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Abstract

Taking into consideration the planet’s situation regarding climate change, it is important to
acknowledge that it may be necessary to take some actions in order to reduce all the problems that
result from that.

Starting with the main responsibility for the climate situation, human beings, by exhausting
harvesting of all the planet’s resources without considering their consequent recycling and reuse,
many problems have arrived.

One of the main sources harvested is fossil fuels to produce electricity that nowadays is so
necessary for almost every task that is done, from a simple email being sent to the biggest machine
being operated.

One of the ways to bypass the previously mentioned problem is to produce electricity more
sustainably. For that, many green sources have been explored, such as wind energy, solar energy,
bio-energy, geothermal energy and hydropower.

This dissertation explores the implementation of a plug-and-play solution for small hydropower
plants specifically designed to utilize places with low water drops to generate energy.

This plug-and-play solution was conceived and designed to electrify specific pathways along
the rivers commonly found in Portugal. It enables energy production and storage, ensuring that
energy is available during periods of high demand.

This dissertation initially presents a state-of-the-art review, followed by the development of
a high-level control system for managing the power plant and battery charging. Subsequently,
the sizing and control of a buck-boost converter for connecting the DC bus to the batteries are
conducted. This is followed by the sizing and control of the grid converter, implementation of
scalar control of the motor. The dissertation also includes the sizing of the turbine and a study of
a complementary system.

In the end, it was possible to achieve a viable solution where all systems were successfully
simulated, demonstrating the feasibility of the proposed micro-hydropower station. The study
concluded that, in this scenario, integrating a photovoltaic system would be advantageous, en-
hancing the overall energy generation and stability of the power supply.

Keywords: Hydropower plant, renewable energy, buck-boost converter, battery, grid converter,
scalar control, photovoltaic system.
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Resumo

Tendo em consideracao a situagdo do planeta em relacdo as alteragdes climédticas, € importante
reconhecer que pode ser necessdrio tomar algumas ac¢des para reduzir todos os problemas que
resultam dessa situagao.

Comecando com o principal responsabel pela situa¢do climética, o ser humano, ao explorar
exaustivamente todos os recursos do planeta sem considerar a sua consequente reciclagem e reuti-
lizagdo, muitos problemas t€m surgido.

Uma das principais fontes exploradas sdo os combustiveis fosseis para a produgao de eletrici-
dade, que atualmente € tdo necessdria para quase todas as tarefas realizadas, desde o envio de um
simples e-mail até a operacdo das maiores maquinas.

Uma das formas de contornar o problema anteriormente mencionado € a producao eletricidade
de forma mais sustentdvel. Para isso, muitas fontes verdes t€ém sido exploradas, como energia
edlica, energia solar, bioenergia, energia geotérmica e energia hidrelétrica.

Esta dissertacdo explora a implementacdo de uma solucdo plug-and-play para pequenas cen-
trais hidroelétricas especificamente projetadas para utilizar locais com pequenas quedas de dgua
para gerar energia.

Esta solucao plug-and-play foi concebida e projetada para eletrificar passadi¢os ao longo dos
rios, estes sdo frequentemente encontrados em Portugal. Além de permitir a producdo também
garante 0 armazenamento de energia, para que esta esteja disponivel durante periodos de alta
procura.

Esta dissertac@o inicialmente apresenta uma revisdo do estado da arte, seguida pelo desen-
volvimento de um sistema de controlo de alto nivel para gerir a central elétrica e o carregamento
da bateria. Subsequentemente, é realizado o dimensionamento e controlo de um conversor buck-
boost para ligar o barramento DC as baterias. Isto € seguido pelo dimensionamento e controlo do
conversor de rede, implementacdo do controlo escalar do motor. A dissertagdo também inclui o
dimensionamento da turbina e um estudo de um sistema complementar.

No final, foi possivel alcangar uma solugao vidvel onde todos os sistemas foram simulados com
sucesso, demonstrando a viabilidade da estacdo micro-hidroelétrica proposta. O estudo concluiu
que, neste cendrio, a integracdo de um sistema fotovoltaico seria vantajosa, melhorando a geracdo
geral de energia e a estabilidade do fornecimento de energia.

Palavras-chave: Central hidroelétrica, energia renovavel, conversor buck-boost, bateria, con-
versor de rede, controlo escalar, sistema fotovoltaico.
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Sustainable Development Goals of the
United Nations

The Sustainable Development Goals (SDGs) represent a set of 17 global objectives aimed at
combating environmental climate change, poverty, mortality, social exclusion, and fostering eco-
nomic growth. The table below outlines each SDG that this project addresses, the specific targets
associated with these goals, the contributions made by this project to support these objectives, and
the performance indicators used to measure progress.

Table 1: Goals, Contributions, and Performance Indicators for Sustainable Development Goals

lives and promote

global maternal mortality

station can provide elec-

SDG Goals Contribution Performance indi-
cators and metrics
3 - Ensure healthy | 1 - By 2030, reduce the | A mini hydropower | 3.1.1 Maternal mor-

tality ratio

to affordable, re-
liable, sustainable
and modern energy
for all

substantially the share of
renewable energy in the
global energy mix

clean and renewable,
emitting no greenhouse
gases, thus supporting
sustainable energy pro-
duction.

well-being for all | ratio to less than 70 per | tricity to remote areas, | 3.1.2 Proportion

ages 100,000 live births improving  healthcare | of births attended
access and potentially | by skilled health
reducing mortality rates. | personnel

7 - Ensure access | 2 - By 2030, increase | Hydroelectric power is | 7.2.1 Renewable en-

ergy share in the to-
tal final energy con-
sumption

11 - Make cities
and human settle-
ments  inclusive,
safe, resilient, and
sustainable

1 - By 2030, ensure ac-
cess for all to adequate,
safe, and affordable hous-
ing and basic services and
upgrade slums

Mini hydropower sta-
tions can illuminate
roads in remote areas,
increasing safety for
drivers, and provide a
power supply for water
pumps, ensuring access
to water for households

11.1.1 Proportion of
urban population liv-
ing in slums, infor-
mal settlements or in-
adequate housing
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Chapter 1

Introduction

Framework and Motivations

With the growing demand for electricity and the need to reduce climate change and greenhouse
gases, interest in developing and using renewable energies has increased.

Between 1st January and 31st August 2023, renewable energy production in mainland Por-
tugal was 19,255 GWh, which represents 68.2% of total production. Of this, 23% came from
hydroelectric sources [1].

Although hydro-power is a green energy, it can cause major environmental impacts in large-
scale energy projects. These include alterations to the biodiversity of ecosystems, changes to
natural landscapes, reduced water quality, and high installation and removal costs.

The water wheel was the first way to harness the energy of water and was used in Ancient
Greece to grind grain. In 1880, electricity was produced for the first time in Wisconsin, United
States using a small direct current generator.

Micro-hydroelectric plants are power generation systems that use energy in small watercourses
and are classified according to their rated power as described in Table 1.1. They differ from large
hydroelectric plants in that they have lower production values. These plants represent a sustainable

alternative to meet the growing electricity demand.

Table 1.1: Classification of hydropower plants according to the nominal power [2]

Classification P, MW)
Small hydroelectric plant <10

Mini hydroelectric plant <2

Micro hydroelectric plant <0.5
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Micro hydroelectric plants are smaller in scale and have a lower environmental impact, so they
are an interesting option for more delicate ecosystems. The main advantages of mini-hydro plants
are [3]:

* High efficiency, in the range of 70% to 90%;

* A high capacity factor value of around 50%;

* It is easy to predict energy production, as it varies with rainfall patterns;

* The time of greatest production (winter) corresponds to the time of greatest consumption;
* Reduced daily variations in production compared to other renewable energies;

* The capability to produce energy non-stop 24 hours a day;

* Low environmental impact;

* It is a robust technology, systems can last 50 years or more.

1.1 Dissertation Objectives

This work aims to develop a technically and economically viable plug-and-play solution for
micro-hydro generation with a power output between 1kW and SkW. The solution is intended
to be implemented in rivers in Portugal to enhance tourism and commerce in certain areas. A
micro-hydro plant can make it possible to store energy, power lighting and refrigeration loads,
thus supporting local businesses and improving the overall infrastructure in these locations. The

aim is to:

* Identify and characterize the minimum requirements for a place to be considered suitable
for micro-hydro generation. This objective aims to determine the essential criteria a location
must meet to be considered viable for installing a micro-hydro generation system. This may
include factors such as water flow, waterfall height, water access, and environmental and

economic aspects;

* Characterization of the subsystems: turbine, generator, and electronic converters. The pri-
mary objective is to comprehensively comprehend and elucidate the pivotal components of
the energy generation system. This entails an in-depth analysis of available turbine tech-
nologies feasible for the project’s scale, viable generator types within this power range, and

various electronic converter options that can be employed;

» Market identification or development of project elements and posterior simulation. This
objective aims to identify market components for implementing the developed system. Sub-
sequently, simulations will be conducted to verify alignment with the project plan and ensure

feasibility.
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1.2 Dissertation structure

This dissertation is organized into six chapters. Each chapter delves into a specific aspect of
the study, providing a comprehensive understanding of the topic.

In the first chapter, an outline of the dissertation is presented, highlighting the main reasons
for proposing this theme and the objectives expected to be achieved by the end.

The second chapter provides a state-of-the-art review, analyzing the components of a hy-
dropower station, including turbine types, generator types, converters needed to connect to the
grid, and batteries. A market study is conducted, and the software tools used are analyzed.

In the third chapter, two dissertations are analyzed, contributing to improving this work.

The fourth chapter explains the proposed system, detailing the types of loads, batteries, and
control methods for different operational scenarios. Various simulations are conducted at the end
of the chapter.

The fifth chapter presents a more extensive study of the individual systems, including the
battery converter, grid converter, turbine, and generator. The chapter concludes with an analysis
of ways to improve the system.

The final chapter summarizes the conclusions of this work, assesses the achievement of the

objectives, and outlines future work.
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Chapter 2

Background and Fundamental Aspects

2.1 Hydro-power basics

Gross head is the total height of the waterfall and can be measured between the lower and
upper water levels, this can vary depending on the amount of water stored in the upper level and
the flow of water available in the river and power stations can be classified as shown in the table

below.

Table 2.1: Classification of hydro-power stations according to gross head [2]

Classification | H (m)
Low drop 2-20
Medium fall | 20-150

High fall >150

The discharge from the power station is generally a fraction of the water flowing into the
watercourse. It is not desirable to build turbine openings to accommodate the total flow, as this
would require huge turbines.

The expected power output of a hydroelectric power station can be calculated using the fol-
lowing expression[4]:

P XgXOXHXN

P(kW) = 1000 2.1)

Where:
* p, is the water density;
» g, is the gravity acceleration (m?/s);

s Q, is the plant discharge (m’ /s);

H, is the head (m);

* N, is the system efficiency.
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In small hydro schemes, it is common to find efficiencies of around 70%.[4] With this simplifi-
cation, it is possible to have a reference for choosing the turbine-generator set, taking into account

the products available on the market.

2.1.1 Hydrological study

To determine the amount of energy that can be produced at a given location on a river, it is
crucial to know the average flow of water in the river. To do this, two main types of graphs can be
used: the Annual Hydrograph and the Mean flow duration.

The Annual Hydrograph, as we can see in the Figure 2.1, is a graph that shows the flow of
water as a function of time, usually over a year. This graph makes it possible to visualize the
variation in water flow over time, which can be useful for understanding how energy production

will be throughout the year.

Annual Hydrograph
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Figure 2.1: Annual Hydrograph [3].
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On the other hand, the mean flow duration curve is a graph that shows the mean water flow
as a percentage of time as shown in figure 2.2, usually for a year. This graph makes it possible to

identify the percentage of the time when the water flow is equal to or greater than a certain value.

QQmod (-)
15
10
5 \
0 -‘-""""ﬁ=:==
0 25 50 75 100

Time equalled or exceeded (%)

Figure 2.2: Mean flow duration curve [5].

In situations where there is no energy storage, the calculation of the mean amount of energy
that can be produced can be carried out as shown in the equation 2.2, in this equation, this equation

does not take into account the minimum flow and the reserve flow [5].

VxH

3600
gxXN

E(GWh) = 2.2)
Where:

* V, is the maximum mean annual volume (hm3).

2.2 Hydro-power schemes
Hydro generation can be made with the following schemes [5]:

e Dam scheme, the dam aims to raise the upstream water level. The powerhouse can be

incorporated either downstream or in the interior of the dam;

¢ Diversion scheme — The utilization of diversion structures, similar as conducts, tunnels or

galleries permits the head gain;

* Mixed scheme - A dam can incompletely raise the net head and a hydraulic circuit will raise

the other part.
According to the water discharge, they can also be classified as follows [5]:

* Run-of-river scheme, the most common structure in micro-hydro plants, energy is generated

without regulating inflows;
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* Daily regulation scheme, there is a small reservoir to store the water, and energy is produced

according to demand;

* Seasonal regulation scheme, this scheme is usually applied in larger plants, with a reservoir

with sufficient capacity to store water from the rainy season to the dry season;

» Cascade scheme, is a standard technique to use the river and maximize the benefits from the

river’s falls.

2.3 Hydro-power constitution
In general, micro-hydro systems are made up of the following elements:

¢ Intake;

¢ Feeder canal;
* Forebay;

¢ Penstock;

¢ Powerhouse.

2.3.1 Intake

Intake, is the most important point in the plant, since it is where the water is collected. It must
be chosen correctly so that it is possible to obtain a sufficient flow rate to get good yields from the
system and so that it affects the ecosystem as little as possible.

Water can be collected using sand or gravel which, when placed in strategic locations, cause
a detour in the flow of water. By analyzing the site, it may be possible to take advantage of its
natural characteristics. If they are used, extra care must be taken to avoid damage to the turbines.

In certain situations, it may be necessary to build a small weir to raise, retain, and divert the
water. The difference between a weir and a dam is the storage capacity, in a weir the water stored

is quite small.

2.3.2 Feeder Canal

Feeder canals are channels responsible for transporting water from the reservoir to the loading
chamber. They usually have a slight slope and are open, but can also be closed [6].
2.3.3 Forebay

The charging chamber is a hydraulic device between the weir and the powerhouse, responsible
for protecting the hydraulic circuit from pressure fluctuations and can also act as a water reservoir

[6].
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2.3.4 Pensotck

The penstock is a forced pipe and is an important component in a power station. It transports

water from the forebay tank through pipes on steep slopes.

2.3.5 Powerhouse

This is the building where the equipment responsible for converting the energy stored in the
water into electrical energy will be installed, namely the turbine and generator, batteries, electronic
converters, and electrical protection devices can also be found. The size of the powerhouse will

depend on the number of generators, turbines, and power installed.

2.4 Hydraulic turbines

The hydraulic turbines of a hydroelectric power station are the components responsible for
transforming the kinetic and potential energy of water into mechanical energy, later it will generate
electricity in the generator. Turbines directly affect the plant’s performance, which is why it is
essential to choose a turbine that is suitable for the height of the waterfall, the flow rate, and the
specific speed of the turbine. Turbines need to be serviced regularly as they suffer a great deal of
wear and tear due to the action of the water, which affects their efficiency.

There are two types of turbines, denoted as action and reaction:

* In an action turbine, the water’s potential energy is mostly transformed into kinetic energy

before it enters the runner, after which the water is at atmospheric pressure;

* In areaction turbine, the turbine runner is submerged and the pressure variation in the water

occurs as it passes through the turbine.

2.4.1 Action turbines

Action turbines encompass a range of hydroelectric turbines utilized for converting water’s
potential energy into kinetic energy. Among these, the Pelton turbine stands out, typically applied
in locations with heights exceeding 60 meters.

In these turbines, water is propelled onto a wheel featuring multiple buckets via directed jets
aimed precisely at the buckets’ interiors and peripheries. The conversion of all potential energy
into kinetic energy occurs at the nozzle without the reliance on a draft tube.

A draft tube, in hydroelectric systems, serves as a conduit directing water away from the tur-
bine’s outlet to prevent turbulence and facilitate efficient energy transfer. It’s a critical component
in some turbine designs, but notably absent in Pelton turbines.

Moreover, adjusting the turbine’s specific speed can be accomplished by integrating extra noz-
zles. Regulation of mechanical power involves manipulating the injectors’ valve system. Addition-

ally, increased power output can be achieved by interconnecting multiple turbines to a generator.
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2.4.2 Reaction turbines

The primary variants of reaction turbines encompass the Kaplan and Francis turbines.
Reaction turbines necessitate robust construction to endure elevated pressures due to their
direct interaction with the water flow. As water traverses the turbine, it undergoes a reduction in

pressure, eventually descending below atmospheric pressure.

2.4.3 Low-drop turbines
2.4.3.1 Banki-Mitchell Turbine

It is an action turbine also known as a Cross-Flow turbine, with application in areas of low
waterfall. They were invented by Banki and later improved by John Isaac Thornycroft and Allan
Robertson Mitchell, their structure can be observed in Figure 2.3.

In the context of Banki turbines, their efficiency remains relatively constant across different
water flow rates. This characteristic distinguishes them from some other turbine types. While
their overall efficiency might be lower compared to certain turbines, such as the Francis or Kaplan,
Banki turbines display an advantage by maintaining a consistent efficiency even when the water
flow fluctuates. This attribute makes Banki turbines particularly suitable for installations situated
in rivers or locations where water flow rates are variable. [6]

Due to the symmetry of a Banki turbine, its length can theoretically be increased to any size
without changing any of its hydraulic characteristics. Thus, doubling the size of the turbine almost
doubles the power supplied at the same speed. It is, therefore, clear that the lower the drop, the

larger the turbine and that it will become more compact as higher drops are referred to [6].

distributor

runner

blades

water flow

Figure 2.3: Cross flow Turbine [7].

2.4.3.2 Francis Turbine

The distinguishing feature of the Francis turbine lies in its wheel structure, comprising a series

of fixed fins forming hydraulic channels. These channels efficiently radially receive water and
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guide it towards the rotor’s outlet in an axial direction. In smaller-scale projects, Francis turbines
with a horizontal axis are commonly employed [6].

Adaptable to varying waterfalls and flow rates, the Francis turbine’s functionality is governed
by a crucial component known as the distributor. This pivotal mechanism effectively controls
the volume of water entering the turbine, enabling regulation of power output while maintaining a
constant rotational speed. Moreover, the distributor facilitates the closure of the water intake when
the plant ceases operations, contributing to the turbine’s operational flexibility [6].

We can see an example of a Francis turbine in the figure below.

.

Scroll case ( )

//,/’ff‘—’\__ __‘/"*—ﬁh‘sil'lj_ﬂ\ TNg  Servo—motor
—N 1 \\\c{m.necti.ng rod

Water \L N § b S ;
inlet ] : = Upper lip plate

Lower lip plate
Draft

> tube &

Figure 2.4: Francis turbine [8].

2.4.3.3 Kaplan and propeller turbines

Kaplan-type turbines are composed of either an open or closed inlet chamber, a distributor,
and a wheel featuring either a frame or five propeller-shaped blades, as depicted in Figure 2.5.
When the turbine blades are adjustable and capable of movement up to 30°, the turbine is referred
to as a Kaplan turbine. Conversely, if the blades remain fixed, the turbine is known as a propeller
or propeller turbine [6].

When the blades are adjustable, Kaplan-type turbines exhibit versatility, allowing their utiliza-
tion in scenarios where the water flow ranges from 25% to 125%. This adaptability sets them apart
from other turbines operating within a narrower flow range of 40% to 100% [6].

The bulb turbine represents a variant of the propeller turbine design, distinguished by its con-
figuration where the generator is situated at the center of the water passage. This design is partic-

ularly effective in scenarios characterized by high water flow and low head.
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/ Spiral casing
. e LY

Wicket gate

Guide vanes

.
Blades of the runner— : .

Draft tube

Figure 2.5: Kaplan turbine [9].

2.4.3.4 Choosing the turbine

The selection of a turbine significantly influences a power station’s performance, emphasiz-
ing the need for a meticulous and precise selection process. Choosing a turbine involves careful
consideration of factors such as the head drop, water flow, power requirements, and specific speed.

The specific speed serves as a crucial parameter for comparing hydraulic turbines based on
their performance, it is defined as the rotational speed of a turbine of similar size to the one chosen
and which would produce 1 kW at a head drop of less than 1 meter. In Figure 2.6, you can see the
specific speed as a function of each turbine type, and in the expression below, you can see how it

is calculated [5].

VT XQ
Ny =2 X ng X 2.3)
Where:
* ng is nominal rotational speed (rpm);
e H, is useful head (m);
* Q, is flow (m3/s).
Pelion Turbinfe Frafncis Turbine Kaplan Turbine
i Single Jet i |
Propeller Turbines
Pelton Turbine —
Multi Jet
Cross-Flow
Gasior Steam Turbines
0,05 0,1 0,2 0,5 1,0 3,0 5,0

Figure 2.6: Turbine type depending on specific speed [10].
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Table 2.2 shows the ideal operating conditions for each type and the nominal power that can

be obtained.

Table 2.2: Range of standard turbines [5]

Type Hydraulic Turbine Hm) [ Q@ /s)| P (W) |Ns (r.p.m)
Bulb 2-10 3-40 100-250 200-450
Kaplan and propeller - axial flow 2-20 3-50 50-5000 | 250-700

Reaction | o Vith high specific speed - diagonal flow | 1040 | 0.7-10 | 1005000 | 100-250
Francis with low specific speed - radial flow 40-200 1-20 500-15000 | 30-100

Pelton 60-1000 | 0.2-5 | 200-15000 <30
Action Turgo 30-200 100-6000
Banki-Mitchell (Cross-flow) 2-50 10.01-0.12 2-15

The efficiency values may vary depending on the turbine manufacturer, but the normal effi-

ciency values are shown in the table below.

Table 2.3: Typical values of efficiency [6]

Turbine Efficiency
Banki-Mithell (Cross-flow) 0.8
Kaplan 0.91
Kaplan with double regulation 0.93
Francis 0.94

When selecting a turbine, understanding its operating parameters is crucial. Nominal flow typ-
ically occurs for a limited duration within the year, and energy production significantly diminishes
outside these operating parameters. Table 2.4 displays the diverse operational values specific to

each turbine type, providing valuable insights for informed decision-making.

Table 2.4: Operating values for different types of turbines [6]

Turbine oy = Qmin/QOn | oy = Qmax/QON
Kaplan with rotor regulation 0.4 1
Kaplan with double regulation 0.25 1.25
Francis 0.35 1.15
Propeller 0.75 1

2.5 Generator

The generator plays a critical role in converting mechanical energy into electrical energy, and
its selection depends on various factors such as the turbine type, desired output, budget, and nom-
inal speed.

The realm of electrical generators encompasses two primary classifications: asynchronous and
synchronous generators. These distinctions primarily arise from the mode of excitation and the

relationship between the magnetic field’s speed and the rotor [11].
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In asynchronous generators, the magnetic field is induced electromagnetically through the
rotation of the stator’s magnetic field. The rotor, in turn, operates at a higher speed than the stator’s
magnetic field. Asynchronous generators, often praised for their cost-effectiveness, durability, and
reliability, can be broadly categorized into two types: squirrel-cage and wound-rotor generators
[12].

Squirrel-cage generators feature a rotor shaped like a squirrel cage, while wound-rotor gener-
ators comprise a rotor wound with wire coils.

Conversely, synchronous generators generate their magnetic field through an external direct
current source. In synchronous generators, the rotor’s speed synchronizes precisely with the sta-
tor’s magnetic field. This category includes various types, such as Permanent Magnet Synchronous
Motors, Reluctance Synchronous Motors, and Salient-Pole Synchronous Motors.

Permanent Magnet Synchronous Motors utilize permanent magnets to establish the magnetic
field, while Reluctance Synchronous Motors feature variable reluctance due to rotor rotation.
Salient-Pole Synchronous Motors, on the other hand, leverage salient poles in the rotor to cre-
ate fluctuations in the magnetic field.

In Portugal, most power stations use synchronous generators and this is due to two reasons

[2]:

* Mini hydropower stations began to develop in the 1980s and at that time there was insuffi-

cient knowledge of how asynchronous machines work as generators;

* The power stations are essentially low-fall, so the turbine speed is low, and there were no
options on the market with motors with a greater number of poles (these were of no use in

the industry), so it was obligatory to use speed multipliers.

2.6 Grid connection

The connection to the grid can be made via a transformer or via electronic converters however

converters have been more widely adopted as they have the following advantages [13]:
* More precise control;
* Flexibility and efficiency;
* Enhanced adaptability.
Although it has some advantages, it also has some disadvantages, namely;
e Complex design;
* Limited overload capacity.
Electronic converters can be used to connect to the power grid, and they can be the following:

¢ AC-AC converter with DC link;
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e Matrix converter;

* Hybrid matrix converter.

2.6.1 AC-AC converter with DC link

There are two types of DC link converters:

* The circuit depicted below illustrates a voltage DC-link back-to-back converter;

is0
,JLJl x Jg r WY K = ,]}4 x JKI x
a If]u-lfu A
O—a O
b Cpo | B
O— =|u=>0 o]
¢ C
O—a Q
3 J

ATATAT | AT

Figure 2.7: V-BBC [14].

* The provided diagram in Figure 2.8 showcases a current DC-link back-to-back converter.

i=0

00 0= 0%
0 Ot O

FARC SO

Figure 2.8: C-BBC [14].

The converter can be implemented by connecting a PWM rectifier and a PWM inverter, the dc
link will be responsible for storing energy and this link is common to both converters, in the case
of a Voltage DC-link back-to-back converter the DC link is a capacitor and in cases where a coil
is used it is a Current DC-link back-to-back converter.

To implement the V-BBC, 12 IGBTs and 12 diodes or RC-IGBTs are needed, and for the
C-BBC, 12 IGBTs and 12 diodes or RB-IGBTs are needed [14].
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The great advantage of having a DC-link is the decoupling of the converter phases and, in
addition, having a quantity of input energy independent of the mains results in a higher utilization
factor for the converter [14].

One disadvantage of having a DC-link converter is that the component responsible for energy

storage (capacitor or coil) is much larger than the rest of the converter’s components [14].

2.6.2 Matrix converter

Matrix converter is an AC-AC converter, capable of converting energy without relying on a
DC link.
Implementing a matrix converter necessitates the use of 18 IGBTs and 18 diodes, as depicted

in the figure below [14].

S B |
| - g e e E
o p o B P

Inductive .~
load »

No DC-link
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_’__1—
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Figure 2.9: Matrix converter [15].

The advantages of using a matrix converter are the adjustable power factor, the high sinusoidal
quality of the input and output waves and not using the bulky energy storage component [16].

However, matrix converters come with certain drawbacks. The large number of semiconduc-
tors and the absence of energy storage can lead to potential issues such as unbalanced supply

voltages, voltage sags, and dips [16].

2.6.3 Hybrid Matrix converter

A hybrid matrix converter comprises two converters: a primary converter, primarily responsi-
ble for energy conversion, and an auxiliary converter tasked with addressing limitations inherent in
the primary converter. These limitations typically include constraints on the power ratio between

input and output and susceptibility to energy disturbances in the power supply [15].

2.7 Energy storage

The storage of energy produced by the generator, which can then be injected into the grid
later or to supply loads when there is a shortfall in production can be realized using conventional

batteries such as Lead-acid and Li-on, but Flow batteries can also be used.
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Conventional batteries use oxidation-reduction reactions to produce energy. In these batteries,
there is an anode responsible for supplying electrons, which is oxidized during the reaction, a cath-
ode responsible for receiving electrons, which is reduced during the reaction, and an electrolyte
that provides the medium for the transfer of energy. In the case of a Li-on battery, the anode is
graphite and the cathode can be lithium cobalt oxide.

A comparison between various conventional batteries is presented in the table below.

Table 2.5: Comparison of conventional battery types [17]

Type of batteries Lead- acid Ni-Cd Li-ion NaS
Energy Density (Wh/kg ) 30-50 50-75 75-200 150-240
Power Density (W/kg) 75-300 150-300 150-315 150-230
Cycle Life 500-1000 | 2000-2500 | 1000-10000 | 2500
Cost ($/kWh) 150-200 400 600-800

Flow batteries consist of two electrolyte solutions in different tanks, separated by a membrane.
During charging and discharging, the flow of the electrolyte solution is achieved using pumps. In
charging, oxidation of the electrochemically active material occurs at the anode and reduction of
the electrochemically active material at the cathode. When discharging, the chemical reactions are
reversed.

When integrating an energy storage system with a hydro energy production system, it enables
the central facility to operate off-grid. However, in such scenarios, meticulous control of voltage,
power, and load management becomes imperative. This stringent control is essential to regulate
the system’s loads and available energy production. In instances where the available energy falls
short of meeting the demand, implementing load shedding becomes necessary to ensure sustained
functionality of critical loads.

To use batteries in a micro-hydro system, we need electronic converters to connect to the grid

and there are two possible options for making this connection:

* Connecting directly to the grid via a bidirectional AC-DC converter, topology A, as illus-

trated in Figure 2.10;

1T .

Generator| ’\J\' Rectifier| —— |Inverter C‘yGrld
f DC-AC

Battery T Bidirecional

Figure 2.10: Topology A.
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* Connecting to the DC bus in situations where the energy conversion from the generator to
the grid is carried out with an AC AC converter with DC link, topology B, as indicated by
Figure 2.11.

GeneratorCP Rectifier| |—— | Inverter (") Grid

Battery

Bidirecional

L Buck-Bost

Figure 2.11: Topology B.

2.8 Products available on the market

Cost analysis is a crucial component of any project, especially when considering the imple-
mentation of micro hydropower stations. Research was carried out to determine the average prices
of these systems in the current market.

Obtaining information on low-power hydraulic turbines proved to be a challenge, as the prod-
ucts available generally include both the turbine and the generator, and the products found in these

situations were the following:

* 1 kW mini-hydro for drops of 5-30 meters and flows rates of 0.007 to 0.25 m?3 /s for about
180.74 €[18];

* 3kW hydro generator with a Kaplan turbine, for flow rates of 0.1m3 /s and drops of 2 to 6
meters for about 1100€ [19];

* 3kW hydro generator with a Pelton turbine, for flow rates of 0.03m3 /s and drops of 10 to
30 meters for about 1200€ [20].

For producing electricity, several motors have been identified that are suitable for this purpose.
The motors chosen preferably had a high number of poles to have a lower rotational speed and an

operating speed of S1 since the generation is expected to be continuous. Here are some examples:

* 2.2 kW three-phase induction motor with 8 poles and S1 speed, 476€ [21];

* 4 kW three-phase induction motor with 6 poles and S1 speed, 478€ [22].
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Lithium batteries, which are among the most prevalent on the market, can significantly inflate
the overall cost of a power station. The examples below are provided for a power station with a
capacity of approximately 10 kW. However, these calculations can be adjusted to accommodate

any power value.

* 3X PYLONTECH 48V lithium battery with a capacity of 3.6 kWh, 4421€ [23];
* 2X HUAWEI 360V LUNA2000 Lithium Battery Module 5 kWh, 6500€ [24];

* Tesla Powerwall, lithium batteries with a capacity of 13.5 kWh, approximately 8000€ [25].

The costs mentioned above are only for the battery modules, which would also require a BMS
(battery management system) in certain cases.
To convert alternating current into direct current, a rectifier is crucial. Various types of recti-

fiers commonly used include:

* PF1000A-360, power module, 1.008 kW, 223.3€ [26];

* AOPs 1500, power module, 1.5 kW, 550.80€ [27].

2.9 Simulation and sizing software

One of the important parts of any project is the simulation, it’s a crucial moment to check the

viability of a project. To carry out a simulation, it can be use the following softwares:

» With the digital calculator from the Institute for Research and Technology
it is possible to obtain the dimensions of the constituent elements of a Francis, Kaplan, or
Pelton turbine. In the figures below it is possible to see an example of the sizing of a Francis
turbine [28];

Introduzca los siguientes datos:

Potencia en el eje (P,): _ kW

Densidad del fuido ). KCCNMG— 1

Aceleracion de la g_ravedad (g): _ i 2

Altura neta (H): m

Revoluciones (n):

Figure 2.12: Sizing parameters[28].
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| Dy [mm] [ B, [mm] [ B [mm] | D [mm] | [mm] | z [élabes]
265 135 214 220 38 17

Figure 2.13: Sizing results[28].

* The software from Borst Engineering & Construction LLC is similar to the one above, but

this one only allows the sizing of a cross-flow turbine [29] ;

* MATLAB is an excellent choice for simulating hydraulic turbines and electronic converters
due to its extensive library of pre-built blocks and the ability to create customized compo-

nents if needed;

* In addition to Matlab, Psim is also a suitable tool for testing converters. There are ready-

made models for this or it can be built using individual components.

2.9.1 Simulation using Matlab Simulink

The utilization of MATLAB in this project stems from its unparalleled capability to simulate
all pivotal elements outlined in this dissertation. The software’s extensive array of resources for
learning, coupled with its student licensing availability, makes it the optimal choice. Its multi-
faceted nature accommodates the simulation of critical components and serves as an invaluable
tool for fostering comprehensive understanding and exploration within this study.

To simulate the conversion between the different DC voltages in the batteries and the DC bus,
the "Bidirectional DC-DC Converter" block can be employed. This block, visible in Figure 2.14,
is responsible for connecting the batteries to the DC bus.

Buck-Boost Converter

Figure 2.14: Bidirectional DC-DC Converter.
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To connect the DC bus to both the grid and the batteries, the "Converter (Three-Phase)" block
can be used. This block, which can be observed in the figure below, has bidirectional capability,

allowing it to function as either a rectifier or an inverter.

Converter
(Three-Phase)

Figure 2.15: Three-phase converter.

The "Induction Machine Squirrel Cage" block can be employed to model a generator. This ma-
chine can be an induction generator, converting mechanical energy into electricity. Additionally, it
includes a measurement port where it is possible to observe the rotor speed, power, voltages, and

currents. The generator can be seen in Figure 2.16.

<lpu

Asynchronous Machine
Squirrel Cage1

Figure 2.16: Induction motor.
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Chapter 3
Bibliography review

In this dissertation, two projects with similar objectives were analyzed to enhance and refine
the study. Each project presents its own set of advantages and disadvantages, contributing unique

perspectives to the research.The projects are the following:

* Project A is "Dimensioning a Small Hydroelectric through the Utilisation and Transfor-
mation of Mills" carried out by engineer David Pereira Nogueira Gomez at the Faculty of

Engineering of the University of Porto;

* Project B is "Design and Simulation of a Hybrid Microgeneration System Powered by Hy-
dropower and Solar Photovoltaics" made by engineer Valdecir Junior De Paris at the at the

Federal University of Santa Catarina.

3.1 Project A

In this project, the objective was to convert a mill by the Sousa River into a mini hydroelectric
power station. Throughout this endeavor, a comprehensive technical and economic analysis was
conducted. This transformation aimed to harness the river’s energy potential and contribute to
sustainable power generation in the region.

In the pursuit of gathering data on the river flow near the mill, encountering significant lim-
itations arose. Specifically, the available information solely pertained to a hydrometric station
located several kilometers away. Moreover, within this distance, additional tributaries had already
merged into the main river, rendering the data from this station inadequate and irrelevant to the
immediate vicinity of the mill.

Consequently, an alternative approach was undertaken. Data from a river with comparable
characteristics was utilized as a substitute. The following table showcases the data according to

the flow of the water.

23
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Table 3.1: Flow of the river in function of the number of days [6]

Flow (> /s) | Number of days | % of the year
>20 3 0.7
>15 6 1.5
>10 15 4.0

>9 19 5.1
>8 24 6.6
>7 33 9.1
>6 47 12.8
>5 70 19.1
>4.5 83 22.6
>4 109 29.7
>3.5 136 37.2
>3 159 43.5
>2.5 188 51.4
>2 210 57.2
>1.5 233 63.7
>1 272 74.3
>0.4 318 86.9
>0.02 365 100

Given the data outlined above and considering the limited head height available at the site,
engineer David Nogueira opted for the implementation of Kaplan turbines. This decision was pri-
marily driven by their adaptability across a broader range of flow rates and their superior efficiency,
particularly in situations with lower flow rates.

After the selection of the turbine, the assessment focused on the operation of the power station
with a single generator group, yielding the following values for energy production and costs, and

they are described in Table 3.2.

Table 3.2: Comparison between the two typologies for the central

Case with 1 group | Case with 2 group
Cost of implementation (k€) 201 242
Annual production (MWh) 603 632
Investment payback (years) 8.7 10.7

The introduction of a second generator enhances the energy output. However, it requires a
higher initial investment, and the payback period for this investment is also longer. This compar-
ison between the two typologies for the central highlights a trade-off between increased energy

production and the higher initial and long-term costs associated with the additional group.
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3.2 ProjectB

In this project, the primary aim is to simulate an integrated system that combines both hydro-
electric and solar energy sources, capitalizing on their mutual complementarity. The objective is
establishing a comprehensive model that showcases the synergy and mutual support between these
renewable energy forms.

In contrast to the previous project and the proposed simulation in this dissertation, a water
reservoir exists within this project framework. This reservoir serves as a pivotal component, funda-
mentally altering the dynamics of energy generation and storage. Its presence enables the strategic
accumulation of water, allowing for more nuanced control over the hydroelectric energy genera-
tion process.

The project’s topology is depicted in the figure below.

Rectifier Inverter .
Grid
Generator + ; n @
i\ ~
rviro > (@I 3 % £ 3
Solar > 5
'I Loadl

PV~

Boost

Figure 3.1: Proposed topology [10].

As this system has a reservoir at times of solar production, it is possible to use this energy to
support the system and thus reduce water production at these times and store water for future use.

As a result, dependence on the grid is greatly reduced, as can be seen in Figure 3.2.

Topology
Hydro (kW)
generation .
Solar (kW)
generation .
W
Total (kW)
generation
(kW)
. (kW)
Consumption
from the grid
Time

Figure 3.2: Variation in production and consumption over time [10].

Despite its comprehensive features and ability to function off-grid effectively, the project’s

intricate nature and substantial financial investment may present challenges.
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3.3 Project A vs Project B

The comparison between Project A and Project B delineates distinct attributes in their design
and functionality. Project A, while simpler and easier to implement, is particularly geared towards
low-drop scenarios, exhibiting readiness for such situations. Conversely, Project B represents a
more intricate endeavour. Its integration with solar power enables energy generation even during
periods of low river water flow. However, it’s worth noting that Project B was specifically designed

for a moderate waterfall.

3.4 Contributions of Projects A and B

3.4.1 Project A

Project A contributes significantly to this initiative by providing comprehensive insights into
the process of designing a low-head mini-hydropower project and outlining the essential steps for
its implementation.

The project also delves into the necessary legal frameworks, examining key legislative decrees
that warrant attention. This includes an in-depth economic analysis that elucidates the critical
indicators and offers a comprehensive overview of the implementation costs associated with a
mini-hydropower plant.

Moreover, the project exemplifies the meticulous process of designing the feeder canal, high-
lighting primary considerations, especially regarding its capacity to deliver an adequate flow for
the intended power output. This involves a detailed exploration of sizing considerations and po-
tential challenges in ensuring the channel’s efficiency.

Furthermore, the project provides a detailed illustration of the turbine sizing process, focus-
ing on the Kaplan turbine. This encompasses a thorough analysis of the turbine’s dimensions,
operational characteristics, and performance parameters.

In essence, Project A not only offers valuable insights into the intricacies of low-head mini-
hydropower project design but also addresses legal aspects, conducts a thorough economic analy-

sis, and illustrates the dimensioning processes for both the feeder canal and the chosen turbine.

3.4.2 ProjectB

Project B significantly enhances this dissertation by offering a distinct perspective on the inte-
gration of an alternative energy source, specifically solar energy, drawing parallels to the incorpo-
ration of batteries. This unique viewpoint contributes to a more comprehensive understanding of
diversified energy integration within the scope of this study.

The contribution is evident in its exploration of the impact of integrating photovoltaic energy
into the hydroelectric plant, shedding light on the consequential effects on electricity production.
By providing a detailed analysis of both turbine and rotor sizing within the pipeline, as well as the

injector nozzle, Project B adds a layer of intricacy to the examination of these vital components.
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Furthermore, the meticulous examination of converter sizing and control adds depth to the
overall analysis. Project B goes beyond the surface by delving into the nuanced aspects of con-
verter sizing and elucidating the intricacies of control mechanisms.

The inclusion of simulations using tools such as PSIM and real-time simulations with Typhoon
HIL software is another noteworthy contribution. This not only showcases the practical application
of the proposed components but also provides a tangible demonstration of their performance in

various scenarios.
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Chapter 4

Proposed system

For the hydroelectric generating system, an ideal scenario involves powering a small store
equipped with a refrigerator, a freezer, and lighting. The system is primed for efficient hydroelec-
tric power generation, situated near a river boasting falls of at least 2 meters and consistently high
flow rates, typically exceeding 0.23m3 /s. This setup capitalizes on the natural resource of flowing
water to drive turbines and generate electricity, providing a sustainable energy solution for the
store’s operations. With reliable access to renewable energy, the store can operate independently
of the grid, ensuring uninterrupted power supply for essential appliances and lighting needs.

The values of 2 meters for the fall and 0.23 m3/s for the flow rate were chosen because they are
commonly met in Portuguese rivers. These criteria ensure that the hydroelectric generating system
can be effectively implemented in many locations across Portugal, leveraging the country’s natural

water resources to provide consistent and sustainable energy.

4.1 Loads

In the table below, the loads and the quantity of each equipment are presented. It was deter-
mined that the number 30 represents a plausible value for the situation where the store incorporates

a small pathway.

Table 4.1: Loads

Equipment | Quantity | Power (W) | Total Power (W)
Light Post 30 60 1800
Freezer 1 38 38
Refrigerator 1 28 23

The power consumption of various loads fluctuates according to the time of day. While certain
loads, such as the freezer and fridge, remain constant, lighting varies across four levels. These
levels include all lights turned on, 50% of lights turned on, 25% of lights turned on, and all lights

turned off. These variations in power levels are detailed in Table 4.2.
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Table 4.2: Power levels according to the loads

Power Level Loads Total power (W)
1 All loads 1861
2 Freezer, fridge and 50% of lights 961
3 Freezer, fridge and 25% of lights 511
4 Freezer, fridge 61

According to previous table it was possible to come up a graphical representation of the vari-
ance of the load during the day, represented by Figure 4.1. It’s noticeable that the loads are higher
during the night compared to daytime, as expected, due to substantially lower luminosity. Con-
versely, during the day, power consumption mainly revolves around the freezer and fridge, as

ample natural light reduces the need for artificial lighting.

Load Profile
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Figure 4.1: Load Profile

4.2 Battery

This application’s capacity of 10,000 Wh was deemed sufficient to accommodate typical power
demands. In cases of low production, loads can be substantially reduced to prioritize refrigeration.
Even with the battery’s small state of charge and no energy being produced by the generator, the

system can sustain operations for an extended duration, as demonstrated in Table 4.3.



4.3 Control

Table 4.3: Autonomy of Loads at Different SOC

SOC Loads Time Remaining (h)

Autonomy for all loads 5.37

100% Autonomy for freezer, fridge, and 50% of lights 10.41
Autonomy for freezer, fridge, and 25% of lights 19.57
Autonomy for freezer and fridge 163.93

Autonomy for all loads 4.03

75% Autonomy for freezer, fridge, and 50% of lights 7.80
Autonomy for freezer, fridge, and 25% of lights 14.68
Autonomy for freezer and fridge 122.95

Autonomy for all loads 2.69

S0% Autonomy for freezer, fridge, and 50% of lights 5.20

Autonomy for freezer, fridge, and 25% of lights 9.78
Autonomy for freezer and fridge 81.97

Autonomy for all loads 1.34

25% Autonomy for freezer, fridge, and 50% of lights 2.60

Autonomy for freezer, fridge, and 25% of lights 4.89
Autonomy for freezer and fridge 40.98

4.3 Control

4.3.1 Grid Connected with low power flow to the grid

31

The following strategy was proposed in the context of grid-connected operations, emphasizing
minimizing traffic between the grid and the hydropower station. By minimizing interactions with
the grid, there is a more extensive use of the batteries, which can promote a reduction in energy
expenses, especially in high electricity prices. Utilizing stored energy can be more cost-effective
during these periods.

Moreover, optimizing the utilization of battery storage and hydropower production can achieve
this goal for a store aiming to maximize the use of green energy. This approach ensures that the
energy consumed is predominantly renewable, aligning with sustainability objectives.

Additionally, relying on stored power can provide better quality electricity, as it mitigates
issues related to grid fluctuations and interruptions.

The following strategy was proposed below.

Primarily, when power generation exceeds 99% of the capacity, the generator serves the load
demand while channeling surplus energy into the grid. When production is low, the batteries step
in to provide the required power to meet the load demands.

Furthermore, during periods of elevated power production and ranging between 25% and 99%
capacity, the generator fulfills load requirements while directing excess power toward battery stor-

age. This dual-purpose utilization ensures efficient energy storage for later use, enhancing system
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flexibility and resilience. In cases where production is low, the batteries compensate by supplying
the necessary power to meet the load requirements.

In scenarios where power generation falls below 25% capacity, a multi-faceted approach is
adopted to maintain operational continuity. Here, the generator prioritizes battery charging to
increase storage reserves, while the grid supplements power deficits and also contributes to bat-
tery charging. Simultaneously, load demands are met predominantly by grid-supplied electricity,

ensuring uninterrupted service even during periods of lower power generation.

4.3.2 Grid Disconnected

In scenarios where the grid becomes disconnected, the management of power generation is
essential.

Firstly, when the charge level exceeds 99%, the generator is tasked solely with supplying
the load. In insufficient power, batteries serve as a complementary source, ensuring continuous
operation.

Secondly, when the charge level falls between 30% and 99%, power generated caters to the
load and facilitates battery charging during surplus. Conversely, batteries seamlessly supplement
the loads during power deficits to maintain operational stability.

Thirdly, load-shedding measures are implemented to expedite the charging process if the bat-
tery charge dips below 30% but remains above 15%. This strategic reduction in non-essential
loads optimizes resource allocation for faster battery replenishment.

Lastly, in critical situations where the battery charge plummets below 15%, only essential
loads remain connected, safeguarding vital operations until the grid is restored or additional power

sources become available.

4.3.3 Grid Connected and battery as backup storage

In scenarios where batteries primarily serve as backup storage, an optimized operational frame-
work ensures their readiness while minimizing grid reliance.

Under normal conditions, the generator and grid are tasked with charging the batteries, with
the generator granted priority to ensure consistent battery replenishment. This concerted effort
aims to maintain optimal battery charge levels, reinforcing backup capacity for unforeseen grid
disruptions. Concurrently, the grid predominantly meets load demands, leveraging its reliability
and accessibility. This strategic allocation of resources ensures efficient utilization of grid-supplied
power while preserving battery reserves for emergency scenarios.

In the event of grid failure, operations seamlessly transition to the contingency plan explained
above, where the generator assumes a central role in charging batteries and supplying the loads,
guaranteeing uninterrupted service until grid restoration or alternative power sources become

available.
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4.4 Simulations

This section presents simulations conducted in Simulink, serving as tests for the developed
system. These simulations employ simplified models for each component, with a gain factor
representing each one. This simplification was necessary due to the challenges of simulating all
components together in a more complex manner. However, each block will be elucidated further in
the dissertation. Figure 4.2 illustrates the components represented, while the circuits and programs
used in MATLAB are detailed in the annexes.

Turbine |—{ Generator Generator_. DCBus [« Grid Grid
Converter Converter ‘
Load
DC-DC

Battery

converter

Figure 4.2: Circuit.

The turbine’s efficiency is estimated to be approximately 88%, while the generator exhibits an
efficiency of 87%. Additionally, the converters demonstrate an efficiency of 95%. These parame-

ters form the foundation for the system’s initial performance considerations.

4.4.1 Grid Connected with low power flow to the grid

The following simulation assumed that the grid is connected and that river exhibits a sub-
stantial flow, consistently enabling maximum power generation and that the grid is connected.
Consequently, the available power at the output of the generator converter is determined by the
product of the maximum power rating of the turbine and the efficiencies of the turbine, generator,

and converter. This can be represented mathematically as shown in the equation below:

Pronverter = 4000 x 0.88 x 0.86 x 0.95 = 2876W “4.1)

Figure 4.3 depicts the variations of power levels according to the time of day. It’s noticeable
that the loads are higher during the night compared to daytime, as expected, due to substantially
lower luminosity. Conversely, during the day, power consumption mainly revolves around the

freezer and fridge, as ample natural light reduces the need for artificial lighting.
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Figure 4.3: Variation of loads during 24 hours.

As depicted in Figure 4.4, the initial SOC is at 5%. Consequently, the system’s primary objec-
tive is to expedite the charging process, requiring the charging power to operate at full capacity.
As illustrated in Figure 4.5, all the power produced is directed towards the battery, with additional
power drawn from the grid to assist in the charging process. As a result, the power injected into
the grid assumes a negative value. Upon reaching a SOC of 25%, it becomes apparent that the
charging rate begins to taper off. This phenomenon is attributable to the generator responsible for
supplying power to the loads, with the surplus allocated towards charging. Upon completion of

the charging cycle, the generator redirects all surplus power to both the grid and the loads.
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Figure 4.4: State of charge of the battery.
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Figure 4.5: Charging power of the battery.
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Upon analyzing Figures 4.6 and 4.7, it becomes visible that the power injected into the grid

consistently equals the power before the loads minus the power consumed by the loads.
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Figure 4.6: Power in direction to the grid before the load.
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Figure 4.7: Power injected in the grid.
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4.4.2 Grid Disconnected

In this simulation, the initial SOC remains consistent with the one employed previously, lead-
ing to load shedding within the load, as evidenced in Figure 4.8. Initially, the load is minimal,
increasing its power demand gradually as the SOC reaches 15%. Upon reaching a SOC of 30%,

the load profile resembles that observed previously, indicating an absence of load shedding.
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Figure 4.8: Variation of loads during 24 hours.

The charging rate in this simulation experiences a notable deceleration due to the reliance
solely on the generator for charging, as depicted in Figures 4.9 and 4.10.
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Figure 4.9: State of charge of the battery.
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As anticipated, there is no power exchange between the grid and the system since they remain

disconnected, as illustrated in Figure 4.11. Moreover, the transferred power is adequate to meet

the demands of the loads, as depicted in Figure 4.12.
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Figure 4.11: Power injected in the grid.
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Figure 4.12: Power in direction to grid before the load.
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4.4.3 Grid Connected and battery as backup storage

We maintain continuity with previous simulations in this iteration by retaining the identical
load profile and initial SOC.

In this simulation, the battery functions primarily as a backup power source, prioritizing full
charging when the grid is connected to remain on standby for times of need. This behavior is
evident in Figure 4.13 and 4.14, where the SOC consistently increases without fluctuation, main-

taining a continuous state of full charge until the battery reaches its capacity.
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Figure 4.13: State of charge of the battery.
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Figure 4.14: Charging power of the battery.

In Figure 4.15, a clear pattern emerges: once the battery reaches full charge, all available

power is directed towards both the grid and the loads.



4.4 Simulations 39

Pgrid_converter_to_grid_before_load
I I [

3000

2000

1000

-1000 - n

Power (W)

-2000 - n

-3000 - n

-4000 - 4

-5000 i I I I I I i I 7
0 1 2 3 4 5 6 7 8
Time(s) x10%

Figure 4.15: Power in direction to grid before the load.

4.4.4 Grid connected from t=0s to t=10.000s

A dynamic model was employed for this simulation. Initially, for the first 14.400 seconds, the
river exhibits its full potential to supply power. However, after this period, its capacity diminishes
to only being able to supply 1000W to the turbine. The battery system is configured solely as
a backup plan and is activated when necessary. Additionally, the grid is initially connected but
disconnects at the 10.000-second mark.

Examining the figure below, we can discern that before the 10.000-second mark, when the
grid is still connected, it supplements the battery charging process by drawing power from the
grid. Subsequently, once the battery reaches its full charge, all surplus power is sent to the grid.
After the disconnection of the grid, the power flow shifts, with energy being solely distributed to

meet the demands of the loads.

Pgrid_converter_to_grid_before_load, Ploads
I I I |

I —Pgrid converter to grid before load

—Ploads
2000 = \_\—\ ,_I_I;
()
2
£ -2000 - .
-4000 - ]
| | | | | | | |
0 1 2 3 4 5 6 7 8
Time (s) x10*

Figure 4.16: Variation of loads and power in direction to the loads and grid.

Upon analyzing Figures 4.17 and 4.18, discernible variations in the SOC become evident

following the grid’s disconnection and the reduced quantity of power generated. This outcome
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aligns with expectations, considering that the river experiences a reduced flow and only has a
potential of 1000W, while the loads at the moment of variation are approximately 2000W. The

SOC only recovers to full charge when the loads are reduced.
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Figure 4.18: Charging power of the battery.



Chapter 5

Individual systems

5.1 Buck-Boost

The buck-boost converter, renowned for its capability to dynamically adjust downward and
upward voltage levels, is a pivotal component in contemporary energy systems. Its versatile na-
ture allows output voltage modulation, enabling input power conversion to levels conducive to
various operational requirements. This adaptability arises from the converter’s ability to function
in multiple modes, facilitating either voltage reduction -buck mode- or amplification -boost mode-
based on operational demands.

In contexts such as energy storage and renewable energy systems, where efficient power man-
agement is paramount, the buck-boost converter emerges as an indispensable tool. Its bidirectional
current flow enables seamless integration into diverse applications, including the charging infras-
tructure of electric vehicles.

The converter employs two switches that can be controlled using a Pulse Width Modulation

(PWM) signal. This signal utilizes a duty cycle as its input parameter.
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5.1.1 Circuit

The diagram below shows the conventional circuit configuration employed in a buck-boost
converter. This topology necessitates the utilization of essential components comprising two ca-
pacitors, one inductor, and two controlled switches. These components collectively orchestrate the
intricate voltage regulation and conversion process inherent to the buck-boost operation. It is also
important to mention that it is possible to analyze the complete scheme that gathers the control as

well as the buck-boost in Appendix A.1.

(o]

Figure 5.1: Buck-Boost converter.

5.1.2 Switching frequency

The switching frequency employed for the converter was set at 10 kHz, a frequency widely
adopted within the realm of such converters. Notably, a higher frequency can improve losses
in passive components due to reduced ripple currents and smaller component sizes. However,
it is essential to acknowledge that higher frequencies can also escalate losses in the switching
devices. Despite this trade-off, the selection of 10 kHz strikes a balance between minimizing

passive component losses and managing switching device losses effectively.

5.1.3 Sizing components

The inductor and capacitor play crucial roles in the boost mode. The inductor stores energy
as a magnetic field when current passes through it. During the switch’s closure, it accumulates
energy, and when open, it helps adjust the output voltage.

On the other hand, the capacitor smooths the output voltage. When the switch is closed,
it charges; when open, it regulates the output voltage. These components work in tandem to
convert input voltage to a higher output voltage, making the converter a vital component in various

applications.
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In a buck converter, the functions of the inductor and capacitor are similar but with some
differences due to the different operating principles of the converters. The inductor releases energy
to maintain the output voltage when the switch is closed and charges during closure. The capacitor
serves a similar role in both converters.

In Table 5.1, the formulas for sizing the passive components required for the buck-boost con-

verter are provided.

Table 5.1: Calculation formulas for inductor and capacitors in buck and boost converters [30][31]

Type of converter Inductor Capacitor
— (Vin_vnut)XD _ AIL
Buck L= vif(xéNLv : C= ST AV
_ in X (Vour—Vin . IumXD
BOOSt L — fA ><AIL X Vuur C — fs ><Avuur

In Table 5.2, the calculated values of the passive components required for the buck-boost con-
verter are provided. Here, C; corresponds to the capacitor sized for the boost mode, C, corresponds
to the capacitor sized for the buck mode, and L represents the largest value obtained from sizing

in both buck and boost modes.

Table 5.2: Results of capacitor and inductance values for the converter

L C (&)
0.05376 | 1.09E-05 | 5.43e-7

5.1.4 Simulation

In the subsequent section, a simulation of the buck-boost converter was conducted utilizing

the parameters outlined in Table 5.3.

Table 5.3: Parameters of Buck-Boost converter

VI(V) [V2(V) [L(H) |CI®F | C2(F) | Fs(kHz)
800 240 0.05376 | 1.09E-05 | 5.43e-7 | 10

Current control was employed for this converter, as depicted in Figure 5.2. This control strat-
egy begins by calculating from a power reference and then comparing the voltages to the current

in the inductor. Subsequently, it utilizes a PI controller.
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Figure 5.2: Buck-Boost converter control.

5.1.4.1 Simulation V1=800 V, V2=240 V, P=4000 W and P=-2000 W of t=0.3 to 0.6s

Upon observing Figure 5.3, it becomes apparent that the converter is functioning as antici-
pated. The power value aligns with the reference, exhibiting only a slight disturbance due to the

transient response from the change in the reference signal.
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Figure 5.3: Buck-Boost converter simulation.
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5.2 Grid Converter

A grid converter is an essential device that facilitates the connection of renewable energy
sources, such as micro-hydropower systems, to the electrical grid. It acts as an intermediary, con-
verting the electricity generated by the power system into a format that is compatible with the grid
and suitable for use in residential and commercial settings. Without this conversion, the energy
produced by renewable sources would not meet the necessary standards for grid compatibility,
rendering it unusable for everyday electrical applications.

The six-switch converter is a cornerstone in contemporary power electronics, renowned for
its efficiency and versatility in bidirectional power conversion between DC and AC. Its distinctive
design enables precise control over voltage levels, rendering it a multifaceted tool capable of
meeting diverse operational demands. This adaptability is underscored by its ability to seamlessly
transition between various operating modes, including rectification and inversion, accommodating
different power levels and types as required.

Due to its bidirectional power flow capability, the six-switch converter is pivotal in renewable
energy integration and grid-tied systems. Its seamless integration into applications such as solar
photovoltaic systems and grid-connected renewable energy sources underscores its significance in
facilitating sustainable energy solutions. By efficiently utilizing renewable energy resources, the
converter contributes significantly to advancing the transition towards a cleaner and more sustain-
able energy future.

In technical terms, the grid converter transforms the electrical output from the renewable en-
ergy system into an AC voltage. This means it converts the energy generated by the system into a
steady, sinusoidal AC voltage with a frequency of 50 Hz. This standardized form of electricity is
what the grid requires to ensure the smooth and reliable operation of electrical devices and systems
connected to it.

The six-switch inverter relies on a sophisticated control mechanism at its core, governed by
PWM signals. Through precise modulation of the duty cycles of these signals, the inverter ensures
accurate regulation of not only output voltage and frequency but also phase, thereby providing
users with enhanced control and stability. This precise control mechanism enhances the converter’s

performance and reliability.

5.2.1 Circuit

In the figure below, we observe the MATLAB circuit and its associated components utilized
for the converter responsible for grid connection.
5.2.2 Control

The converter incorporates active power and reactive power control, as it is paramount in gen-
eration systems to manage the electricity injected into the grid. Injecting excessive reactive power

can lead to various perturbations in the grid. These perturbations include voltage fluctuations,
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Figure 5.4: Grid converter.

increased transmission line losses, and compromised grid stability. Thus, precise control of both
active and reactive power outputs is essential to ensure grid stability, efficient power transmission,
and reliable operation of the entire electrical network.

The following equations can express the active and reactive power supplied to the grid:
3 . .
P, = 3 X (Vsa X Isq + Vg X lsq) G.D

Qpower = % X (=Vsa X lgg + Vg X lsq) 5.2)
In situations where connection to the grid is necessary, understanding the grid voltage phase
is paramount to avoid perturbations and ensure stable operation. A Phase-Locked Loop (PLL)
system is commonly employed to achieve this. The PLL system enables the estimation of the
grid voltage’s frequency and phase, providing crucial information for synchronization and control
purposes.
By utilizing a PLL, we can align ¢ with the direct component of the voltage, such that vy, = 0.
Considering this equality to zero, it becomes possible to control the active and reactive power
independently.

3 .
Fy= 5 X Vsd X lgd (5.3)

onwer = _5 X Vsd X isq (5.4

Developing in order of isq and iy, we have:
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i 2 1
lsd:PaX§XE (55)
s
. 2 1
lsq = _onwer X g X a (5.6)

After obtaining the reference currents, We can proceed with a conventional control method as
shown in Figure 5.5.
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Figure 5.5: Conventional Control in a Three-Phase Converter [32].

5.2.3 Simulation

In Figure 5.6, a phase-locked loop is implemented in MATLAB using a block titled "Sinusoidal
Measurement (PLL, Three-Phase)."

Discrata

freq ——]
W abc F'EE:II. angle ——m [wi]
mag ——m—]

Sinusoidal Measurement
[PLL, Three-Phase)1

Figure 5.6: PLL.

Through Figures 5.7 and 5.8, we can observe the transformation process from three-phase
voltages and currents to the reference frame dq0. These figures provide insight into how this
conversion was achieved.
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Figure 5.8: abc to dq0 Currents.

After establishing the voltage phase, along with the currents and voltages in the dqO reference

frame, the control of the converter can be implemented. This implementation is demonstrated in
Figure 5.9.
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Figure 5.9: Grid converter control.

The complete scheme of the grid converter and the associated control can be seen in Appendix
A2.

The simulation of the grid converter was conducted with an active power of P = 3000 W and
P =-3000 W from t = 0.4 s to t = 1.1 s. The reactive power was also set to Q = 750 VAR and Q =
-500 VAR fromt=0.8stot=1.1s.

Analyzing Figure 5.10, it becomes evident that the converter tracks the reference for active

power. However, some perturbations occur during reference variations, whether for active or
reactive power.
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Figure 5.10: Active power compared to reference.

Upon observing Figure 5.11, it is evident that the reactive power also follows the reference,
exhibiting a similarity to the behavior observed in active power tracking. However, perturbations
occur during changes in the reference, albeit slightly larger in magnitude than those observed in

active power tracking.
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Figure 5.11: Reactive power compared to reference.

The currents and voltages shown in the figure below exhibit the expected behavior as their

waveforms are sinusoidal.
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Figure 5.12: Grid currents and voltages.
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5.3 Turbine and Generator

To facilitate energy production, it is imperative to harness the latent energy stored within water
bodies effectively. This entails a meticulous process of transforming this potential energy first into
mechanical energy and subsequently into electrical power. Integrating a water turbine and an
induction motor proves to be indispensable to achieve this. The water turbine acts as the initial
catalyst, capturing the kinetic energy inherent in flowing water and converting it into rotational
mechanical energy. Subsequently, the induction motor plays a pivotal role in further transforming
this mechanical energy into electricity, facilitating the efficient generation of renewable energy.

The water turbine is specifically designed to operate with the energy from flowing water. There
are various types of turbines, such as propeller, Kaplan, Pelton, and Francis turbines, each suitable
for different flow conditions and head heights. The correct turbine choice depends on several
factors, including the volumetric flow rate and the available head height. For instance, Kaplan
turbines are ideal for low-head, high-flow water streams, while Pelton turbines are more efficient
in high-head, low-flow scenarios.

After the initial conversion of kinetic energy into mechanical energy, the induction motor
comes into play. This type of motor is widely used due to its robustness and efficiency in con-
verting mechanical energy into electrical energy. When the induction motor’s shaft is driven by
the turbine, the rotational movement generates a varying magnetic field within the motor. This
magnetic field induces an electric current in the stator windings, resulting in the production of
electricity.

Integrating these components efficiently ensures that the potential energy of water is maxi-
mized, resulting in a renewable energy generation system that is both efficient and sustainable.
By optimizing each step of the process, from capturing the kinetic energy with the turbine to the
final conversion into electricity by the induction motor, we can ensure the production of clean and
reliable energy, significantly contributing to the reduction of dependence on non-renewable energy

sources.

5.3.1 Turbine

Selecting the optimal turbine type was paramount and necessitated a thorough understanding
of specific requirements, primarily revolving around power output, rotational speed, and head.

Table 5.4 shows these parameters for this particular case.

Table 5.4: Turbine parameters

Turbine parameters

Speed (rpm) | 1000
Power (W) | 4000
Head (m) 2
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After obtaining the parameters, the software developed by Comillas Pontifical University was
utilized. This software facilitated the selection of the turbine type, sizing its parameters, and
estimating its efficiency yield. Subsequently, the results obtained will be meticulously verified to
ensure rigor in the analysis.

The simulation yielded a propeller turbine, a variation of a Kaplan without blade angle regu-
lation, and specific geometric, yield, and flow results for this turbine are presented in Table 5.5. A
visual explanation of each variable represented in the table can be found in Figure 5.13.

The simulation yielded a propeller turbine, which is a variation of a Kaplan turbine without
blade angle regulation. This result was anticipated because we are working with a small head
and a large flow rate. Propeller turbines are particularly well-suited for these conditions. Specific
geometric, yield, and flow results for this turbine are presented in Table 5.5. A visual explanation
of each variable represented in the table can be found in Figure 5.13.

By utilizing a propeller turbine in this context, we can achieve a high efficiency of 88%, as
indicated by the simulation results. This efficiency is largely due to the turbine’s design, which is

optimized for the specific flow and head conditions of the project.

Table 5.5: Simulation results

D, | D, | B | Z (number of blades) | Efficiency (%) | Flow (m’/s)
0.12 | 0.3 | 0.13 4 88 0.23

Figure 5.13: Propeller turbine [28].

The variable ¢ denotes a pivotal characteristic factor crucial for sizing Kaplan turbines. It is
intricately influenced by several key parameters, namely, the rotational speed of the turbine wheel,
the volumetric flow rate, and the acceleration of gravity. This factor is a cornerstone in determining

the Kaplan turbine’s optimal specifications and dimensions. [33]

2XnXA/TX
g 2XnXVEXO (5.7)
(2xgxH)s
After scrutinizing Figure 5.14, deriving the value of & from the previously calculated o is

plausible. Additionally, upon closer examination of the exact figure, discerning the correlation
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between the outer and inner diameters of the runner blade is equally viable. Furthermore, the
number of blades can also be determined.
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Figure 5.14: Design diagram for a Kaplan turbine [33].
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Table 5.6: Turbine sizing comparisons

Method D (m) | Di (m) | Z (number of blades)
Software 0.30 0.12 4
Sizing manually | 0.27 0.11 4

We can apply the same principle used in wind turbines to calculate the power generated by

turbines. The formula for determining power output is expressed below:[34]

1
PzzxprxVSXCp (5.10)
D2
- 7”; (5.11)

where:
s p is the water density (kg/m?);
* A is the projected area of the rotor (m?);

* C,, is a power coefficient;
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* v is water speed (m/s).

We can assume a coefficient of performance C, of 0.33 [34].

This formula enables us to estimate the turbine’s powers, providing valuable insights into its
performance.

The speed of water in the turbine runner was calculated using the Bernoulli equation. How-
ever, this calculation assumed that the pressure at both inlet and outlet points equals atmospheric
pressure and neglected losses in the canal.

The expression of the Bernoulli equation is as follows:

P+05x%xp xv%—i—p X g X 71 = constant (5.12)
Where:
* Py, is the pressure of the fluid (Pa);
s p, is the density of the fluid (kg/m>);
* yyis the velocity of the fluid (m/s);
* g is the acceleration due to gravity (m?/s);

* 71, is the height of the fluid above a reference (m);

The demonstration to calculate the water speed using the Bernoulli equation at the turbine’s

inlet is determined by comparing the inlet and outlet of the canal.

Pl+05Xp XV +pxgxzi=P+05xpxXVi+pXgxz (5.13)

Deducing the comparison above in order to v, is possible to obtain the equation 5.14.

vy =1/vi+2xgxh (5.14)

Table 5.7: Speed results in water canal

vy (m/s) | v (m/s) | z; (m) | z2 (m)
4.04 7.51 2 0

A MATLAB function has been developed to do the simulations. This function takes several
parameters as input, including the diameter of the runner wheel, water flow rate, gravitational
acceleration, C,, coefficient, head, and water density. The output of this function is the mechanical
power generated by the turbine; the inputs and outputs are depicted in Figure 5.15 and Figure 5.16

offers a detailed breakdown of the function’s components.
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Figure 5.15: MATLAB function’s inputs and outputs of the turbine model.
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Figure 5.16: Detailed turbine model.

In Figure 5.17, the results indicate that under nominal turbine conditions, a mechanical power

output of 3973 W was achieved, which closely aligns with the expected value of 4000W. The
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difference between the observed and predicted values could be attributed to the approximation

used within the expression to calculate the power.
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Figure 5.17: Turbine mechanical power.

5.3.2 Generator

The induction motor was chosen for this specific application due to its simplicity and cost-
effectiveness, as it eliminates the need for additional excitation systems. This choice streamlines

the setup and reduces costs while ensuring reliable operation.

Table 5.8: Induction motor [35]

Power (kW) | Rated voltage (V) | Rated Current (A) | Speed (rpm) | Rated Frequency (Hz)
4 400 9 960 50

Before commencing simulations with the motor, it is essential to determine its impedance
values accurately. This is achieved by conducting the no-load and locked rotor tests.

During the no-load test, parameters such as steel losses, magnetization reactance, and induc-
tance are estimated. The motor runs freely without any mechanical load attached to the shaft
during this test. These parameters offer insights into the motor’s performance under light or no
load conditions.

The relationships derived during the no-load test are expressed mathematically as follows [36]:

¢, = arccos (5.15)

[
V3xU,x1,

Ry = =2 (5.16)

X, = V3 (5.17)

(5.18)

On the other hand, the locked rotor test helps determine parameters such as rotor resistance,

stator leakage reactance, and rotor leakage reactance. This test involves mechanically blocking the



Individual systems 56

rotor and applying a reduced voltage to the stator. These parameters are essential for evaluating
the motor’s performance under heavy load or starting conditions.

The relationships derived during the locked rotor test are expressed mathematically as fol-
lows[36]:

P
. = arccos(——— 5.19
¢ (\/5 X U % 1,,) (.19
L =1, x (cos(—@.) +isin(—¢,)) (5.20)
U
V3
Ru+ixXp
he =l —1Ioe (5.22)
U,
Ry = real (\ﬁ) R (5.23)
IZC
Ue
()
12(:
X, = imag 5 (5.24)
Xs =X, (525)

By utilizing the data presented in Table 5.9 and 5.10, we can derive the motor resistances

through specified relationships. The outcomes of these calculations are documented in Table 5.11.

Table 5.9: No load test [37]

No load test
Up | 401.3
Iy 5.33
P., | 2440
P, | 269
Pr. | 125.4

Table 5.10: Locked-rotor test [37]

Locked-rotor test
uw) 386
1(A) 627.27

P (kW) | 23.42
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Table 5.11: Motor impedances

Impedances
Ry | 0.9403
X, | 1.5299
Ry | 1.3714
X | 1.5299
X | 43.5638

5.3.2.1 Simulation

A scalar control was employed to control the motor. This method allows for speed manipula-
tion by adjusting the curves of frequency and voltage. Figure 5.18 shows the implementation of
this control in Simulink. First, the speed values are compared. The result is processed by a PI con-
troller, after which the speed is converted into a frequency reference. The scalar control processes
this frequency reference, obtaining the voltage references. Ultimately, the PWM generator obtains

the gate signals.

T :

L Pis) fRef Vabe |—#{ vabe g —
O f .

[0 [m Scalar controller

a

vdc =4 vdc  ModWave |—»—]

Zero-Order
Hold5

Figure 5.18: Generator scalar control.

In Figure 5.19, the complete system setup is illustrated. This setup includes the generator,
inverter, DC bus, and an ideal source of torque that represents the turbine. For further analysis, it

is possible to see the scheme in Appendix A.3.
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Figure 5.19: Generator Matlab circuit.

A simulation was conducted using the selected motor to test the implementation. In this sim-
ulation, the speed was set to 500 rpm during the first second and then increased to 1000 rpm. For
the torque, -20 Nm was applied to the motor during the first two seconds, followed by -40 Nm.

In Figure 5.20, a comparison between the machine’s electric torque and the turbine’s load
torque is presented. The machine torque tracks the turbine torque, exhibiting only perturbations

when there are changes in the reference or generator speed.

Te & Tload

Torque (Nm)

0 0.5 1 1.5 2 25 3
Time (s)

Figure 5.20: Generator torque.

The figure below displays the rotor speed and the rotor reference. It can be observed that the

rotor speed follows the reference.
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Figure 5.21: Generator speed vs reference.

In Figure 5.22, the power produced by the motor is presented. This power output is as ex-
pected: in the first second, the torque is 50% of the nominal value, so the potential power produc-
tion is limited. However, the motor cannot produce the full available power because the speed is
not at the nominal value. After the speed reaches 1000 rpm, with the torque at half the nominal
value, the power output is 2000 W. When the torque reaches the nominal value, the power output
increases to 4000 W.
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Figure 5.22: Generator active power.

5.4 Complementary System

Drought is a recurring issue in Portugal, particularly severe in some years. This problem is
especially prevalent during the summer months. To mitigate the effects of drought, this section
will explore alternative renewable energy sources, specifically wind and solar power. The anal-
ysis provided will be simplified and not exhaustive, focusing on the potential of these sources to

supplement energy needs.

5.4.1 Solar power

Solar power is a green energy source that relies solely on the sun’s energy. It can generate a
significant amount of energy during the daytime, enough to power consumption needs and charge
batteries for use at night.

Solar energy production can significantly reduce in winter due to shorter days and less intense

sunlight. However, this is not critical in the proposed system because winter typically brings ample
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rainfall, allowing the hydroelectric system to compensate for the reduced solar output. This com-
plementary relationship between solar and hydroelectric power ensures a reliable and sustainable
energy supply throughout the year.

The KACO blueplanet PV-designer software was used to analyze the potential of a solar sys-
tem. This software allows users to input the installation location, type of panels, and their position-
ing. It then calculates the power produced each month. Although the software can also incorporate
load analysis, it was not considered for this study.

In figure 5.23, It is possible to observe the energy produced by installing a 4 kW solar system
in Arcos de Valdevez. This location was chosen due to its proximity to the rivers, which serve
as the foundation for this work. This analysis provides an estimate of the monthly energy output

based on the specified location and system configuration,

800

Energy in kWh

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

PV energy

Figure 5.23: Energy produced in a 4 kW solar system calculated through Kaco [38].

Based on the load profile presented in Figure 4.1, it is possible to estimate the monthly load

consumption.

Load,onin = 556.92kWh (5.26)

This solution can help address the problem of drought by ensuring a sufficient energy supply.
As observed, the load values are lower than the power generation from the solar system during
the months of April, May, June, July, and September. During these months, we assume the hydro
generator generates no power.

Since the power generated by the 4 kW solar system covers the energy loads for five months
without hydro generation, it appears to be oversized. Therefore, another simulation will be con-
ducted with only 3 kW of solar power installed to match the energy demands better. This adjust-
ment aims to optimize the system’s efficiency and cost-effectiveness.

Observing figure 5.24, it is evident that a 3 kW solar system can supply almost all energy loads
in July and August.
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Figure 5.24: Energy produced in a 3 kW solar system calculated through Kaco [38].

The choice of power capacity for the solar system to install will depend on the expected level

of drought and the predicted power generation from the hydro system.

5.4.2 Wind power

Wind power is a green energy source that harnesses the energy of the wind. It can generate a
significant amount of energy when wind conditions are favorable.

Wind energy production can vary depending on the season and local weather patterns. This
section will study whether a wind generator can support the system during months with lower
water availability, ensuring a stable and sustainable energy supply even when hydroelectric output
is reduced.

A study was conducted on the historical wind data in Arcos de Valdevez to assess the wind

potential. The results are presented in Table 5.12.

Table 5.12: Average wind values in August in Arcos de Valdevez[39]

Year | Average wind (km/h)
2010 15.0
2011 12.37
2012 12.67
2013 14.96
2014 12.23
2015 13.92
2016 15.33
2017 15.33
2018 15.7
2019 14.15
2020 15.26
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After obtaining the wind values, it is possible to calculate the monthly wind energy production.
A 3 kW wind turbine was selected, and the rotor area was retrieved.

Using the wind data in the table above, it was possible to determine the average wind speed.

Waverage = 14.26km/h 5.27)

A wind power calculator obtained a potential wind power output of 192 Wh for the specified
conditions. [40][41]

Wroduction = 24 x 192 = 4.608kWh per day (5.28)

Wroduction = 30 x 4.608 = 138.240kWh per month (5.29)

It obtained an average production of 138 kWh in August. This output is significantly lower

than the expected energy loads, covering less than 30% of the required demand.

5.4.3 Conclusion

Choosing between solar and wind power seems easy if we only consider potential energy
production. Solar power, for the same installed capacity, has the potential to produce more than
three times the energy of a wind turbine. However, the decision might be different in areas with

stronger wind conditions or where there is no suitable space to install solar panels.

5.5 Selected Products

In a project, it is very important to follow the theoretical analysis with a careful selection of
components for building the project. In the following section, it is present possible components

that can be used to construct the hydroelectric power station.

5.5.1 Turbine and Generator

Finding an exact match for the turbine needed for the project was a bit challenging. The
simulations used a turbine with a nominal power of 4 kW. However, the most similar turbine
available was selected since an exact match could not be found. This turbine, shown in Figure
5.25, has a cost of approximately 1763€ and a nominal power of 5 kW [42].

In an ideal scenario, the best approach would be to conduct a full sizing and design of the
turbine. This would ensure that it could be specified a turbine that is perfectly suited to the project’s
specific requirements. After completing the design, it could be possible to collaborate with a

company capable of manufacturing the custom turbine to meet the needs searched.
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Figure 5.25: Kaplan turbine [42].

The chosen motor for this project is a 6-pole, 4 kW induction motor with a rotational speed of

960 rpm and a cost of 532€, and it is possible to observe it below[35].

Figure 5.26: Induction motor [35].

5.5.2 Converters

Unfortunately, it was not possible to find converters suitable for this application. Therefore, in

the case of implementation, the best approach is to build all of them from scratch.
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5.5.3 Battery

The battery chosen for the power station is the SOLARX-PRO-795B6. These batteries have

a capacity of 9.5 kWh, require no maintenance, and cost 2000€. They are represented in Figure

5.27 [43].
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Figure 5.27: Batteries [43].



Chapter 6

Final conclusions and future work

6.1 Conclusions

The development of this micro-hydroelectric project necessitates various analyses and the re-
finement of crucial components such as turbines, generators and converters. Among these tasks,
the simulation that integrates these elements poses a significant challenge, often being the stage
where complexities arise.

The advancement of this micro-hydroelectric system presents several notable contributions.
Firstly, it is a renewable energy source, harnessing sustainable power from the natural water flow.
Additionally, it fosters local development by creating job opportunities in constructing and main-
taining the micro-hydroelectric system. Furthermore, its capability to extend electricity access to
remote or rural areas lacking such access is a significant societal benefit.

In the second chapter, a study was conducted to understand the technology developed in this
field and the main components needed to build a micro-hydroelectric system. This chapter also
included a cost analysis of these elements.

Thirdly, it was a moment to analyze two projects that are similar to the intended project. In
this chapter, it was the main objective to see if there could be potential to improve the work that
was being developed.

Moving to the fourth chapter, it was presented higher-level simulations, demonstrating the
feasibility of controlling a battery system under various operational conditions.

Lastly, in the fifth chapter, a detailed analysis was performed to develop all essential elements
of a micro-hydroelectric plant as well as to implement its control systems. This chapter also
explored potential improvements, such as integrating solar panels or wind turbines. Additionally,
some products were chosen for the project. Even though these are the selected products, there are
other options on the market that could also perform well in their respective functions.

This work successfully designed a hydropower station, considering all components and ensur-
ing that none were overlooked. Additionally, a high-level control system was developed. Through
all simulations, it was established that integration of all components is feasible. It is also important

to mention that for those, it was considered a perfect environment as well as conditions.

65
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This study is of great value to individuals interested in green energy and to outline the climate
changes. In addition to that, it provides a potential solution for people who currently lack access
to electricity. Although this study was aimed at being comprehensive, time constraints prevented
the detailed sizing and analysis of all components.

This study contributes to developing a type of energy production with a significant history in

Portugal, now adapted to a smaller scale of power that allows for widespread implementation.

6.2 Satisfaction of Objectives

The objectives defined for this dissertation were successfully met. A study was conducted on
the requirements and operation of the turbines, a characterization of all subsystems, a simulation
of the subsystems, and their sizing. Finally, an analysis was performed to enhance the system.

Ultimately, developing a solution capable of producing energy efficiently was possible. This
solution is designed to be integrated seamlessly, functioning like a plug-and-play solution. It must
only be placed in a river with the appropriate conditions, and all the necessary components to

generate energy are included.

6.3 Future work

In the future, it would be beneficial for further research to simulate all components together
and to build a physical model of this solution.

Additionally, a more in-depth study on using complementary energy sources would be valu-
able. This includes determining the most suitable complementary energy source and subsequently
simulating its integration.

In an ideal scenario, it would be advantageous to develop a customized system. Selecting from
a predefined portfolio of turbines and complementary energy sources would be possible depending
on the specific location. For example, having Pelton and Kaplan turbines available would allow
for integration in locations with either high or low head heights. Similarly, choosing between
a wind turbine and solar panels as complementary energy sources would enhance the system’s

adaptability and efficiency.
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A.1 Buck-Boost
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A.2 Grid Converter

wile

Mzl

E—

P Generalor
(Thres-phase, Two-beeel)

b

72

| [mm]
J—Dr—r- m m mwm|
e
al — aZ I? @ Y
|
L a2—
cl cZ bz
el o2
@l ol @
aAT6a 62
| |
Discrete freq = N
aho PQR angie =
mag [ =

Sinuscidal Measureman
IFLL, Three-Phaseid




A.3 Generator

A.3 Generator

Reference speed1
1000 rpmat3 e [

] B

Plis) 3

)
b—bGa[H}H—‘”
t—t>Gail )@ L
b—pGh(HE = g

-y T
E’—DGC[L}/-'_I.::} !—

DC Valtage -)

Sourcal

T
LD E Current Senzori

LABC rei—a

73

’b—’ Raf Vabc B \ahc 3

pm-=Hz1

Scalar controllarl

Vde wde  Modiave |——]

Zero-Order
Hold1

Rotor speadl
pu R
L
_1 N o -'. ..
-3 C— (7™

Asynchronous Machine
Squirrel Cage2




	Front Page
	Abstract
	Resumo
	Sustainable Development Goals of the United Nation
	Acknowledgements
	Contents
	List of Figures
	List of Tables
	1 Introduction
	1.1 Dissertation Objectives
	1.2 Dissertation structure

	2 Background and Fundamental Aspects 
	2.1 Hydro-power basics
	2.1.1 Hydrological study

	2.2 Hydro-power schemes 
	2.3 Hydro-power constitution 
	2.3.1 Intake
	2.3.2 Feeder Canal
	2.3.3 Forebay 
	2.3.4 Pensotck
	2.3.5 Powerhouse

	2.4 Hydraulic turbines 
	2.4.1 Action turbines
	2.4.2 Reaction turbines
	2.4.3 Low-drop turbines

	2.5 Generator
	2.6 Grid connection
	2.6.1 AC-AC converter with DC link 
	2.6.2  Matrix converter 
	2.6.3 Hybrid Matrix converter 

	2.7 Energy storage
	2.8  Products available on the market
	2.9  Simulation and sizing software
	2.9.1  Simulation using Matlab Simulink


	3 Bibliography review
	3.1 Project A
	3.2 Project B
	3.3 Project A vs Project B
	3.4 Contributions of Projects A and B
	3.4.1 Project A
	3.4.2 Project B


	4 Proposed system
	4.1 Loads
	4.2 Battery
	4.3 Control
	4.3.1 Grid Connected with low power flow to the grid
	4.3.2 Grid Disconnected
	4.3.3 Grid Connected and battery as backup storage

	4.4 Simulations
	4.4.1 Grid Connected with low power flow to the grid
	4.4.2 Grid Disconnected
	4.4.3 Grid Connected and battery as backup storage
	4.4.4 Grid connected from t=0s to t=10.000s


	5 Individual systems
	5.1 Buck-Boost
	5.1.1 Circuit
	5.1.2 Switching frequency
	5.1.3 Sizing components 
	5.1.4 Simulation

	5.2 Grid Converter
	5.2.1 Circuit
	5.2.2 Control
	5.2.3 Simulation

	5.3 Turbine and Generator
	5.3.1 Turbine
	5.3.2 Generator

	5.4 Complementary System
	5.4.1 Solar power
	5.4.2 Wind power
	5.4.3 Conclusion

	5.5 Selected Products
	5.5.1 Turbine and Generator
	5.5.2 Converters
	5.5.3 Battery


	6 Final conclusions and future work
	6.1 Conclusions
	6.2 Satisfaction of Objectives
	6.3 Future work

	Bibliography
	A Appendix
	A.1 Buck-Boost
	A.2 Grid Converter
	A.3 Generator


