focuses on two complementary aspects of renewable energy integration.
First, the enhancement of PV systems through MPPT is examined using a dandelion-
inspired optimization (DO) algorithm. The proposed method is evaluated against conven-
tional MPPT techniques, including perturb and observe (P&O), particle swarm optimiza-
tion (PSO), and grey wolf optimization (GWO), under varying irradiance and tempera-
ture conditions. The objective is to assess improvements in tracking accuracy, convergence
speed, and operational stability.

Second, this chapter investigates the performance of HVDC-VSC integrated with HRES.
A FFNN-based controller is employed to improve DC-link voltage regulation and opti-
mize the management of active and reactive power flows. By leveraging its nonlinear and
adaptive characteristics, the FFNN addresses the inherent limitations of conventional PI
controllers, particularly under rapidly changing environmental and operating conditions.

This chapter presents optimized and intelligent control solutions to improve perfor-
mance and reliability in renewable energy systems and power transmission grids.

Third, this chapter analyzes the behavior of HVDC-VSC systems under pole-to-pole

and pole-to-ground short-circuit faults.
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IV.2 Enhancing the power of PV systems using MPPT

based on the dandelion algorithm

This section presents a comparative analysis of the proposed DO algorithm with three
widely used MPPT techniques: P&O, PSO, and GWO. In this work, two scenarios are
employed to analyze the tracking accuracy, dynamic stability, and response speed of each
method. In the first scenario, the radiation is varied at a constant temperature, while in
the second scenario, the temperature is varied while the radiation value is kept constant.
The technical specifications of the PV module are presented in Table (Appendix ,
while the electrical parameters of the boost converter components employed in the system
are detailed in Table (Appendi. Figure m illustrates the structure of the studied
system, consisting of a PV array integrated with a boost converter and connected to a

stand-alone load.

DC/DC Boost Converter

MWW

out Rload

' |1
[+
o)
=
-
| &
|+
<

MPPT
controllel

PV array

Figure IV.1: Structure of PV array with DC-DC boost converter and MPPT control

IV.2.1 Scenario of varying solar radiation

In this scenario, the system experiences rapid changes in solar irradiance every 0.2 s,
with levels sequentially set to 1000 W/m?, 700 W/m?, 600 W/m?, 800 W /m”, and returning
to 1000 W/mz. Throughout the process, the temperature is kept constant at 25 °C, as
illustrated in Figure [[V.2
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Radiation variations at constant temperature values of 25°C
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Figure IV.2: Profile of solar irradiance variations

The results of the different applied methods were obtained under previously defined
solar irradiance conditions. Figure presents the output power, voltage, and current of
the boost converter. Table presents the performance of each method under varying
irradiance conditions.

Based on the analysis of boost converter outputs for different MPPT techniques, the
DO algorithm consistently delivers superior performance across key metrics. It achieves
the fastest tracking response, converging within 0.02 s at 1000 W/m? and sustaining this
rapid performance under varying irradiance levels. The P&O method follows with a steady
convergence time of 0.03 s, while PSO and GWO reach steady state more slowly, at 0.11 s
and 0.075 s respectively, with GWO showing the slowest initial response. In terms of
tracking efficiency, DO records the highest average value of 94.72%, followed by GWO
(94.52%) and PSO (94.23%), whereas P&O achieves the lowest average efficiency of 93.82%,
particularly under low irradiance conditions.

For output stability, DO maintains minimal oscillations across all test scenarios, while
P& O provides stable steady-state operation. PSO and GWO exhibit moderate oscillations
during initial convergence, though GWO demonstrates better stability at lower irradiance.
All controllers adapt to irradiance changes in approximately 0.05 s; however, DO remains
the most robust, maintaining both high efficiency and stability. GWO and PSO adapt

effectively but with slightly reduced efficiency, while P&O shows the weakest adaptability,
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with a noticeable efficiency drop during irradiance transitions.
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Figure IV.3: Output results of the boost converter with different MPPT methods under
variable solar irradiance scenarios: (a) power, (b) voltage, (c) current
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Irradiation (W/m?) 1000 | 700 | 600 | 800

Theoretical Ppax from PV array (W) | 3352 | 190.4 | 142.2 | 255.1
DO

Prax (W) 327.85 | 181.24 | 133.73 | 234.31

Vinax (V) 114.37 | 84.87 | 72.90 | 96.59

Efficiency (%) 97.80 | 95.18 | 94.04 | 91.85
GWO

Paax (W) 327.72 | 180.66 | 133.28 | 233.95

Ve (V) 114.35 | 84.90 | 72.92 | 96.61

Efficiency (%) 97.76 | 94.88 | 93.73 | 91.71
PSO

Ppax (W) 324.57 | 179.83 | 133.29 | 233.48

Vinax (V) 113.80 | 84.94 | 72.96 | 96.63

Efficiency (%) 96.82 | 94.45 | 94.15 | 91.50
P&O

Poax (W) 324.01 | 179.03 | 132.82 | 232.65

Vinax (V) 113.42 | 84.54 | 72.62 | 96.19

Efficiency (%) 96.66 | 94.02 | 93.40 | 91.19

Table IV.1: The performance of each method under varying irradiance conditions

IV.2.2 Scenario of varying temperature

In this scenario, the system experiences rapid temperature variations at 0.2 s intervals,
with values of 15°C, 25°C, 35°C, 45°C, and 25°C, respectively, while the irradiance remains
constant at 1000 W/m?, as shown in Figure [[V.4]
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Figure IV.4: Profile of temperature variations
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Figure IV.5 and Table IV.2 present the results obtained for the different MPPT methods
in different temperature scenarios.
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Figure IV.5: Output results of the boost converter with different MPPT methods under
variable temperature scenarios: (a) power, (b) voltage, (c) current
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Temperature (°C) 15 25 35 45

Theoretical Pyax from PV array (W) | 350.5 | 335.2 | 319.4 | 303.5
DO

Prax (W) 341.40 | 327.85 | 310.86 | 290.63

Vinax (V) 116.72 | 114.37 | 111.50 | 107.71

Efficiency (%) 97.35 | 97.80 | 97.33 | 95.76
GWO

Panax (W) 341.13 | 327.72 | 310.02 | 290.00

Vinax (V) 116.72 | 114.35 | 111.22 | 107.57

Efficiency (%) 97.24 | 97.76 | 97.06 | 95.55
PSO

Ppax (W) 339.26 | 324.57 | 306.11 | 285.56

Vinax (V) 116.35 | 113.80 | 110.96 | 106.74

Efficiency (%) 96.71 | 96.82 | 95.83 | 94.09
P&O

Prax (W) 338.47 | 324.01 | 305.68 | 285.18

Vinax (V) 115.92 | 113.42 | 110.16 | 106.40

Efficiency (%) 96.49 | 96.66 | 95.70 | 93.96

Table IV.2: The performance of each method under varying temperature conditions

Under variable temperature conditions, the DO algorithm consistently outperforms
other MPPT techniques in key performance measures. It achieves the highest average
tracking efficiency of 97.06%, demonstrating precise maximum power point (MPP) tracking
across all temperature levels. The GWO algorithm follows closely with an average efficiency
of 96.90%, reflecting strong adaptability to temperature variations. The PSO method
attains an average efficiency of 95.86%, slightly higher than the traditional P&O method,
which records 95.70%.

In terms of dynamic response, the DO algorithm exhibits the fastest adaptation to
temperature changes, stabilizing at the new MPP more rapidly than GWO, PSO, and
P&O. This performance is attributed to its effective balance between exploration and
exploitation and its rapid convergence speed. Although GWO adapts relatively quickly,
it remains marginally slower than DO, while PSO and P&O display progressively slower
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responses with more noticeable oscillations during each temperature transition.

Regarding stability, the DO algorithm maintains minimal oscillations around the MPP
at all temperature levels. GWO also demonstrates good stability, whereas PSO exhibits
moderate oscillations, particularly during initial convergence. The P&O method shows the
largest oscillatory behavior, resulting in higher steady-state errors, especially at elevated
temperatures.

Table summarizes the simulation results and compares the baseline performance
of each method. Overall, the proposed MPPT algorithm consistently delivers superior
results compared to both GWO and PSO across all tested conditions. In contrast, the
P&O method exhibits the weakest performance, particularly in terms of tracking efficiency

and its tendency to produce oscillations near the MPP.
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Criteria

Robustness

Algorithmic Complexity

Convergence Speed

Global Optimum Explo-

ration

Average Efficiency (%)

Oscillations around MPP

DO
Excellent, stable
under irradiance
and temperature

variations

High, complex
modeling and

parameter tuning

Fast, adaptive
exploration and
exploitation and

influenced by

convergence
coeflicients such

as C' and ¢

Strong, highly
accurate under

all conditions

Highest, 94.72%
(irradiance),
97.06%

(temperature)

Minimal, highly
stable

GWO

High, resilient to

moderate changes

Moderate—high,
requires adaptive

coefficients

Fast, adaptive
exploration and
exploitation and

influenced by

convergence
coefficients such
as a,r
Strong, slight
degradation
under rapid

changes

High, 94.52% and
96.90%

Minimal, minor

oscillations

PSO
Moderate,
responsive but
less stable under

rapid changes

Moderate, simple
but parameter-

sensitive

Fast, convergence
influenced by
inertia (w) and
acceleration

coefficients

Strong, avoids
local traps

effectively

Moderate,
94.23% and
95.86%

Minimal, mainly
at initial

convergence

P&O

Low, difficulty
adapting to rapid

change

Low, easy to
implement with
low
computational

demand

Medium,
influenced by

oscillates at MPP

Weak, often
trapped in local

optimum

Lowest, 93.82%
and 95.70%

High, significant

oscillations

Table IV.3: Comparison of Criteria for MPPT Methods
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IV.3 Improving HVDC-VSC performance with FFNN-
based PI control under hybrid renewable energy

operation

This section presents the application of FFNN for the control of an HVDC-VSC inte-
grated with a HRES. Owing to the nonlinear behavior of renewable sources and the fast
dynamics of power converters, conventional control techniques often struggle to ensure sta-
bility and efficient power exchange. To address this, an FFNN-based controller is employed
to enhance DC-link voltage regulation, optimize active and reactive power flow, and im-
prove overall system stability. The HRES studied combines PV and wind power generation
via a common DC link, where power is conditioned through boost converters and regulated
by the P&O MPPT method. The system interfaces with the utility grid through a VSI.
The system is further interconnected with an HVDC-VSC transmission network, consist-
ing of a rectifier on the sending side and an inverter on the receiving side, linked through
DC cables. This architecture facilitates reliable and efficient long-distance power delivery
to the receiving grid. Figure [[V.6| illustrates the structure of the system studied, while
Tables (Appendix and (Appendix present the values of the system parameters
and all PI controller gains used in the system, respectively. Table (Appendix shows
the specifications of the PV modules used. To validate the effectiveness of the proposed
FFNN controller, a simulation of the system was performed in the MATLAB/Simulink

environment.
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IV.3.1 Hybrid renewable energy injection in the utility grid
Several climatic scenarios were considered in the analysis of the hybrid energy system,

incorporating variations in wind speed and fluctuations in solar irradiance, as illustrated

in Figure [[V.7]
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Figure IV.7: (a) Irradiation scenario; (b) Wind speed scenario

Figure illustrates the power outputs of the PV and wind energy systems, both
regulated through PI controllers. Furthermore, MPPT was implemented using the P&O
method to manage the operation of the three boost converters integrated into the PV
and wind subsystems, as shown in Figure m Figure a) demonstrates the dynamic
response of the PV power output under different irradiation levels, whereas Figure b)
presents the wind energy output corresponding to variations in wind speed.

One of the key performance indicators in hybrid renewable energy systems is the sta-
bility of the DC link voltage. Figure illustrates the dynamic behavior of the DC link
voltage under different climatic variations. The results confirm that the voltage effectively
follows its reference value, particularly during transient operating conditions. This indi-
cates the system’s strong ability to sustain a nearly constant DC link voltage of 500 V,
even in the presence of fluctuations in solar irradiance and wind speed, with only minimal

voltage ripples observed.
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Figure IV.8: (a) PV power; (b) wind power
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Figure IV.9: DC link voltage of HRES

o

Figure shows the instantaneous active and reactive power supplied to the utility
grid. The power profiles demonstrate smooth variations, with gradual increases and de-
creases that correspond to the energy delivered by the PV-wind hybrid system. Through-
out the operation, only minor oscillations are observed, confirming stable power transfer.

Figures ([V.11}a) and ([V.11}b) represent the voltages and currents of the hybrid system
at the PCC, respectively. The three-phase voltage between the lines remains balanced,
sinusoidal, and stable. In contrast, temporary fluctuations in the three-phase currents
injected can be observed due to sudden changes in radiation, temperature, and wind speed

when the hybrid system begins to synchronize with the utility grid.
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Figure IV.11: (a)

0.5
Time (s)

Voltages and (b) Currents of the Integrated HRE Injected into the utility grid

IV.3.2 Power injection in HVDC-VSC system
Figures [V.12] and [[V.13] illustrate the comparative responses of current controllers Iy

and I,, highlighting the enhanced dynamic behavior of the FFNN controller relative to
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the conventional PI controller in the HRES integrated with the HVDC-VSC system. The
FFNN demonstrates superior performance characterized by faster settling time, reduced
overshoot, and significantly lower fluctuations during transient conditions. Moreover, the
FFNN achieves smoother and more stable current regulation by effectively mitigating the
high-frequency oscillations that persist under PI control. This improvement is primarily
attributed to the adaptive learning capability of the FFNN, as further evidenced in Fig-
ures [[V.14] and [TV.15] which enables more efficient handling of nonlinearities and external

disturbances compared to the PI controller.
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Figure IV.12: Current I on the VSC 1 side Figure IV.13: Current I, on the VSC 1 side
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The performance of the DC link voltage (Vie1) at the VSCI terminal of the HVDC-

133



chapter IV System simulation and discussion of results

VSC system is shown in Figure [V.16] illustrating the superior control capability of the
FFNN controller compared to the conventional PI controller. The FFNN demonstrates a
faster voltage regulation response, characterized by reduced oscillations during transient
conditions. At the same time, the PI controller exhibits a pronounced overshoot and an
extended settling time, which may impose additional stress on transformer components.
Furthermore, FFNN ensures that the DC link voltage closely tracks the reference value
of 3000V with minimal steady-state error, thereby enhancing overall system stability even
under rapid dynamic variations. Figure presents the training performance of the
FEFNN for regulating V..
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Figure IV.16: The DC link voltage on the
VSC 1 side

Figure IV.17: The training performance for

V4 current under FEFNN control

A bipolar HVDC-VSC system consists of two conductors, namely the positive and
negative poles, referenced to a common ground or metallic return path, with each pole
carrying half of the total DC voltage. This configuration reduces insulation stress, enhances
transmission efficiency, and enables continuous operation in monopolar mode in the event
of a pole fault, thereby improving system reliability and minimizing current return through

the earth. Figures [V.1§ and [[V.19] illustrate the positive and negative pole voltages of

the HVDC-VSC system, respectively, under the regulation of an FFNN-based controller
compared with a conventional PI controller. The results indicate that the FFNN achieves

faster settling responses, reduced oscillations, and closer voltage tracking to the reference in
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both poles. In contrast, the PI controller exhibits larger overshoots and slower convergence.
These findings demonstrate the dynamic and steady-state performance of the FFNN in
managing nonlinearities and rapid system variations, ultimately reinforcing the robustness,

efficiency, and stability of bipolar HVDC transmission systems.
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Figure IV.18: The DC link voltage of the positive pole
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Figure IV.19: The DC link voltage of the negative pole

Figures a) and b) present the active power responses of VSC1 and VSC2,
respectively. The results demonstrate that the FFNN controller outperforms the conven-
tional PI controller by exhibiting faster damping of oscillations and reduced overshoot
during transient conditions. For VSCI1, the FFNN achieves smaller peak deviations and
quicker stabilization compared to the PI controller. Similarly, in the case of VSC2, the

FFNN controller effectively suppresses oscillatory behavior and ensures a more stable power
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exchange within a shorter time frame. Furthermore, Figures (IV.20ta) and ([V.20rb) depict

the reactive power responses of VSC1 and VSC2, respectively.
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IV.4 Fault analysis of HVDC-VSC transmission sys-

tem

Understanding the behavior of faults in HVDC-VSC systems is essential for ensuring

reliable and secure power transmission. Unlike conventional AC networks, VSC-HVDC

links exhibit unique fault dynamics due to their low line inductance, fast transient

respoinse,

and the absence of natural current zero crossings. These characteristics cause fault currents
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to rise rapidly and impose severe stress on converter submodules, DC cables, and protection
devices [113]. An analysis of pole-to-pole, pole-to-ground, and high-impedance faults is
therefore necessary to assess system vulnerabilities. This section provides an analysis and
simulation of the mechanisms, behavior, and operational consequences of pole-to-pole and

pole-to-ground fault scenarios for HVDC-VSC transmission systems.

IV.4.1 Pole to pole short circuit fault

A pole-to-pole fault arises when a direct electrical connection, often caused by insulation
failure or physical contact, forms between the positive and negative conductors of the DC
transmission line. Although such faults occur infrequently, their impact can be severe,
leading to rapid escalation of current, damage to converter power switches, and complete
interruption of power transfer. Upon detection, immediate blocking of the converter valves
is required, followed by the isolation of the grid-side interface through AC circuit breakers
to prevent further propagation of the disturbance. Once the faulted section is cleared,
system restoration procedures can be initiated to return to normal operation [114]. The
evolution of a pole-to-pole fault typically proceeds through three distinct transient stages
before reaching a new steady-state condition, and these stages are examined in detail in

the following subsection.

IV.4.1.1 Stage of capacitor discharging

Figure IV.22: Circuit equivalent to pole-to-pole fault in DC
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When a pole-to-pole short circuit occurs, it triggers the immediate discharge of the
DC link capacitor into the transmission line. The specific trajectory of this free transient
response is dictated by the electrical parameters of the line itself. The circuit essentially
functions as a second-order RLC system—comprising the capacitor, the transmission line’s
inductance, and the total resistance, which includes the fault path as shown in figure
This dynamic relationship is modeled by:

icable — [Oef(Rcable /Lcable )t (Ivl)

Where Reqpe and Legpe represent the resistive and inductive properties of the line up

to the fault location, and I indicates the current value at the moment of the short circuit.

IV.4.1.2 Stage of diode freewheel

Figure IV.23: Circuit equivalent of diode freewheel

Upon reducing the DC link voltage below the grid phase voltage, the system enters the
diode freewheeling stage. As the capacitor voltage approaches zero, the IGBTs are blocked
for protection purposes. This action converts the VSC into a three-phase diode rectifier
configuration, as shown in figure [V.23] creating a path for the grid to supply the fault

current continuously.
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IV.4.1.3 Stage of grid feeding
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Figure IV.24: Circuit equivalent of capacitor recharging

The grid side feeding Stage represents the final, steady-state period of a DC pole-to-
pole fault in a VSC-HVDC system, occurring after the initial energy stored in the DC link
capacitor has been fully discharged. With the DC voltage near zero and the IGBTs blocked
for protection, the VSC effectively operates as an uncontrolled three-phase diode rectifier,
where the anti-parallel diodes become the conductive path (This makes it a source of the
current that feeds the fault, as shown in Figure [V.24, The AC grid sustains the high-
magnitude fault current, which is limited primarily by the AC-side impedance (reactors
and transformers). This sustained current imposes severe thermal stress on the components

and must be actively interrupted by a specialized DC Circuit Breaker.

The results shown in Figures [[V.25] [[V.26] and [[V.27 were obtained by simulating the

behavior of the VSC-HVDC transmission system when a pole to pole short circuit fault.

When a short circuit fault is applied at t=0.4s as shown in Figure the DC-link
voltage rapidly collapses to near-zero. During the capacitor discharge stage, the voltage
drops sharply as stored energy depletes into the fault path. Once discharged, the voltage
remains clamped at approximately zero throughout the diode freewheeling stage due to
blocked converter valves and the absence of active voltage support. The grid feeding stage
shows minimal voltage recovery through AC rectification via converter diodes, which is
weak and unstable. This demonstrates that pole-to-pole faults cause irreversible voltage

collapse without rapid DC protection.

139



chapter IV System simulation and discussion of results

3500 ¥

3000 /\\/\f\ﬁwi I |

Before short circui After short circuit

Y
A
\

- N N
a =] 12
=3 =] =]
o o o

DC link voltage (V)

1000

500

i N ———

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

o

Figure IV.25: DC link voltage of pole-to-pole short circuit fault

The DC-link current shows a severe transient upon fault initiation at t=0.4s, as shown
in Figure characterized by a steep rise during capacitor discharge as stored energy
rapidly releases into the low-impedance fault path, producing peak current with minimal
current limitation. As capacitor energy depletes, the current transitions to the diode
freewheeling stage, where it decays gradually through release of inductive energy from DC
reactors and transmission lines via the converter’s antiparallel diodes. Subsequently, the
grid feeding stage sustains a steady-state fault current as the AC grid continuously supplies

current through the converter diodes functioning as an uncontrolled rectifier.
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Figure IV.26: DC link current of pole-to-pole short circuit fault

The AC-side waveforms demonstrate strong DC-AC coupling during the fault event as
shown in Figure [V.27] At fault initiation, grid currents surge sharply as the converter

transitions from controlled operation to an uncontrolled diode bridge, while grid voltages
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sag due to the large fault current and impedance voltage drops. During diode freewheeling,
elevated AC currents persist through intermittent diode conduction, and the grid feeding
stage sustains high currents and depressed voltages as the AC system continuously sup-
plies power to the DC fault. Without DC-side protection, the pole-to-pole fault directly

propagates disturbances into the AC grid, jeopardizing system stability and equipment
safety.
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Figure IV.27: Grid voltages and grid currents of pole-to-pole short circuit fault

IV.4.2 Pole to ground short circuit fault

Figure IV.28: Circuit equivalent of DC line-to-ground fault

A DC line-to-ground fault in HVDC systems occurs when insulation fails, creating an
additional grounding point that forms a ground loop with the transformer neutral and

DC-link midpoint. The fault is modeled using m-equivalent resistances and inductances
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between the VSC and the fault location as shown in figure[[V.28] The sharp rise in current
forces the IGBTSs to block, allowing current to flow through the freewheeling diodes [115].

The fault evolves in three stages:

e Capacitor discharge stage: the short-circuit current is mainly the discharge of

the DC capacitors, since the DC voltage is still higher than the AC phase voltage.

e Grid-feeding stage: once the DC voltage drops below the AC voltage, the AC grid
feeds the fault through the diodes and charges the line capacitor.

e Voltage-recovery stage: capacitor voltages redistribute, and the DC voltage grad-

ually returns to normal.

Based on the results obtained for the simulation of the fault between the pole and
the ground shown in Figures [[V.29] [[V.30] and [[V.31], the dynamics of the system exhibit
completely different behavior compared to the fault between the poles, characterized by

temporary disturbance rather than complete collapse of the system.

Upon fault inception at 0.4 s as shown in Figure [[V.29] the capacitor discharge stage
causes the voltage to drop from 3000 V to approximatey 1700 V, a partial rather than
complete collpse. This partial response occurs because the fault affects only one pole,
preserving the partial potential difference between poles. During the subsequent voltage
recovery stage, DC voltage rapidly rebounds to its pre-fault nominal value of 3000 V,
confirming the capacitor remains functional. The system redistributes potential, with the
healthy pole voltage rising relative to ground (often doubling) while maintaining pole-to-

pole voltage sufficient for continued operation.
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Figure IV.29: DC link voltage of pole-to-ground short circuit fault

The capacitor discharge stage is marked by an immediate, high-frequency surge in
current, peaking at approximately 4500 A at 0.4 s, as shown in Figure This spike
represents the rapid release of stored energy from the capacitor of the faulted pole into
the ground impedance. However, unlike the sustained high current seen in pole-to-pole
faults, the current here quickly decays. As the voltage recovers, the current oscillations
dampen, indicating the transition out of the discharge phase. The current eventually settles
back into a stable oscillation around its nominal value, signifying that the converter has
successfully ridden through the transient and is not feeding a continuous, uncontrollable

short circuit current.
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Figure IV.30: DC link current of pole-to-ground short circuit fault

The AC side dynamics illustrate the grid feeding stage, where the AC grid interacts
with the DC fault disturbance. At the instant of the fault 0.4s, the grid currents exhibit

a momentary transient distortion as shown in Figure [[V.31] peaking and oscillating as the
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grid supplies the initial surge of energy required by the fault and the subsequent recharging
of the DC capacitors. Crucially, the grid voltages remain robust and do not collapse. The
grid currents quickly stabilize after the initial perturbation, returning to a steady-state
pattern. This behavior demonstrates that during a pole-to-ground fault, the grid provides
temporary feedback to rebalance the DC link power, allowing the system to recover its

operating point.
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Figure IV.31: Grid voltages and grid currents of pole-to-ground short circuit fault

IV.5 Conclusion

This chapter presented a comprehensive analysis of advanced control and optimization
methods for enhancing renewable energy systems. In the first part, the dandelion-inspired
optimization (DO) algorithm was applied to the MPPT of PV systems. Simulation results
demonstrated that the DO algorithm outperforms conventional methods such as P&O,
PSO, and GWO in terms of convergence speed, tracking efficiency, and robustness under
varying irradiance and temperature conditions. The findings highlight the effectiveness of
bio-inspired optimization in addressing the dynamic challenges of PV energy harvesting.

In the second part, the performance of an HVDC-VSC transmission system integrated

with hybrid renewable energy was studied using an FFNN-based controller. Compared to a
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traditional PI controller, FFNN showed superior performance in DC-link voltage regulation
and active and reactive power flow management, especially during transient conditions.
The learning capability of the neural network enabled more accurate handling of nonlinear
dynamics, resulting in faster response, reduced overshoot, and improved system stability.

In general, the results confirm that combining nature-inspired optimization algorithms
and intelligent neural control provides a powerful framework for enhancing the efficiency
and reliability of renewable energy systems and HVDC-VSC transmission systems. These
methods not only enhance the extraction of maximum energy from renewable sources, but
also ensure stable and efficient energy delivery across long-distance transmission networks.
Thus, the methods explored in this chapter represent promising solutions for integrating
renewable energy with HVDC-VSC systems in the future within modern smart grids.

In the third part, the behavior of the HVDC-VSC transmission system was analyzed
under the application of a short-circuit fault for both pole-to-pole and pole-to-ground. It is
concluded that in this type of faults, the system configuration changes in time, it starts with
RLC circuit and then transformed to a three phase diode bridge and end with a current
source supply the fault. The line-to-ground fault leads to the unbalance of DC voltage
which is difficult to rebalance; for line temporary line-to-ground faults, the rebalance of
capacitors can be realized by using high impedance grounding system. In this recovery
method, the discharging current is very small so that the voltage of the capacitor can
maintain without any overcurrent stress. The over-current after a line-to-ground fault is

not very large, so a line-to-ground is not serious fault.
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General conclusion

This thesis has investigated the modeling, control, and optimization of a hybrid renewable
energy system composed of offshore wind generation and photovoltaic power, integrated
into modern grids through VSC-HVDC technology. The research was driven by the growing
global demand for sustainable energy and the increasing need to transmit power from
remote generation sites to urban load centers in a reliable and efficient manner.

The study began with an overview of renewable energy development and highlighted
the critical role of HVDC-VSC systems in supporting large-scale integration of wind and
solar resources. Owing to their ability to independently control active and reactive power
and reinforce AC grids, VSC-HVDC links were shown to be a flexible and resilient option
for future transmission networks.

Mathematical models of the PV system, PMSG-based wind turbine, and HVDC-VSC
link were then established, providing the basis for control and simulation studies. Advanced
control strategies were introduced to optimize energy extraction and ensure stability. For
the PV system, MPPT algorithms such as P&O, PSO, GWO, and the dandelion-inspired
optimization (DO) were evaluated, with the DO algorithm demonstrating superior con-
vergence and robustness under dynamic conditions. For the wind turbine, a lookup table
method was employed to regulate output power effectively. Grid-side control was achieved
using dqg-axis control and SVPWM modulation, improving inverter utilization and reducing
harmonic distortion.

To enhance performance further, intelligent control techniques were applied. An FFNN-
based controller for the VSC-HVDC system demonstrated improved DC-link regulation and
power flow management compared to conventional PI control, especially during transients.
The integration of intelligent optimization and neural control thus enabled faster response,
reduced overshoot, and enhanced overall system stability.

Extensive simulations validated the effectiveness of the proposed methods under a range
of conditions, including irradiance variations. The results confirm that the combined use

of hybrid renewable systems, intelligent MPPT techniques, and advanced VSC-HVDC
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General conclusion

control ensures high efficiency, robust operation, and improved fault tolerance. These
findings underline the potential of the proposed framework for future smart grids, where
reliability, stability, and energy efficiency are paramount.

Future Work

Future research can expand upon the findings of this thesis in the following directions:

e Extended power quality analysis: Investigating the system’s performance under volt-

age sags, swells, and frequency variations.

e Multi-terminal HVDC systems: Applying the proposed methods to multi-terminal
VSC-HVDC networks to support large-scale renewable deployment.

e Hybrid renewable diversification: Integrating additional renewable sources, such as

hydropower or biomass, to create more resilient hybrid systems.

e Advanced intelligent control: Exploring deep learning, reinforcement learning, and

adaptive fuzzy controllers for greater adaptability and fault tolerance.

e Experimental validation: Conducting hardware-in-the-loop (HIL) and real-time pro-

totype testing to confirm practical feasibility.
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Appendices

Appendix A

A.1 MPPT method

A.1.1 Perturbation and observation (P&0O) method

This method is one of the simplest and most widely used in PV systems, as it relies
on measuring voltage and current to track changes in power (AP) caused by a change in
voltage (AV). The perturbed values are adjusted in one direction until the increase in
power stops. If the power variation (AP/AV) is lower than zero, it indicates that the
operating point is shifting away from the MPP, and the disturbance is reversed to bring
the system back towards the MPP. When the perturbation and the energy change are in
the same direction, either positive or negative, the perturbation is positive, and if they

differ in direction, the perturbation is negative [55,[116]. Figure presents a flowchart

of this method. This process can be summarized in the table [A.T]

First case >0 >0 Increase Decrease
Second case >0 <0 Decrease Increase
Third case <0 >0 Decrease Increase
Fourth case <0 <0 Increase Decrease

Table A.1: Summary of the P&O Method

A.1.1.1 MPPT based on PSO algorithm

The PSO algorithm is inspired by the social and cooperative behavior of various animals,
such as flocks of birds, and was mathematically formulated by James Kennedy and Russell
Eberhart in 1995 [117]. This method is based on a swarm of particles, The PSO algorithm
is applied by calculating the output power by measuring the current and voltage of the PV
array and fitting the algorithm to the duty cycle that controls the switching on the boost
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Figure A.1: The fowchart of P&O MPPT

converter to reach the MPP, The duty cycle of a boost converter represents the swarm
particle [118],, and the flowchart of this method is illustrated in Figure :
The velocity and position of each duty cycle can be calculated through the Eq and

[A 2 respectively.

Vi‘hLl =Ww:- Vi‘c +ry-crc (d{zest,i - df) tr2cCr- (GﬁeStvi o df) (A1>

ditl = df +vh (A.2)

Where v 0¥ and dF™ d¥ are the velocity and position of each particle in the current
and previous iteration,respectively.k is number of repetitions, w=0.45 is factor of the iner-
tia weight of velocity and ¢;=0.9 and c,=1.25 are cognitive and social parameters, while

r1=r9=0.35 are random variables between 0 and 1.
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The search process is conducting through some steps as below:

1. Initialize the PSO parameters, and initialize the particle position and velocity.
2. Measure the current and voltage to calculate the output power of the PV panel.

3. Each particle explores potential solutions based on a randomly generated molecular
value. It then compares its current value with the previous and upcoming values,
referred to as (X1 and (XF), respectively, to identify and select the optimal option.
The particles’ positions represent the duty cycle of the DC-DC converter, where the
current power P(d¥) is evaluated against the previous power vector P(d’,fe’siz) If the

current power is higher, P(df ;) is updated, and the corresponding duty cycle is

best,i
saved in the vector dy,, ;. Otherwise, the current power is checked against the best
global power value, G’gest’i. If the current value exceeds G’gest’i, the global power is
updated, and the corresponding duty cycle is stored in the variable G¥ This

best,i*

procedure continues until all particles have been assessed.

4. Update the velocity and position of each particle in the swarm by equation and
A2l

5. Finally, the evaluation of all particles and number of Iteration is verified, if the cri-
terion is not satisfied, the iteration number is increased and returns to the objective
evaluation function , However, if the criterion is satisfied, the maximum power track-

ing process is concluded.

A.1.1.2 MPPT based on GWO algorithm method

The Gray Wolf Optimizer (GWO) algorithm emulates the social structure and collective
hunting strategies of gray wolves in nature. This optimization technique is organized into
a four-level hierarchy: alpha («), beta (), delta (§), and omega (w). The alpha represents
the dominant leader, responsible for decision-making and guiding the hunt. In the alpha’s
absence, the beta assumes leadership responsibilities, providing support and enforcing the

alpha’s decisions, while the delta assists both the alpha and beta in managing the pack.
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Figure A.2: The fowchart of PSO MPPT

The omega wolves occupy the lowest rank, following the guidance of the higher-ranking
members [119,/120]. The hunting behavior is expressed mathematically by the following

equation:

(A.3)

where, 7 denotes the current iteration, while Z, represents the position vector of the
target (prey). The vector & corresponds to the position of a gray wolf, and A and C are
coefficient vectors used to guide the wolves’ movement toward the target. These coefficients

are computed using the following expressions:
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A=2ax7 —a
(A.4)
CIQXFQ

In this algorithm, the parameter a decreases linearly from 2 to 0 over the course of the
iterations, facilitating a balance between exploration and exploitation. The terms r; and
ro are randomly generated vectors within the range [0, 1], introducing stochastic behavior
into the search process. The leader, identified as the most optimal candidate solution at
a given iteration, guides the search by having the most accurate estimate of the prey’s

position.

To adapt the algorithm for MPPT, each gray wolf in the population is associated with
a candidate duty cycle D is defined as follows:

di(k+1) = dy(k) — Ax D (A.5)

Thus, the fitness function utilized within the GWO algorithm is defined as follows:

P(d}) > P (dF) (A.6)

In this context, P denotes the output power, d represents the duty cycle, ¢ indicates the
index of the current gray wolf, and k corresponds to the iteration number. The flowchart

of MPPT using the GWO algorithm is illustrated in Figure [A.3]

166



Appendices

| start I

Y

Initialization of Grey
Wolf: d;,A,C,G,Gyq

AN
i 4

Sense VpV,IpV,calculated

(power P;)

Yes
Update P, i=P(1)

No |« |

[Update Ppax,i=P(i-1 )]

Update G,y ]

»i—i+]

Updatee a,A,C and position using
Eq (26), (27), (28) and (29)

No

Convergence criterion
kot 1 &

met?

Figure A.3: The flowchart of the MPPT based on the GWO method.
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Appendix B

The table below shows the technical specifications of the photovoltaic module used in

simulating of enhancing the power of PV systems through the MPPT methods mentioned

previously.

Parameters ‘ Values
Maximum operating power (F,;,) 335.205 W
Maximum operating voltage (V;,,) 573V
Maximum operating current (I,,,) 5.85 A

Open-circuit voltage (V) 679V
Short-circuit current (/) 6.23 A
Temperature coefficient of V. —0.4 %/°C
Temperature coefficient of I, 0.05 %/°C
Photogenerated current () 6.2584 A
Diode saturation current (Ip) 7.7254 x 10710 A
Diode ideality factor (N) 1.2076
Shunt resistance (Rgp) 587.7606 €
Series resistance (Ry) 0.28856 €2

Table B.1: Specification of PV Panel (SPR-X21-335-BLK)

The table below shows the values of the boost converter components in simulating of

enhancing the power of PV systems.

Parameters Values ‘
Input capacitance (Cj,) 1000 pF
Output capacitance (Cyyy) 255 uF
Inductor (L) 3.1 mH
Switching frequency (fs) 5 kHz
Load (Rioed) 39.65 O

Table B.2: Components of a boost converter
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The table below shows the parameters used in the simulation for improving HVDC-VSC

performance with FFNN-based PI control under hybrid renewable energy operation.

System Parameters Value
Utility grid voltage 50 KV
System frequency (f) 50 Hz
Utility grid Supply resistance 1.7857
Supply inductance 0.0398 H
DC link capacitor of Vdc 0.048 F
Maximum wind power 100 KW
Stator phase resistance of PMSG (Rs) 0.0369
Wind system | Armature inductance of PMSG Ld = Lq | 3.667 x 10~*H
Number of poles 4
Leakage flux 0.253 Wb
DC link Power 3 x 105V A
HVDOVSC DC link voltage 3000 V
DC link capacitor 0.068 F
Line length 25 Km

Table B.3: The parameter values of system

The table below shows all PI controller gains used in the system used in the simula-

tion for improving HVDC-VSC performance with FFNN-based PI control under hybrid

renewable energy operation.
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Outer Control Loop Inner Control Loop
K K, Ko Ko
HRES 800 7 20 0.3
VSC1 275 2.5 8 0.1
VSC2 40 0.3 8 0.1

Table B.4: Parameters of the PI Gains

The table below shows the technical specifications of the PV modules used in the
simulation for improving HVDC-VSC performance with FFNN-based PI control under

hybrid renewable energy operation.

Parameters KD205GX-LP SPR-305-WHT
Maximum power (P,,) 100.7 kW 100.1 kW
Maximum voltage (V) 54.7 V 26.6 V
Maximum current (I,,) 5.58 A 771 A

Open-circuit voltage (V) 64.2 V 332V

Short-circuit current (/) 5.96 A 8.36 A

Number of series cells (V) 5 8
Number of parallel cells (NV,) 66 61

Table B.5: The specifications of PV modules
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Abstract

In light of the continuously increasing global energy demand and the environmental constraints imposed
on fossil fuels, renewable energy sources, such as solar and wind power, have emerged as indispensable
and sustainable alternatives. Nevertheless, the fluctuating and intermittent nature of these sources presents
complex technical challenges that impede their seamless and reliable grid integration, compounded by the
inherent limitations of High Voltage Alternating Current (HVAC) transmission systems. To overcome
these challenges, this thesis presents the modeling, control, and integration of Hybrid Renewable Energy
Systems (HRES) with Voltage Source Converter-based High Voltage Direct Current (VSC-HVDC)
transmission systems. This technology is leveraged for its capability to independently control active and
reactive power, as well as its high efficiency and low power losses in long-distance energy transmission.
From a technical perspective, this research focuses on implementing advanced control strategies and
intelligent algorithms to optimize system performance and maximize efficiency. For Photovoltaic (PV)
systems, improved Maximum Power Point Tracking (MPPT) techniques based on metaheuristic
optimization algorithms are proposed specifically, Particle Swarm Optimization (PSO), Grey Wolf
Optimizer (GWO), and Dandelion Optimizer (DO). These ensure maximum power extraction under
rapidly changing solar irradiance and temperature conditions. Furthermore, robust control frameworks are
applied to wind energy systems utilizing Permanent Magnet Synchronous Generators (PMSG) to optimize
electromagnetic torque and regulate the DC-link voltage. Finally, the stability of the VSC-HVDC systems
is enhanced by integrating Feed-Forward Neural Networks (FFNNs). This intelligent approach improves
the dynamic management of active and reactive power flow, guarantees high power quality, and maintains
voltage stability amidst environmental and operational fluctuations.

Keywords: Renewable energy, Wind power, Photovoltaic power, HVDC-VSC, HVAC, PMSG.



Résumé

Face a la croissance continue de la demande énergétique mondiale et aux contraintes environnementales
imposées aux combustibles fossiles, les sources d'énergie renouvelable, telles que I'énergie solaire et
¢olienne, se sont imposées comme des alternatives indispensables et durables. Néanmoins, la nature
fluctuante et intermittente de ces sources pose des défis techniques complexes qui entravent leur
intégration fluide et fiable au réseau électrique, des défis par ailleurs aggravés par les limites inhérentes
aux systéemes de transmission en courant alternatif a haute tension (HVAC).Pour surmonter ces défis, cette
thése présente la modélisation, la commande et l'intégration de systémes hybrides d'énergie renouvelable
(HRES) avec des systémes de transmission en courant continu a haute tension basés sur des convertisseurs
de source de tension (VSC-HVDC). Cette technologie est exploitée pour sa capacité a controler
indépendamment la puissance active et réactive, ainsi que pour sa grande efficacité et ses faibles pertes de
puissance lors de la transmission d'énergie sur de longues distances.D'un point de vue technique, cette
thése se concentre sur la mise en ceuvre de stratégies de commande avancées et d'algorithmes intelligents
afin d'optimiser les performances du systeme et d'en maximiser l'efficacité. Pour les systémes
photovoltaiques (PV), des techniques améliorées de suivi du point de puissance maximale (MPPT) basées
sur des algorithmes d'optimisation métaheuristiques sont proposées plus spécifiquement l'optimisation par
essaim particulaire (PSO), I'optimisation du loup gris (GWO) et I'optimisation du pissenlit (DO). Celles-
ci garantissent une extraction maximale de I'énergie sous des conditions d'irradiance solaire et de
température variant rapidement. De plus, des structures de commande robustes sont appliquées aux
systemes d'énergie éolienne utilisant des générateurs synchrones a aimants permanents (PMSG) pour
optimiser le couple ¢lectromagnétique et réguler la tension du bus continu (DC-link). Enfin, la stabilité
des systetmes VSC-HVDC est renforcée par l'intégration de réseaux de neurones a propagation avant
(FFNNs). Cette approche intelligente améliore la gestion dynamique du flux de puissance active et
réactive, garantit une qualité d'énergie élevée et maintient la stabilité de la tension face aux fluctuations
environnementales et opérationnelles.

Mots-clés: Energie renouvelable, Energie éolienne, Energie photovoltaique, HVDC-VSC, HVAC,
PMSG.
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