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Resumo

Com o intuito de reduzir os impactos sociais e ambientais gerados pela producao de
energia, a op¢ao por fontes renovaveis vem crescendo significativamente em anos recentes.
Sistemas pico-hidricos de pequena escala, além de apresentarem grande potencial e utiliza-
¢do, minimizam os impactos ambientais e sociais. Esses sistemas podem ser integrados com
microrredes, sendo muito promissores por apresentarem produc¢do durante 24 horas por dia.
No ambito do projeto SilkHouse, foi construida uma roda d’agua para a producao de energia
e injecdo na microrrede elétrica, com poténcias da ordem de 300 W. O principal objetivo desta
tese é analisar a integracdo de sistemas pico-hidricos com microrredes utilizando microinver-
sores fotovoltaicos. O método utilizado permite que os geradores trabalhem com velocidade
varidvel. Para isso foram utilizadas duas abordagens distintas, uma delas utiliza um circuito
de protecdao e um conversor CC/CC boost como interface, e a outra somente o circuito de
protecdo. A validagdo experimental foi realizada em uma bancada de teste no laboratério
e em contexto real com a roda d’agua implementada na Casa da Seda. Os dados coletados
durante os testes foram de trés geradores, uma carga passiva e um microinversor. Com a
validacdo de ambas as abordagens o objetivo principal da tese foi alcangado. A conexdo com
arede se mostrou estavel e os resultados sdo encorajadores para a exploracdo do potencial

energético dos sistemas pico-hidricos.

Palavras-chave: Energias Renovéveis, Microrrede, Sistemas pico-hidricos, Conversor Boost,

Microinversores fotovoltaicos.
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Abstract

To reduce the social and environmental impacts generated by energy production, the
use of renewable sources has grown significantly in recent years. Small-scale pico-hydro
systems have great potential and are following environmental requirements. These systems
can be integrated with microgrids and are very promising for presenting production 24 hours
a day. Within the scope of the SilkHouse project, a water wheel was built for the production of
energy and injection into the electrical microgrid, with powers of the order of 300 W. The main
objective of this thesis is to analyze the integration of pico-hydro systems with microgrids
using photovoltaic microinverters. This approach allows the generators to work with variable
speed. For this, two different approaches were used, the first uses a protection circuit and
a DC/DC boost converter as an interface, and the other only the protection circuit. The
experimental validation was implemented on a test workbench in the laboratory, and real
context with the water wheel implemented at House of Silk. The data collected during the
tests were from three generators, a passive load, and a microinverter. With both approaches
validation, the main objective of the thesis was reached. The connection to the grid proved
to be stable and the results are encouraging for the exploration of the energetic potential of

pico-hydro systems.

Keywords: Renewable Energies, Microgrid, Pico-hydro Systems, Boost Converter, Photo-

voltaic Microinverters.
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Chapter 1

Introduction

The use of renewable energies as photovoltaic, wind and hydro is being encouraged due
to its importance in reducing the use of fossil fuels. These are the main responsible for the
emission of carbon dioxide (CO2) and other greenhouse gases [1]. Currently, the energy
production is responsible for more than 75% of the European Union's greenhouse gases
emission [2]. The measures being taken to achieve climate neutrality by 2050 focus on the
energy issue, presenting three main objectives: energy ef ciency rst, Europe as a global
leader in renewable and a fair deal for consumers [3].

Renewable energies also allow distributed energy generation, enabling integration into
microgrids. These are systems of distributed production of energy, storage, and controllable
loads, being able to work both in an autonomous (islanded) mode as in grid-connected mode
[4].

Pico-hydro power plants are very small-scale infrastructures commonly used in stand-
alone systems, providing electricity for a house or small community [5]. The integration of
small-scale hydropower into microgrids is an ideal solution for the sustainable development
of any country with water potential.

Hydro power systems are usually connected to the grid without any power interface. To
keep the synchronization of the generator with the grid is necessary to control the water

ow [6], [7]. Chapter 3 presents the relation with the generator rotation speed and electrical
synchronization frequency.

Taking into account the seasonal variability of water ow, the ef ciency of pico-hydro
systems is improved if they can work at variable speed [8]. However, for systems with variable
speed, it is necessary to use an interface between the generator and the grid. Different from

photovoltaic and wind generation, there is no commercial solution for pico-hydro, because
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each site has different topography and hydraulic dynamics, making development, replication,
and commercialization expensive [9].

This thesis has focused on the pico-hydro system with variable speed, up to 300W. It
presents the implementation and analysis of the connection between the generator and the

photovoltaic (PV) microinverter with and without an additional power interface.

1.1 Objectives

Pico-hydro systems are very promising for integration with microgrids since they present
a generation for 24 hours a day. Within the scope of the SilkHouse project, a water wheel was
built for the production of energy and injection into the electrical microgrid, with powers of
the order of 300 W. In this context, this thesis intends to analyze the connection compatibility
between the generator and the PV microinverter. Furthermore, it is intended to develop and
study the implementation of an interface between the generator and the PV microinverter,
for connection to the electrical grid (microgrid). This interface consists of a DC/DC converter
for emulating the water wheel generator as a photovoltaic module. In both tests, a protection

circuit, developed in previous works, must be integrated into the system.

1.2 Thesis structure

e Chapter 1: Introduction

— Contains a contextualization of pico-hydro systems connected to microgrids and

the thesis objectives.
» Chapter 2: State of the Art

— It presents the state of the art that references what has already been accomplished

in this area of study.

» Chapter 3: Theoretical Background



1.2. Thesis structure

— Contains a brief explanation of some theoretical concepts of the parts that make

up the system.

» Chapter 4: Methodology

— Contains the proposed structure and describes the experimental methods em-

ployed at LSE and House of Silk.

» Chapter 5: Results and Discussion

— Contains the results obtained and their analysis for tests performed in the labora-

tory and a real context at House of Silk.

» Chapter 6: Conclusion






Chapter 2

Grid-connected Pico-hydro Systems

This chapter presents the state of the art of grid-connected pico-hydro systems. It shows
some possible approaches for the connection between the generator and grid, its restrictions
and investigations made until now. Also, it presents the integration requirements for the

approach using PV inverters in systems with variable speed.

2.1 Hydro Power

Hydroelectric generation is considered the main source of renewable energy in the world,
being the most used among all renewable sources. Council [10] shows that in 2015 hydro
power was responsible for 71% of all the renewable generation. Even with the increase of
more than 30% of the hydroelectric capacity between 2007 and 2015, the untapped potential
is approximately 10,000 TWh per year.

Hydro power plants convert the potential and kinetic energy of water into electrical energy.
For this energy to be converted, there must be a system to direct the water to the turbine.
The rotating movement of the turbine coupled to the generator is responsible for the energy
conversion. That is, speed and torque are converted into voltage and current.

To make the connection between the hydro power plant and grid, it is necessary to
synchronize frequency and voltage. There are two possible ways for this to be done. The rst
is to maintain constant speed of the generator shaft using a mechanical system to control
the water ow. The second is to allow variable speed with no need for any type of water ow
control. However, this second strategy requires an interface between the generator and the
grid.

Hydroelectric production classi cation can be made related to its generated power as
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showed in Table 2.1 [11].

Table 2.1: Classi cation of Hydro power [11].

Power Class
>10 MW Large

<10 MW  Small
<1 MW  Mini

<100 kW Micro
<5 kW Pico

2.2 Pico-hydro Systems

As presented in [11], hydro power energy cannot be considered renewable for more than
1 MW of production. This is due to factors that reduce its capacity over the years and the
environmental damage caused in the construction of a water reservoir or dam.

Pico-hydro systems are usually classi ed for power up to 5 kW [11], [12]. In most cases,
they are run-of-river installed in small rivers, channels, or small water reservoirs as their
energy source. Thus, they have low environmental impact and are considered very promising
solutions to increasing energy demand [9], [13].

According to Fraile-Ardanuy et al. [8], Mazgaj et al. [14] for pico-hydro plants, the gener-
ator working at variable speed operation (VSO) allows high energy capture compared with
the constant speed system. This is important due to seasonal changes that are responsible
for hydraulic variations in the water ow during the year and the variability of heads. Under
these conditions, previous works [15], [16] show a reliable approach using PV inverters for
pico-hydro systems, as shown in Figure 2.1.

Silva [17] shows a power interface using two different DC/DC converters for connection
between generator and PV inverter. The diagram in Figure 2.2 illustrates this idea. The rst
approach, presented by [17], uses a step-up (Boost) converter, where the output voltage is
always greater than the input voltage. The secondisa Cuk converter, where the output voltage

can be either greater than or less than the input voltage [18].
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Figure 2.1: Practical approach for grid-connected pico-hydro systems (Source: [15]).

Figure 2.2: Wind and Pico hydro energy sources being connected to the utility grid (Source: [17]).

The focus in [15], [16] and [17] was on a power range of the conversion system from 1 to
1,6 kW for pico-hydro turbines. This work, as well as in [9], has focused on systems up to
300 W composed of a water wheel coupled to the permanent magnet synchronous generator
(PMSG) by mechanical transmission.

To implement this systems Ribeiro et al. [9] propose the use PV microinverters for gener-
ator connection to the grid. In this work, the experimental validations were performed in two
different ways. The rst on a laboratory workbench composed of a squirrel cage induction
motor controlled by a frequency converter that was responsible for emulating the water
turbine. The second on an experimental platform with a horizontal water wheel prototype to

validation in a real context.

2.3 Integration between generator and grid

The proposal to work with a hydro system with variable speed makes it necessary to have

a converter as interface between the generator and the grid. Speci ¢ converters for hydraulic
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applications were not found on the market, due to the uniqueness of hydro sites. It is dif cult
to develop a widespread solution for hydro systems, since each location needs a speci ¢
generator, with adequate power and speed [9].

To ensure a safe and reliable integration of the PV (micro)inverter with the generator, as
in Figure 2.1, itis necessary to satisfy some prerequisites. These were introduced in [16] and
are based on the curve overlapping of the operating areas of PV inverter and PMSG and are

described as follows:

» The DC power of the generator should be between 0.4 Ppcmax 10 Ppc max Of the PV
inverter;

» The output DC voltage of the generator should be up to the input DC voltage of the PV
inverter;

* The rated DC current of the generator must be upto | pc max Of the PV inverter;

* No-load output DC voltage of the generator for the initial work must be higher than

V pv start;

» Maximum DC voltage allowed for the protection circuit should be less than V bc max-

Taking into consideration that the requirements for the integration between the PMSG
and the PV inverter were successful, Figure 2.3 presents possible paths of generator operation
by the MPPT algorithm. Considering a speed that corresponds to a voltage higher than the
minimum input voltage V py start , fOr example, "speed 5" the algorithm starts at point 1 and
increases the current up to point 2, while the voltage decreases. From point 2, if the available
power increases the position will eventually be at point 3, where the voltage is lower than the
limitation imposed by the over-voltage protection circuit. On the other hand, if the power
decreases, starting from point 2, the operating position will be at point 4, where voltage and
current have lower values. The system requires an over-voltage protection circuit, responsible
for ensuring the integrity of the PV inverter. For this, it regulates the voltage, limiting it to a

maximum value and dissipating the power [16].
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Figure 2.3: Overlapping of the operating areas of PV inverter and generator (Source: [16]).






Chapter 3

Grid connection approach of pico-hydro

systems

This chapter presents a brief theoretical background on the technology required for the
grid connection approach of pico-hydro systems. It is focused on the water wheel under the

context of the SilkHouse Project.

3.1 Water Wheel

A water wheel is an old machine built to provide the driving force to drive sawmills,
pumping systems, bellows for ovens, crushers, cereal grinding, and craft workshops. The drive
surface has buckets or paddles (blades) arranged symmetrically around their axis [19], [20].
The types of water wheels vary depending on the location they are installed. Some models

are:

» Undershot: is a vertical wheel, which does not require head (Figure 3.1 (a)).

» Overshot: as the undershot, this is a vertical wheel, it requires a channel to direct the
water over the top of the water wheel (Figure 3.1 (b)).

» Breastshot: is another vertical type con guration, similar to the overshot water wheel,
but with the water inlet normally at the height of the shaft (Figure 3.1 (c)).

» Horizontal water wheel: compared to previous models this water wheel can work with

low water ow, however, they need a head to operate (Figure 3.1 (d)).

11
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Figure 3.1: Water wheel types: (a) Undershot (Source: [21]) (b) Overshot (Source: [22]) (c) Breastshot (Source:
[23]) (d) Horizontal water wheel (Source: [24]).

In order to recover the historical heritage of the old mill, the water wheel used at House of

Silk is horizontal, as shown in Figure 3.2.

Figure 3.2: Water wheel at House of Silk.

12
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3.2 Synchronous generators

Generators are electrical machines that convert mechanical power into electrical power.
To select a generator, it is important to consider several aspects such as rated speed, output
power, voltage and current range, for on- or off-grid connection, with or without battery. The

main types of generators are [25]:

» DC brushed machine: requires a commutation mechanism (brushes or slip rings) to
convert the internal AC voltages to DC voltages at its terminals.

» Asynchronous (or induction) AC machine: the stator eld induces the magnetic eld of
the rotor. It is based on the principle of induction. The electrical frequency is slightly
different from the mechanical frequency.

» Synchronous AC machine: the magnetic eld of the rotor is based on permanent
magnets or DC current applied to a rotor winding (electromagnets). The electrical

frequency is proportional to the mechanical speed.

The PMSG is a solution in the application of small-scale pico-hydro systems, which is
better in performance and cost when compared to other types of generators. DC generators
require frequent maintenance to replace the brushes and slip rings. Induction generators
require capacitor banks when they are used in off-grid operations to provide reactive power
to the stator windings to create the magnetic eld [25].

In a PMSG the rotor magnets produce a rotating magnetic eld, while the stator, where the
main voltage is induced, is connected to the load. These generators are called synchronous
because the electrical frequency produced is in sync with the rotating eld produced by the
movement of the rotor of permanent magnets. Equation  (3.1) shows the relationship between

the rate of rotation of the magnetic eld and the electrical frequency of the stator.

nsp

fo /E
€""120

(3.1)

where f ¢ is electrical frequency [Hz], ngis the synchronous speed [rpm], p is the number

of poles.

13
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Equation (3.2) shows that the voltage induced in each phase winding of the generator is
proportional to the magnetic ux A, the frequency or speed of rotation, and the construction

of the machine.

E /K A! (3.2)

where E is the electromotive force [V], K is a constant related to generator construction,

I is the angular velocity of the rotor [rad/s]. If ! is expressed in electric radians per second, K
depends on the number of turns per coil, if ! isin mechanical radians per second K depends
on the number of turns per coil and poles of the generator [25].

Both Equations (3.1) and (3.2) show that a way to regulate the voltage and frequency
generated by this type of synchronous generators is to regulate the frequency or shaft speed
rotation.

In cases where the microgrids are an isolated system (off-grid), there is a need for voltage
and frequency regulation. These systems are generally used to supply a small demand, as
in villages. On the other hand, when microgrids are on-grid systems, there is a need for
synchronization with the conventional grid (voltage, frequency, and phase regulation). The
generator is connected with the grid by an interface able to make the synchronization. If an

inverter is used, it needs to follow some requirements (Section 3.5).

3.3 Photovoltaic inverters

Inverters are power electronic devices that convert a DC source in a AC output. The
photovoltaic inverter has the proposal of connecting the DC energy produced by photovoltaic
module strings or arrays in grid synchronized AC power. The categorization of these devices

can be done according to the PV power plant con guration as shown below [26]:

* Module inverters (or microinverters): usually in the 50 and 400 W range.
« String inverters: usually in the 0.4 and 2 kW range.

» Multistring inverters: usually in the 1.5 and 6 kW range.

14
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* Mini central inverters: usually higher than 6 kW, with three-phase topology.

» Central inverters: usually in the 100 to 1000 kW range, with three-phase topology.

The most used topology of PV microinverters is the yback-based single-stage (Figure 3.3),

due to its simple control, galvanic isolation, and low components count [27].

Figure 3.3: Single-stage yback microinverter, where Ly, is the leakage inductance (Source [27]).

PV inverters have their hardware and software control more complex when compared to
conventional motor drive inverters. An important feature of PV inverters is the maximum

power point tracking (MPPT).

3.4 Maximum Power Point Tracking for PV Systems

The MPPT algorithm aims to obtain the greatest power from a PV string. There are a variety
of MPP trackers, they are generally used depending on the environmental circumstances and

topologies of the inverter where they are used. Some common algorithms are [28]:

» Perturb and Observe (P&O): is the most commonly used MPPT algorithm for having
low demand for programming and consequently easy to be implemented. With this
algorithm, if the operating voltage of the PV array is perturbed in a certain direction
and the energy taken from the PV panel increases, it means that the operating point
has moved towards the MPP, so the voltage must be further perturbed in the same
direction. Otherwise, if the power decreases, the point has moved away from the MPP,
and the direction of the perturbation must be reversed. It does not require any special

requirements or information about the PV panel, so it is useful for most systems. On

15
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the other hand, it is a generic algorithm, presenting oscillation and tracking problems
under a rapid increase or decrease in irradiance levels.

 Incremental Conductance (INC): similar to the P&O algorithm, but INC seeks to over-
come the limitations of P&O. Both INC and P&O, make power tracking wrongly during
time intervals characterized by changing atmospheric conditions [29].

» Constant Voltage (CV): is the least ef cient compared to other methods. However, when
the irradiance is lower, it has its performance better than the INC or the P&O. So the CV

is often programmed in a combination with one of the previous algorithms.

3.5 Grid Connection Requirements

To connect to the conventional grid, commercial converters must comply with the stan-
dards established by IEC and IEEE. In 2013, was published ABNT NBR Std. 16149 by the
Brazilian Association of Technical Standards (ABNT), based on IEC 61727. The main stan-

dards are:

» |EC 61727:2004, "Photovoltaic (PV) systems - Characteristics of the utility interface"
[30].

» |[EEE 1547:2018, "IEEE Standard for Interconnection and Interoperability of Distributed
Energy Resources with Associated Electric Power Systems Interfaces" [31].

 ABNT NBR 16149:2013, "Photovoltaic (PV) systems — Characteristics of the utility in-
terface". In Portuguese it is found as "Sistemas fotovoltaicos (FV) — Caracteristicas da

interface de conexao com a rede elétrica de distribui¢cdo” [32].

Figueira, et al.[33] present a comparison between these three standards. Some of the
compared characteristics are: power factor and reactive power injection, limitations for DC

injection, and total demand distortion and harmonics.

16
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3.6 Over-voltage protection circuit

The over-voltage protection circuit is responsible for maintaining the integrity of the
inverter, preventing damage from occurring when the generator works with no-load. This can

occur in the following situations:

Grid failure;

During the synchronization of the inverter with the grid;
» High power produced by the generator;

» Low power demand.

Inthe rsttwo cases, the generator operates without load and the output voltage increases.
In the last two there is excess power, that is, the generated power is higher than the maximum
input power of the PV inverter.

The over-voltage protection circuit limits the output voltage by restricting the maximum
speed of the PMSG. This limitation is made by the dissipation of energy in the power resistor.
If the excess power is greater than that supported by the dissipator, the generator has its
windings short-circuited.

In [34] propose a low-cost over-voltage protection circuit for pico-hydro systems up to

300 W. This protection circuit, shown in Figure 3.4, consists of a step-down ( buck) converter

to dissipate the energy in a power resistor and the switch device is controlled by Pulse-Width-

Modulation (PWM).
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Figure 3.4: Over-voltage protection circuit schematic for PMSG up to 300W (Source: [35]).



Chapter 4

Water wheel grid connection strategy

This chapter describes the proposed structures to connect the generator with the grid and
explains the additional power interface used. In this chapter the experimental methods used

at Electromechatronic Systems Laboratory (LSE) and House of Silk are also described.

4.1 Proposed strategy

Two strategies were used, one of them the connection of the generator with the grid is
made using the protection circuit and the PV microinverter, as shown in Figure 2.1. This
approach has certain limitations, mainly in the choice of generators. These must respect
the characteristics of PV microinverters, since the models, for the range of power worked,
available on the market have a similar operating range. The other one uses a power interface
(Boost converter) between the PMSG and the PV microinverter as in Figure 4.1. This second
method presents greater exibility than the rst one in the choice of generators. Furthermore,
the converter and the control strategy adopted make it possible to control the generator's
operating point by imposing the input voltage, and limiting the output voltage so as not to

exceed the maximum input voltage of the microinverter.

Figure 4.1: Practical approach for grid-connected pico-hydro systems, adapted from [9].
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4.2 DC/DC converter

This section provides an overview of the power and control structures used for the tests,

as well as the schematic (Figure 4.2) and choice of the components that compose it.

Figure 4.2: Boost converter implemented as an interface between generator and PV microinverter.

4.2.1 Boostconverter

Figure 4.3 shows a step-up (Boost) converter. As the name implies, in this converter, the
output voltage V ¢ is always higher than the input voltage V s. Its main applications are in the
regenerative braking of DC motors and regulated DC power supplies [18], [36].

The equations for the design of the Boost converter, with no input capacitor, are described

in Equations (4.1)-(4.3) [18].
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Figure 4.3: Boost converter.

Vs
Vo £ 4.1
LT (4.1)
D(1i D)°R
Lmin £———— 4.2
min ZfSW ( )
R D
fswg

where V g is the output voltage, V sis the source voltage, D is the duty cycle, Ly, is the
minimum inductance for continuous conduction mode, R is the load resistance, f gyisthe
switching frequency, Cnin is the minimum capacitance for an acceptable ripple ¢V o/V o [18],
[36].

The components designed and employed in the tests are shown in Table 4.1. Itis important
to note that the choice of these components was also made due to the resources available in
the laboratory and both the input capacitor C; and the output capacitor C, were chosen to
provide a stable voltage. L1 is a wirewound inductance with manganese zinc ferrite core, it

has 17.2 A of rated current ( I max) and 26.6 A of saturation current ( 1sat) [37].

Table 4.1: Data for the Boost converter tests.

Variable Magnitude
fsw 100 kHz

Ly 65'H
Ci 100t F
Co 680! F
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4.2.2 Control circuit

The control circuit is based on Pulse-Width-Modulation (PWM). It is implemented using
the PWM controller TL494, which generates a PWM control signal for the boost converter
switch. This method employs switching at a constant frequency (therefore, constant switching
time period T Aton Atosf) and adjusting the activation ( ton) duration of the switch. In PWM
the switch duty ratio D is de ned as the ratio of the on duration to the switching period, as in

Equation (4.4) [18].
ton
D A_— 4.4
T (4.4)

The TL494 output pulses' width is modulated by comparing a control signal with a saw-
tooth voltage signal, generated by the component's internal oscillator. When the sawtooth
voltage/signal value is greater than the control voltage/signal, the output transistors are acti-
vated and the pulse is generated. If the control voltage decreases, the pulse width increases

[38]. Figure 4.4 shows the block diagram of the integrated circuit (1C).

Figure 4.4: Block diagram TL494 (Source: [38]).

The internal oscillator of TL494 is responsible for generating the sawtooth signal used in
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the comparison with the control signal that generates the PWM. To set the operating frequency
of this oscillator a resistance Rt connected to pin 6 and a capacitor Cy connected to pin 5.

Equation (4.5) presents the oscillation, that is, the switching frequency.

(4.5)

To have additional control over the PWM's off time, it is enough to vary the voltage at input
pin 4, which is the input of a logic comparator present in the circuit internal. In this project,
pin 4 is connected to ground, which guarantees a minimum dead time of approximately 3%,
due to the internal displacement of 110 mV, since an open circuit is an unde ned condition
[38].

TL494 contains two error operational ampli ers. In this ampli er type, one of the inputs
must have a reference voltage value while the ther is the measured signal (process variable).
Pins 2 and 15 are inverting inputs and 1 and 16 are the non-inverting inputs of the two
ampli ers present [38].

In this project, ampli er 1 (input pins 1 and 2) is used to set the input voltage, which ends
up imposing the PMSG's operating point. Ampli er 2 (input pins 15 and 16) is responsible for
limiting the converter's output voltage. The regulation of the input voltage and the limitation
of the output voltage are made by voltage dividers.

The voltage divider based on the 4.7 k - resistor and 10 k- trimmer sets the voltage
reference value, V,qt1, at pin 1. The resistors ( Ry and Ry) connected to pins 1 and 2 determine

the voltage values V,¢¢1 and V; (pin 2) as in Equation (4.6).

Ro

V AVgyiy ———
refl div RlARZ

(4.6)

When the 4.7 k- resistor is connected to pin 14, Vyjy is equal to 5 V. Adjusting the trimmer
also at 4.7 k- , by equation (4.6), the voltage value V,¢¢1 is setto 2.5 V. While pin 1 receives a
xed voltage value, pin 2 receives the value given by the voltage divider 249k - and 17.8 k- .
The choice of resistors and reference voltage for ampli er 2 was made using the same logic.

The IC output has two transistors capable of transmitting the PWM signal. They can
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be con gured as open emitter/open collector. Pin 13 de nes the operation mode of the
transistors according to the voltage applied to this terminal. If it is connected to the device 5
V reference, transistors operate in push-pull. For them to operate in parallel and transmitting
the same signal, pin 13 must be grounded [38].

For this project, the transistors operate in parallel, i.e. pin 13 is grounded. The pins 8 and
11 are connected to the 15 V and pins 9 and 10 are connected to each other. That con guration
con rms the connection of the transistors in parallel.

For the IC supply, pin 12 must be connected to an external power source that providing 7
V to 40 V for the device to work. This pin is the input for an internal regulator that supplies 5
V at its output (pin 14). Pin 7 is the ground for this regulator [38]. It will be used 15 V for IC
power, supplied by the voltage regulator TL783.

Figure 4.5 shows the TL783 regulator structure. It gets a voltage atits input V, and turns
into a lower value Vg xed at the output using a processing ratio provided by the manufacturer

itself (Equation (4.7)) [39].

Figure 4.5: Voltage regulator TL783 (Source: [39]).

M Rﬂ
Vo AV, et 1AR—2 (4.7)

1
To obtain 15 V at the output, commercial resistances of 147 - for Ry and 1.6 k- for R, can
be used, since a reference on the internal circuit generates 1.25V at V,ef1. S0Vo is equal to

14.86 V, approximately 15 V.
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4.3 Experimental test platforms

This section presents the structures and equipment used in the tests, both on a laboratory
workbench and in the real context of the water wheel implemented at House of Silk. Figure 4.6
shows the implemented boost circuit, Table 4.2 the characteristics of the generators used and

Table 4.3 the microinverter data.

Figure 4.6: DC/DC Boost converter circuit.

Table 4.2: PMSG 1 [9], 2 [9] and 3 [40] Technical data.

Gen. Speed (rpm) Vpc(V) Ipc(A) Ppc(W)

1 630 24 125 300
2 300 28 10.7 300
3 150 30 7.22 300

25



Chapter 4. Water wheel grid connection strategy

Table 4.3: Technical data of the microinverter [41].

Microinverter  Ppcmax(W) Ipcmax(A) Vbcmax(V) Vmpprange(V)
GWL POWER 250 10.5 50 20-40

4.3.1 Tests performed at LSE

Initially, the boost converter was tested in a water wheel emulation system in the labora-
tory. To implement the water wheel emulation, it was used a 3 kW squirrel cage induction
motor controlled by a frequency converter. The power control of the primary unit was adopted
to emulate ow variations, different heads, and ow rates, resulting in variable speed and
torque operation [9]. The generator 1 (Table 4.2) used in the tests, was directly coupled to the
motor shaft. The motor was controlled by the macro PID available on the frequency converter.

The output voltages of the three-phase generator are recti ed and connected to a pro-
tection circuit and a DC/DC boost converter, as in Figure 4.1. The characteristics of the
microinverter used for all tests are described in Table 4.3. These characteristics were observed
for the choice of voltage limits for both the protection circuit and the maximum voltage at the
boost converter output.

Figure 4.7 shows the elements and the workbench that the tests were made on. In these
tests, the in uence of the boost converter in the system was evaluated for different power

values provided by the motor.

4.3.2 Tests performed in a real context at House of Silk

The available head at the House of Silk is approximately 3.6 m. This pico-hydro system is
composed of a horizontal water wheel (4 jets), as shown in Figure 4.8. For these tests, genera-
tors 2 and 3 were used (Table 4.2). It is important to note that generator 2 was provisionally
installed in the system so that studies could be carried out and the generator 3 is the one that

will be permanently installed. This system includes:

« A water wheel.

* A mechanical transmission.
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Figure 4.7: Laboratory workbench.

* Generators 2 and 3, Table 4.2.

A photovoltaic microinverter, Table 4.3.

A DC/DC converter, for tests with generator 2.
» An over-voltage protection circuit.

4 solenoid valves.

A rheostat.

The rsttests were carried out with generator 2, boost converter, and the protection circuit.
Before connecting the microinverter to the system, the water wheel system was tested with no
load to check the maximum DC voltage. After that a rheostat was used to emulate the MPPT
algorithm. From these tests, the microinverter was connected to the system.

With the installation of generator 3, the same tests were carried out, as with generator 2,

for the characterization of the system. With this generator it was analyzed that the voltage in
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