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ABSTRAKT

Samostatné energetické systémy jsou stale vice preferovanymi moznostmi ve vzdalenych a
ostrovnich lokalitach, kde neni technicky mozné se piipojit k siti. Vyuziti zdroji vétrné a vodni
energie pro vyrobu energie v oblasti s bohatymi zdroji mize byt nastrojem pii podpote ekologické
a Cisté vyroby energie pro izolované komunity. Nicméné, protoze vétrnd energie podléha
preruSované dodéavce, vyroba elektfiny nemusi vzdy odpovidat poptdvce. Pro zajisténi
konzistentniho napdjeni je nutné skladovani energie.

Hybridni napajeci systémy nabizeji ¢etné vyhody, jako je zvySend ucinnost, spolehlivost a
bezpecnost pii minimalizaci provoznich nakladd. Hlavni ptekazkou, s niz se potykaji aplikace
hybridnich energetickych systémi, je vSak splnéni pozadavki na zatiZzeni v rdmci specifikovanych
omezeni. To vyzaduje u¢innou kontrolu a koordinaci kazdé jednotky na vyrobu energie. Zajisténi
odolnosti systému fizeni energie je navic zdsadni, aby se zabranilo vypadkiim systému v piipadech,
kdy napajeni z energetickych zdroji nestaci k podpote vsech zatézi.

Studie podrobné popsala zplisob provozu a fizeni hybridniho energetického systému
navrzeného pro samostatny provoz. Systém podle této studie se sklada z vétrné turbiny, palivového
¢lanku, elektrolyzéru, akumulétoru a skupiny z4tézi. NavrZena strategie fizeni ma dvouuroviiovou
strukturu, pfi¢emz prvni urovni je systém energetického managementu a regulace vykonu. Jeho
primarnim cilem je zajistit, aby byl systém dobie koordinovany a fizeny.

Tento systém také zvlada planovani zatéze v reakci na vykyvy vétru, a to 1 v ptipadech, kdy
akumulace energie nestaci k zabranéni selhdni systému. Vytvaii dynamické referen¢ni pracovni
body pro jednotlivé dil¢i systémy na zdklad¢ prevladajicich vétrnych a zatéZovych podminek.
Mistni regulatory pro vétrné turbiny, palivové Clanky, elektrolyzéry a akumuléatorové jednotky pak
reguluji jejich provoz v souladu s témito referencnimi body.

Rychlost rotoru vétrné turbiny je regulovdna mistnim ovladacem pro extrakei referencniho
vykonu z kolisavého vétru. Vodikovy regulator a boost konvertor fidi palivovy ¢lanek, zatimco
buck-konvertor tidi elektrolyzér. Pro fizeni nabijeni a vybijeni bateriového ulozného systému se
pouziva obousmérny DC-DC méni¢. Ridici systém je navrzen pomoci softwaru MATLAB
Simpower a vyhodnocen za riznych podminek vétru a zatizeni. Ziskané vysledky jsou prezentovany
a analyzovany.

KLICOVA SLOVA

Samostatné energetické systémy, obnovitelné zdroje, vétrna elektrarny, palivové c¢lanky, vodni
elektrarny, skladovani energie, fizeni energetického systému, stabilita energetického systému,

distribu¢ni soustava
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ABSTRACT

Stand-alone power systems are increasingly as preferred options in remote and island
locations where it is not feasible technically to connect to the grid. Tapping of wind and hydro power
resources for energy generation in the area with plentiful sources of can be an instrumental in
promoting eco-friendly and clean energy production for isolated communities. Nonetheless, because
wind energy is subject to intermittent supply, electricity generation may not always align with
demand. To ensure consistent power supply, energy storage is necessary.

Hybrid power systems offer numerous advantages such as enhanced efficiency, reliability,
and security while minimizing operational costs. However, the major obstacle faced by hybrid
power system applications is meeting the load demand within specified constraints. This
necessitates the need for effective control and coordination of each energy generation unit.
Additionally, ensuring the resilience of the energy management system is crucial to avoid system
blackouts during instances where power from energy sources is insufficient to support all loads.

The study detailed the operation and control approach for a hybrid power system designed
for stand-alone operation. The system under this study comprises of a wind turbine, a fuel cell, an
electrolyzer, a battery storage unit, and a group of loads. The proposed control strategy has a two-
level structure, with the first level being the energy management and power regulation system. Its
primary aim is to ensure that the system is well-coordinated and controlled.

This system also manages load scheduling in response to wind fluctuations, even in cases
where energy storage is insufficient to prevent system failures. It creates dynamic reference
operating points for individual sub-systems based on the prevailing wind and load conditions. Local
controllers for wind turbines, fuel cells, electrolyzers, and battery storage units then regulate their
operations in accordance with these reference points.

The rotor speed of a wind turbine is regulated by the local controller to extract the reference
power from the fluctuating wind. The hydrogen regulator and boost converter control the fuel cell,
while the buck-converter controls the electrolyzer. To manage the charging and discharging of the
battery storage system, a bi-directional DC-DC converter is utilized. The control system is designed
with MATLAB Simpower software and evaluated under diverse wind and load conditions. The

obtained results are presented and analyzed.

KEYWORDS

Stand-alone Power Systems, Renewable Surces, Wind Generation, Fuel Cell, Hydro Power,

Energy Storage, Power System Control, Power System Stability, Distribution system
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1 INTRODUCTION

1.1 Thesis organization
This dissertation is divided into six chapters, including the introduction and conclusion. The
introductory chapter "standalone power generation" is focused on approaching the issue of power
generation in terms of legislation, defining the parameters of power generation, power distribution
systems, and power storage. The sources of power generation highlighted in this dissertation are

wind and hydropower.

The chapter "wind energy" discussed in detail the technology which focuses on the electrical
part wind turbine and generators. The chapter also highlighted on various technology of generators

suitable for wind energy conversion systems.

Further to that, the dissertation has chapter hydropower system. This contains various
technology used in hydropower systems including various types of turbines and various generator

used with hydropower system. Furthermore, the modelling of the system was also presented.

Also, the dissertation contains the chapter of energy resources optimization using Homer

computer software. The resources optimized are wind energy, hydropower, and energy storage.

1.2 State of art
Standalone power generation can provide several benefits, including increased energy
independence, reduced dependence on fossil fuels, and lower electricity costs. However, it also
requires significant upfront costs for installation and maintenance of the equipment. Nevertheless,
as technology continues to advance and costs continue to decrease, standalone power generation is

likely to become more widely adopted in the coming years.

Increased energy independence: By generating their own electricity, users can become less reliant
on centralized power grids and their associated infrastructure. This is especially useful in remote
areas where grid power may not be available or reliable. It also provides a sense of control over

energy usage and costs.

Reduced dependence on fossil fuels: Many standalone power generation technologies rely on
renewable energy sources such as solar, wind, and hydro power. This reduces reliance on finite
fossil fuels, which are a finite resource and also have significant environmental impacts when

extracted, transported and burned.

-14 -
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Lower electricity costs: Once the initial installation costs are paid off, standalone power generation
can provide electricity at a lower cost than grid power. This is especially true for solar and wind

power, which have no fuel costs.

Environmental benefits: Renewable energy sources used in standalone power generation produce
fewer greenhouse gas emissions and pollutants than traditional power generation sources such as
coal, natural gas or diesel. This means that standalone power generation can help reduce local air

and water pollution, and mitigate climate change impacts.

Despite these benefits, standalone power generation also comes with some challenges. The upfront
costs of installation can be significant, especially for large-scale projects, and the maintenance
requirements must also be considered. Additionally, standalone power generation may not be
suitable for all areas or situations, such as where there is limited sunlight or wind, or where a high

demand for energy cannot be met by the available technology.

However, as technology continues to improve and costs decrease, standalone power generation is
likely to become more widely adopted, and this could bring significant benefits to individuals,

businesses, and communities around the world

A smart distribution system, also known as a smart grid, is an advanced electrical power system that
incorporates innovative technologies and communication systems to improve the efficiency,

reliability, and safety of energy distribution.

Smart distribution systems are designed to meet the growing demand for electricity while
minimizing environmental impact, reducing costs, and improving the quality of service for

consumers.
Some of the key components of a smart distribution system include:

Advanced Metering Infrastructure (AMI): This is a network of smart meters that collect data on
energy consumption and communicate with the utility company to provide real-time information on

usage, billing, and outage management.

Distribution Automation: This technology enables utilities to remotely monitor and control the
distribution network, including the ability to reroute power around faults, and quickly restore power

in the event of an outage.

-15-
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Renewable Energy Integration: Smart distribution systems can integrate renewable energy sources
such as solar, wind, and hydro power into the grid, allowing for more efficient and sustainable

energy generation.

Energy Storage: Energy storage systems such as batteries can be used to store excess energy
generated by renewable sources during low demand periods and release it during peak demand

periods, improving overall grid stability and reducing costs.

Demand Response: Smart distribution systems can enable utilities to incentivize customers to
reduce their energy consumption during periods of high demand, which can help avoid the need for

expensive upgrades to the grid.

Cybersecurity: With the increased use of digital technologies and communication systems, smart
distribution systems must also incorporate robust cybersecurity measures to ensure the security and

privacy of data and prevent cyber-attacks.

Overall, a smart distribution system represents a significant improvement over traditional grid
infrastructure, providing greater flexibility, efficiency, and resilience in the face of changing energy

demands and environmental challenges.

1.3 Defining objectives
Following the previous subchapter, the following objectives are set:
1. To ensure individual power plants operate at their optimal level.
2. To ensure proper management of state of charge (SOC), for a longer life of battery storage
system.
3. To ensure efficient operation of the fuel cell.

4. To ensure continuous operation of the system
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2 HYBRID POWER SYSTEM

2.1 Introduction

A stand-alone power system is a self-sufficient electricity generation system that operates
independently and is not connected to the main grid. These systems are commonly used in isolated
areas, such as islands or remote parts of a country where a grid connection is not economically
feasible. The power for these systems can be generated from renewable energy sources such as

wind, hydro, or solar, as well as from diesel generators.

Diesel generators are a popular choice for remote area power systems due to their reliability,
low installation costs, ease of starting, and compact power density [1], [2]. In stand-alone power
system applications, the size of the diesel engines is determined by the peak system load
requirements. However, diesel generators have certain disadvantages, including the fact that they
are becoming more expensive to operate due to the rising cost of diesel fuel [3]. Additionally, they
require a high level of maintenance costs [4], [5]. Diesel generators are also most efficient when
operating at their rated power output [5], and consume more fuel when operating under loaded
constant speed. As a result, the manufacturers recommend that diesel generators be operated at least
30% of their load capacity to achieve optimal performance [6]. Figure 1.1 illustrates the operation
of a 50 kVA diesel generator, which operates at a high efficiency of approximately 33% when
running at its rated load. However, when loaded up to 30% of its rated capacity, its efficiency is

reduced to 20%.

Fuel Curve

Efficiency Curve

10 20 30 a0 0 10 20 20 40
Output Poweer (kW) Output (K¥)

Figure 2.1 Typical fuel consumption and fuel efficiency curve of a diesel generator

Continuous fuel supply is crucial for Diesel generators to function, but their use results in
greenhouse gas emissions that pollute the environment [6], [7]. To provide clean energy for islanded

communities, renewable energy sources can be used as alternative power sources for stand-alone
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grid applications. Most remote areas have immense potential for utilizing renewable energy sources
to offer a clean and eco-friendly power supply to the community. However, the availability of power
from renewable energy sources can vary daily and seasonally, which may not always match the load
requirements of the system. To address this issue, a standby generator or energy storage device can
be installed with renewable energy generation systems to make them more reliable. Such a power
generation system, which combines renewable energy sources with backup generation or energy
storage, is referred to as a "hybrid power system." The main aim of these systems is to generate as
much energy as possible from renewable sources while maintaining acceptable power quality and
reliability. Nonetheless, using renewable energy in stand-alone power supply systems presents a
number of technical challenges due to the intermittent nature of renewable power, variable loads,
and low inertial of such systems [8]. The technical challenges associated with using renewable

energy in stand-alone power supply systems are listed below:

a) The variability and intermittency of renewable energy sources, such as wind and solar,
present a significant challenge for their effective use [8]-[15]. Hybrid power generation
systems that incorporate these sources typically require substantial backup generation or
energy storage capacity to mitigate their fluctuating and intermittent nature [8]-[15].
Moreover, electricity consumption is not constant and exhibits temporal fluctuations,
including moment-to-moment changes and hourly, daily, weekly, and seasonal patterns [16]-
[18]. Consequently, renewable energy-based hybrid power systems must be able to adapt to
these load changes.

b) Power quality refers to the characteristics and properties of electricity, including its voltage
and frequency. In an ideal scenario, power quality would be perfect, with a continuous,
sinusoidal voltage having a constant amplitude and frequency [19]-[22]. To ensure adequate
power quality, national and international standards specify the quality of voltage that must
be maintained. Voltage disturbances, including voltage variation, flicker, transients, and
harmonic distortion, can affect the voltage quality. These disturbances may arise due to
factors such as the intermittent nature of renewable energy sources and load fluctuations. In
addition, the presence of non-linear loads and power electronic converters in the system can
cause voltage flicker and harmonics [23], [24]. Transients may also occur due to the dynamic
characteristics of the renewable energy sources and loads.

c) One of the key challenges in developing a control strategy for hybrid power systems is
ensuring the transient stability of their integrated components, which operate as a single unit.

Standalone power systems often face disturbances such as load fluctuations, which require
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fast-response energy storage facilities to maintain transient stability [25, 26]. However,
various energy storage facilities in a hybrid system may respond differently to different
power system disturbances [25]-[28]. To ensure better transient stability of standalone power
systems, coordinated control systems must be implemented.

d) In hybrid stand-alone power systems, energy storage is critical for ensuring both short-term
transient stability and long-term load leveling and peak shaving of appliances [25]. Proper
management of energy storage is essential to provide a continuous, reliable, and high-quality
power supply. Additionally, back-up power generation is often employed in stand-alone
power systems to supplement power demand, especially during peak load conditions when
the power generated from renewable energy sources and the energy reserves in the storage
system are insufficient to meet the demand.

e) The term "security of supply" refers to the capacity of a power system to withstand
unexpected disruptions [32], [33]. This requires having enough generation resources to meet
predicted demand, as well as having additional reserves in case of unforeseen events [32],
[33]. Moreover, security of supply entails that the power system remains functional, even in
the event of power outages or equipment malfunctions. Therefore, it is crucial to implement
effective system planning and operation strategies.

f) Demand-side management (DSM) has traditionally been used to lower peak electricity
demands [34], [35]. In stand-alone power systems, DSM can be particularly beneficial for
reducing the frequency of electrical system emergencies and minimizing the number of
blackouts, which ultimately improves the system's reliability [34], [35]. Additionally, DSM
helps to decrease dependence on costly non-renewable fuels, resulting in lower energy
expenses and fewer harmful emissions. Lastly, DSM is a key strategy in postponing high-
cost investments in generation, transmission, and distribution networks for long-term asset
planning. Overall, DSM applications in electricity systems can provide substantial
economic, reliability, and environmental advantages.

g) Instand-alone power supply systems, load demand may gradually increase due to population
growth and sustained economic development of the surrounding community [36, 37, 38].
Thus, it's crucial that the system's structure and control strategy be adaptable enough to
enable a boost in generation capacity in response to rising load demand.

Meeting the technical and financial challenges associated with renewable energy- based hybrid

power systems requires research in several areas. These are identified and categorized as follows:
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a)

b)

d)

In order to achieve the maximum power output from renewable energy sources, it is crucial
to implement adequate controls that enable each energy generation source to operate at its
optimal level. Hence, it is imperative to install proper controls for renewable energy sources
To attain the highest power output from renewable energy sources, it is essential to establish
effective controls that facilitate optimal operation of each energy generation source.
Therefore, the installation of appropriate controls for renewable energy sources is
imperative.

The appropriate selection of energy storage devices is crucial for a hybrid power system, as
they play a vital role in its operation. Energy storage can be categorized as either short-term
or long-term storage. Short-term energy storage devices can rapidly release or absorb
significant amounts of energy, enhancing the system's transient stability in the event of
sudden fluctuations in energy resource or load conditions [25], [26]. Long-term energy
storage is utilized for load leveling or peak-shaving functions [27]-[30]. To ensure reliable,
cost-effective, and stable standalone power generation in remote and isolated areas, the
proper selection of energy storage is essential.

Regulating the output voltage and frequency is a critical obstacle in a hybrid power system.
Voltage harmonics and distortions can occur due to non-linear, unbalanced load conditions.
Additionally, the system frequency can be influenced by sudden load changes and the
intermittent nature of renewable energy sources due to low inertia. Consequently, power
quality concerns must be tackled to ensure a stable power supply with regulated voltage and
frequency.

Determining the ideal location of renewable energy sources and storage systems is crucial.
The geographic location significantly impacts the power output from renewable energy
sources, and a better location can enhance their utilization [46], [47]. Additionally, in stand-
alone power systems, distribution losses can result in a voltage profile at the distribution
level that falls below operating standards. Energy storage devices installed in critical areas
can improve the system's voltage profile.

Determining the optimal size of renewable energy sources and storage systems is essential
to ensure the reliable and cost-effective power generation of a hybrid power facility [42].
Considering the practical challenges associated with hybrid stand-alone power supply

applications, the following are the main objectives of this thesis:
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2.2 Composition of Hybrid Stand-Alone Power System
When considering various renewable energy sources for a project, wind and hydro power
are considered due to their availability in the area, and in this case, a hybrid power system based on
wind energy and hydro power is being considered as the primary source of power supply for the

island [47].

There are different types of energy storage systems available for use in power systems,
including pumped hydro, compressed air, flywheel, thermal, hydrogen, batteries, superconducting
magnetic, and super-capacitors, each serving various applications and purposes. Fuel cells and
electrolyzes, which have higher power density with slower time responses, are more suited for long-

term load leveling applications and producing oxygen gas for hospitals [27-31].

In the context of energy storage system for a wind turbine-based hybrid power system, a
combination of fuel cells and electrolyzes could be a suitable option. This approach would allow

excess power from wind and water to be used to generate hydrogen using an electrolyzer.

2.3 Energy Management and Power Regulation System

To ensure optimal energy utilization and coordination of local controllers for each energy
generation source, a supervisory controller for energy management and power regulation is
installed. The system generates reference dynamic operating points for the local controls of
individual subsystems and controls load scheduling operations during unfavorable wind conditions

with insufficient energy storage to prevent system blackouts.
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Figure 2.2 Block diagram of proposed hybrid power system.

2.4 Overview of Hybrid Power System

Renewable energy technologies are becoming increasingly important in meeting the
challenges of power generation, distribution, and usage, particularly due to growing concerns about
environmental pollution. For remote and isolated communities, stand-alone power systems fueled
by renewable energy sources offer a cost-effective solution, as extending the grid is often not

feasible due to technical and economic constraints.

Diesel generators have traditionally been the go-to choice for stand-alone power supply in
remote areas due to their reliability, ease of installation, and portability. However, the rising cost of
fuel and the negative impact on the environment make them less practical. Renewable energy
sources, such as wind and solar or wind and hydro, are a viable alternative for providing clean and
cost-effective power. Hybrid combinations of renewable energy sources and energy storage can

improve reliability and ensure a continuous and cost-effective power supply.

To achieve higher energy efficiency and improve system performance, renewable energy
sources must be operated in tandem. For example, wind and hydro power can complement each

other on a daily basis. In renewable energy-based hybrid power system applications, energy storage
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is an important component for improving system stability and reliability. However, selecting the
right technology, operation and control strategies, system structure, and generation unit sizing are

also vital for constructing a reliable and robust renewable energy-based hybrid power supply system.

2.5 Structure of Hybrid System

Integrating multiple energy sources with different operating characteristics is crucial in
designing an effective hybrid system. An ideal hybrid system incorporates various renewable energy
sources, energy storage facilities, and loads to function as a self-sufficient unit [68]. Such a system
should possess a "plug-and-play" capability and be able to integrate different devices without
requiring system reprogramming [68], [69]. To ensure reliability and robustness, a hybrid system
must be designed with different integration methods, including de-coupled, ac-coupled, and hybrid-
coupled approaches. This can be achieved by leveraging the benefits of the different methods and

integrating various energy sources and storage to form a robust hybrid power system [70]-[74]

25.1 DC-Coupled Systems

The dc-coupled system involves the direct or converter-based connection of all renewable
energy sources to a dc bus. This system can then be linked to dc loads via an appropriate dc-dc
converter, ac loads through a dc-ac converter, or the utility grid using a bi-directional dc-ac
converter. Additionally, the system offers flexibility as it can be linked to 50Hz ac loads. Unlike
other coupling schemes, the dc-coupling approach is not required to be synchronous with the ac
system, making it relatively simple. However, it does suffer from a few shortcomings. For instance,
if the converter that connects the utility grid to the bus fails, the entire system is incapable of
providing ac power. This can be addressed by connecting multiple inverters in parallel and ensuring
proper synchronization of output ac voltage and power sharing to achieve the desired load

distribution [75].

2.5.2 AC-Coupled Systems

The AC-coupled system can be classified into two types: power frequency (PFAC) and high
frequency (HFAC) systems. These systems involve combining multiple energy sources through
their own power electronic interfacing circuits to a power frequency ac bus. To ensure proper
installation of such systems, coupling inductors are required to interface with the ac bus and achieve

the desired power flow management.
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253 Hybrid-Coupled Systems

The hybrid-coupled system involves connecting various distributed generation (DG) sources to
the dc or ac buses of the hybrid system. Hybrid systems can utilize different energy sources directly
without the need for power electronic interfacing systems, resulting in energy cost savings.
However, the control and management of the energy system is more complex compared to dc-
coupled or ac-coupled systems. Different coupling schemes have their own appropriate applications,
with a dc-coupling system suitable for systems that generate dc power connected to substantial dc
loads, and an ac-coupling system suitable for AC power systems with substantial AC loads. For
power generation systems that combine both ac and dc power, the hybrid-coupled system is the best

option.

Figure 2.3 Schematic diagram hybrid-coupled hybrid energy system

2.6 Wind Energy Conversion System

As a renewable energy source, wind power generation systems have been increasingly
adopted as an environmentally-friendly and cost-effective alternative to traditional conversion
energy sources. A typical wind energy conversion system (WECS) utilized in large utility, micro-
grid (weak grid), or stand-alone systems consists of a wind turbine, generator, and control systems.
The generator used in WECSs can be a doubly-fed induction generator (DFIG), cage induction

generator (IG), or synchronous generator (SG).
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Figure 2.4 Wind energy conversion systems

2.6.1 Doubly-Fed Induction Generator DFIG- based WECS

Generators that can operate at variable speeds are commonly used in wind-energy applications
[76-81], with the DFIG-based wind turbine currently occupying 50% of the wind energy market.
The system employs a back-to-back power converter that is connected in the rotor to control the
speed difference during operation, which is necessary due to variations in wind energy resources.
The system uses slip rings to interconnect the machine-side converter [78-79], and the rotor-side
converter is used to regulate the speed for the desired electrical torque, optimizing power extraction
from the wind. The active and reactive power of the system can be controlled, giving it capacity on

the grid [82-84].

However, the direct connection between the stator and grid may limit the capacity of the
generator during a fault period, as it can contribute to short-circuit power that may produce relatively
high currents in the machine stator windings. To improve fault handling capacity, a crowbar option
is used to limit the currents and voltages to a safe level in the rotor circuit where the back-to-back
power converter is used. The DFIG is transferred to a standard IG by short-circuiting the three-phase
rotor winding via the closed crowbar switch. During the switching operation, the high currents
produced may cause sudden torque loads on the drive train. While most major wind turbine
producers manufacture WECSs based on DFIGs, difficulties in complying with grid fault ride-
through requirements may limit its use in the future [85-86].

2.6.2 SCIG-based WECS

The mechanical simplicity and robust construction of the squirrel-cage induction generator
(SCIG) make it a popular choice for wind energy conversion systems (WECS). Minimal
maintenance is required apart from bearing lubrication, and the SCIG can be used in both fixed-
speed and variable-speed WECS. The system has a complete grid connection capacity as it is

designed with a frequency converter that is completely decoupled from the grid.
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However, the SCIG has some limitations as power converters are necessary for operating the
system. The direct-drive operation using multi-poles is technically infeasible as the result, SCIGs

are not suitable for variable-speed operation.
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Figure 2.5 Multibrid concept.

2.6.3 SG-based WECS

In wind energy conversion systems (WECS) using synchronous generators (SG), the rotor
windings require full-scale power converters (FSCs) for excitation, which can be costly. To reduce
costs, a smaller scale converter can be used to control excitation in synchronous machines.
Compared to doubly-fed induction generators (DFIG), SG-based wind turbines are more expensive,
heavier, and larger in size. However, the direct drive SG is a reliable option due to the absence of a
gearbox, slipping rings, and brushes. This makes it suitable for challenging logistical environments
where robustness is essential, such as offshore wind parks. Additionally, they have better ride-

through capability.

2.6.4 PMSG-based WECS

Among the various technologies for higher wind energy systems, the permanent-magnet
synchronous generator (PMSGQ) is considered as one of the most reliable options because it requires
full-scale power converters (FSCs) for operation. In particular, the direct-drive PMSG has high
efficiency, with power losses limited to just 65% of those in typical doubly-fed induction generator
(DFIG)-based WECS [88]. However, PMSG-based wind turbines are more expensive, heavier, and

larger in size compared to DFIG.
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The direct-drive PMSG has a high level of reliability due to the absence of a gearbox, slipping
rings, and brushes, making it more suitable for challenging environments where robustness is
critical, such as offshore wind parks. In fact, the system with full-power back-to-back converters is
expected to become the preferred configuration for most large wind-turbine manufacturers in the
future, replacing the DFIG as the main generator in the wind-energy market. In addition to its
reliability, the direct-drive generator also offers noise reduction by eliminating the gearbox from the
WECS [89]. This makes it well-suited for offshore applications where oil spillage from the gearbox

1S a concern.

2.6.5 Multibrid Concept (PMSG with Single Gearbox)

When a machine's power rating increases in a direct-drive operation system using this type of
generator, it may require electrical machines that are significantly larger, heavier, and more
expensive. To address this issue, the Multibrid system has been developed for a wind energy
conversion system (WECS) that uses a medium-speed permanent magnet synchronous generator
(PMSG) and a single-stage gearbox with a gear ratio of 6-10, resulting in a reduced system weight
and the size generator. This gearbox technology is less heavy, more reliable, and cheaper than the

standard three-stage gearbox with a typical ratio of 80%-100%.

One of the most popular types of WECS is the doubly-fed induction generator (DFIG) based
system, which uses standard components to offer a light and low-cost solution. However, due to
high losses in the gearbox, this system has a low energy yield. Major improvements in performance

or cost reduction cannot be expected as it mainly consists of copper and iron standard components.

On the other hand, the direct-drive PMSG generator appears to be a more feasible option since
it reduces the active material weight of the generator by almost half for the same air-gap diameter
and offers a several percent higher energy yield. Despite being more expensive than generator
systems with a gearbox, it has the highest energy yield. Moreover, further improvements are

expected as the cost of permanent magnets and power electronics continues to decrease.

2.7 Energy Storage System
In a hybrid renewable stand-alone power system, energy storage systems play a crucial role
in ensuring power quality, reliability, and security. An ideal energy storage system would offer fast
access to power, high capacity power and energy, a long lifespan, and competitive pricing.
Unfortunately, the perfect storage system does not exist in the project area, and selecting the

appropriate technology is essential for renewable energy-based hybrid power systems.
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There are various applications for energy storage systems in stand-alone hybrid renewable
energy power systems. For instance, energy storage facilities can help with renewable matching and
power smoothing, load leveling, and power quality. Renewable energy sources are intermittent, and
energy storage facilities can assist in matching power generation with the load profile or demand
cycle. In addition, energy storage systems can store bulk energy produced during peak wind
conditions and discharge it during low or no wind conditions to ensure continuous system operation.
Furthermore, properly installed energy storage systems can provide reliable, high-quality power to

sensitive loads.

Energy storage facilities are classified as long-term and short-term based on the application
of the system. Capacity-oriented energy storage technologies such as pumped hydroelectric systems,
compressed air energy storage, and hydrogen storage are suitable for long-term energy storage
because they do not have a fast response time. On the other hand, storage devices with a fast
response time, such as batteries, flywheels, super-capacitors, and super-conducting magnetic energy
storage (SMES), are applicable in short-term response situations, such as fast load transients and

power quality-related issues.

Energy storage can be electrochemical, mechanical, electromagnetic, thermal, or hydrogen-
based. Electrochemical energy storage includes lead-acid, lithium-ion, flow, and sodium-sulfur
batteries. Mechanical energy storage includes pumped hydroelectric, compressed air energy, and
flywheels. Electromagnetic storage systems such as superconducting magnetic energy storage
(SMES) and thermal energy storage can include solar thermal and thermal storage for heating,

ventilation, and air conditioning. Finally, hydrogen storage includes electrolyzers and fuel cells.

271 Electrochemical Energy Storage

For renewable energy-based power systems, it is essential to use dependable, long-lasting, and
secure batteries for storing and supplying energy. There are several battery technologies available
that show potential for use in standalone or grid-connected renewable energy systems. These include

lead-acid, lithium-ion, flow, and sodium-sulfur batteries.

a) Lead-acid batteries have proven to be a reliable and established technology in several
applications, such as frequency regulation, bulk energy storage for variable renewable energy
integration, and distributed energy storage systems. These batteries are an attractive option due
to their relatively low cost, ease of manufacturing, rapid electrochemical reaction kinetics, and

good life cycle under controlled conditions [92]. Typically, conventional lead-acid batteries
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b)

have a power density of 4 kW/kg and achieve 20-30 Wh/kg [92]. In various applications such
as automotive, marine, telecommunications, and uninterruptible power supply systems,
maintenance-free valve-regulated lead-acid (VRLA) batteries, also known as sealed lead-acid
batteries, have mostly replaced conventional high maintenance flooded cell batteries. However,
flooded lead-acid technology is still considered as the best alternative for large storage system
applications for grid support [93]. The lifetime of lead-acid batteries varies significantly
depending on the discharge rate, the number of deep discharge cycles, and the application. In
renewable energy-based power systems, traditional lead-acid batteries may have a short life
cycle and require significant maintenance due to uncontrollable charging and discharging
operating cycles.

Nickel-based batteries come in two forms, Nickel/Cadmium (NiCad) and Nickel Metal Hydride
(NiMH) systems. NiCad batteries are commonly used in portable electronics, while NiIMH
batteries are a viable alternative due to their superior performance and environmental
advantages. Unlike lead-acid and NiCad batteries, NiIMH does not contain toxic substances
such as cadmium or lead. In addition, NiCad batteries have a longer life, higher energy density,
and lower maintenance than lead-acid batteries. However, the energy density of NiCad cells is
only 25-30% higher than that of NiMH cells, which is still lower than rechargeable Li-ion
batteries [94].

Lithium-ion batteries are an attractive option for battery technology due to their high reduction
potential and lightweight nature [93]. These rechargeable batteries are commonly found in
consumer electronic products and comprise the majority of the global production volume of 10
to 12 Giga-watt hours per year [93]. Li-ion batteries are widely used in plug-in hybrid electric
vehicles (PHEV) and electric vehicles (EV). While Li-ion technology is relatively new
compared to the long history of lead-acid batteries, it is expected that advancements in Li-ion
battery technology will substantially benefit the EV and energy storage market. The high energy
density and relatively low weight make them a viable choice for electric vehicles and other
applications where space and weight are important. Due to their long cycle life and
compactness, with higher round trip energy of 85-90% [95], Li-ion battery manufacturers may
be used for various utility grid-support applications, including distributed energy storage
systems at the community scale, commercial end-user energy management, home backup
energy management systems, frequency regulation in wind and photovoltaic power smoothing

applications.
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d) A flow battery is a type of rechargeable battery in which an electrolyte containing one or more
dissolved electro-active species flows through an electrochemical cell that converts chemical
energy to electricity [93]. Vanadium redox battery technology is one of the most developed
flow battery systems, with an expected life of about 15 years [93]. However, the large volume
of electrolyte required for utility-scale projects results in a physically large battery. Flow
batteries are an attractive energy storage option for the grid due to their ability to store a large
amount of energy with a potentially longer life cycle.

e) The sodium-sulfur battery is characterized by its high energy and power density, as well as its
high electrical efficiency, making it an excellent choice for electric power system applications
[93]. The positive electrode in this type of battery uses sulfur as the active material, while the
negative electrode uses sodium. The electrodes are separated by a solid electrolyte made of a
sodium-ion-conductive ceramic material. To maintain the active materials in a liquid state, the
battery operates at a high temperature

f) Super-capacitors are devices that store electrical energy as charge separation in porous
electrodes. The electrodes themselves remain solid, resulting in efficient performance over the
lifetime of the discharge [93]. Ultra-capacitors, in particular, have several advantages, including
the highest capacitance density of any capacitor technology, low cost per farad, reliability, long
life, high cycle-life, maintenance-free operation, environmental safety, a wide range of
operating temperatures, high power density, and good energy density [92]. These features,
especially the greater power and energy densities, bridge the gap between standard batteries
and traditional capacitors for high-power, short-duration energy storage. As a result, they are
widely used in utility applications for transmission line stability, spinning reserve, frequency

control, voltage regulation, power quality, and uninterruptible power supply applications [74].

2.7.2 Mechanical Energy Storage
Pumped hydro, compressed air energy storage and flywheels can be classified as mechanical

energy storage.

a) Pumped hydroelectric storage is a commercially available energy storage technology that
has been in use for over a century. The process involves two large reservoirs located at
different elevations and a supply of water. During off-peak hours, water is pumped from the
lower reservoir to the upper reservoir using excess electricity. When needed, the water is
released to the lower reservoir and drives turbines, generating electricity. The technology

provides reliable power on short notice, typically within one minute, with an efficiency range
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of 70-85% [95]. Although pumped hydro is one of the most mature technologies, further
improvements are unlikely. It is currently the dominant form of energy storage globally,
with around 90GW of pumped storage in operation, accounting for 3% of global generation
capacity [96]. However, the high capital costs of construction remain a limiting factor, which
depends on the local topography and other factors.

b) Flywheels are a type of mechanical energy storage that store energy in the form of kinetic
energy of a spinning rotor. Recent advancements in flywheel technology have led to
improved efficiency [93]. A modern flywheel energy storage system consists of a large,
spinning cylinder supported by magnetically levitated bearings to reduce friction and extend
the lifespan of the system. The flywheel operates in a low-pressure environment to further
increase efficiency. When electricity is drawn from a primary source, it spins the high-
density cylinder at speeds greater than 20,000 rpm. In the event of a power outage, the motor
acts as a generator, providing power to the grid as the flywheel continues to rotate. Flywheels
have a high energy density of 50-100 Wh/kg and an efficiency of around 90% depending on
the speed range of the flywheel [96]. Since flywheels do not require chemical management
or disposal, they offer certain environmental advantages over battery systems.

c) Compressed air energy storage (CAES) is a system that stores energy by compressing air
into underground mines or caverns using off-peak electricity. This process enhances the
efficiency of gas turbines [93]. The compressed air can then be used in combination with a
gas turbine to generate electricity, which reduces gas consumption by up to 60% compared
to generating the same amount of electricity directly from gas [93]. Additionally, CAES
can be paired with a wind farm to store excess power during high wind conditions. The
energy efficiency of CAES is approximately 80%. However, the availability of large
underground storage spaces could have potential environmental impacts, and the lack of

suitable locations for underground air storage presents a constraint on this technology.

2.7.3 Electro-magnetic storage

Superconducting magnetic energy storage (SMES) is a technology that enables the storage of
electrical energy in a magnetic field within a superconducting coil that has been cooled to a
temperature below its superconducting temperature (-269°C). This cooling process significantly
reduces the electrical resistance of the coil, enabling high efficiency of up to 97% in energy storage

and retrieval.
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SMES technology is particularly useful in applications where customers require a high-quality
power output and immediate energy release. One major safety concern with SMES is the need of
extremely low temperatures, which could pose a hazard if not properly managed. Additionally,
larger scale SMES systems may require significant protection to address issues related to magnetic

radiation in the immediate vicinity.

2.7.4 Hydrogen Energy Storage

Hydrogen-based energy storage systems are currently receiving considerable attention due to
the long period over which hydrogen can be stored, and owing to the potential hydrogen holds for
replacing petroleum products as the energy carrier for the transport sector. When coupled with a
renewable energy source or low carbon energy technology, hydrogen energy storage has the

potential to reduce greenhouse gas emissions.

The essential elements of a hydrogen storage system consist of an electrolyzer unit, to convert
electrical input to hydrogen during off-peak periods, the storage component and an energy
conversion component to convert the stored chemical energy into electrical energy when demand is

high or for use in transportation systems.

Hydrogen is attracting considerable option for energy storage potential due to its long-term
capabilities and its potential to replace petroleum-based products in the transport sector [93]. When
combined with renewable energy sources, hydrogen energy storage has the potential to reduce

significantly greenhouse gas emissions.

A typical hydrogen storage system consists of three main components such as electrolyzer unit
that converts electrical input to hydrogen during off-peak periods, a storage component to store the
produced hydrogen, and an energy conversion component that converts the stored chemical energy

into electrical energy when demand is high or for use in power generation systems [95].

The electrolyzer and fuel cell components can produce hydrogen through an electrochemical
process or convert hydrogen back to electricity in fuel cell mode [96]. Proton Exchange Membrane
(PEM) fuel cell technology has been extensively used for reversible electrolyzer operation, also

solid oxide fuel cell (SOFC) and alkaline fuel cell (AFC) technologies can be applied reversibly.

However, one of the main concerns with hydrogen systems is the overall cycle efficiency, as

energy is lost during the process of converting electricity to hydrogen, storing, transporting, and
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then re-converting it to electricity in a fuel cell with estimated energy loss range of 60% to 75%

[97].

To address this issue, more advanced fuel cell technologies are being developed, such as Direct
Methanol Fuel Cells (DMFC), Molten Carbonate Fuel Cells (MCFC), and Solid Oxide Fuel Cells
(SOFC). MCFCs and SOFCs operate at extremely high temperatures of around 620°C and 1,000°C,
respectively. MCFCs are approaching 60% efficiency for the conversion of fuel to electricity, and
it is expected that SOFCs will achieve similar efficiency levels. When the waste heat is captured

and used, the efficiencies of both MCFCs and SOFCs can reach up to 85% [93].

2.8 Control Strategy and Energy Management
To achieve continuous, reliable, and cost-efficient operation in stand-alone hybrid power
systems with multiple renewable energy sources and energy storage, proper control and energy
management strategy are crucial. The overall control and energy management system of such a
system is responsible for managing energy storage effectively, enabling the hybrid system to supply

the required power to the connected load with the desired quality at all times.

In a typical stand-alone power system, the control system plays a vital role in determining and
allocating the active and reactive output power of each energy source while maintaining the output
voltage and frequency at the desired level. Additionally, the control system must ensure the power
supply security of the renewable energy-based hybrid power system during adverse conditions such

as no wind or solar to prevent system blackouts.

2.9 Control Structure of Hybrid Power System
The control structure of hybrid systems are classified into centralized, distributed, and hybrid
control models. In all option each energy source has been assumed to have its own controller which
can control the optimal operation of the next unit basing on the current information
a) Centralized control model- In this control model, the measurement signals of all energy units
are sent to a centralized controller, as shown in Fig. 1.6. This acts as a supervisor controller
which makes decisions. The main objective of this is to optimize energy use among the
various energy sources of the system. The control signals are then sent to the corresponding
energy sources. The advantage of this control structure is that the multi-objective energy
management system can achieve global optimization based on all available information.
However, the scheme suffers from a heavy computation burden and is subject to single-point

failure.
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b) The control and management structures of hybrid systems can be categorized into
centralized, distributed, and hybrid models. Each energy source in these models is assumed
to have its own controller or management system, which can optimize the operation of the
next unit based on current information. In the centralized control or management model, all
measurement or activity signals from the energy units are sent to a centralized controller or
supervisor, as illustrated in Figure 1.6. This controller is responsible for making decisions
to optimize the use of energy sources in the system. The resulting control or management
signals are then sent to the corresponding energy sources. The advantage of this structure is
that it enables global optimization of the multi-objective energy management system using
all available information. However, it requires significant computational resources and is

vulnerable to single-point failure.

Centralized

Controller
Local Local Local
Controller Controller Controller
Energy Energy Energy
Resource Resource Resource

Figure 2.6 Centralized control paradigm.

c) In a fully distributed control paradigm, the measured signals from the energy sources in a
hybrid system are transmitted to their respective local controllers, as depicted in Figure 1.7.
These controllers collaborate and communicate with each other to make decisions in order
to achieve specific objectives. One advantage of this scheme is the ability to have a "plug-
and-play operation". With this control structure, the computational burden of each controller
is significantly reduced and there are no single-point failure issues. However, a potential
drawback is the complexity of the communication system. A promising solution for
distributed control problems is the use of a multi-agent system (MAS) [101]. MAS has been
employed for power system integration, restoration, reconfiguration, and power

management of micro-grids [100]-[104].

-34-



A Stand- Alone Power Generation and Smart Distribution Systems

Local Local Local
Controller Controller Controller
Energy Energy Energy
Resource Resource Resource

Figure 2.7 Distributed control paradigm.

d) The hybrid control paradigm is a combination of centralized and distributed control schemes,
as illustrated in Figure 1.8 [105], [106]. The distributed energy sources are organized into
sub-systems, with centralized control used within each group and distributed control applied
to a set of groups. This approach reduces the computational burden of each controller and
minimizes the risk of single-point failure. Another hybrid control scheme, known as the
multilevel control framework, is shown in Figure 1.9. This is similar to the hybrid control
scheme mentioned above, but with an additional supervisory (strategic) control level. At the
operational level, real-time decisions are made regarding each energy unit's control
objectives, and the actual control is performed rapidly, within a millisecond range. The
tactical level focuses on making operational decisions for a group of local control units or
the entire subsystem, with a relatively longer timeframe, ranging from seconds to minutes.
Strategic decisions regarding the overall operation of the system, such as system "startup"
or "shutdown," are made at the top level [107]. Two-way communication exists between the

different levels to facilitate the execution of decisions.
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Centralized Centralized
Controller Controller
Local Local Local Local
Controller Controller Controller Controller
Energy Energy Energy Energy
Resource Resource Resource Resource

Figure 2.8 Hybrid centralized and distributed control paradigm.

Strategic Level
Tactical Level Tactical Level
Supervisory Controller Supervisory Controller
Local Local | Local | Local
Controller Controller Controller Controller
Energy Energy Energy Energy
Resource Resource Resource Resource

Figure 2.9 Multi-level control paradigm.

e) Over the past decade, renewable energy sources have experienced the most rapid growth in
electricity production on a global scale. The Tanzania anticipates that non-hydro renewable
power generation will continue to count substantial growth in the near future. Nevertheless,

currently, the majority of non-hydro renewable energy technologies are not able to compete
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with fossil fuel-based generation sources from an economic standpoint. Consequently,
government incentives are the catalyst for the installation of renewable energy generation

facilities.

2.10 Challenges for the Renewable Energy Hybrid Power System

Despite the significant environmental benefits of renewable energy sources and their
potential for sustainable energy development, they are generally more expensive to install than
traditional fossil fuel-based power generation technologies [109]. As a result, government incentives

from are often required to make hybrid renewable energy systems economically feasible [107].

In order to ensure a continuous and reliable power supply with the desired quality, energy
storage is a necessary component of standalone hybrid renewable energy systems. Energy storage
is also crucial for accommodating grid-scale renewable generation sources in high-penetration
power systems [108]. While pumped hydroelectric storage and underground CAES are competitive
in terms of system cost, they are limited geographically and only suitable for large grid-scale
applications. Batteries are the most common energy storage technology for distributed hybrid
renewable energy systems, but their system cost and durability remain key barriers. Additionally,
accurately estimating the state of charge and state of health of batteries is highly challenging [112].
Therefore, new battery technologies require further research and development to improve their

durability and performance while lowering their cost.

As the deployment of hybrid renewable energy systems in the form of independent
standalone power systems increases, the need for real-time energy management and robust
communication between individual energy sources becomes an important task that requires further

attention.

2.11 Conclusion
This chapter offers an overview of existing and ongoing research on optimal design methods
for hybrid renewable energy systems. Various approaches for configuring, controlling, and
managing energy in hybrid systems are outlined, along with a comprehensive examination of wind
energy conversion and energy storage systems. The chapter also delves into the technical and
financial obstacles faced by standalone renewable energy systems. In the subsequent chapter, the
focus will be on the control strategy of the wind turbine, which serves as the primary power source

for the proposed hybrid system.
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3 WIND ENERGY CONVERSION SYSTEM MODELING AND CONTROL

3.3 Introduction

This chapter will explore the modeling and control of wind energy conversion systems. The
examine a system comprising of a variable speed wind turbine, an interior permanent magnet
synchronous generator, and a rectifier controlled by pulse width modulation (PWM). The wind
turbine with its variable speed capabilities is responsible for capturing acrodynamic power from the
wind, while the interior synchronous generator converts the wind energy into usable electrical
power. To ensure the generator's rotor speed is optimized for capturing aecrodynamic power, the
PWM controlled rectifier is employed. Figure 3.1 provides a visual representation of the wind

energy conversion system's structure.

Wind Turbine Rectifier
K& K j |
= |Load
IPMSG K LK |
53554
W, —* Optimum power

\extraction

Figure 3.1 Configuration of wind energy conversion system

3.2 Variable Speed Wind Turbine Model

Wind turbines are devices that harness the kinetic energy of the wind and convert it into usable
mechanical energy. The blade and generator are two of the most fundamental components of a wind
turbine. The blade, typically made of lightweight materials such as fiberglass or carbon fiber,
captures the energy of the wind as it flows over the surface of the blade [91]. The shape of the blade
is carefully designed to maximize its surface area and create lift, which causes it to rotate [92]. This
rotation generates rotational kinetic energy, which is then transferred to the generator through a

shaft or gearbox.
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The generator is responsible for converting the rotational kinetic energy into electrical energy. In
modern wind turbines, the generator is usually a permanent magnet synchronous generator (PMSG),
which consists of a rotor with permanent magnets and a stator with copper windings [94]. As the
rotor turns, the magnetic field induces a current in the copper windings, which generates electrical
power. The electrical power generated by the PMSG is then fed into an inverter, which converts the
direct current (DC) output of the generator into alternating current (AC) that can be used to power

homes and businesses [96].

Overall, wind turbines are an important source of renewable energy, providing clean and sustainable

power to help reduce our reliance on fossil fuels.
E = ~mv? 3.1

Substituting the particle mass as a product of air density (p), wind speed (v), and time (¢), that applies
a rotor blade of a circular swept area (4) with radius (7), the expression of mass of the air particle

can be expressed as [91]-[93]:

m = pAvt = prr?vt 3.2
Substituting m from (2.2) in (2.1), the expression of the kinetic energy can be as follows [91]-[93]:
E = pAv3t 3.3
The available power (Pwind) is the time derivative of the energy given below [91]-[96]

dE 1
Pwind = E = E,DA‘U3 34

The power coefficient (Cp) 1s defined as the ratio of the aerodynamic rotor power (P) to the power

(Pwind) available from the wind as given below [91]-[96]:

c, =2 35

p Pwind

The aerodynamic rotor power can be expressed as a function of aerodynamic torque (74.;,) and
rotor angular speed (®) as given by [91]-[96]:

P = T40r0w 3.6

The torque applied to the generator (7.) can be given by
7. = Kw? 3.7
Where K is given by
_1 3%
K = > pAR 3

2.8
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Assuming that the rotor is rigid, the angular acceleration w is given by
1
w = 7(Taero —T) 3.9

Where J is the combined rotational inertial of the rotor, gearbox, generator, and shafts.

Depending on wind speed, a variable-speed wind turbine has three main regions of operation as
shown in Figure. 3.2. In region 1, the wind speed is below the cut in speed (vo) which is not enough
to start a turbine. Region 2 is an operational region of wind turbine where the wind speed remains
between the cut in speed (vo) and cut out (vi) region. In region 3, the turbine must limit the captured
wind power as the wind speed is above the cut out speed (vi), so as to ensure safe electrical and

mechanical operating limits.

Figure 3.2 demonstrates the steady-state relationship between extracted aerodynamic power
and wind speed. The dotted line represents the power in the unimpeded wind passing through the
rotor swept area, while the solid curve represents the power extracted by a typical variable speed

wind turbine.

Classic control techniques such as proportional, integral and derivative (PID) control of
blade pitch are typically used to limit power and speed on both the low and high-speed shafts for

turbines operating in region 3, while generator torque control is usually used in region 2.

For a variable speed wind turbine operating in region 2, the control objective is to ensure
maximum energy capture by operating the wind turbine at the peak of the C, — TSR as shown in
Figure 3.3. The power coefficient Cp (A, B) is a function of the tip speed ratio (TSR) A and the blade
pitch B. The TSR is defined as [91]-[96]:
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Figure 3.2 Steady-state power curve of wind turbine
R
A =28 3.10

From equation 3.5, the rotor aerodynamic power P increases with C, as a result, the wind
turbine should be operated at the maximum power coefficient Cpmax. The relationship between TSR

A and blade pitch can be expressed as follows:

— 1 3.11

A= T___ 002
A+0.028 B3+1

To calculate Cp for the given value of A and B, the following numerical approximation has been
used:

18.4

11 _ 0.588 — 0.00252% — 13.2] exp A 3.12

C,(\.B) = 0.73 [==

From (2.9), the relationship between Cp and A for different B is shown in Figure 3.3
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Figure 3.3 Cp — 4 curves for different pitch angles (p)

The steady-state power curve of the wind turbine for different wind speeds is given in Fig. 2.4.

Max. power at base wind speed (12 m/s)

2 . -
and beta = U deg m/s

08¢

0.6F

0 0.2 04 0.6 0.8 1 1.2 1.4
Rotor speed (pu)

Figure3.4 Steady-state power curve of wind turbine at different wind and rotor speed
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3.3 Permanent Magnet Synchronous Generator (PMSG) Model

Synchronous AC machines rotor consist of permanent magnets are known as permanent
magnet synchronous generator (PMSG). These machines have a stator winding that is similar to that
of a squirrel cage induction generator (SCIG), but instead of a rotor winding, they use permanent
magnets. The advantage of this design is that it reduces copper losses, increases power density,
reduces rotor inertia, and results in a more robust rotor construction. However, there are also some
disadvantages to this design, such as a loss of flexibility in field flux control, possible

demagnetization or saturation of magnetic material, and parameter variation over time.

PMSGs can be divided into two categories based on the placement of the permanent magnets
on the rotor: surface permanent magnet machines (SPM) and interior permanent magnet machines
(IPM). In SPM machines, the permanent magnets are mounted on the rotor surface. The rotor itself
has an iron core, which can be either solid or made of punched laminations with skewed poles to
minimize cogging torque. This design is relatively simple and easy to build. However, it is typically

used for low-speed operations, as the magnets may fly off during high-speed operation.

The permeability of the magnetic material used in SPM machines is similar to that of air,
which effectively increases the air gap between the rotor and stator. Additionally, the smooth rotor
surface design helps to minimize saliency in the rotor, which contributes to a low armature reaction

effect due to low magnetization inductance.

IPM synchronous machines have magnets located within the rotor, making them a salient
pole machine due to their uneven distribution of effective air gap. Although difficult to manufacture,
the IPM rotor's robust design makes it well-suited for high-speed applications. Additionally, the

machine's direct axis inductance is lower than its quadrature axis inductance (Ld < Lq).
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Surface mounted
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a) Rotor cross section of SPMSM b) Rotor cross section of IPMSM
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Figure 3.5 Cross sectional view of rotor design of a) SPMSG and b) IPMSG

3.3.1 Operating Principle of PMSG

Permanent magnet synchronous machines utilize a rotor with alternating N and S poles, resulting
in the creation of magnetic flux in the air gap. The stator windings, when energized, generate their
own magnetic flux. The interaction between the magnetic fields of the rotor and stator produces

electromagnetic torque in the rotor.

A simplified cross-sectional view of a 3-phase, 2-pole PMSG with symmetrical stator windings
is depicted in Figure 3.6. These windings are displaced from each other at a 120° electrical angle.
As the rotor and stator move relative to each other, sinusoidal MMF waves are induced on the
magnetic axes of the respective phases. The phase difference between the magnetic flux of the rotor
and the magnetic axis of the stator phase-a winding is referred to as the rotor position angle (Or).

The rate of change of the rotor position angle can be used to calculate the angular rotor speed (wr).
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Figure 3.6 Cross-section view of 3-phase, 2-pole PMSG

3.3.1 Generalized Model of PMSG

In a PMSG with a sinusoidal flux distribution, there is no distinction between the back electromotive
force (emf) produced by a permanent magnet rotor and a wound rotor. Therefore, the mathematical
model for a PMSG is similar to that of a wound rotor synchronous machine. The stator voltage
equations for a PMSG, in the abc reference frame, can be expressed in terms of instantaneous

currents and stator flux linkages as shown in [97]:

Vabe = Rsabclabe + PAabc 3.14
Where

Vape = Vo Vp VeI"

fape = lia i ic]”

Aave = [Aa Ap A]"

Rsape = diag[Rs Rs R]

Rs is the stator resistance and p is the differentiating operator d/dt. For a linear magnetic system, the

stator flux linkage can be calculated as follows:

Aabe = Labclabe T Mnabe 3.14
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Where

Laa Lab Lac
Lope = |Lba Lop Lic 3.15

Lca ch Lcc
and

[ cos 0,
27T

Amabe = Am cos (Gr _?) 3.16

The stator winding inductances in equation (3.15) can be expressed as

Laq = Lis + Los + L, cos 26, 3.17
Ly = Lis + Los + Lys cos 2 (6, — &) 3.18
Lec = Lis + Los + Lys cos 2 (6, + %) 3.19
Lap = Lis + Log + Lyg cos 2 (6, = 3) 3.20
Lac = Lis + Los + Lo cos 2 (6, +75) 321
Ly = Lig + Log + Lyg cos 2(0, + m) 3.22

In the above given equations, L,q, Ly, and L. are the self inductances of each phase, Lg),,
Lqc and Ly, are the mutual inductances and 2, is the flux linkage established by the rotor magnets.
The leakage inductance L;4 consists of magnetizing inductance components Ly and L, , which are
further dependent on the rotor position. Here, L, is generally negative and Lyg is positive in the
case of an interior permanent magnet (IPM) synchronous machine, due to their unique rotor design.
Therefore, the quadrature-axis magnetizing inductance Ly, is larger than the direct-axis
magnetizing inductance L., 0f the interior PM motor, which is the opposite to general salient-pole

synchronous machines.

The stator flux linkage in equation (3.14) can be written in extended form as:
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) cos 6,
7\a Laa Lab Lac lg [ ]
M| =1Lpa Lop Loc|lin| + 2y COS 9 -3 3.23
7\c Lca ch Lcc ic lCOS J

3.3.2 Modeling of PMSG in d-q Reference Frame

To facilitate the electromagnetic analysis of a PMSG, a d-q rotating reference frame is often
employed. In this approach, the 3-phase machine is evaluated based on a two-axis theory in which
fictitious direct and quadrature axis currents (id, iq) flow through the virtual stator windings. This
effectively removes all time-varying inductances from the voltage equations of the synchronous
machine that arise from electric circuits in relative motion and with varying magnetic reluctance.

This can be expressed mathematically as follows:

[ coso, cos(@ ——) cos(@ + )]

fd | | [fa
(Tabc—)dqo) fb = —| —sinf, —sin (0 — ?) —sin (9 + )| [fb] 3.24
fo l 1 1 1 J fC
2 2 2
cos 6 —sin @ 1
fa _ fd [ ’ 2m . " 2m ] fd
[fb] = (Tabc—>dq0) ' = lCOS (97- - ?) —Sm (97- o ?) 1 | q 3.25
fe fo cos (HT + 2?”) —sin (Hr + 2?”) 1J fo

In Equations (3.24) and (3.25), the variable f can refer to either voltage, current, or flux
linkage vector variables. The reference frame can rotate at a constant or varying angular velocity or
remain stationary, as in the case of the Clark transformation. In a three-phase balanced system, the

transformation matrix in Equation (3.24) can be simplified to:

. -1
quO = Rsldqo + Tabc—>dq0p [(Tabc—wiqo) ]Adqo + pldqo 3.26
Where

Vago = Va Vo VoI"
3.27

igqo = [la Tqg ©o]" 3.28

)\dqozp‘d 7‘q XO]T
3.29
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Similarly, the stator flux linkage as calculated in equation 3.14 can be written in rotating reference

frame as:
)\qu = quOiqu + )\dqo 3.30

Where the magnetizing flux linkage lies in the direction of d- axis, and hence can be written in

matrix form as below:

Aagom = [Am 0 0] 3.31
Ly 0 0

Aago=10 Lg O 3.32
0 0 L,

La = Lis + Lmg = Lis + 3 (Los + Lzs) 3.33

Lq = Lis + Lmq =L + ; (LOS + LZS) 3.34

Ly = L 3.35

Further, the interrelationship between Ly, Lg and Ly, L, can be given as:

Lma = = (Los + Lzs) 3.36
Ling = = (Los + Las) 3.37
Los =2 (*2C21) = 2 (Lyng + Ling) 3.38
Lys = 2(220) = 2 (Ling = Ling) 3.39

Where L, is termed as direct-axis stator inductance and L, as the quadrature axis stator inductance.

Similarly we can have

—sin @, —cos 0, 0
[—sin (HT — 2?”) —Cos (Br - 2?”) O} 3.40

p [(Tabc—>dq0)_1] = Wy
—sin (Hr + %n) cos (Hr + 2?”) 0

Thus the following expression is obtained
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0 -1 0
-1
Tabc—>dq0p [(Tabc—nqu) ] = Wy [1 0 0] 3.41
0 0 O
Put equation 3.27 to 3.41
V4 R;, 0 O07rig 0 —1 01lLa O O]rig4 A
Vul=10 Ry O|]ig|+w. |1 0 0]|0 Ly Of]|ig|+|o0]|+
V| LO 0 RgllLi 0 0 01|00 0 Ly|Lipgd LO
0 -1 0]|La O O]fia
plt 0 of[0 Lg O]fig
0 0 010 0 Ly|li
3.42
Rewriting equation 3.42
. di .
Vg =Rgig + Ldf — wyL4iy, 343
. di ,
Vy = Rsig + qu—tq + wrLgiq + Wl 3.44

In a balanced operation of a PMSG, the zero sequence equation may be disregarded. The d
and q axes equivalent diagram of a PMSG depicts the back electromotive force (EMF) of the direct

and quadrature axes, denoted by Ed and Eq, respectively can be represented as follows:

Eq = —wpdqg = —wrLg4ig 3.45
Eq = wpdqg = wrlglq + wrdy 3.46
The mechanical power developed inside PMSG can be expressed as:

P == (Bala + Eqig) = > (@rAgiq — wrAqiq) 3.47

Similarly, from the above derived equations, the expression for electromagnetic torque in rotating

reference frame can be written as:

T, ="m = (B)P_m 3.48

Wm 2/) wy
Where om is the mechanical speed and p is the number of poles.

Substituting (3.47) in (3.48), the expression for electromagnetic torque can be rewritten as:
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T, = (g) (g) (Agiq — Aqiq) 3.49

Substituting the appropriate values for stator flux linkage from equation 3.30 into equation 3.49,

then electromagnetic torque equation is:

Te = () (2) (Amiq = (La — Lq)ialq) 3.50

When a PMSG is operating in generator mode, the current in the stator winding flows in the
opposite direction, indicated by a negative sign. As a result, the copper and core losses in the PMSG

in the d and q axes are represented in the equivalent circuit diagram.

R, quf . R, wLig
TV W ——— (O VW (O~
i . b 5
ldo 5 lg——> igr—> lj—> p—
+
Vi R, % v, R. i g)
Ld’ LQ"
: YYY ‘ YYY
a) d- axis component b) q- axis component

Figure 3.7 d and q axes equivalent circuit diagram of PMSG

3.3.3 PMSG Controller Modeling

The main goal of PMSG control is to extract optimal power from varying wind while
ensuring efficient operation of the PMSG [97].Optimal power extraction refers to the process of
extracting the required power from a wind turbine under varying wind conditions [108]. In a variable
speed wind turbine, the relationship between rotor speed and the output power for a given wind
speed is illustrated in Figure 3.4. A detailed relationship between rotor speed and output power for
a given wind speed is provided in the variable speed wind turbine model section. The applied torque
or extracted power from the wind can be regulated by controlling the rotor speed, as expressed in
equations (3.6) and (3.7). By rearranging equation (3.7), the relationship between applied torque

and rotor speed can be defined as follows:
Topt = Koprw? 3.51
Where K, is given by

Kope =5 pAR® 3.52

-50-



A Stand- Alone Power Generation and Smart Distribution Systems

The optimum power can be calculated as
Popt = WTope = Kopt(")3 3.53

From 3.53, the speed of the rotor at optimum power point can be written as follows:

w = *[Port 3.54
Kopt

Equation 3.53 shows that the optimum power can be achieved by controlling the rotor speed,
as depicted in Figure 3.8. The graph illustrates the power generated by a turbine as a function of
rotor speed for different wind speeds. For instance, consider a specific wind speed (v6); to generate
the optimum power (PWopt), the rotor speed should be maintained at either w1 or ®3. Since ®3 is
greater than the base rotor speed, the control system must choose wl. If the wind speed decreases
from v6 to v5, the control system adjusts the rotor speed to @2 to extract the required power. The
primary objective of the PMSG controller is to achieve optimum power extraction from varying

wind and ensure efficient PMSG operation. [97]

I J
= Optimum Power
:_-3 0.8 | {PWUMJ
2
20.6
Z04)
g
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= () |
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-0.2 : : : :
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Rotor speed (pu)

Figure 3.8 Power generation of wind turbine in different rotor and wind speeds

There are different ways to implement optimum power extraction algorithms in wind energy
conversion stages. One approach is to use an unregulated two-level rectifier with a boost or a buck-

boost converter to regulate the dc-link voltage or rotor speed. However, this arrangement can cause
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high harmonic distortion, which in turn reduces generator efficiency. To improve these distortions,

a regulated two-level rectifier can be used.

The primary objective of the controller in this system is to regulate the d and q axis
components of the stator current. The reference value of the optimum d and q axis current
determines the operational loss of the IPMSG. The losses of a PMSG can be classified into four
components: stator copper loss, core loss, mechanical loss, and stray-load loss. Only the stator
copper and core losses depend on the fundamental components of the stator currents. To achieve
maximum efficiency of the IPM synchronous generator, it is necessary to minimize copper and core
losses. The copper (PCu) and core (PCore) loss for the IPM synchronous generator can be

determined using the diagram in Figure 3 and the following equations [127], [103]:

Py = Rs(iczi + lé) 3.55

2 Lai 2 L i 2
Peoore = Z (( dldﬂl;fc) Hlgia) ) 3.56

Where R, is the core losses component
The power output from electrical generator can calculated as
Pout = By — Peuw — Peore 3.57

w?((Lata+¥r)*+(Lqiq)”)
Rc

3.58

Pour = Tyw — Rs(i3 +i2) —

Therefore, the optimum value of i; is obtained from the output power (Pout) vs d axis stator current
(ig) curve based on equation 3.54-3.58. From Figure 3.9, the optimum value of the d axis current

component is carefully selected at the point of output power from the machine is maximum.
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Figure 3.9 the d axis current vs output electric power

3.4 Conclusion
This chapter outlines the modeling and control aspects of a wind energy conversion system. The
optimum wind power is regulated by controlling the rotor speed. To ensure the efficient operation

of IPMSG, the d- and g- axis currents are also controlled.
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4 MODELING OF HYDRO POWER

4.1 Introduction

The hydropower system construction varies depending on the specific conditions of the site and
the type of hydropower plant to be built. The various types of hydropower plants are run-of-the-
river systems, which do not require a large dam and reservoir, pumped storage systems, which allow
excess electricity to be stored by pumping water uphill to a higher reservoir during times of low

demand, and then releasing the water to generate electricity during times of high demand.

A run-of-river hydropower system is a type of hydroelectric power generation that harnesses the
kinetic energy of the flowing water in a river or stream to generate electricity. The systems utilize a
channel to divert a portion of the river's natural flow through turbines, which then spin to generate
electricity. This diverted water is then returned to the river downstream. The system has minimal
impact on the surrounding environment since no large reservoirs, which can significantly alter the

river's natural flow.

The water flowing through the powerhouse rotates the hydraulic turbine, which in turn drives
the generator rotor to produce electricity. The mechanical power generated by the turbine can be
controlled by adjusting the turbine gate opening, which involves adjusting the effective opening of
the guide vane for a Francis turbine, or adjusting the effective opening of the nozzles' needle for a

Pelton turbine.

In the hydropower industry, "water head" is a technical term that refers to the elevation of
water, typically measured in meters or feet, which is used to express pressure. Within this context,
the term "head loss" is used to describe the pressure loss resulting from friction within the fluid. To

account for the direction of flow, the Darcy-Weisbach equation is used to calculate head loss.

_ frLolwl _ £LQIQ|
Hioss = 2Dg 2DgA2 4.1

The equation 2.1 can be utilized to determine the friction in an open channel by taking into
account the length, diameter, and average water flow. The friction factor is unitless and can be
adjusted to differentiate between various types of waterways, including open channels and
penstocks. Additionally, assuming the hydraulic turbine to be a curved pipe with obstructions, the

equation can be employed to calculate the friction loss along the turbine.
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4.2 Open channel
The Open Channel is constructed flat terrain using concrete to direct water into the penstock.
When modeling the Open Channel, the elasticity of the water inside the channel can be neglected

and the Newton's second law can be used in mathematical modeling.

F =ma
_ dv
=
F = ApA
dv
ApA = m— 4.2

By considering the head loss then the equation 3.1 can be rewritten as

dvc
meq % = pg(Hr — Hg, — Hc_loss)Ac 4.3

Where as

me, = pL:A,
and

Qc

Vo = —
cl Ay

Then the dynamic equation for the open channel can be written as

dQc gAc
it = L_c1 (Hr — H — Hc_loss) 4.4

4.3 Penstock

A penstock is a closed conduit that directs water from its source towards a hydraulic turbine.
The primary driving force for the mechanical power of water in a penstock comes from the potential
difference between its inlet and outlet. Thus, a penstock is designed to withstand the internal
pressure of water and is typically modeled with considerations for its elasticity. This distinguishes
it from other models of water systems, such as those with open volumes. The material used in
constructing a penstock may vary and can be reflected in its modeling by a smaller friction factor.

Cement and plastic are examples of materials commonly used in penstock construction.
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29 0H , 0H .
a~9Q Q—+—+gsm9=0 4.5
gAdx Adx at A

Equation of momentum is also written as

% = % (Hsl - Hp_out - HP_loss) 4.7

Lot — k(Qp.in — Qpouc) 48

=2 4.9
9Aplp

Where subscripts p indicates penstock; s1 indicate upstream tank; out and in indicate inlet flow and

outlet flow; t is time.

4.4 Forebay

A forebay is an inlet structure for a water intake system for a hydroelectric power plant. The
layout of a forebay depends on the specific design of the intake system and the surrounding
topography. The forebay has an inlet structure that is designed to divert water from the main water
source to the intake system. This structure may consist of a dam, weir, or other types of control
structures. It also has sedimentation basin layout for allowing the settling of sediments and debris
present in the water. Furthermore, flow control structures, such as gates or valves, to regulate the
flow of water to the intake system. Also forebay include access points and monitoring equipment to

allow for inspection and maintenance of the intake system.

dHs
Ags i = Qs—in — Qs_out 4.10

4.5 Hydraulic Turbine

The general mechanical power from water P,
P = npgHnet Quis 4.11
Where n_ is turbine efficiency

The net head H,,.; 1s identical to the difference of output water head of penstock, Hy, out

and the head of downstream surge, head loss within turbine is neglected.
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Hper = Hy oue — Hs 4.12
The model is commonly used for all types of turbines, assuming a constant gate. The

effective gate opening, which refers to the area through which water flows (discharged flow)
Quis = kgOP\[2gH ¢ 4.13
Where

OP = GA,

G is the percentage opening of the gate, assuming the flow before and after turbine is constant.
AG = 1At 4.14

4.6 Synchronous Generator
Synchronous generator is a reliable way of converting mechanical energy from a hydropower
system into electrical energy. Mathematical equation of the synchronous generator is;

q axis

! dEL’I — ! !
qu? = (Xd - Xd)ld - Eq + Ef 4.15
d axis

Too =t = (Xg — Xo)1

<~ E4 4.16

Where E’ Is transient voltage, Ef is the excitation voltage, X is synchronous reactance, X' is the
transient reactance, I is the armature current, T, is d axis open circuit time constant, Ty, is q axis

open circuit time constant. The subscript d and q indicate d and q axis respectively

q axis component of terminal voltage

Uwa = Eg — Rolq — Xgl, 4.17
q axis component of terminal voltage

Vig = Eq — Ralg + X314 4.18
Electrical power

P, = Ejly + Ejl, + (X4 — X})1al, 4.19
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Terminal voltage

V, = /Vfd + V4 420

Where R, is the armature resistance, U4 and Uy, are terminal voltage on d and q axis

Rotor motion phase angle §

dé
L wel0—1) 421

Angula velocity w

dw

M2 =
dt

ds
Pmopuw — P — Damp ™ 4.22

Where M is the moment of inertia constant of the machine, Damp is damping coefficient

Considering the voltage from infinite bus v,, the terminal voltage on d and q axis
Ug =Vosind + R.1; — Xcq 4.23
Ug =Vocos8 + R I; — X1y 4.24

Where X, is the equivalent reactance of transient line

The exciter is simply treated as a second order dynamic model

dE

&;Lmﬂm—m—myw} 4.25
dUg dE

Tp—> = kpd—tf—us 4.26

Where Ty is exciter time constant; kp is exciter gain; kg is stabilized gain; U, , U; , U are the
voltages at reference, stabilizer, and generation terminal respectively. Assuming generated electrical
power, P, , is equal to totally consumed, P. , and the power demanding, P4, from costumers for a

steady infinite grid.

P, =P =P, 427
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4.7 Conclusion
This chapter outlines the modeling and control aspects of a Hydroturbine conversion system. The
optimum hydro power is regulated by controlling the water flow. To ensure the efficient operation

of PMSQG, the d- and g- axis currents are also controlled.
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5 OPTIMIZATION OF STAND-ALONE POWER GENERATION

5.1 Introduction

Optimizing a wind-hydropower system with a fuel cell layout involves designing and
configuring the system to maximize energy production and efficiency while minimizing costs and
environmental impact. The availability of water (hydro) and wind energy would allow integration
of renewable hybrid systems. However the system will need means of energy storage techniques to
overcome the shortage of resource in in dry season (level of water in the river decreases) and off

wind hours.

The system's design would utilize HOMER's optimization and sensitivity analysis
algorithms to facilitate the assessment of various system configurations [1]. HOMER enables users
to put an hourly power consumption profile and match renewable energy generation to meet the
required load. It also enables the analysis of micro-grid potential, peak renewables penetration, ratio
of renewable sources to total energy, and grid stability, particularly for medium to large scale
projects. Additionally, HOMER features a powerful optimization function that aids in determining
the cost of different energy project scenarios. This functionality permits cost minimization and

scenario optimization based on different factors [1, 2].

To use HOMER, the model inputs should describe the technology options, component costs,
and resource availability [2]. HOMER software would utilize these inputs in simulating various
system component combinations, generating results that can be viewed as a list of feasible
configurations sorted by net present cost. HOMER also presents simulation outcomes in a broad
range of tables and graphs, facilitating the comparison of configurations and evaluation based on

their economic and technical merits [3, 4].

5.2 Load Profiles Section

The first model system considered in this study in section 1 is shown in Fig. 1, where a PV
system and three batteries are connected to the DC terminal and a converter is connected between
the AC and DC bus bars. An isolated diesel generator that is not loaded depending on the load profile
and the required time that is necessary to come on stream is also shown in the model system. The
details of the equipment considered for the model system are given in the HOMER summary input

shown in
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Figure 5.1 Load Profile

As seen from figure 5.1 that the energy demand always vary significantly depending on the
time of day and day of the week. Typically, energy demand is highest during the daytime that are
8:00am -11:00 am when people are at work or school and using appliances such as lights, computers,
and HVAC systems. Then demand reduces between 12:00 pm and 13:00 pm off working hours
(lunch time). Then the demand tends to increase in the late afternoon and early evening when people

return home and start cooking dinner or using more electricity for leisure activities.

During the night, energy demand decreases as people turn off lights and go to sleep.
Therefore, the lowest demand for energy typically occurs in the early morning hours, usually around

5 or 6 am, before starting to increase again as people start their day.

5.3 Power System Modeling

The model consists of Wind-Hydro renewable energy power system with energy storage
through fuel cell as shown Figure 5.2. The system consists of hydro and wind power plant
connected AC bus bar. AC and DC busbars are interconnected through inverter charger. Then

electrolyzer is connected to DC bus bar
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Figure 5.2 Power System Modelling

5.4 Simulation Results and Analyses

The figure 5.3 display simulation results for the two sections examined in this study.
Specifically, figure 5.3 to present the results. Figure 5.3 illustrates the possible range of results
obtained using the combination of energy sources in the model system. The results are arranged in
order of the most energy-efficient system in terms of the net present cost. The optimized result with

the lowest net present cost appears in the first array.
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Figure 5.3 Daily Load profile
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For the best HOMER configuration with a value of $0.05/kWh. The costs of constructing
and operating a new capacity generation unit are increasing everyday as well as transmission and
distribution and land issues for new generation plants. Demand side management (DSM) therefore
encompasses load reduction strategies as well as load growth strategies and flexible energy service
options. This can be defined as the selection, planning, and implementation of measures intended to
have an influence on the demand or customer-side of the electric meter, either caused directly or
stimulated indirectly by the utility. DSM programs are peak clipping, valley filling, load shifting,
load building, energy conservation and flexible load shape. In designing the system the hydro
turbine can generate 4300kW and the wind can generate 800kW. The power from the hydro is
constant for almosteight month that is from November to June (the period of rain sesons) and there
is sliht change of water level from July to October (the period of dry season).

However, during the rainy season, the river records a water level that is above the amount required.
This has been attributed by the increase of amount of rainfall during at theat particular season, which

leads to an increase in the amount of water that flows into the river.

The regulation prohibits the construction of water reservoirs in the area where the river is located
can be a result of the fact that the river is already being used to supply a state-owned water reservoir.
In such cases, the government may have deemed it unnecessary to construct additional reservoirs as

it would lead to redundancy and wastage of resources.

input to a control system that manages the power sharing between the hydro power and wind turbine
sources. The study also incorporates the use of a storage facility to further optimize power sharing

and improve the overall performance of the system.

The main objective of the study is to evaluate the effectiveness of the power sharing between these
renewable energy sources and the storage facility. The researchers analyzed the data collected from
the hydro power plant, wind turbine, and storage facility to determine the power sharing capabilities

of the system.

To achieve this, the study utilized various performance metrics such as energy efficiency, system
stability, and power quality to evaluate the system's performance. The researchers also analyzed the

impact of different weather conditions on the power sharing capabilities of the system.

The study found that the power sharing between the hydro power, wind turbine, and storage facility

sources improved the overall efficiency of the system. The use of the storage facility allowed for
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better management of power fluctuations and improved the stability of the system. Additionally, the
study found that the power sharing capabilities of the system were not significantly affected by

varying weather conditions.

Overall, the study provides valuable insights into the performance of power sharing between
renewable energy sources and storage facilities. These findings could inform the development and
implementation of similar systems in the future, as the world moves towards greater reliance on

renewable energy sources to meet its energy needs.

The system has been designed to generate energy, but there are times where the amount of energy
produced is not enough to power the load that requires it. In such cases, the system relies on the
energy stored in batteries and fuel cells to bridge the energy gap and meet the load's energy

requirements.

The system works on the principle of energy storage, where excess energy generated during periods
of low energy demand is stored in batteries and fuel cells. When the energy demand increases and
exceeds the energy generated by the system, the stored energy in the batteries and fuel cells is

released to compensate for the energy shortfall and meet the energy demand of the load.

This method of energy storage and release ensures that the system is always able to meet the energy
requirements of the load, regardless of fluctuations in energy demand. The batteries and fuel cells
act as a backup energy source, which helps to maintain a stable and reliable energy supply for the

load.

Overall, the system's operation is based on the efficient storage and release of energy to ensure that

the energy demand of the load is always met, even during periods of low energy generation.
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6 ENERGY STORAGE AND INVERTER SYSTEM CONTROL

6.1 Introduction

This chapter outlines the modelling and control strategies of;

a) Energy storage systems, and

b) The load side inverter system of the proposed renewable energy based hybrid stand-alone

power system.

The proposed energy storage system consists of both hydrogen and battery storage systems. The
hydrogen storage system consists of an electrolyzer, hydrogen tank and fuel cell unit. The control
systems of energy storage and inverter systems are implemented in a MATLAB/ Simpower

environment and results are presented.

This section presents an overview of the control strategies and models for two components of the
hybrid standalone power system:

a) Energy storage systems

b) Load-side inverter system
The energy storage system comprises both battery and hydrogen storage systems. Specifically, the
hydrogen storage system comprises an electrolyzer, hydrogen tank, and fuel cell unit. The control
mechanisms for the energy storage and inverter systems are realized within a MATLAB/Simpower

framework, and the outcomes are reported.

6.2 Overview of Energy Storage System

Effective management of energy storage systems is important in ensuring consistent operation
of renewable energy sources such as wind, which are intermittent and volatile. There are various
energy storage systems available, such as compressed air, flywheel, pumped hydro, thermal,
hydrogen, batteries, superconducting magnetic storage, and super-capacitors, which are used for
different applications and purposes. The introductory chapter discusses the advantages and

disadvantages of each storage system.

The combination of fuel cell, electrolyzer, and battery is being considered for several reasons;
a) Excess power generated by wind can be either stored in the battery storage system or used
to produce hydrogen through the electrolyzer.
b) Batteries respond quickly, ensuring better hybrid system stability during transient periods in

case of sudden changes in wind or load.
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c) This combination can improve the system's efficiency by power-sharing, enabling the
operation of a fuel cell in a high-efficiency region. The following sections will present the

control strategy, battery energy, and hydrogen storage system.
6.3 Battery System Modelling and Control

6.3.1 Battery System Modelling

In the proposed project, lead-acid batteries have been chosen for their ability to improve the system
during transient stability and to support it with bulk energy. A lead-acid battery is an electrical
storage device that uses a reversible chemical reaction to store energy. The charging and discharging

equations are shown below [139]-[141]: Discharging mode

— _ _ L RN t
Voot = Eo — RI K(Q_it) (it — i) + Ae 6.1
Charging mode:
. - Q : Q
Vpar = Eo — Ki — Ki (it—O.lQ) — Kit (ﬁ) + Aet 6.2
Where

Vpat = battery output voltage (V)

E, = battery constant voltage (V)

K = polarization constant ((ﬁ) or polarization resistance (£2);
Q= battery capacity (Ah);

1t = [ idt is the actual battery charge (Ah);

A = exponential zone time constant inverse (Ahr)?

R = internal resistance (L2);

1 =battery current (A);

i* =filtered current (A).

The state-of-charge (SOC) is defined as the available capacity remaining in the battery, expressed
as a percentage of the rated capacity. The SOC is defined as:

s0C =100 (1 - fg‘t) % 6.3

The following assumptions are considered of the model
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a) The internal resistance is assumed to be constant during charging and discharging cycles
and does not vary with current amplitude.

b) The model's parameters are deduced from the discharge characteristics and assumed to be
the same for charging.

c) The battery capacity does not change with the amplitude current.

d) The temperature does not affect the model's behaviour.

e) The battery has no memory effect.

6.3.2 Battery System Control
The interface circuit shown in figure 6.1 is bidirectional DC-DC converter which is widely used for
regulating the charging and discharging of battery storage systems. This converter performs as a
boost converter during the charging cycle by utilizing Q> switch modulation in conjunction with
anti-parallel diode Di. Conversely, during the discharging cycle, the converter operates as a buck
converter through modulation of Q; switch along with anti-parallel diode D>, enabling power supply
reserve.

Q

> (k) 1

/D,
Lc ‘
e
. . I G

+
e N |
= T ¥ -
T ‘ ontroller J o .

.

Figure 6.1 Bidirectional dc-dc converte

The bidirectional dc-dc converter should operate as a continuous condition mode for charging and
discharging systems applications. The switches Q: and Q2 are switched so as the converter operates
in a steady state with four sub-interval time. These are intervals I (t, to t1); 2 (t1 to t2); 3 (t2 to t3);
and 4 (13 to t4). During intervals I and 2, the converter works as a boost-converter in battery charging
mode, while during interval 3 and interval 4, the converter works as a buck-converter in battery
discharging mode. It should be noted that the low voltage battery side is considered as Vg and the

high voltage dc-link voltage as V.-

a) Interval 1(t, - t1) at the time of to - t; the lower switch Q> is ON and upper switch is OFF
with diode D1 and D2 on reversed bias as shown in figure 6.2. During this time, the inductor
is charged and the current through the inductor increases. The battery voltage (Vs) and the

increased inductor current (Aig(+)) is expressed in following equation:
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\/B:LCC::ILf:LCﬂ 34

. \'
AIB(+) = L_:TON 3.5

where Ton is the on time of lower switch Q.

Q,

Vs

+

Figure 6.2. Bidirectional dc-dc converte

b) When the time between t; - t; circuit would switch OFF Qi and Q. The diode D; of the
upper switch Q1 conducts as shown in figure 6.3. In this condition, the inductor current starts

decreasing. The decrease of the induction current decreases Aig(—) during the off state,
given by:

: (V c_V ) (V c_V )
Aig(—) = %TOFF = % (T — Ton) 3.6

where Topr is the OFF time of lower switch Q.. T is the total time of operation
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Figure 6.3. Bidirectional dc-dc converter operation (time interval t1-12).

During steady state operation, Aig(+) in ON time state and Aig(—) in OFF time state has
Should be equal. Therefore, (6.5) and (6.6) are equated as follows:
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. \% (Vac—Ve)
AIB(+) = L_:TON = %(T - TON) 6.7

From equation 6.7 the value of battery voltage and DC link voltage expressed as the function of
duty cycle as:
Vg = DVy4, 6.8

Where D = TOTN

Interval 3 (t2 - t3)
During the period of t2 - t3 the upper switch Q; is ON and lower switch Q> is OFF with diode D1
and D on the reversed bias, as seen in figure. 6.4. at this interval, the converter is working as a buck

converter. The current through the inductor increases and can be expressed as follows:

Aig(+) = (VdCL;"B) Tox 6.9

Figure 6.4 Bidirectional dc-dc converter operation (time interval t2-t3)

Time interval 4 (t3-t4)
During the time of t3-t4 all switches are OFF and the lower diode D> conducts as seen in figure 6.5.
at this interval the converter is working as buck converter and current through the converter

decreases and is expressed as;
. \ \
AIB(—) = L_BTON = L_B(T - TON) 6.10
C C

ON time during steady state working period Aig(+) and OFF time Aig(—) has to be the same, then

both equation should be equated and results to;
Vac—V \ \
(%) TON :L_iTON :L_i(T_TON) 611

Also output voltage is expressed as;

Vae = (5) e 6.12
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Figure 6.6 Control of the bidirectional dc-dc converter

The inductor value is critical in operation of the bi-directional dc-dc converter while in conduction
mode. The conduction mode of operation always depends on input and output values of voltage,
current, duty cycle, frequency and inductance value of inductor. The inductance value of the

inductor is calculated as:

L= VB(V4c—VB)
IstVdc

6.13

Where f; is the switching frequency.

figure 6.7 shows control circuit of the bi-directional dc-dc converter. This control circuit has voltage
and current regulator. The reference current signal is generated basing on the voltage error through
comparing battery current. Basing on the error signal, the PI controller generates a suitable pulse-

width modulation (PWM) signal for the switch.
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Figure 6.7 Control of the bidirectional dc-dc converter

6.3.3 Simulation of Battery Controller

\%

PI —>! PWM

NOT

!

controller system for the battery performance has been simulated using MATLAB computer

software with the overall system configuration shown in figure 6.8. The battery parameters for the

system with its controller values are shown in Table 6.1.

Table 6. 1. Parameters of battery system and controller

Specification Data | Unit

Number of batteries in series 5 a/a

Number of batteries in parallel 8 n/a

Rated Voltage 12 Volt (V)

Rated Current 0.5 Amp (A)

Rated Capacity 0.1 amp-hour (Ah)
Inductor 2.7 Mhenry (mH)
Capacitor 64 micro Farad (uF)
Switching frequency 20 k Hz
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Figure 6.8. A battery storage system with control

In the study, it has been assumed that the synchronous generator would generate a constant power

of power 2.7 kW. It has been assumed the generator supplies load variable and the load profile is
shown in figure 6.9.

5

Load Profile

2.5

power in KW

5 8 11

Time in seconds

14 17.5

Figure 6.9. Load profile

Figure 6.10 shows the state of batteries that is battery charging and discharging power. From the
figure it has been seen that from time of 2.5 to 8 seconds the battery charges, as the load as the
requires less than power the synchronous machine's power can provide, then from time of 8 to 11
seconds the battery the battery compensate power difference through discharges to the load by
giving 0.8 kW. As from 11 seconds to 14 seconds the load has been reduced the generator capacity

and is further reduced therefore, the battery started charging due to load demand is less than the
synchronous generator capacity.
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Figure 6. 10 Battery storage system charging and discharging

Figure 6.11. Battery voltage.
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Figure 6.12 Battery current
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Figure 6.14. dc link voltage

The dc to dc bi-directional converter controller is shown in figures 3.9 to 3.14 for which the balance
of power generation from synchronous generator and load demand are matched through energy

storage strategies.

6.4 Hydrogen Storage System Modelling and Control
The hydrogen storage system generally consists of the following components; electrolyzer, fuel cell
and hydrogen tank as seen in figure 6.15. the figure clearly indicates the electrolyzer and the fuel
cell which are connected to dc bus bar through power electronic interface circuits. Furthermore, the
fuel cell and electrolyzer are controlled by the system controller, and the hydrogen tank is connected
to the electrolyzer and fuel cell. Therefore, the electrolyzer, fuel cell and hydrogen tank are modelled

and controlled as follows:
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Figure 6. 15 Hydrogen storage system

6.4.1 Fuel Cell Modelling and Control

protons exchange membrane (PEM) fuel cells have shown good results when used as energy storage
in distributed generation sources [152]-[161]. The PEMFCs are a good source of energy in power
system through providing the reliable supply in steady state conditions. But this would not respond
to electric load transients as as fast as possible, due to slow internal electro-chemical and

thermodynamic reactions.

Catalyst layer

Cathode

H,0

Figure 6.16. PEM fuel cell
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The chemical reaction of PEMFC is written as
H2 + %02 = HZO 614

Where H,, O, and H, 0 are hydrogen, oxygen and water in liquid state

PHZ((pOZ))O.

5
RT
Ecen = Eocen + Eln[ PH,0) ] — Eq el 6.15

Where

PH,, pO, and pH,O0 are the partial pressure of hydrogen, oxygen and water;
E, cenis the reference potential of the cell;

R is the gas constant equal to 8.3143 J/(mol.K), and

F is the Faraday constant equal to 96487 coulombs/mol.

PH, = TLHZ{PH2 + KLHZ (qHI» — 2Krl)}

1 2
PH,0 = M{PHZO s (2K}

PO, = T%Z{POZ + K%)Z(quz“ — 2K,1)}

6.16
K,is a constant, which is defined as the relationship between the rate of reactant hydrogen (qfiz)
and the fuel cell current.

qfy, =~ = 2K, 6.17

Therefore, reference potential deference is the function of temperature andwould be expressed as:

Eo,cen = EQ cen — Ke(T — 298) 6.18

where Eg cey 18 the standard reference potential at standard state (298°K and 1-atm pressure).

the term Eg4 ce;p would be developed due to the overall effect of the fuel and oxidant delay. The
steady-state value of Eq ce)y 1S zero and affects the output voltage during transient. The expression

of Eq cen 1s as follows:

Ed,cen = 4s [i(t) — i(t)e(;_st)]
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7 VOLTAGE AND FREQUENCY CONTROL IN DISTRIBUTED GENERATION
POWER SYSTEM

7.1 Introduction

The electric power industry has traditionally been divided into three sectors: generation,
transmission, and distribution. At the generation stage, electricity is produced from primary
resources such as fossil fuel, nuclear fuel, renewable energy, or waterfalls [1]. Then, the electric
power is injected into the transmission system which is configured as an interconnected network of
transmission lines and control devices. Finally, at the distribution stage, the power is taken from the

transmission system and delivered to consumers at specific standards of quality and reliability [2].

Most of these energy resources are not evenly distributed all over, hence traditional power
generation in most of the locations are dominated by centralized power plants that can be hundreds
of kilometers away from the actual users of the primary power source [3]. Therefore, requiring the
construction of long transmission lines from generation centers to reach other parts of the location
with the scarcity of energy resources (End-user) also can contribute to power losses. Most of the
energy resources used for centralizing power generations is from fossil fuel that has disadvantages
of contribution to global warming as a result of the greenhouse gas emissions [4]. However, power
generation from renewable energy resources is friendly to the environment hence more emphasis

has been put on it.

The government in several areas has put in place the incentive to promote the installation of
renewable energy to guarantee the power supply and reduce the emission of green gasses.
Furthermore, improvement of monitoring and control process technology has facilitated the rapid
development of renewable energy [5]. Tanzania has great potential for renewables to meet its energy
requirements through exploiting the vast renewable energy resources such as solar, wind, biomass,
geothermal mini, and micro-hydro [6]. The interest in increasing renewable energy and energy
efficiency initiatives has been driven largely by electricity supply shortages. Furthermore, the
changing economics of renewable energy and in particular wind and solar energy and the emergence
of new policy concepts such as feed-in tariffs, net metering, auctioning of power supply from
Independent Power Producers (IPPs), and clean energy certificates have led to an increase in
renewable energy investments [7]. The use of renewable energy has become popular as it is known
to provide solutions to improve energy access and security, mitigating greenhouse gas emissions
and lessen the region’s carbon footprint, ensure sustainable development and significantly improve

socio-economic development. Continuous improvement of electricity generation and distribution
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will replace the use of wood and fossil fuel as energy source at domestic level increasing production
through engaging all members of community in income generating activities.[8]. However,
renewables can be deployed in a decentralized manner, which is faster than a centralized power

plant system and can provide local employment for deployment and maintenance.

Although the main source of energy in Tanzania is hydropower and gas, interest in solar
photovoltaic (PV) and wind energy technologies is growing. The technologies range from small-
scale household PV panel arrays to large-scale in the near future. With regards to geothermal, it is
estimated that about 4,000 MW of electricity is available along the Rift Valley of Tanzania, Malawi,
and Mozambique [8].

7.2 Power Systems in Tanzania

Tanzania has total power installed capacity of 1,357.69 MW comprising of hydro 566.79 MW
(42%), natural gas 607 MW (45%), and liquid fuel 171.40 MW (13%)[2]. Further to that, the country
imports electricity from Uganda (10 MW), Zambia (5 MW), and Kenya (IMW). Furthermore,
Tanzania has 81.9MW isolated stations. The average electricity consumption per capita in Tanzania
is 108kWh per year, compared to Sub-Saharan Africa’s average consumption of 550kWh per year,
and 2,500kWh average world consumption per year [9].

However, the demand for electricity in Tanzania is estimated to be growing at 10—15% per year,
with currently only 24% of the total population having access to electricity. In order to meet this
demand, the Government is planning to increase Tanzania’s generation capacity by more than 500%
in the next 10 years, from 1,357.69 MW in 2017 to 10,000MW in 2025[10]. In order to achieve an
increase in electricity generation, the emphasis has been put on reforming the Electricity Supply

Industry (ESI) involving private capital in the industry (independent power producers) [4].

According to the National Census of 2012, about 70% of Tanzanians reside in rural areas
whereas only 16.9% of the rural population is connected to electricity, therefore, the Government

plans to increase rural connection levels to 50% by 2025 and at least 75% by 2033[11].

7.3 Power Systems Quality

Power Quality is a broader term and encompasses a set of electrical properties which is
responsible for the proper function of the electrical system. In several networks, harmonic
distortions, power supply reliability, voltage dips, and electromagnetic compatibility has been noted
as the most important issues for the network operators in assuring power quality [12]. However,

poor power quality refers to the deviation of the supply (voltage and power) from the ideal or desired
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conditions. Thus, it (poor power quality) includes voltage sag, voltage swell, frequency variations,
transients, harmonics, flicker, an imbalance in the three phases, discontinuity of supply, etc. The
possible causes for the poor power quality may be from the load side, from the generating side, or
maybe due to unwanted occurrences like faults [13], [14]. Short duration voltage dip (sag) may
occur due to faults or starting of large reactive loads demanding large starting currents for
energization. Transients may arise due to lightning, faults, or capacitor switching. Under-voltage
(or over-voltages) may result due to overloading (or light loading) or improper tap-changer
operation. Unplanned and poor distribution of single-phase loads may lead to unbalance while the

frequency variations may be due to the connection or disconnection of the loads [15],[16].

Nowadays the most critical power quality issue is the presence of harmonics in the electrical
system. The major contributors to the generation of harmonics are the nonlinear loads, which include
arc furnaces, arc-welders, discharge lamps, cyclo converters, rectifiers, and other power electronic
converter-based equipment. Magnetic cores of transformers, reactors, and rotating machines, when

operated under saturated conditions, may also lead to distortion in the supply [17].

7.4 Source of poor Power Quality in the Network

Network operators always receive complaints about power quality problems from the customers
(energy consumers) connected to the power system. The most complaint arises when the operation
of the customer’s devices has been damaged causing techno-economic problems. 70% of the power
quality problems are caused by the customer’s machinery and equipment while 30% originate from
the network [18]. In several studies conducted have earmarked that most of the customer complaints
are from; voltage sags (dips) and swells, transient over-voltages, harmonics and grounding related
problems [19], [20]. Due to advance in technology, most customers use power electronics appliances
at their installations such as televisions (TV), video cassette recorders (VCR), microwave ovens,
personal computers (PC), heating-ventilation-air conditioning equipment (HVAC), dishwashers and
dryers, photocopiers, printers and lightings [21]. Further to that, the most of the industries used
programmable logic controllers (PLC), system automation, data processors, variable speed drives
(VSD), soft starters, inverters, and computerized numerical control (CNC) tools [22]. Most of the
industries are in a dangerous situation when the long and short duration of power interruptions
happened in the system causing unreliability of the power system. Therefore, harmonic transients
and surges problems in the power systems are perceived mainly by the commercial organizations
and service sectors such as banks, retail, and telecommunication sector [23]. Furthermore, in

manufacturing process industries, loss of synchronization of processing equipment, lockups of
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computers, and switching equipment tripping are the major problems in the installation [24]. The
major problem caused by poor power quality issues in service and transport sectors are circuit
breaker tripping and loss of data loss while in the industries are the motor-driven system and static

converters [25].

Most of the customers have knowledge of power quality-related problems in their installations.
However, due to a large amount of power quality problem remedial from the customers’ sides, it is
difficult for the network operator to maintain high voltage quality at a customer’s point of
connection [26]. Network operators get inconveniences when harmonics in the network interact
with the network components. The operations of power electronic devices produce harmonic
currents that lead to additional harmonic power flow and increase the network’s total apparent power
demand while decreasing the true power factor of the network. The network overloading and extra
power losses have been caused by the more harmonic current in the network components [27].
Network overloading and excess power losses normally can cause high thermal stresses and early
aging of the network devices. Harmonic currents and high grid impedance have the tendency of
increasing voltage distortions in the network and in extreme cases can shift zero-crossing points of
the supply voltage waveform [28]. The major components that are highly affected by the power
quality problems in the power system networks are; Transformers, cables and power-factor

correction (PFC) capacitors [29].

Transformer losses such as core losses, copper losses, and stray-flux losses have been expected
to increase when there is harmonic current in the network. Major types of losses found in network
transformers are ‘no-load losses’ and ‘load losses’. No load loss is affected by voltage the voltage
harmonics however; the increase of this loss with harmonics is small [30]. The losses consist of two
components: hysteresis loss (due to non-linearity of the transformers) and eddy current loss (varies
in proportion to the square of frequency). The load losses in the transformer vary with the square of
load current and increase sharply at high harmonic frequencies. They consist of three components
such as copper losses (winding conductors and leads), eddy current (winding conductors, tanks, and
structural steelwork), and hysteresis losses. In the presence of harmonic current in the network, eddy
current losses have to be taken into consideration []. These losses increase approximately with the
square of the frequency. Total eddy current losses are normally about 10% of the losses at full load

[31].
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7.5 Power System Dynamic Phenomena

Power system stability has been recognized as important since is the source of major
blackouts in power systems [32], [33]. Historically, transient instability has been the dominant
stability problem on most systems with the focus on industrial attention concerning system stability.
Power system stability has various forms of instabilities that cannot be effectively dealt with as a
single problem. However, the analysis of stability, including identifying major factors contributing
to instability and developing methods of improving stable operation, is greatly facilitated by

classifying stability into appropriate categories [34].

7.6 Voltage Stability
Voltage stability is defined as the ability of a power system to operate within the voltage ranges
in all power system bus bar after had been exposed to a disturbance for a given initial operating
condition [35]. It is, therefore, a characteristic of the power system to remain in a steady state under
normal conditions, and to react, restoring the status of the system to acceptable conditions after been
subjected to disturbances the voltage should be restored to the value closer to the pre-disturbance
situation after a disturbance. When the system voltage is allowed to decrease due to; system design
failures, external factors, variations in load, or slow-acting of voltage control devices, will make the
system become unstable and enters the stage of voltage instability. The voltage stability depends on
the ability to restore equilibrium between the power required by the load and supplied to the load
from the power system. This situation may cause instability of progressive fall or rise of voltages of
some buses. The result of rising or falling of magnitude of system voltage will lead to voltage
instability hence loss of load in a particular area by tripping the protective devices of transmission
lines and other power system elements resulting in cascading power outages.
Considering two bus systems shown in figure 7.1
Vi1 Ijj V2
| >

Pz + jQmz
Figure 7.1: Simple two bus system

Where

Jj 1s the branch number
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R;; is the resistance of branch jj
Xjj is the reactance of the branch j;

Vim1 1s the voltage at node m,

Vimz 1s the voltage at node m,

P,,, 1is the total real power fed through node m,

Q2 1s the total reactive power fed through node m,

I _ NVm1l<m1—=1Vim21<ém2
Rjj+iXjj

Ppz —jQm2 = V;lzl

Equation 5.1 and 5.2 can be rewritten as follows

|Vm1|<6m1_|Vm2 |<5m2 — sz_ijZ
R//+]X]] V‘r;l2<_52

Therefore
[Vin1 < 8m1 — Vimz < OmzlVinz < —6mz = [P _ijZ][Rjj +ijj]
Separating real part and imaginary part of equation 5.4 gives;
Vin1Vimz €08(8m1 — 6mz) = PmaRjj + QmaXjj + Viaa
Vin1Vmz Sin(8mq — 8m2) = PnaXjj — QmzRjj
Squaring and adding equation 5.5 and 5.6 results to equation 5.7
2
ViaiVima = [Pm2Rjj + Qm2X;j + Viaal? + [PmZij - szRjj]
Rearranging equation 5.7 would result to equation 5.8
Vina + [Z(szRjj + szxjj) — V21|V, + [(Pa; + QTZnZ)(Rij + XJZ])] =0
Let
H=Vz,
a=1
b = [2(PmzRj; + QmaXjj) — Vi
aH?* +bH + ¢ =0

The solution of voltage V,2, will be calculated as;

—b+Vb2-4ac

V2, =
m2 2a
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From equation 5.10 when Pp,;, Qm2, Rjj, Xjjare expressed in per unit, the value of b is always
negative that is Z(szRj i T Qm2X; j) is smaller than V,2; and 4ac is negligible when compared to
b2. It has been noted that the system reaches its critical point when the discriminator become zero
[2(PmaRyj + QmaX;s) = Via]” = 4[(PRa + Q3)(R] + X7)] = 0

5.11
Voltage stability index (SI) at the node m, is shown in equation 5.12

2
Shnz = WVt I* = 4|P2Xjj — QmaRij]” — 4[PmzRij — QumaXii]1Vima 2 5.12

7.7 Power System Frequency

7.7.1 Frequency stability in electric power systems

Frequency stability is obtained when power generation and the total load of the system
balance. The frequency of the system will normally decrease when there is a shortage of generation
(power generated is less than power demanded by the load connected to the power system). The
decreases of frequency beyond the allowable value will result in successive failure of generator units
that may cause total system failure [36]. This situation may call for switching on a standby power
plant or load shedding through frequency or voltage relay to prevent the frequency or voltage drop
and the system will regain its normal stable condition [37], [38]. The frequency of the system must
be kept around the allowable values so as to maintain the quality energy source for the consumers
so as to avoid damage to consumer equipment. is the ability of a power system to preserve steady
system frequency within specified operational limits after the system is being upset [14]. Hence the
system frequency instability will results when the system is incapable to restore the system

frequency within the acceptable limit which is caused by a considerable inequity between power
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supply and load demand [39].

Restore Mean

L ]
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System Frequency Limit Deviation ==
Activate Primary Control after outage
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- Long Term b‘ Time Control '

Figure 5.4 shows the various case of power deviation, the primary control will respond to re-

establish the equilibrium between power generation and load demand. The set-point is normally 50
Hz for this control action. The primary controllers for all other generators within the power system
will respond in few seconds (period from 0 to 10 seconds) [46]. The controller changes the output
power for the generating units until the balance between the output power and load demand is
achieved.

The secondary control action is usually activated (time period 15 minutes) [40] in order to
restore the power and system frequency deviation to their normal value. The secondary reverse must
be available to cover any disturbances or outages that may affect production, transmission, and
consumption. The secondary control operates for up to several minutes and is therefore timely
associated with primary control [41] [42].

In the end, the tertiary control will respond after 15 minutes to restore the remaining power
and system frequency deviation to provide adequate secondary control reverse at the right time. A
manual or automatic change is required in the working points of generators units or the participating
loads. This automatic or manual connected power under control is known as tertiary control reverse.
If the system’s mean frequency deviates from the nominal frequency value of 50 Hz in the

synchronous zone, it can cause a discrepancy between universal time and synchronous time.

—m
f=% 5.13
Where

f= System frequency

p = Number of poles for generator and
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n = Rotational speed of synchronous machines.

Normally regulation of the generator speed through governor for monitoring and sensing speed
variation will maintain the frequency of the power system within the allowable value. However, in
standalone electrical power system having one generating unit as load increases, the inertia of the
power generator will add up excess energy required. As a result, the generator speed will decrease,
and therefore the system frequency decreases.

The role of the governor is to open the turbine gate to increase the turbine speed. The increase
in turbine speed will rise the system frequency. The system frequency in this case recovers within
acceptable range [42]. For interconnected power systems, the frequency control is employed with a
controlling mechanism to recover system frequency during contingencies conditions. Fig. 4
illustrates various control action required to recover system frequency to prevent power system
blackout [49].

Furthermore, Eq. (2) informs the relationship between mechanical torque (Tm), electric

torque (T'e), total inertia moment of the rotor (J), and angular acceleration of the rotor

J

There are several steps to be done when the systems frequency drops below the setting value, such

%6,
dat?

=Tq=Tyn—Te

as:

a) Increase the total amount of energy supplied to the system by adding a working generating
unit.

b) Utilizing the Load Frequency Control or LFC facility that controls the rotation of the
generator in accordance with the load fluctuations. When the load increases, LFC will give
indication to provide more fuel for the generating unit to generate more energy as needed by
the load.

c) When the generating unit is fully operational, it is necessary to reduce load through under
frequency load shedding (UFLS) scheme with under frequency relays (UFR) that work

under specific circumstances.

7.7.2 Power System Frequency Criteria
The interconnected power systems have to operate in a stable manner [36] and be capable to
withstand a wide variety of contingences events [11], in order to avoid cascading faults. The power

system frequency has to fulfill tolerance criteria.
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7.7.3 Role of Standards

The power system frequency criteria are standardized to ensure satisfactory operation by
maintaining system frequency and voltage within acceptable limits [23]. Establishing acceptable
frequency deviations operational limits is surprisingly difficult [37]. Deviation system frequency
from nominal 50 or 60 Hz can cause equipment malfunction. Malfunction of generation equipment
may increase system frequency deviation and lead to cascading malfunctions. This could rapidly
lead to total power system collapse, with major financial loss to industry sectors and communities.
The role of standards is very important; the system frequency must be managed second by second,
far faster than any market mechanism can deliver [38]. The system controller is charged by code
with the central management of system frequency to define the standards. These should be set in

order to ensure the equipment does not malfunction and will not be damaged.

7.8 The Defense Plan against System Instability

The disturbances of real power balance include unplanned outages for large power plants, which
have to be handled by system operators using their own defense plan to protect their own electrical
power system [39]. The defense plan describes and reflects the criteria, followed by each electrical
power system operator. The operation criteria are created and continuously updated by the
researchers to match the extent of electrical power systems and the growth in load demand. Table 3
presents a comparison between two examples of defense plans for European transmission network
and Malaysian transmission network, which is approximately close in terms of a system frequency
drop. The information in Table3 for European standards is referred from [36] [40] references, while

the Malaysian Standards are referred from [41] and [42] references.

7.9 Islanding

Islanding is the situation in which a distribution system becomes electrically isolated from the
remainder of the power system, yet continues to be energized by generating stations connected to it
[43]. There are two types of islanding in power systems that are intentional and unintentional. In
intentional Islanding operation, planning has been made in advance for the generating station to
operate without disturbing the load connected to it [44]. The Intentional Islands are practiced by the
industries which have surplus energy fuel for electricity generation such as emergency backup
power in hospitals, paper mills, sugar mills and independent power producers with their own
connected loads [45]. During lightning or thunderstone, these industries can switch to use internally
produced electricity hence isolating them from the grid connection. This situation of using internally

generated electricity can reduce the risk of disturbances due to lightning strokes and other faults that
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might affect the production process. However, for voltage and frequency control the DG is choosing
as the best option in the islanded grid.
The challenges facing islanding operation are:
a) The safety personnel working in Line can be threatened by secondary sources feeding a
system after primary sources have been opened.
b) Difficulty in maintaining within the allowable level of voltage and frequency.
c) Creation of large mechanical torques and currents due to out of phase reclosing of DG hence
damaging generators or prime movers.
d) Creation of transients caused by the instantaneous reclosing which mighty damage

customer’s equipment.

7.10 Islanding Detection

The islanding detection is important in power systems in order to monitor the distributed
generators’ induced voltage and frequency. The islanding detection can detect the variation of
parameters and actuate the correct protective device. There are two islanding detection techniques
that are remote islanding detection techniques and Local detection techniques (passive, active, and

hybrid techniques)[].

a) Remote islanding detection techniques
Its operation is based on communication between utilities and distributed generators by
monitoring the status of all switchgear (circuit breakers and re-closers) that could result in islanding

of a distribution system using Supervisory Control and Data Acquisition (SCADA) [46].

b) Power line signaling scheme

Another method for remote control is by using a signal generator that continuously transmits the
signal to the distribution feeders using the power line as the signal path that is all DGs are equipped
with signal receivers. Therefore, If there is a signal cut off caused by the opening of breakers

between the transmission and distribution systems hence island condition is realized [47].

¢) Local detection techniques

Techniques for measuring system parameters like voltage and frequency at the generating
station are classified as: Passive detection techniques and active detection techniques [48]. In
passive methods, the variations of system parameters such as voltage, frequency, harmonic
distortion will be measured. The measurements of these parameters are based upon the thresholds

set in the system between islanding and grid connection conditions. The setting of threshold value
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in the system needs special care so as to differentiate islanding from other disturbances in the system
[49].

Passive islanding detection techniques use the rate of change of power output during islanding
which is expected to be greater compared to that of the DG before is islanded. It has been noted that
this method of comparing the power output of DG systems is more effective for distribution systems
with DG having an unbalanced load rather than a balanced load [50].

Another method employed by passive islanding techniques is by detecting the variation of frequency
during DG islanding.

The rate of change of frequency in the system is given

df _ Ap
dt  2HG

Where

Ap= Power mismatch at the DG side

H = Moment of inertia for DG/system

G = Rated generation capacity of the DG/system

Large systems capacity will have large values of H and G and small systems have small H
and G therefore, the setting has been done for the relay to monitors the voltage waveform. The relay
will operate if the rate of change of frequency is higher than the set value within a certain duration
of time. The setting of the relay has to be chosen in such a way that the relay will operate for island
conditions but not for load changes. The rate of frequency variation is a highly reliable way of
determining whether there is a large mismatch in power. However; this method fails to operate if
DG’s capacity matches with its local loads.

Furthermore, the rate of change of frequency overpower for a small generation system is
larger when compared to that of the power system with a larger capacity. The rate of change of
frequency overpower uses this concept so as to determine islanding conditions. it has been observed
that any variation of power between the DG and local loads will lead to the change of frequency
with power demand [51].

Change of impedance in the utility is considerably smaller than the impedance of islanded
power system. The impedance of a part of the network shall increase when that part is the isolated
grid. [52]. Continuous monitoring of the source impedance shall indicate the status of the system
whether is islanded or not.

During islanding, DG has to supply the load which causes voltage unbalances in the system.
Therefore, any changes in loading are easily detected by monitoring various parameters in the

system such as; voltage magnitude, phase displacement, and frequency change. However, detecting
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voltage unbalances in the system may not be effective if the changes are small [53]. With the
distribution networks comprising of single-phase loads, it is highly possible to detect islanding due
to changes in the load balances of DG. Furthermore, even though the variation in DG loading is
small, voltage unbalance will occur due to the change in network condition.

The changes in harmonic distortion are used to determine the system islanding. The change in the
amount and configuration of load always result in variation of harmonic currents in the network,
particularly to the system having inverter based DGs [54]. The islanding in the system will be
noticed by monitoring checking any changes in total harmonic distortion (THD) of the terminal

voltage at the DG [55].
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8 ELECTRICAL POWER DISTRIBUTION

8.1 Introduction
This chapter presents several case studies designed to investigate the application of the
proposed hybrid stand-alone power system for a variable wind, load and energy reserve

conditions.

8.2 Variables considered for Case Studies
Case studies are performed under actual wind and load data derived from a remote island

located in the South Tasmania, with variables listed below:

8.2.1 Wind profile
Figure 8.1 shows the week-long wind speed by indicating that the wind does not follow
any trend. From one year data documents, the average wind speed at particular location is

7.87m/sec with a standard deviation is 3.44. The maximum wind speed was 22.83 m/sec.
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Figure 8.1 Wind profile from

From the data, it has been observed that there are some situations of low or no wind
conditions that can occur for long period in several times annually. From figure 8.2 and 8.3 it can
be seen that two cases of low wind conditions had occurred for longer period in a day. It is further

noted that the low or no wind conditions can also occurs during the peak demand period.
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Figure 8.2 Wind profile from 00:00 hour to 24:00 hour

From figure 8.2, it is seen that from 02:00 hours, wind speed declines. At 7:00 hours, a low
wind condition occurs when the wind turbine cannot extract any power. However, at 17:00 hours

the wind returns, enabling the turbine to extract power.

8.2.2 Load profile
The load has always a unique characteristic, with a peak generally happening in the mornings

and evenings and also the load demand has been varying on seasonal basis.
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Figure 8.3 Average hourly load demands during dry season.
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8.2.3 Low Wind Conditions
For this case study, a wind profile is chosen where a low wind condition occurs during
peak demand time. Proposed system performance is evaluated in terms of a) SOC status and b)

hydrogen storage status. The wind and load profiles are shown in Figure
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Figure 8.4 wind speed profile

Figure 8.4 Wind and load profiles: a) wind and b) load demand
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Figure 8.4 b) load profiles load demand

8.2.4 System Performance of Hydrogen and Battery Storage Conditions

The system's performance has been evaluated under of high hydrogen pressure and low battery
storage conditions. The study assumed an initial hydrogen pressure of 0.9 pu and a battery storage
initial SOC of 77%. Figure 8.5 illustrates the system's response, where Fig. 8.5 (a) displays the wind
turbine power output. The power output from the electrolyzer/fuel cell and the hydrogen storage
status are depicted in Figs 8.5 (b) and 8.5 (¢), respectively. Figs 8.5 (d) and 8.5 (e) show the power
output from the battery storage and the SOC status, respectively. As the battery storage SOC is low
(77%), 1t cannot provide any power. and Fig. 8.5(f) shows the connected load.

The system depends on the fuel cell and hydropower to compensate for the shortfall in wind power
when demand exceeds it. The graph in Figure 8.5(a) clearly indicates that the wind turbine is unable
to generate any power from 7:00 to 15:00 due to insufficient wind. Consequently, the hybrid system
must activate the diesel generator at 7:00 to fulfill the power requirement. Figures 8.5(b) and 8.5(c)

show that the hydrogen storage becomes depleted by 10:54.
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Figure 8.5 Renewable system operation with hydrogen and battery storage
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8.3 Conclusion

The chapter shows the effectiveness of under varying wind and load circumstances during the
bustling season, while taking into account different battery and hydrogen storage conditions. To
guarantee a no-wind scenario transpires during the peak load, the wind profile is selected. Multiple
SOC cases for battery and hydrogen storage are examined. The results indicate that the proposed

system can fulfill the load requirements when the SOC status of battery and hydrogen storage is

high.

In situations where certain conditions are present, the hybrid system must limit the amount of power
consumed in order to prevent a system blackout. The case study also highlights an emergency
operating condition where the battery storage's state of charge (SOC) is extremely low (below 75%)

and the hydrogen storage is low.

Based on recent studies, the implementation of a hybrid power system has proven to be effective in
avoiding system blackouts and ensuring emergency loads are supplied. The design of this proposed

system is intended to operate even in the worst-case scenario, making it a reliable option for power

supply.

It should be noted that power supply cannot be sustained for all customers at all times, but the
proposed system ensures that all essential customers will receive the necessary power under any
worst-case scenario. This is a significant advantage of the hybrid power system, as it provides a

more stable and secure power supply for critical operations and infrastructure.

The hybrid power system combines the benefits of multiple power sources, such as renewable
energy sources and traditional power grids, to create a more efficient and reliable system. The use
of renewable energy sources, such as solar and wind power, reduces reliance on traditional power

grids and decreases the carbon footprint of the system.

Overall, the proposed hybrid power system is a promising solution for ensuring reliable power
supply, especially in critical situations. Its ability to provide power to essential customers in worst-
case scenarios makes it a valuable investment for infrastructure and industries that require a

consistent and dependable power supply.
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9 CONCLUSIONS

This thesis proposes a control and overall coordination of a hybrid stand-alone power
system. The system comprises of a wind turbine, fuel cell, electrolyzer, battery storage, diesel
generator and a set of loads. The overall control strategy of the hybrid system is based on a two-
level structure. The top level is the energy management and power regulation system. Depending
on wind and load conditions, this system generates reference dynamic operating points to low level
individual sub-systems. The energy management and power regulation system also controls the load
scheduling operation during unfavorable wind conditions with inadequate energy storage in order
to avoid a system black-out. Based on the reference dynamic operating points of the individual

subsystems, the local controllers control the wind turbine, fuel cell, electrolyzer storage units.

This thesis proposes a two-level control and coordination strategy for a hybrid stand-alone power
system that includes a wind turbine, fuel cell, electrolyzer, battery storage, diesel generator, and a
set of loads. The first level is an energy management and power regulation system that generates
reference dynamic operating points based on wind and load conditions. These reference points are
used to control the individual subsystems at the second level. The energy management and power
regulation system also manages the load scheduling operation during unfavorable wind conditions
and inadequate energy storage to prevent a system black-out. The local controllers of the wind
turbine, fuel cell, and electrolyzer storage units adjust their operations based on the reference

dynamic operating points provided by the energy management and power regulation system.

The major achievements of the thesis are summarized as follows:

a) An algorithm for efficient power extraction from variable wind — The proposed algorithm
achieves high efficiency of the permanent magnet synchronous generator (PMSG) across a
range of wind and rotor speeds by regulating the d- and g-axes current components and
controlling the rotor speed of the wind turbine.

b) Hydrogen storage system modelling and control —The hydrogen storage system consists of
fuel cell, electrolyzer and hydrogen tank. It is used in the project to support a load leveling
application. In this project, power flow of the fuel cell and electrolyzer are regulated by a
boost control and buck controller, respectively.

¢) Modelling and control of a hydrogen storage system — The hydrogen storage system,
comprised of a fuel cell, electrolyzer, and hydrogen tank, is utilized in a load leveling
application. A boost control and buck controller are employed to regulate the power flow

of the fuel cell and electrolyzer, respectively.
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d) Energy management and power regulation system for a multi-source power system — An

10

energy management and power regulation system coordinates the operation of a wind
turbine, fuel cell, battery storage system, electrolyzer, diesel generator, and loads. The
system generates dynamic reference signals to each controller based on the current wind and
load profile and energy storage status, while also controlling load curtailment. The EMPRS
is advantageous in preventing system blackouts during low wind conditions or inadequate

energy reserves.

RECOMMENDATIONS AND SUGGESTIONS FOR FURTHER WORK

In the future, related topics are expected to be introduced in existing systems are:

Adding solar panels to existing systems: This can be done by adding more panels to existing
installations, or by installing larger systems to generate more electricity. Using new and
more efficient solar panels: Advances in solar panel technology are making panels more
efficient, which means they can generate more electricity from the same amount of sunlight.
Using these new panels can help to expand solar PV without increasing the physical size of
the system.

Voltage Regulation: Voltage regulation is a method used to maintain a constant voltage level
on the distribution system by adjusting transformer taps, installing voltage regulators, or
utilizing capacitor banks. This helps to avoid voltage fluctuations and provide a stable
voltage level to end-users.

Harmonic Filtering: Harmonic filtering involves the installation of filters that eliminate
harmonics, which are electrical signals with frequencies that are multiples of the
fundamental frequency. Harmonics can cause issues such as overheating, equipment failure,
and interference with communication systems. Filters can mitigate these issues and improve
power quality.

Power Factor Correction: Power factor is a measure of the efficiency of the electrical power
system. Power factor correction involves the installation of capacitors that improve the
power factor, reducing energy losses and improving the efficiency of electrical equipment.
Surge Protection: Surge protection devices protect electrical equipment from voltage spikes
that can cause damage or failure. These devices can be installed at the equipment level or at

the distribution system level to improve power quality.
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