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Abstract

Even with technological development, and the increase in the use of renewable energy
sources in recent years, 14% of the global population still does not have access to electricity.
Pico-hydro systems can be a solution both for lack of grid access and for distributed
generation. One of the main challenges for this technology dissemination lies in the
fact that the design of the system depends on the characteristics of the place where it
will be installed. Thus, a platform that allows the emulation of real conditions in a
controllable environment is an interesting option to estimate the system requirements
and its production. This work describes the implementation of an experimental platform
for emulation and analysis of pico-hydro systems, grid-connected and also stand alone
solutions. With this platform, tests were carried out on 4 types of turbines connected
to the electric grid. A low head turbine (1,5 to 5 m) propeller type, a Turgo turbine for
heads up to 30 m, a pelton turbine for heads up to 90 m and a horizontal water wheel.
The tests carried out with the propeller turbine and the water wheel are fundamental for

the ongoing projects in the House of Silk and the Castrelos Aquaculture Centre.

Keywords: pico-hydro systems; grid-connection; turbines; renewable energy.
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Resumo

Mesmo com o desenvolvimento tecnolégico e o aumento na utilizacdo de fontes de
energia renovaveis nos ultimos anos, 14% da populacao mundial ainda nao possui acesso
a rede elétrica. Sistemas pico-hidricos podem ser uma solucao tanto para falta de acesso
a rede, quanto em relagdo a geracao distribuida. Um dos principais desafios para a
disseminacao dessa tecnologia, estd no fato de que o projeto do sistema depende das
caracteristicas do local onde este serd instalado. Assim, uma plataforma que possibilite
a emulagdo de condigbes reais em ambiente controlavel é uma opg¢do interessante para
estimar os requisitos do sistema e sua producao. Este trabalho descreve a implementacao
de uma plataforma experimental para a emulacao e andlise de sistemas pico-hidricos,
ligados a rede ou isolados. Com esta plataforma, foram realizadoos ensaios em 4 tipos de
turbinas ligadas a rede elétrica. Uma turbina de baixa queda (2 - 5 m) do tipo hélice,
uma turbina tugo para quedas até 30 m, uma turbina pelton para quedas até 90 m e uma
roda de agua horizontal. Os ensaios realizados com a turbina de hélice e a roda de agua
sao fundamentais para os projetos em curso na Casa da Seda e no Centro Aquicola de

Castrelos.

Palavras-chave: sistemas pico-hidricos; conexao a rede; turbinas; energias renovaveis.
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Chapter 1

Introduction

The increasing concern about the use of fossil fuels and their impact on the envi-
ronment, the need for diversification of the energy matrix, coupled with rising energy

demand, have boosted the use of renewable energy sources in the last two decades [1][2].

According to the Energy Access Outlook 2017, from International Energy Agency, 1,1
billion people (14% of global population) do not have access to electricity [3]. Pico-hydro
systems can be a solution for the lack of access to the electrical grid in isolated areas in
developing countries [4], likewise, it has an untapped potential in distributed generation

in developed countries [5].

The estimated electrical yield of 1 kW pico-hydro system, working 70% of the year
due to seasonal changes and maintenance, is 6132 kWh/year. As a means of comparison,
according to the real data of photovoltaic (PV) units installed at Polytechnic Institute of
Braganca (IPB), the annual production is 1466,9 kWh per 1 kWp installed [6]. With the

same installed power, the pico-hydro produces more than 4 times the PV production.

There are differences in the installation design for each case, thus, an experimental
platform that allows the testing of turbines in real conditions, before the installation, is a
very interesting option. Especially for projects in progress, in House of Silk and Castrelos

Aquaculture Centre, that will be explained in the course of this dissertation.

1



2 CHAPTER 1. INTRODUCTION

1.1 Objectives

This dissertation is focused on the implementation of an experimental emulation plat-
form for grid connected pico-hydro systems, for educational and applied research purposes
and specifically for ongoing projects. The grid-connection is made by using photovoltaic
inverters, a mature, cheap and widely available technology.

For these purposes the following steps were achieved: the characterization of three pico-
hydro turbines; grid-connection tests using generators connected to photovoltaic inverters;

emulation of turbines at real conditions, and discussion of these tests.

1.2 Document Structure

This dissertation is composed of five chapters. This first chapter presents an intro-
duction of pico-hydro systems as well as the proposal and framework of this document.

The second chapter presents the state of the art, a theoretical review of hydropower
systems, focusing on pico-hydro, the technologies used in these systems (turbines and
generators) and the concept of distributed generation.

The third chapter presents the description of the experimental platform and its im-
plementation.

The fourth chapter presents the obtained experimental results and the proper discus-
sion.

Lastly, the fifth chapter presents the conclusion, as well as the suggestion for future

works.



Chapter 2

State of The Art

The increasing demand for electricity, as well as the depletion of fossil fuels and their
adverse impact on the atmosphere, have led to intensive research in the renewable en-
ergy area. Various renewable energy sources have already been explored, including wind,
solar and biomass. Small-scale hydropower plants can be an interesting and almost an
untapped way to contribute to electrical production from a renewable source. It is cost-
effective and environmentally friendly. This kind of electricity generation can be a way to
fulfil the lack of electric grid in rural and remote areas, especially in developing countries.
In developed countries, with the well-established and stable power grids, the small-scale
hydropower can contribute to supply the increasing energy demand. Furthermore, the
integration of distributed generation under the microgrids concept, is an innovative solu-
tion for electrification of remote regions and for the exploration of renewable energies and

self-sustaining systems, while decreasing the stress in electric power transmission.

2.1 Hydroelectricity

About 71% of the Earth’s surface is covered by water, less than 1% of this percentage
is from fresh water, although the percentage seems to be insignificant, it plays an impor-
tant part on the world energy matrix. Hydropower provides about 16,4% of the world’s

electricity from all sources [7].
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The Hydropower plants can be classified by the size of installed capacity, i.e., the

intended full-load sustained output, as shown in Figure 2.1.

»

i : H ; : |
0 kW 5 kW 100 kW 1MW 10 MW

Large

Figure 2.1: Classification of Hydropower. Adapted from [4].

Most of the hydropower available can be categorized as Large Hydro, nevertheless,
studies indicate that plants that produce hydropower of more than 1 MW cannot be
considered as a renewable energy [8][9]. This is due to the considerable environmental
impacts, which generally involves large dams construction, intensive deforestation, green-
house gas emissions, and also social drawbacks like removing people from their roots [4][9].
Small hydro plants do not suffer from these environmental and social problems, due to

its small scale of technology and the insignificant or no storage of water [9].

2.1.1 Power from water

The determination of the power of water flowing in a river or stream requires water
flow rate and a drop in high (referred to as a 'head’) [10][11]. The power available from

falling water can be calculated as follows:

Pgross = pwaterQHg (21>

where Py,,ss is the gross power [W], puazer is the density of water [kg/m?|, @ is the
flow rate [m3/s], H is the head [m] and g is the gravitational acceleration [m/s?].

Nonetheless, no power conversion system can deliver as much useful power as it ab-
sorbs, there is some power loss in form of noise, friction, heat, and others. Therefore, the

net power can be calculated as follows:
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Pnet = nPgross (22)

where 7 is the overall efficiency and P, is the net power [W].

2.2 Pico-hydro generation

Small-scale hydropower generation has been an alternative to fill the lack of reliable
electricity, especially in rural and remote areas without access to the grid, where is difficult
and expensive to implement conventional transmission lines [4].

Hydro systems that generate electric power up to five kilowatts are denominated pico-
hydro [5] and this type of systems is usually run-of-river applications that use very small
or no dams or reservoirs [8]. Normally stand-alone, pico-hydro systems usually consist
of a turbine driving a generator, and a load controller used to regulate the voltage and
frequency [5][12]. Figure 2.2 shows an example of a typical layout of micro-hydro gener-

ation.

Intake weir

\/f-
VAR
(S
Power house containing
turbine and generator i

Figure 2.2: Layout of a typical micro-hydro scheme [13].

In the current literature, there has been a growth in the studies of small-scale plants,
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such as mini, micro, and pico-hydro, being an environmental, cost-effective and efficient
solution for renewable energy production [4]. Another important feature in these systems
is its ability to be producing electric energy during the whole year around 24 hours a day,
presenting high reliability (if properly designed) and low operating costs [14].

Moreover, pico-hydro grid-connection systems are an emergent solution for a large
number of applications, such as in small unexplored water courses, domestic water supply
systems and wastewater treatment plants. They are still very promising for integration
into smart micro-grids. This type of connection has been facilitated using wind and
photovoltaic inverters and low speed generators with off-the-shelf low power solutions for
wind systems. The wind and photovoltaic inverters, in 5 kW range, are cheap with mature

and reliable technology widely available [15][16].

2.2.1 Pico-hydro Systems in Developing Countries

In the reviewed literature, most of the pico-hydro systems were designed to provide
electricity to rural communities, especially in developing countries. In these communities,
the lack of access to the electrical grid can be mainly explained by geographical isolation,
low population density, and the low growth potential of these areas [17]. To extend the
existing electrical grid system to those areas, the government authorities have faced many
constraints, especially with the high costs of those extensions. Thus, a pico-hydro can be
designed and built by local staff and smaller organizations, achieving reduced costs [11].
The electricity produced by pico-hydro turbines is useful to power small loads, such as
lamps, televisions, and radios, enabling more comfortable lives for the people in a rural,
isolated or hilly areas [4].

Small-scale hydro systems installed in developing countries are generally run-of-river
applications. This scheme does not stop the river flow, instead diverts part of the flow
into forced channels and pipelines, to run small hydroelectric power stations, being then
returned to the catchment [11]. Hydroelectric power stations generally use turbines and

generators sized specifically for each application. Some research that corroborates the
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pico-hydro system concept, presented previously, are described in the following para-

graphs.

A case study in Nepal [18] reports the implementation of a pico-hydro system with a
minimum output of 4.4 kW, distributed equally to 88 households. The produced electricity

allows the population to use lamps and small loads.

Basar et al [4] present the efforts of the Ministry of Energy, Green Technology and
Water Malaysia to increase the contribution of pico-hydro towards the national electricity
supply and sustainable socio-economic development. Furthermore, the government has

set a vision, targeting a contribution of 500 MW of small hydro until 2020.

Sopian et al [8] from The National University of Malaysia (UKM) present a project
to power a factory for processing agriculture products. This pico-hydropower scheme

produces 220 V AC and 22 A, resulting in 5 kW of electric power.

Syed et al [19] presented a pico-hydropower plant design using the water from irrigation
pump used in rural areas in Bangladesh. The solution has presented a way to improve

the life quality of a vulnerable community.

South East Asia leads the small-scale hydropower market, with hundreds of thousands
of units deployed in the last 15 years in Vietnam, Malaysia, and China. There are many
other countries exploring this kind of energy production, including the Philippines, India,

Sri Lanka, Laos, Ecuador, Bolivia, Peru and Columbia [20].

2.2.2 Pico-hydro Systems in Developed Countries

In developed countries beyond of rural electrification, the main goals of renewable
energy exploration, including pico-hydropower systems, are the environmental concern,

the economy, the increasing electricity demand, and distributed generation.

In the literature review it is possible to find several studies being conducted to ana-
lyze the possibility of taking advantage of the pressure of public water supply or waste

treatment systems as an advantage, to move turbines producing electricity [21]]22][23].
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Machado [21] proposes the substitution of pressure-relief valves, in water supply sys-
tems, to power on microturbines, achieving the control of the pressure along with short-
scale electricity production. The study demonstrates through simulations the feasibility
of this type of solution.

Another interesting project developed in the city of Boulder, Colorado in the United
States, describes that 7% of the electrical consumption of 125,000 residents is provided by
5 turbine-generators installed within its municipal water supply system [22]. The project
involved the installation of the turbines coupled to electric generators at points where
pressure-relief valves were located, using the water flowing excess pressure to produce
electricity.

Since 2016, in the scope of the SilkHouse project, a smart micro-grid, based on renew-
able energy is being developed, with the aim of making a science dissemination museum
"House of Silk", in Braganca, Portugal, into a self-sustaining building in annual average
terms. One of the renewable energy sources to be exploited is a pico-hydropower plant.
The pico-hydro turbine used in the project is a 1600 W propeller turbine with an estimate
energy production of 6,5 MWh/year [24].

In the BIOURB NATUR project sphere, a smart micro-grid based on pico-hydropower
generation and photovoltaic generation, is being developed, with the goal to make the

Castrelos Aquaculture Centre a self-sustaining building [25].

2.3 Turbines

This section presents the main turbine technologies used in pico-hydropower systems.
Turbines have been used throughout the world to convert available mechanical energy
from natural resources like rivers and wind, through various societies and cultures for
centuries. Once that water is used as the working fluid, the turbines are categorized as
hydraulic turbines or hydro turbines [26]. The turbine’s rotating part is called the runner.
The runners used in hydroelectric systems have different shapes and sizes, such as vanes,

blades, or buckets that rotate about an axis by the action of water [27].
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There are two categories of turbines: the positive-displacement and dynamic ones.
While the most part of the positive-displacement turbines are devices used for volume flow
rate measurement, the dynamic turbines, are used both for volume flow rate measurement
and power production [26].

Dynamic turbines can be crudely classified as high, medium or low head machine, as
shown in Table 2.1, and regarding its operating principle, they can be grouped into two
types: impulse and reaction turbines [11][26].

The selection of the hydro turbine for a plant is based on many aspects, that can
include: water head, flow or volume of water available on the site, the turbine efficiency,
and cost [28]. The Figure 2.3 presents the relation between the net head and flow ranges

of micro-hydro turbines.

Table 2.1: Groups of Impulse and Reaction turbines [11].

Head Pressure
Turbine Runner | High Medium Low
Pelton Crossflow
Impulse Turgo Turgo Crossflow
Multi-jet Pelton | Multi-jet Pelton
. Francis Propeller
Reaction i Pump-as-turbine (PAT) Kaplian

500 Pelton wheel
; or Turgo wheel

200 -

__100- (s

5 : -

= Francis turbine

8

=

= 20 Crossflow turbine

Propeller turbine
or Kaplan

05 1
Discharge (m’/sec)

5 10 20

Figure 2.3: Head vs flow ranges of micro-hydro turbines [29].
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2.3.1 Impulse Turbines

The impulse turbine uses the kinetic energy of water, in form of a jet (or jets), to drive
the runner, that operates in air, and discharges at atmospheric pressure [29][30]. There is
no suction on the downside of the turbine. Generally, the impulse turbine operates better
with high or medium head, above 10 meters [31]. There are three main types of impulse

turbines: Pelton, Cross-flow and Turgo, as shown in Figure 2.4.

Figure 2.4: a) Pelton turbine. b) Turgo turbine. ¢) Cross-flow turbine. Adapted from [29].

Pelton Turbine

The Pelton turbine can contain one or multi high-velocity jets of water that hits
tangentially a series of split buckets (vanes) [30]. The jet is split in half and each half is
turned and deflected in a maximum angle rate of 165°, in order to the returning jet does
not interfere with the next bucket [11]. This type of turbines does not require a draft tube,
considering its runner is positioned above the maximum tailwater, that permits operation
at atmospheric pressure [32]. Pelton turbines are frequently applied in systems with large
water heads and low flow rates. Moreover, it has advantages for installations where is
present in the water, abrasive matter and for long-penstock where water hammer is critical
[27][28][33]. This kind of turbine was invented in 1878 by Lester A. Pelton (1829-1908)
and is now named in his honor [26].

In Figure 2.5 is shown the runner of a pico-hydro Pelton turbine, model PLT350

HP from PowerSpout, with output power of 1600 W, available in Electromechatronic
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Systems Laboratory (LSE) at IPB. The turbine has been used in the research platform

and is described in the next chapter.

Figure 2.5: PLT350 HP runner.

Turgo Turbine

The turgo turbine is analogous to Pelton turbine. However, the buckets have a different
shape, they look like the Pelton bucket cut into half [29]. The water stream is applied
on one side, at a specific angle, goes across the blade and exits on the other, therefore,
the incoming jet and the discharged fluid do not cross each other [28]. The turgo turbine
was invented in 1920 by Eric Crewdson of Gilbert Gilkes and Co. Ltd. [30]. The turgo
turbine’s efficiency depends on many factors, including, nozzle or jet inclination, cup
design, and speed ratio [33]. References [34] and [35] define that the jet angle inclination
to achieve the peak efficiency is approximately 20°. The main advantage of turgo turbine
comparison with a Pelton turbine, is that a larger jet can be applied, resulting in a higher
speed, consequently, it can have a small diameter, for an equivalent power [29].

The runner shown in Figure 2.6 is from a pico-hydro turgo turbine, the TRG350 HP
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from PowerSpout, with an output power of 1600 W. The turbine is available in LSE at
IPB, and is described in the next chapter.

Figure 2.6: TRG350 HP runner.

Cross-flow Turbine

The cross-flow turbine, also known as, Bunki-Michell or Ossberger, is another signifi-
cant impulse turbine. This type of turbine is commonly applied in lower heads and higher
flow rates than Pelton and turgo turbines [33]. The cross-flow turbine allows the water
flow through the blades twice, first from the outside of the blades to inside, and then from
the inside back out [28]. The blades are shaped, such that, at each passage through the
runner, the water transfers part of its momentum, consequently, falling with little residual
energy [29]. The Banki-Michell turbine is often used in low power range, its efficiency is
lower than conventional turbines, such as Pelton, turgo, propeller (Kaplan) and Francis,
but, on the other hand, the efficiency remains constant in a wider range of flow rates [21].

A cross-flow turbine runner is shown in Figure 2.7.
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Figure 2.7: Cross-flow turbine runner [36].

2.3.2 Reaction Turbines

The reaction turbine generates electricity by the mutual action of moving water and
pressure [30]. In reaction turbines, the runner is fully immersed in water and is enclosed
in a pressure casing [11]. Compared with impulse turbines, reaction turbines have a
better performance in high flow sites with lower heads, and its efficiency is higher at low
operating speeds [33].

In reaction turbines, draft tubes are used as the final component of the water passage.
It is a pipe that usually increase the area gradually, and connect the outlet of the runner to
the tailrace (a channel that carry away the water discharged from the turbine). The draft
tube provides the recovery of a portion of kinetic energy into useful pressure, increasing
the net head on the turbine [27]. There are two main types of reaction turbines: propeller

and Francis as shown in Figure 2.8.
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Figure 2.8: a) Tube-type propeller turbine. b) Francis turbine. Adapted from [29].

Propeller (Kaplan) Turbine

The propeller turbine commonly has an axial low runner containing three to six blades
[30]. To achieve a good efficiency, the water needs to be given some swirl before entering
the runner. If the design is good, the swirl is absorbed, and the water goes into the draft
tube with a little residual angular momentum [29]. A propeller turbine with coordinated
adjustable blades is called Kaplan, in honor of its inventor Viktor Kaplan [27]. This
adjustment of the blades can considerably increase the efficiency, however, it is costly and
may be economically viable only in bigger systems [29]. Propeller turbines are suitable
for systems with low water heads [30]. In general, the propeller turbines rotate faster
than the Francis and impulse turbines (given the same head and flow conditions). These
high speeds imply that reaction turbines can often be directly coupled to an alternator

without any speed-increasing drive or gearbox [11].

Figure 2.9 shows the three blades runner of a pico-hydro propeller turbine, model
LH400, from PowerSpout, with an output of 1600 W. The turbine is available in LSE at
IPB and is described in the following chapter.
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Figure 2.9: Propeller turbine runner.

Francis Turbine

The Francis turbine is the most commonly used type at hydropower stations [30]. It is
essentially a modified propeller turbine, in which the water flows radially into the runner
and emerges axially [29]. The runner of Francis turbines has fixed vanes, usually nine
or more [28]. The other important components of a Francis turbine are the scroll case,
wicket gates, and draft tubes [21]. This kind of turbine is widely adaptable to different
water heads and flow rates [21]. The runner of a Francis mixed-flow turbine used at the

Smith Mountain hydroelectric power station in Roanoke is shown in Figure 2.10.

Figure 2.10: Francis turbine runner [26]
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2.4 Electric Generators

The electric generator is an electric machine that converts mechanical energy from an
external source into electrical energy at the output. There are various types of electrical
machines available that can be roughly divided into two categories, direct current (DC)
machines, and alternate current (AC) machines. The AC machines are subdivided into
Synchronous and Induction (or Asynchronous) devices. The selection of the generator
for a specific application depends on many aspects such as prime mover speed, required
output power, the range of operation (voltage) along with the application (e.g. battery
charging or grid connection) [20].

To short-scale applications, the DC generators are usually ruled out, mainly due to
the necessary maintenance of brushes and slip rings needed for mechanical commutation

[20]. Thus, the AC generators are more suitable for pico-hydropower applications.

2.4.1 Induction Generators

The induction machines or asynchronous machines usually need to draw its excitation
power from the supply mains or a capacitor bank to work as generators. When the rotor
speed increases above the synchronous speed by an external prime mover, it will operate
as an induction generator [37][38]. This type of generator is attractive as it is a reliable,
robust and cheap option [20].

For the off-grid operation, capacitors banks are required due to the necessity of reactive
power [20], consequently, induction generators are best suited for on-grid applications [39].

There are two types of induction rotors, the wound, and the squirrel cage. Squirrel
cage rotors are composed of solid aluminum parallel bars, cast into the slots. The bars
are shorted together at each end of the rotor by cast aluminum rings [40]. The wound
rotors are three-phase rotor windings, with the phases brought out of the rotor through
slip rings and brushes. The wound rotors are expensive and require more maintenance

than cage rotors [38].
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2.4.2 Synchronous Generators

In synchronous generators, the rotor magnetic field is produced either by applying
DC current to the rotor winding to create an electromagnet or designing the rotor as a
permanent magnet [38]. The electric frequency produced in a synchronous generator is
locked (or synchronized) to the mechanical rate of rotation of the generator. They are
related by the following equation:

_ 120/,

Nm » (2.3)

where n,, is the rotating field or synchronous speed [rpm], f;. is the electric frequency
[Hz] and p is the number of magnetic poles. The equation 2.3 is used to induction
generators as well, however, in these generators, the rotor speed exceeds the synchronous
speed.

In small-scale hydropower plants, the synchronous generators, that are capable of

being operated autonomously, are often used in off-grid applications [39].

Permanent Magnet Synchronous Generator

The permanent magnet (PM) machines have wound stator, and the rotor is provided
with a permanent magnet pole system [41]. The separate excitation is done by the PM, re-
sulting in no power lost to excite the rotor, differently of another synchronous or induction
machines. Additionally, they do not require slip rings and brushes.

The permanent magnet synchronous generator (PMSG) is commonly used in short-
scale hydro and wind systems. The efficiency of PM machines is higher than the other
generators, including other synchronous generators due to the self-excitation provided by
the PM [42]. In addition to these benefits, the PMSG can operate with high power factor.
Nevertheless, the permanent magnet materials required to produce these generators are
expensive [41].

There are many topologies of PMSG presented in literature, the most commons being

the radial flux permanent magnet (RFPM) and axial flux permanent magnet (AFPM)
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generators [20]. According to Howey [20] in pico-hydro systems, the PMSG are more

attractive than induction generators in terms of cost and performance.

2.5 Distributed Power (zeneration Systems

In the literature, there is no consensus on the definition of distributed generation
(DG). A large number of terms and definitions are used, for example, Anglo-American
countries use the term ’embedded generation’, North American countries the therm ’dis-
persed generation’, in Europe and parts of Asia, the term ’decentralized generation’ is
also applied for DG [43].

According to Rujula et al [44], the difficulty in defining a distributed generation is in

the following items:
e [t is, in general, not power or voltage-dependent;

It can be categorized as renewable and non-renewable;

Geographical location is not a relevant parameter to distinguish distributed gener-

ation from central generation;

It can be either stand-alone or grid-connected;

It is connected to the grid either directly, using transformers or power electronics.

Due to large variations in the literature, there are some items that the DG can be
defined: purpose, location, power delivery area, technology, environmental impact, mode
of operation, ownership, and the penetration of distributed energy [43].

Although, there are some definitions that are generally accepted. According to Guer-
rero et al [45] DG is the electricity production, as near as possible of the consumption site,
reliable and good quality electrical power. It is similar to the first electrical systems, in
the beginnings of the electric industry, but now incorporating the advantages and benefits

of the modern technology [46].
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The figure 2.11 illustrates a general structure for a DG system. The input power is
transformed into electricity by means of a power conversion unit. The electricity produced

can be delivered to the local loads or to the electrical grid.
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Figure 2.11: General structure for distributed power system having different input power sources.
Adapted from [47].

The control has an important impact on the distributed generation system and it is
divided into two parts. The input-side controller has the main property to extract the
maximum power from the input source. The grid-side controller has the task to control
the active power generated and the reactive power transferred to the grid, to ensure the

high quality of the injected power and grid synchronization [47].

2.5.1 Isolated Systems

The isolated, also known as islanded, stand-alone or off-grid system, is a system that

is not connected to the main electrical grid, therefore, must be able to supply electricity
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by itself at all times. In remote and isolated areas, stand-alone systems can be more
cost-effective than extending a power transmission line to the electricity grid [48].

In general, this type of systems has a energy storage, thus allowing the electricity use
at times when endogenous resources are not available to produce electricity. The system is
generally composed of batteries, charge controllers, power conditioning equipment, safety
equipment, meters, and instrumentation, in order to condition and safely transmits the
power to the load. Usually, the power conditioning equipment uses a maximum power

point tracking (MPPT) algorithm [48].

2.5.2 Grid-connected Systems

The grid-connected or grid-tied system is an electrical generation system that links the
generation with the main electrical grid or micro-grid. It allows the injection of the excess
electricity produced in the grid, or to draw electricity from the grid, if the production is
lower than the demand [49].

This type of system has some requirements, mostly to the power provider, and some
equipments are necessary to safely transmit the generated electric energy to the grid.
Usually power conditioning units are used for these connections using safety equipments

and meters [49]. Each power provider has specific grid-connection requirements.

2.5.3 Hybrid Systems

The hybrid systems are defined as the combination of two or more renewable or non-
renewable energy sources [50]. Hybrid systems are capable to operate in both isolated or
grid- or microgrid-tied [51].

Energy sources, like wind, solar, hydro, biomass and fuel cells can be integrated to form
a hybrid system which is more reliable than single source systems [50]. The utilization of
different sources of power and technologies requires more efficient and complex controls

than the single source generation.



2.5. DISTRIBUTED POWER GENERATION SYSTEMS 21

2.5.4 Case Studies

As an example of distributed hybrid systems, two projects are briefly presented in this
section, which are being carried on in the Laboratory of Electro Mechatronic Systems:

SilkHouse e BIOURB-NATUR.

SilkHouse Project

The House of Silk is a small science dissemination museum, located in Bragancga, in
the north-east of Portugal. Within the sphere of SilkHouse Project - Development of
a smart microgrid based on renewable energy sources and a monitoring system for the
House of Silk-, a renewable energy sources-based micro-grid is being developed, in this
case, hydro and photovoltaic. In this project, it will be integrated into the microgrid, a
low head propeller type turbine, a horizontal water wheel, and 18 photovoltaic modules,
as shown in Figure 2.12. This project aims to make the House of Silk a self-sustaining
building in average annual terms. The estimated generation is 15.14 MWh /year, which

is very close to the average annual consumption of the museum [24].
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Figure 2.12: House of Silk microgrid scheme, integrating pico-hydro and photovoltaic generation.
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BIOURB NATUR

The Castrelos Aquaculture Centre is a building that aims to produce trout for repop-
ulating rivers and watercourses in the region of Braganga, Portugal. Within the scope
of the BIOURB NATUR project - Bioconstructive diversity, bioclimatic building, sus-
tainable rehabilitation and its application in natural spaces - an energy solution is being
developed to transform the Castrelos Aquaculture Centre into a self-sustaining building
on average annual terms. The solution is based on the integration of different renewable
source-based power generation, storage, and power management systems into a smart
micro-grid as shown in Figure 2.13. The micro-grid is composed of the electric generation
of a propeller-type turbine and 32 photovoltaic modules. It has an estimated generation

about 15.66 MWh /year [25].
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Figure 2.13: Castrelos Aquaculture Centre microgrid scheme, integrating pico-hydro and pho-
tovoltaic generation.



Chapter 3

Platform Description

For the implementation of the projects described in subsection 2.5.4, it was necessary
to develop an experimental platform to test and evaluate the performance of the pico-
hydro turbines and water wheel. The construction of this platform is one of the main
objectives of this dissertation, that is described below.

The emulation platform is composed of three distinct and independent systems. The
first one is intended for low head turbines, the second one is for heads emulation with
medium and high heads turbines and the third one is for a horizontal water wheel. This
platform will allow the testing of water turbines up to 1.5 kW, for didactic and applied
research purposes and specifically for the ongoing projects, the SilkHouse Project and
Catrelos Aquaculture Centre. Figure 3.1 shows the scheme of the platform and distin-

guishes the three implemented systems.

3.1 Platform Construction

To the proper utilization of a reaction turbine, it is necessary to keep the runner
completely submerged in water. In real sites, the water must be extracted from its normal
course by an intake and brought to the turbine by a flume or a pipe. In the emulation
platform, the flume (water channel) is still necessary to give the right environment to

the turbine operation. For this purpose, and for the propeller turbine used in System 1

23
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Figure 3.1: Research platform scheme.
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(as proposed in Figure 3.1), a stainless-steel flume was constructed, with the support of
Mechanical Technology Laboratory, of IPB. The flume was built with dimensions of 0,40
m high, 0,40 m wide, 2,45 m long, and a whirlpool was placed at the end, where the

turbine was installed.

The flume first prototype was made of a stainless-steel sheet, folded in two places, as
is shown in Figure 3.2. Other stainless-steel sheets were welded to achieve its final design.
The flume has been sealed and installed in the Geotechnical Laboratory, at IPB, where
the platform is located. The major difficulties encountered in the flume construction were
in the sealing, so that there were no leaks, and in the turbulence in which the water was
discharged. To avoid spattering and to reduce the turbulence of the water, a tube with
fringed plastic was used in the water outlet. It was a temporary solution used to make

the tests possible.

Figure 3.2: Constructed and installed flume for the propeller turbine operation.

To the heads emulation system, it was required the construction of a rigid pipe in
iron. The pipe is connected to the pump comprising pressure and flow sensors. There
are six outlets in the pipeline, two for the Pelton turbine and four for the turgo turbine.
The construction and installation of the electro-mechanical system was performed by a

company. The Figure 3.3 shows the pipeline used in System 2 (see Figure 3.1).
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Figure 3.3: Pipeline used in the Heads Emulation System

3.2 System 1: Low Head System

The first system is for low-head (up to 5 m) propeller turbines with flow rates up to
56 1/s and it is emulated by means of a water flow sensor and a 5,5 kW pump fed by a

frequency converter controlling the water flow.

The turbine used in the first system is a low head, propeller type turbine LH400 from
PowerSpout, coupled to a 3-phase permanent magnet synchronous generator (PMSG),
60R110-4S3P-S-HP, from Ecolnnovation, with 1600 W of maximum output power. The
generator coded as 60R110-4S3P-S-HP is the representation of 36-pole stator, with 0,6
mm copper wire that, and 110 turns per tooth. R code stands for rewound machine.
Each phase has 12 coils, 4 coils in series and 3 coils in parallel, and in star connection.
The 60R110-4S3P-S-HP is shown in Figure 3.4. The generator has a relation between
open circuit voltage (DC voltage of the three-phase rectified output unloaded) and speed
V/rpm = 0,211.
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Figure 3.4: 60R110-4S3P-S-HP generator

The technical specifications of LH400 turbine are presented in Table 3.1. The relation

between power and head of the LH400 is shown in Figure 3.5, and the relation between

flow and head is shown in Figure 3.6, the data used to make the graphs presented in Figure

3.5 and Figure 3.6 were taken from the table flow calculations and generation options of

the LH400 turbine installation manual [52].

Table 3.1: LH400 specifications.

Static head range
Maximum flow
Minimum flow
Maximum power
Maximum current rating

1tobm
55 1/s
251/s
1600 W
32 A

The estimated values of operation, at maximum flow and maximum head are: output

voltage (in load), V,, = 275 V, the rotor speed n,o10r =

1500 rpm. In these conditions, the

turbine achieves an output power of 1462 W. The open circuit voltage, V,. = 487 V and

the no load speed rotor is n,00eqd = 2308 rpm.
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Figure 3.5: LH400 relation power vs. head.
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Figure 3.6: LH400 relation flow vs. head.

To acquire flow data it was necessary the use of a flow rate sensor. It was used a VFI
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12-240 DN 100 model, from Grundfos. It is a Vortex based sensor, with measuring range
between 12 m3/h and 240 m?/h and resolution 0,30 m?/h. The electric data of the sensor
is described in Table 3.2.

Table 3.2: VFI 12-240 DN100 specifications [53].

Electrical data

Power supply 12.5 - 30 VDC (+ 5%)
Output signal (-cut off) | 4-20 mA (21 mA)
Response time <1ls

Power consumption Max. 660 mW

Load impedance Max 600 €2 at 24 VDC

According to the datasheet, the sensor VFI 12-240 DN 100 output signal has a behavior
as shown in Figure 3.7. An output of 4 mA represents the minimum flow measured, 12
m?/h (approximately. 3.331/s), the flow signal is linear and an output of 20 mA represents
240 m?/h (approximately 67 1/s).

A

Signal cut off

21 mA

4 mAl”

»
»

Qmin Qimax

Figure 3.7: Flow sensor output signal [53].

To emulate the right environment for the turbine utilization it is used a single-stage
centrifugal pump, model CronoBloc-BL 125/185-5,5/4 from Wilo. The pump standard
operating pressure is 1,3 MPa and the maximum ambient temperature is 40°C. The pump
motor specifications are described in Table 3.3.

The relation between the manometric head and the flow of CronoBloc-BL 125/185
- 5,5/4 is shown in Figure 3.8. From this figure, and for a water flow of 200 m3/h
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(approximately 56 1/s), the head should be higher than 4 m and less than 8 m.

Table 3.3: CronoBloc-BL 125/185 - 5,5/4 specifications [54].

Motor /electronics
Mains connection

3~400 V, 50 Hz

Motor efficiency level IE2
Rated current (approx.) 11,3 A
Efficiency n,, 0,88
Power factor cosp 0,78
5,5 kW

Rated power P,
Maximum power consumption P; | 6,2 kW

Rated speed n 1450 rpm
H/m Wilo-CronoBloc-BL-E p/kPa
b 125/185-5,5/4 120
10 'I Ap- L 100
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Figure 3.8: Manometric head vs flow of CronoBloc-BL 125/185 - 5,5/4 pump [54].

The frequency converter used to control the pump is the three-phase model ACS355-
03E-12A5-4+J404, from ABB, with the specifications described in Table 3.4. The fre-
quency converter ACS355 controls the pump in frequency (Hz), using the macro Standard

ABB, the flow sensor output is connected to the ACS355 at the analogic input 1 (AI2)
in the pin 5 and is supplied by 24 Vpe from the pin 9. The output signal is in current

(4-20 mA). The main components used in the system 1 are shown in Figure 3.9.
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Table 3.4: ACS355-03E-12A5-4+J404 specifications.

Electric data

Rated Power (Py) 5,5 kW

Input voltage (U;) 3~400 V/480 V

Input current (/;) 19 A/16 A

Input frequency (f;) | 48...63 Hz

Output voltage (Uy) | 3~0... U; V

Output current () | 12,5 A (150% 1/10 min)
Output frequency (f) | 0...599 Hz

Figure 3.9: Low Head Emulation System main components. a) LH400 turbine. b)VFI 12-240
DN100 water flow sensor. c¢) CronoBloc-BL 125/185-5,5/4 water pump. d)ACS355-03E-12A5-
4+J404 frequency converter.

3.3 System 2: Heads Emulation System

The second system is designed for medium and high heads and lower water flows. In
this case, a turgo type turbine (up to 30 m) and a Pelton turbine (up to 130 m). The
emulation system is achieved using a 11 kW high pressure water pump fed by a frequency

converter for water pressure, using a pressure sensor. Additionally, a water flow sensor is
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also available. The head is emulated by means of the pressure set point.

The Pelton turbine used in the platform is a two jets PLT350 HP, from PowerSpout,
coupled to a three-phase PMSG, 60R120-6S52P-S-HP, from Ecolnnovation with 1600 W
as maximum output power, similar to the generator shown in Figure 3.4. The generator
coded as 60R120-6S2P-S-HP is the representation of 36-pole stator, with 0,6 mm copper
wire that has 120 turns per tooth. R code stands for rewound machine. Each phase has
12 coils, 6 coils in series and 2 in parallel and star connection. The PLT250 HP turbine’s
generator has a relation between open circuit voltage (DC voltage of the three-phase
rectified output unloaded) and speed V/rpm = 0,345.

The technical specifications of PLT350 HP are shown in Table 3.5.

Table 3.5: PLT350 Hp specifications.

Head range 3 to 130 m

Maximum flow 8-10 1/s

Minimum flow 0,05 1/s (at maximum head)
Maximum power 1600 W

Maximum current rating | 32 A

The turgo turbine used in the platform is a 4 jet TRG350 HP, from PowerSpout,
coupled to a three-phase PMSG 60R90-652P-S-HP, from Ecolnnovation with 1600 W as
maximum output power, also similar to the generator shown in Figure 3.4. The code
60R90-652P-S-Hp represents 36-pole stator, with 0,6 mm copper wire that has 90 turns
per finger tooth. R code stands for rewound machine. Each phase has 12 coils, 6 coils in
series and 2 in parallel. The generator has a star connection. The technical specifications
of the TRG350 HP is described in Table 3.6 and the relation between open circuit voltage
(DC voltage of the three-phase rectified output unloaded) and speed V/rpm = 0,259.

Table 3.6: TRG350 HP specifications.

Head range 2 to 30 m
Maximum flow 16 1/s
Minimum flow 81/s
Maximum power 1600 W
Maximum current rating | 32 A
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In order to measure the water pressure, to the head emulation for System 2, it was
necessary the utilization of a pressure sensor. It was used an analogical pressure trans-
mitter model XMLG016D21, from Schneider Electric. This sensor has a measuring range
between 0 and 16 bar, the destructive pressure is 40 bar and the XMLG016D21 sensor

specifications are described in Table 3.7.

Table 3.7: XMLGO016D21 specifications [55].

12 V DC, voltage limits: 8...33 V
24 V DC, voltage limits: 8...33 V
Analogue output function | 0...20 mA, 2 wire

Current consumption <20 mA

Response time on output | <2 sec

Rated supply voltage

According to XMLG016D21 datasheet [55], the behavior of its output signal is shown
in Figure 3.10. 4 mA represents 0 bar, and it grows linearly until 20 mA, that represents
16 bar (1,6 MPa).

In addition to the use of the pressure sensor, and to have a better control in the input
of the turbines, it is used a flow sensor. The flow sensor used is model VFI 3.2-64 DN 50,
from Grundfos. It is also a Vortex based sensor, with measuring range between 3,2 and
64 m*/h and resolution 0,08 m®/h. The electric data of the sensor is described in Table
3.8. The output signal of the VFI 3.2-64 DN 50 also behaves as the Figure 3.7.

To emulate the head in the system, it was necessary to pressurize the water. For this
purpose it was used a high pressure multistage centrifugal pump, model Helix V 3604-
1/16/E/KS, from Wilo, in vertical design. The maximum operating pressure of this pump
is 16 bar and the maximum ambient temperature is 40°C. The pump motor specifications
are described in Table 3.9.

The pump curve of manometric head vs flow is shown in Figure 3.11. Until 100 m,
the Helix V 3604-1/16/E/KS can pump about 55 m®/h (approximately 15 1/s).

The frequency converter used in the system 2 is an ACS355-03E-31A0-4+J400, from
ABB, with the specifications described in Table 3.10. The 15 kW ACS355 controls the

Helix pump in frequency (Hz), using the Standard ABB macro, the pressure sensor is
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Output pressure sensor signal

Output current (mA)
=
o

0 2 4 6 8 10 12 14 16

Pressure (bar)

Figure 3.10: XMLGO016D21 output signal.

Table 3.8: VFI 3,2-64 DN50 specifications [53].

Electrical data

Power supply 12.5 - 30 VDC (+ 5%)
Output signal (-cut off) | 4-20 mA (21 mA)
Response time <1ls

Power consumption Max. 660 mW

Load impedance Max 600 €2 at 24 VDC

supplied by 24 VDC, connected in pin 9, the output signal of the pressure sensor is
connected in the analog input 1 (AIl), in pin 2. The flow sensor is supplied by 24 VDC
also connected in pin 9, and the output signal of the flow sensor is connected to the analog
input 2 (AI2), in pin 5. The output signals of the sensors are in current, both in range of

4...20 mA. The main components used in the system 2 are shown in the Figure 3.12.
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Figure 3.11: Manometric head vs flow of Helix V 3604-1/16/E/KS pump [56].

Table 3.9: Helix V 3604-1/16/E/KS specifications [56].

Motor /electronics

Mains connection
Motor efficiency level
Rated current (approx.)
Efficiency n,,

Power factor cosp
Rated power P

Power consumption P;

3~400 V, 50 Hz
E2

19 A

0,38

0,78

11 kW

12,07 kW

Table 3.10: ACS355-03E-31A0-4+J400 specifications.

Electric data

Rated power (PN) 15 kW

Input voltage (U1) 3~400 V/480 V

Input current (I1) 52 A/43 A

Input frequency (f1) | 48...63 Hz

Output voltage (U2) | 3~0..U1 V

Output current (I12) 31 A (150% 1/10 min)
Output frequency (f2) | 0...599 Hz

35
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Figure 3.12: Heads Emulation System. a) PLT350 HP turbine. b)TRG350 HP turbine. c¢)
ACS355-03E-31A0-44-J400 frequency converter. d) XMLGO016D21 pressure sensor. e) Helix V
3604-1/16/E/KS high pressure water pump. f) VFI 3.2-64 DN50 flow sensor.

3.4 System 3: Water Wheel System

The third system is composed of a horizontal water wheel coupled to a micro wind
generator of 300 W and 300 rpm. The water wheel has 36 paddles and 1,2 m diameter.
The system also contains a water storage with 1 m? of capacity and 4 tubes to the attack
jets. The prototyping of the water wheel is described by Dalmarco et al [57]. This system

share the same area of the other two systems. The system is shown in the Figure 3.13.

Figure 3.13: a) Water wheel. b) Water storage.
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3.5 Grid Connection

The grid connection is made through PV inverters, in an innovative and emergent
solution to connect hydro turbines to the grid, as described in [5][15][16]. A PV inverter
is a DC-AC converter, that converts the direct current from the PV modules into alter-
nate current that can be tied to an electric grid, microgrid or to off-grid loads. They
are a mature and wide available technology, and cheaper than the specifically designed
converters for hydro applications. Usually the PV inverters uses maximum power point
tracking (MPPT) algorithm and anti-island protection. In the platform, three models
of PV inverters were tested to the grid-connection, the three models are single-phase
transformerless inverters.

Sunny Boy 1.5-1VL-40, from SMA, is an inverter for small PV systems, with a wide
input voltage range from 80 V to 600 V. The inverter has MPPT algorithm and some
protective devices installed, such as DC side disconnection point, ground fault and grid
monitoring, DC reverse polarity protection and AC short circuit protection [58]. The
technical data available of SB1.5 is described in the Table 3.11. The Sunny Boy 1.5-1VL-
40 is shown in Figure 3.14a.

Table 3.11: Sunny boy 1.5 technical specifications [58].

Input (DC)

Max. PV array power 3000 Wp

Max. input voltage 600 V

MPP voltage range 160 V to 500 V
Rated onput voltage 360 V

Min. input voltage/initial input voltage 50 V/ 80 V

Max. input current per string 10 A

Max. short-circuit current per string 18 A

Output (AC)

Rated power (at 230 V, 50 Hz) 1500 W

Max. apparent AC power 1500 VA

Nominal AC voltage 220 V/230 V/ 240 V
Nominal AC voltage range 180 V to 280 V

AC grid frequency / range 50 Hz, 60 Hz/-5 Hz to + 5 Hz
Rated grid frequency / rated grid voltage | 50 Hz /230 V

Max. output current 7TA

Power factor at rated power 1

The second model of PV inverter used in grid-connection of the hydro turbines, is the
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Omniksol-2k-TL2, from Omnik New Energy. As protection this type of inverter has, DC
insulation monitoring, residual current monitoring unit and grid monitoring with anti-
islanding. The technical specifications are described in Table 3.12. The Omniksol-2k-TTL2

is shown in Figure 3.14b.

Table 3.12: Omniksol-2k-TL2 technical specifications [59].

Input (DC)

Max. PV power 2300 W

Max. DC voltage 500 V

Nominal DC voltage 360

Operating MPPT voltage range | 120 V - 450 V

Max. input current 18 A

Output (AC)

Max. AC output power 2200 W

Nominal AC output power 2000 W

Max. output current 11 A

Nominal grid voltage 220 V-230V-240V
Nominal grid frequency 50/60 Hz

Power factor (cos ¢) 0.9 capacitive. .. 0.9 inductive
AC connection single-phase

The third model of PV inverters used in the plaftform is the Sunny Boy 2100TL
inverter, from SMA. The inverter has MPPT algorithm and some protective devices in-
stalled, such as DC reverse polarity protection, DC load-disconnecting switch ESS, AC
short circuit tolerance, ground fault and grid monitoring. The technical specifications of

SB 2100TL is described in Table 3.13. The Sunny Boy 2100TL is shown in Figure 3.14c.

Table 3.13: Sunny boy 2100TL technical specifications [60].

Input (DC)

Max. DC input power 2200 W

Max. DC voltage 600 V

PV voltage range, MPPT (at rated powe) | 125 V - 480 V
Max. input current 12 A

Output (AC)

Nominal AC output power 1950 W

Max. AC output power 2100 W

Max. output current 11 A

Nominal AC voltage / range 220 V-240V /180 V-260 V
AC grid frequency (self-adjusting) / range | 50 Hz / +4,5 Hz
Power factor (cos ¢) 1

AC connection single-phase
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Figure 3.14: a) Sunny Boy 1.5-1VL-40. b) Omniksol-2k-TL2. ¢) Sunny Boy 2100TL

3.6 Over-voltage Protection Circuit

To connect hydro turbines into the grid, by using PV inverters, it is necessary the
utilization of an over-voltage protection device. The photovoltaic modules do not present
over-voltage characteristics, nevertheless, hydro turbines can reach voltages in open circuit
up to 3 times higher than in full operation.

The protection circuit used in the grid-connection of the turbines in the experimental
platform was a 3-phase AC input power clamp, model PC AC4 350/400 from PowerSpout,

shown in Figure 3.15.

Figure 3.15: PC AC4 350/400.
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The power clamp is an external device, connected to the output of the turbine’s gener-
ator and rectifies its output. Also limits the maximum output voltage of hydro turbines,
to protect sensitive equipment such as MPPT, grid-tie inverters or charge controllers. It
uses PWM to dissipate the power to heat in a power resistor. Furthermore, it also has a
fail-safe crowbar that short-circuits the turbine’s entire output current. The specifications

of the power clamp is described in Table 3.14.

Table 3.14: PC AC4 350/400 specifications

Model Type PC AC4-350/400
Rated volts loaded 400 V DC

Rated power 1600 W
Capacitor discharge time 5 min (if fitted)
Ingress protection (IP) rating | 1P24

Impact protection (IK) rating | IK10




Chapter 4

Experimental Results and Discussion

This chapter presents the results and proper discussion of the generator characteriza-

tion, the grid-connection tests in laboratory and the platform real conditions tests.

4.1 Generator Characterization

The permanent magnet synchronous generator (PMSG) characterization is a series of
tests with the generator to obtain certain parameters and analyze its behavior, being the
procedures described in the following paragraphs. There are two types of tests for the
PMSG characterization, no-load tests, and load tests (constant load and variable load).

The generator used in these tests was the 60R110-4S3P-S-HP, used in the LH400 turbine.

4.1.1 No Load Test

The setup used in the no-load test is shown in Figure 4.1. It was used a 3-phase
induction motor, model 3~LSMV100L, from Leroy Somer, connected in star and fed by a
3kW frequency converter. In this condition, the motor has 1430 rpm of rated speed, 0,84
cos ¢, 400 V, 6,3 A of rated current. The PMSG was directly coupled to the motor and
its 3-phase voltages were rectified and connected to a capacitor bank with the equivalent

capacitance of 1000 uF. No load was aplied on the generator shaft. For this application,

41
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the motor was controlled by the ABB ACS 355-03E-07A3-4 frequency converter. The
macro used for this test was the ABB Standard, the speed was chosen as the control

variable.

Frequency
converter
2

Grid
+
N o °‘|— voc
Induction _ T
Motor L2y
=5

Figure 4.1: No load test setup.

In this test, the line-to-line voltage (V) of the generator and the DC voltage (Vpce)
at the rectifier output were recorded. The Vp; was measured with the FLUKE 434
Power Quality Analyzer and the Vpe was measured with the FLUKE 85 IIT True RMS
Multimeter. The test was done by varying the motor-generator speed (/N) up to the motor

rated speed. The test step was 100 rpm. The measured values are described in Table 4.1.

Table 4.1: No-load 60R110-4S3P-S-HP generator test.

N Vi Vbe
[rpm] | [Vrms] | [V]
0 0 0
100 16,1 | 224

200 31,8 | 435
300 46,7 | 652
400 62,0 | 86,7
500 77,2 | 108,2
600 92,4 | 129,7
700 107,5 | 151,0
800 122,6 | 172,4
900 137,7 | 193,6
1000 | 152,9 | 214,8
1100 | 168,1 | 236,1
1200 | 183,1 | 257,0
1300 | 1988 | 278,0
1400 | 213,3 | 299,1
1500 | 228,2 | 3202
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The speed-voltage (Vi1 and Vpe) graphs obtained from the no-load test are shown
in Figure 4.2. When the speed is increased, the voltages increase proportionally, with
coefficient of determination (R?) equals 1. At 1500 rpm, the Vpo voltage is 320,2, with a
V /rpm ratio of 0,213, very close to the 0,211-ratio reported by the manufacturer, as de-

scribed in Section 3.2. Thus, as expected, the output voltage (DC and AC) is proportional
to the speed.

350

300 y=0,2132x+1,2176,

250

< 200
9]
Qo
(©
£ 150 y=0,1518x + 1,039
> R2=1
100
50
0
0 200 400 600 800 1000 1200 1400 1600
Speed (rpm)
—@— VLL (Vrms) =——@=—VDC (V) «ecececer Linear (VDC (V)) «eeeceses Linear (VLL (Vrms))

Figure 4.2: No load test with 60R110-4S3P-S-HP generator.

4.1.2 Rated Load Test

The rated load test was done by applying a load (power resistor) at the DC output.
The load resistance value was calculated by dividing the square of the rated output voltage

V, by the rated output power P, described in Section 3.2, as follows:

V2 2757
h P 1462 oL 7 (41)

The setup used in the nominal load test is shown in Figure 4.3.
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Figure 4.3: Rated load test setup.

The test started with rated speed. Thus, the speed was decreased, and the values are
presented in Table 4.2. The measurement of the line voltage (Vr), the generator current
(I,), the power factor of the generator (PF}), the power of generator (P,) were measured
with FLUKE 434 Power Quality Analyzer. The DC voltage (Vpc) measurement was made
with the FLUKE 85 III True RMS Multimeter. The load current (Ipc) was measured
with the TES 2732 Multimeter. This test was performed between 1500 rpm and 500 rpm,

in a 100 rpm step.

Table 4.2: Rated load 60R110-S3P-S-HP generator test

N Ve I, PF P, | Ipc | Vbe Ppe

[rpm] | [Vrms] | [A] 71wl | [A] ] V] (W]
1500 198.5 3,5 | 0,95 | 1160 | 4,74 | 243,9 | 1156,09
1400 187 3,3 | 0,95 | 1030 | 4,48 | 229,5 | 1028,16
1300 | 1753 | 3,1 | 0,95 | 900 | 4,19 | 214,.8 | 900,01
1200 163,2 29 10,94 | 780 3,9 | 199,8 | 779,22
1100 150,9 2,7 1 0,94 | 660 3,6 | 184,4 | 663,84
1000 138,2 2,5 1 0,93 | 560 | 3,29 | 168,8 | 555,35
900 | 1255 | 2,3 | 0,93 | 460 | 2,99 | 1533 | 458,37
800 | 1127 | 21| 0,93 | 370 | 2,69 | 138.3 | 372,03
700 99,5 1,8 | 0,93 | 290 | 2,39 | 122,8 | 293,49
600 86,3 | 1,6 | 0,93 | 220 | 2,08 | 106,9 | 222,35
500 726 | 14 | 0,93 | 160 | 1,75 | 905 | 158,38

At 1500 rpm, the generator dissipates 1156 W of power in the power resistor. The
relation between the voltages (Vi and Vpe) and the load current (Ip¢) is shown in
Figure 4.4. As expected, the relation continues practically linear, both with coefficient of

determination (R?) close to 1.
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Figure 4.4: 60R110-4S3P-S-HP generator rated load test: Ipc vs Vi and Vpe.

The relation between the voltages (Vi1 and Vpe) and speed (N) is shown in Figure
4.5. As expected, the relation are practically linear with both coefficient of determination

(R?) close to 1.

300
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Figure 4.5: 60R110-4S3P-S-HP generator rated load test: V7 and Vpo vs N.
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The evolution of the continuous power (Pp¢) in relation to the voltage Vpe is shown

in Figure 4.6.
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Figure 4.6: 60R110-4S3P-S-HP generator rated load test: Ppc vs Vpe.

The Ppc vs Vpe graph is not linear due to the voltage drop in the load. Excluding
the voltage drop in the load impedance, it is expected a straight line, the coefficient of

determination (R?) is equals 0,9846.

4.1.3 Variable Load Test

In the variable load test, the intention is to keep the generator current set at the rated
current (approximately 3,5 A), so that the generator always operates at full load. For
this, when the speed is varied, the resistance load is varied proportionally, starting with

51,72 €. The setup used in this test is shown in Figure 4.7.
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Figure 4.7: Variable load test setup.

The speed is decreased by a step of 100 rpm and the resistance is varied proportionally,
thus maintaining the fixed current. The values measured in the variable load test are

shown in Table 4.3.

Table 4.3: Variable load 60R110-4S3P-S-HP test.

N Vit P PF Py, | Ipc | Vbe Ppc
[rpm] | [Vrms] | [A] 71w | [A] ] [V] (W]
1500 | 1985 | 35 | 0,95 | 1160 | 4,76 | 244 | 116144
1400 | 1848 | 3,5 | 0,95 | 1080 | 4,76 | 226,8 | 1079,57
1300 171,1 3,5 | 0,95 | 1000 | 4,76 | 209,6 | 997,70
1200 157,5 3,5 1 0,95 | 920 | 4,76 | 192,5 | 916,30
1100 143,6 3,5 | 0,95 | 830 | 4,76 | 175,3 | 834,43
1000 130,2 3,5 | 0,95 760 | 4,76 | 158,6 | 754,94
900 116,7 3,5 10,95 | 680 | 4,76 | 141,6 | 674,02
800 103,1 3,5 | 0,95 600 | 4,76 | 124,8 | 594,05
700 89.4 | 35 | 095 | 520 | 477 | 1078 | 514,21
600 759 | 35 | 0,94 | 440 | 476 | 91,2 | 434,11
500 62,4 3,5 1 094 | 360 | 4,76 | 74,4 354,14

At 1500 rpm, the dissipated power in the rheostat was approximately 1160 W. The
Figure 4.8, shows the behavior of the voltages (V. and Vpe) in relation to the speed
of the generator (V). As expected the relations are linear, with both coefficients of

determination (R?) equals 1.
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Figure 4.8: 60R110-4S3P-S-HP generator variable load: Vpeo and Vi vs N.

Figure 4.9 shows the relation between power (Pp¢) and the direct voltage (Vpe). As
expected the relation is linear, thus, the voltage is proportional to the generator speed

(N), and the coefficient of determination (R?) is equal to 1.
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Figure 4.9: Variable load test with 60R110-4S3P-S-HP generator.
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This test enables us to obtain the maximum power point (MPP) of the generator for a
given DC voltage (proportional to the speed). Thus, the power line represented in Figure
4.9 is the MPP curve of the generator as a function of the speed. When a PV inverter
is connected to a PMSG, it is expected the MPPT algorithm to follow this power line as

will be presented in the next sections.

4.2 Grid-Connection Tests

Tests were carried out to evaluate the behavior of photovoltaic (PV) inverters in the
connection to the grid of the pico-hydro turbines. The setup used for this test is shown

in Figure 4.10.
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Gnd

Over-voltage
protection ﬁt
Induction \_ :
Motor —

]

Grid/microgrid

U ser
inte rface

Photovoltaic inverter

ﬁ o

Figure 4.10: Grid connection test in laboratory.

The permanent magnet synchronous generator is coupled to the motor and connected
to the protection circuit described in Section 3.6. The power clamp rectifies and controls
the generator voltage to protect the PV inverters.

The frequency converter used in this test is an ACS 355-03E-07A3-4. The macro
utilized is “PID Control” in power control mode, as will be presented in Subsection 4.2.1.
Three PV inverters were used to test each PMSG, Sunny Boy 1.5-1VL-40, Omniksol-2k-
TL2, and Sunny Boy 2100TL, described in Section 3.5.

In the grid-connection test, the parameters of the generators were measured, along

with the input current and input voltage and the output power of the PV inverters. The
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speed of the motor-generator (N) was read in ACS355 keypad. The line-to-line voltages
(VLL), generator current (/,), the generator power factor (PF},) and the generator power
(P,) were measured with FLUKE 434 Power Quality Analyzer. The DC voltage of the PV
inverter (Vpe) was measured with FLUKE 85 IIT True RMS Multimeter, the DC current
of the PV inverter (Ipc) was measured with TES 2732 Multimeter.

This test was realized decreasing the power gradually. To test the LH400 turbine’s
generator, it was not necessary to use the protection circuit, because its no-load voltage
is inferior that the maximum voltage supported by the inverters. On the contrary, to test
the PLT350 HP, and TRG350 HP generators it was necessary to use the PowerClamp
AC4 350-400, protection circuit.

4.2.1 ACS355 Parameters

In order to emulate the turbine as better as possible, the frequency converter controls
the motor power, and therefore, the generator power. The physical connections of the

ACS355 are shown in Figure 4.11.

SCR | Signal cable shield (screen)

All Proc. ref. (PID)/Motor freq. (Hand): 0...10 V *
GND | Analog input circuit common

+10 V| Reference voltage: +10 V DC, max. 10 mA

Al2 Process actual value: 4...20 mA3 (motor power)
GND | Analog input circuit common

AO Motor power value: 0...20 mA

GND | Analog output circuit common
+24 V | Auxiliary voltage output: +24 V DC, max. 200 mA

Ol N[fOojO | ]JW|IN|F

Figure 4.11: Physical connection in the ACS355. Adapted from [61].

The analog output is connected to the analog input 2 and both GND pins are con-
nected. The most relevant groups of parameters utilized in this power control are described

below.
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Standard frequency converters are open programming devices. They can be used
in a wide range of applications, therefore, they have a set of parameters, to suit each
case. In addition, there are macros, with preprogrammed parameters, that enables rapid
configuration for typical applications. The ACS355 macros are: ABB standard, 3-wire,

alternate, motor potentiometer, hand/auto, PID control, torque control, ACS500 modbus.

For the closed loop power control, the selected macro was PID control.

Group 99 - Start-up data

In group 99, the language and the motor parameters are defined, as well as the appli-

cation macro used. The parameters values of group 99 are shown in Table 4.4.

Table 4.4: Group 99 - Start-up data.

Parameters Name Project value
9901 Language English (0)
9902 Application macro PID Control (6)
9903 Motor type AM (1)
9904 Motor control type Scalar:Frequency (3)
9905 Motor nominal voltage 400 V
9906 Motor nominal current 6,3 A
9907 Motor nominal frequency 50 Hz
9908 Motor nominal speed 1430 rpm
9909 Motor nominal power 3 kW
9912 Motor nominal torque Read only
9913 Motor pole pairs 2
9915 Motor cos ¢ 0,84

The PID control was chosen to control the power of the motor in closed-loop, the

suitable macro (PID) is defined in parameter 9902. The parameters 9903, 9905, 9906,
9907, 9908, 9909, 9913 and 9915 are motor specifications, described in Subsection 4.1.1.
The type of motor control chosen was scalar control, in the parameter 9904. The motor

torque is an option read only, in parameter 9012.
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Group 40 - Process PID set 1

The group 40, is for the parametrization of the PID control variables. The Table 4.5

shows the selected project values.

Table 4.5: Group 40 - Process PID set 1.

Parameters Name Project value
4001 Gain 0,2
4002 Integration time DS
4003 Derivation time 0,0s
4008 0% value 0
4009 100% value 100
4010 Setpoint select Keypad (0)
4012 Setpoint min 0%
4013 Setpoint max 100%
4014 Feedback selection ACT1 (1)
4016 ACT1 input Al2 (2)
4017 ACT?2 input Al2 (2)
4018 ACT1 minimum 0%
4019 ACT1 maximum 100%

The gain and integration time, parameters 4001 and 4002, were achieved in trial and

error approach, analyzing the response time and the stability of the system. The derivative

component was not needed. The parameters 4008 and 4009 define the minimum and

maximum PID values. The setpoint selection is made by keypad and the minimum and

maximum values were set in parameter 4012 and 4013. The feedback selected is ACT1,

the actual output value (output power). This measured output power is set in analog

input 2. The minimum actual value selected is 0% and the maximum 100%.

Group 10 - Start/stop/direction

The sources for external start, stop and direction control are selected by the group 10.

The parameters’ values of group 10 are shown in Table 4.6.

The keypad was used for the start and stop control. The rotation direction of the

motor is requested in initialization.
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Table 4.6: Group 10 - Start/stop/direction.

Parameters Name Project value
1001 Extl commands | Keypad (8)
1002 Ext2 commands | Keypad (8)
1003 Direction Request (3)

Group 11 - Reference select

The panel reference type, external control location, external reference sources and

limits are defined in the group 11. The parameters values of this group are shown in

Table 4.7.

Table 4.7: Group 11 - Reference select.

Parameters Name Project value
1101 Keypad reference select | REF2 (%) (2)
1102 EXT1/EXT?2 select EXT2 (7)
1103 REF1 select Keypad (0)
1104 REF1 minimum 0 Hz
1105 REF1 maximum 50 Hz
1106 REF2 select PID1 out (19)
1107 REF1 minimum 0%

1108 REF2 maximum 100%

For the PID control utilization, the keypad reference select was the REF2, the signal
is in percentage. According to the PID control macro, the external control 2 (EXT2) was
select. The keypad was chosen as signal source for the external reference 1 (REF1), with
the minimum value of 0 Hz and the maximum of 50 Hz. The external reference 2 (REF2)
signal source was the "PID1 controller" output with the minimum value of 0% and the

maximum of 100%.

Group 13 - Analog inputs

In the group 13, the analog input signal processing is defined. The analog input 2
(current) is connected with the analog output. The Table 4.8 shows the selected values

in the group 13.
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Table 4.8: Group 13 - Analog inputs.

Parameters Name Project value
1304 Minimum AI2 0%
1305 Maximum AI2 100%

The analog input 1 it was not used, the analog input 2 minimum value set was 0%

and the maximum value set was 100%.

Group 15 - Analog outputs

The selection of the actual signals (motor power, in this case) to be indicated through
analog output and output signal processing, is defined in group 15. The values used in

the test are shown in Table 4.9.

Table 4.9: Group 15 - Analog outputs.

Parameters Name Project value
1501 AO1 content select Power (106)
1502 AO1 content minimum 0 kW
1503 AO2 content maximum 1,6 kW
1504 Minimum AO1 0A
1505 Maximum AO1 20mA

The parameter 1501 defines the power, as the signal to be obtained at the analog out-
put AO1. The minimum and maximum value of analog output are set in the parameters
1502 and 1503. The minimum value for the analog output signal is set as 0 mA, in param-
eter 1504. The maximum value for the AO1 signal is set as 20 mA. The representation of

the analog output is shown in Figure 4.12.
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Figure 4.12: Analog output signal representation.

Group 20 - Limits

The speed and current limits are defined in the group 20. The used values are shown

in Table 4.10

Table 4.10: Group 20 - Limits.

Parameters Name Project value
2001 Minimum speed 0 rpm
2002 Maximum speed 1700 rpm
2003 Maximum current 7.0 A

The speed range is selected in parameters 2001 and 2002, from 0 rpm to 1700 rpm.

The motor current is limited in 7 A.

4.2.2 LH400 turbine’s generator - 60R110-4S3P-S-HP

The LH400 turbine’s generator, 60R1104S3P-S-HP, was tested in laboratory. The Ip¢
vs Vpe and Ppe vs Vpe graphs obtained with the acquired data are shown in Figure 4.13

and Figure 4.14, respectively.
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Figure 4.13: Grid-connection test of the generator 60R110-4S3P-S-HP, Ipc vs Vpe curves with
different PV inverters.
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Figure 4.14: Grid-connection test of the generator 60R110-4S3P-S-HP, Ppo vs Vpo curves with
different PV inverters.

In the current-voltage (I-V) graphs, it is possible to visualize the difference in the
maximum power point track (MPPT) algorithm of the three PV inverters used. The

MPPT algorithms controls the voltage and current values to try reach the maximum
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power point. Each inverter reaches a similar power in different zones of voltage (and
consequently the current). The curves differ in minimum voltage of MPPT zone, that is
described in Section 3.5. The minimum voltage of the Sunny Boy 2100TL MPPT range,
is 125 V and 120 V for the Omniksol-2k-TL2. When the power falls below a certain value,
they maintain the voltage and decrease the current. The Sunny Boy 1.5 has 160 V as
the minimum value of MPPT range. However, when the power falls below 1300 W, the
Sunny Boy 1.5 does not keep the voltage to 160 V, it maintains the current and decreases
the voltage to near 50 V, the minimum operating voltage. In this case, the Sunny Boy
1.5 behave like the inferior limit of the MPPT range was 50V. The full data of this test
are presented in Appendix A.

In the power-voltage curves, the three PV inverter curves are similar above the value
of 1000 W. When the power falls below this value, as explained, the Sunny Boy 2100TL
and Omniksol-2k-TL2 maintain the voltage in the inferior limit of the MPPT zone, and
the Sunny Boy 1.5 does the same at 50 V.

4.2.3 PLT350 HP turbine’s generator - 60R120-6S2P-S-HP

In the test using the PLT350 HP turbine’s generator, 60R120-6S3P-S-HP, the same
procedure of the LH440 generator test was used. Although, due to the high value of
the 60R120-6S3P-S-HP open circuit voltage (Voc), it was necessary to use the protection
circuit. The Ipc vs Vpe and the Ppe vs Vpe curves, with the measured values are

presented in Figure 4.15 and Figure 4.16, respectively.

In the current-voltage and power-voltage graphs, the Sunny Boy 1.5 differs from the
other two curves. In these conditions, it works with higher voltages, from 50 V to 325 V.
It is possible to visualize that there are ups and downs in the current value in SB1.5 I-V
curve. The Omniksol-2k-TL2 and Sunny Boy 2100T1 curves works between 120 V and
275 V, approximately. They work in a similar way, decreasing the voltage and keeping
the current almost constant, when the power falls below 800 W, they stop decreasing the

voltage, and begin decrease the current. It is important to understand that the power
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output of the three inverters is similar. The difference lies in the current-voltage pair,

used to reach the power value.

Current (A)
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Figure 4.15: Grid-connection test of the generator 60R120-652P-S-HP, Ipc vs Vpe curves with
different PV inverters.
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Figure 4.16: Grid-connection test of the generator 60R120-6S2P-S-HP, Ppc vs Vpe curves with
different PV inverters.
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As can be seen in Figure 4.16, with the Omniksol-2k-TL2 and Sunny Boy 2100TL PV
inverters, the power behaves like a straight line, within the MPPT range. This is expected

considering the results shown in Figure 4.9.

4.2.4 TRG350 HP turbine’s generator - 60R90-6S2P-S-HP

In the TRG350 HP turbine’s generator test, likewise the PLT350 HP turbine’s genera-
tor test, it was necessary the utilization of the protection circuit (described in Section 3.6).
The open circuit voltage of this generator is higher than the three photovoltaic inverters
support, and can reach close to 720 V. The Ipc vs Vpe and Ppe vs Vpe curves of this
test are shown in Figures 4.17 and 4.18, respectively. The data obtained with the three
PV inverters, Sunny Boy 1.5, Omniksol-2k-TL2 and Sunny Boy 2100TL are presented in
Tables A.7, A.8 and A.9, respectively.

Current (A)
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Figure 4.17: Grid-connection test of the generator 60R90-6S2P-S-HP, Ipc vs Vpo curves with
different PV inverters.

The Sunny Boy 1.5 also has a higher range of voltage than the other two PV inverters,
from 50 V to 200 V. The current range of SB 1.5 is from approximately 2,5 A and 6,5
A. The Omniksol-2k-TL2 and the Sunny Boy 2100TL have similar curves both in Ipc vs
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Vpe, and in Ppe vs Vpe, with a smaller range in voltage, and a higher range in current
than the Sunny Boy 1.5 curve.
It should be highlighted that, in this case, the maximum power curve, obtained with

all inverters within their MPPT range, follows the behavior identified in Figure 4.9.
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Figure 4.18: Grid-connection test of the generator 60R90-6S2P-S-HP, Ppc vs Vpe curves with
different PV inverters.

4.3 Turbine Tests

The real condition tests with the turbines were conducted in the experimental plat-
form described in Chapter 3. The tests were carried out controlling the pump through
frequency, with a step of 2,5 Hz, measuring the values of flow or pressure, Ipe, Vpe and
Pac. The Ppe was calculated using Ipc and Vpe. It was made an average value of three

samples. The full data of this test is presented in Appendix B.

4.3.1 System 1: Low Heads

In the System 1 test, the head is fixed in 4,4 m, the water flow was varied through

the ACS355’s frequency. The variables measured were flow, Ipc, Vpe and Pae. In this
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test, it was used two PV inverters to the grid-connection, Omniksol-2k-TL2 and Sunny
Boy 2100TL. The test with the Sunny Boy 1.5 inverter was not successfully achieved, the
inverter did not come into operation. The full data table of the test with the LH400 in
the platform is presented in Tables B.1 and B.2. The Ip¢c vs Vpe curve of LH400 turbine
test in the platform is shown in 4.19.

The Omniksol-2k-TL2 curve behaves like in the grid-connecting test, presented in Fig-
ure 4.13, except in a point, and the lower number of samples. The Sunny Boy 2100TL
curve in the real condition test does not approximate the grid-connecting test curve ob-
tained with the turbine emulation. The I-V curves are achieved through the work of the
PV inverters MPPT algorithm and the way that current and voltage are varied are un-
known. The Ppc vs Vpe curves of the LH400 using the PV inverters are shown in Figure

4.20.
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Figure 4.19: LH400 platform test, Ipc vs Vpeo curve.

In the power-voltage graph it is possible to visualize that using different operating
modes of the MPPT algorithm, a nearby power can be reached. The Ppe vs flow rate

(Q) is shown in Figure 4.21.
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Figure 4.20: LH400 platform test, Ppc vs Vpo curve.
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Figure 4.21: LH400 platform test, Ppc vs Q curve.

The power-flow curve is presented along with the theoretical values, in purple. The

theoretical values were taken from the table "Flow calculations and generation options"
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of the LH400 turbine installation manual [52]. It is important to note that in the manual

table, the flow is imposed by the head. In the test done, the head is fixed.

The curves reached in the test are similar to the theoretical curves. This shows that
the conditions created on the platform are close to actual operating conditions of the

PowerSpout LH400 propeller turbine.

The turbine LH400, will be used in the projects of House of Silk and the Castre-
los Aquaculture Centre. Considering the compatibility between the 60R110-4S3P-S-HP
generator and the PV inverters, based on the results of the turbine tests, the most rec-
ommended would be the Omniksol-2k-TL2. The obtained results with the Sunny Boy
2100TL were also satisfactory. At first, the PV inverter Sunny Boy 1.5 would not work,

considering the integration aspects of both projects.

4.3.2 System 2: Heads Emulation

In the system 2 tests, the original idea was to measure the pressure and the flow
rate. However, due to mechanical problems in the flow rate sensor, it was not possible
to acquire the flow data. This problem does not affect the consistency and validation
of the test, since the main variable is the pressure. This tests were made with the three
inverters, Sunny Boy 1.5, Omniksol-2k-TL2 and Sunny Boy 2100TL. The ACS355 controls
the frequency of the Helix V pump, and the step chosen was 2,5 Hz. The PLT350 HP

and the TRG350 HP tests were made in the same configuration.

PLT350 HP turbine

The PLT350 HP was tested with Sunny Boy 1.5, Omniksol-2k-TL2 and Sunny Boy
2100TL. The full data of this test is presented in Tables B.3, B.4 and B.5, respectively.
The Ipc vs Vpe curves of the three PV inverters are shown in the Figure 4.22. The Ppc

vs Vpe curves are presented in Figure 4.23.
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Figure 4.22: PLT350 HP platform test Ipc vs Vpe.
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Figure 4.23: PLT350 HP platform test Ppc vs Vpe.

In the platform test with the PLT350 HP turbine, the three I-V curves have the same

range of voltage and current, unlike the generator grid-connection test. As in the other
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tests, the current-voltage pairs of the inverters travel different paths for similar power

values. In the Sunny Boy 1.5 curve, there is a sudden drop in voltage, almost 100 V.

However, the difference between the power of the two points is similar to that of the two

other PV inverters.

In this test, the -V working course is different from the obtained results in the power

control grid-connection test (turbine emulation). However, the power-voltage curve be-

haves as expected. With the three PV inverters used, within its MPPT range, power

follows approximately a straight line.

The Figure 4.24 shows the Ppc vs Pressure curves in the PLT350 HP tests.
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Figure 4.24: PLT350 HP platform test Ppc vs Pressure.

The three PV inverters curves, in the Ppc vs pressure graphs, are practically over-

lapped. This indicates that even with different -V curves, with similar pressures, the

three inverters reach the same power.
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TRG350 HP turbine

The TRG350 HP platform tests, were performed with the Sunny Boy 1.5, Omniksol-
2k-TL2 and Sunny Boy 2100TL, the full measured values are presented in Tables B.6, B.7
and B.8, respectively. The obtained curves of Ipc vs Vpe of the TRG350 HP platform

test, is shown in Figure 4.25.
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Figure 4.25: TRG350 HP platform test Ipc vs Vpe.

In this case, the three inverters work within their MPPT range. The Omniksol-2k-TL2
works in the zone between 120 V and 245 V approximately. The Sunny Boy 1.5 works
between 175 V and 340 V and the Sunny Boy 2100TL works between 130 V and 320 V.
The current in the Sunny Boy 2100TL does not exceed 4 A, while Omniksol-2k-TL2 reach
6,4 A and the Sunny Boy 1.5 reach 5,3 A. The figure 4.26 shows the Ppc vs Vpe curves
and the Ppc vs pressure curves of the TRG350 HP are shown in Figure 4.27.

In this test the PV inverter Sunny Boy 1.5 obtained better power values compared to

similar pressures than the other two inverters.
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Figure 4.26: TRG350 HP platform test Ppc vs Vpe.
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Figure 4.27: TRG350 HP platform test Ppco vs Pressure.

Although, due to a mechanical problem with turgo turbine, there is a difference of 400
W between the power achieved with Sunny Boy 2100TL and the other two inverters. The
power of Sunny Boy 2100TL does not exceed 1,2 kW, while the other two PV inverters
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reach a maximum power of approximately 1,5 kW. The problem is clearly viewed in
pressures over 6 bar, on Ppo vs pressure graph. The problem could not be solved in time
for further testing with the Sunny Boy 2100TL PV inverter.

The obtained results are very relevant since it guarantees, in real conditions, the
compatibility of PV inverters with hydro-turbines. These results demonstrate that, in

many cases, PV inverters can be used efficiently in pico-hydro systems.



Chapter 5

Conclusions and Further Work

This chapter presents the main conclusions and further work suggestions about the
design, implementation, and tests of the experimental platform for emulation of pico-hydro

systems connected to the grid.

5.1 Conclusions

It was implemented an experimental platform for emulation of pico-hydro turbines,
focused on the grid-connection of these systems. With educational and applied research
purposes, besides helping the development of ongoing projects, namely, House of Silk and
Castrelos Aquaculture Centre.

Three systems were implemented in the platform, a system of low heads (up to 5 m),
with a test performed with a propeller turbine. A system for heads emulation with Pelton
and turgo turbines. A system for the test of a horizontal water wheel.

Laboratory tests were carried out to characterize the turbine used in the projects, the
emulation of the turbines in the grid connection and tests under real conditions in the
platform.

It was necessary to overcome many adversities, among them the delay in the delivery
of the equipment, coming from New Zealand, difficulty in the construction and sealing of

the flume and difficulty of assembling the tubes for very high pressures.

69
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The PowerSpout LH400 low head turbine test presented satisfactory results when
compared to the data provided by the manufacturer. The compatibility of the turbine
with the photovoltaic inverters Sunny Boy 2100TL and Omniksol-2k-TL2 was validated.

The heads emulation test with PowerSpout’s HP PLT350 HP and TRG350 HP turbines
presented satisfactory results. The PLT350 HP turbine achieved better results when
compared to the TRG350 HP turbine due to mechanical problems. The compatibility of
both turbines with the three grid interface photovoltaic inverters tested, Sunny Boy 1.5,
Omniksol-2k-TL2 and Sunny Boy 2100TL, was validated. The overvoltage control with

the protection circuit was also evaluated and it proved to be efficient.

5.2 Further Work

This work has the potential to be continued. As future work, the improvement of
the mechanical installations in the low heads system, in order to provide tests at variable
heads. The test of other types of turbines, such as cross-flow, Francis, Kaplan and water
wheels is also suggested. The closed loop control of flow rate as the process variable,
in the low head system, and pressure for head emulation system should also be further

investigated.
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Appendix A

Grid-Connection Tests Full Data

Table A.1: Grid-connection test with generator 60R110-4S3P-S-HP and Sunny Boy 1.5.

N Vit I, PF P, Ipc | Vpoe | Ppce
[rpm] | [Vrms] | [A] 71 [W] [A] (V] (W]
1485,00 | 163,20 | 5,47 | 0,97 | 1.490,0 | 201,40 | 7,38 | 1486,94 | 1,41
1454,67 | 160,25 | 5,43 | 0,97 | 1.460,0 | 196,47 | 7,30 | 1435,12 | 1,37
1365,33 | 136,73 | 6,03 | 0,97 | 1.380,0 | 167,27 | 8,14 | 1360,99 | 1,29
1276,00 133,67 | 5,73 | 0,97 | 1.280,0 | 158,43 | 7,95 1259,97 | 1,20
1187,00 | 12043 | 5,83 | 0,97 | 1.180,0 | 149,57 | 7,76 | 1161,24 | 1,11
1104,00 | 112,53 | 5,80 | 0,96 | 1.090,0 | 135,73 | 7,82 | 1061,25 | 1,01
1018,00 97,37 6,13 | 0,96 | 1.000,0 | 122,60 | 8,01 982,52 | 0,92
94500 | 97,33 | 563 | 096 | 9200 | 118,27 | 7.61 | 899,81 | 0,84
877,67 | 94,23 | 537 | 0,96 | 840,0 | 114,20 | 7,17 | 819,19 | 0,77
827.67 | 65,83 | 4,90 | 096 | 770,0 | 112,83 | 6,70 | 755,42 | 0,70
705,67 | 72,60 | 550 | 0,96 | 660,0 | 84,93 | 7,58 | 643,51 | 0,60
628,67 63,57 5,563 | 0,96 580,0 76,87 7,35 564,71 | 0,52
558,00 57,27 5,27 | 0,96 510,0 68,57 7,17 491,39 | 0,45
49500 | 5243 | 500 | 0,96 | 4300 | 63,63 | 6,58 | 418,71 | 0,38
424,00 43,07 5,10 | 0,96 360,0 54,60 6,33 345,44 | 0,31
387,00 | 47,10 | 3,83 | 0,95 | 300,0 | 53,87 | 520 | 280,29 | 0,25
357,33 31,99 3,10 | 0,94 230,0 53,07 4,34 230,31 | 0,19
329,00 45,20 2,20 | 0,93 160,0 52,97 2,94 155,55 | 0,14

Al



A2 APPENDIX A. GRID-CONNECTION TESTS FULL DATA

Table A.2: Grid-connection test with generator 60R110-4S3P-S-HP and Omnik.

N Vir I, P, Ipc | Vpe | Ppce
rpm] | [vems] | [A) | FFo | owy | (a] | v | W]
1462,00 157,70 | 5,73 | 0,97 | 1.520,0 | 195,67 | 7,75 1516,46 | 1,45
1446,67 | 155,60 | 5,63 | 0,97 | 1.470,0 | 188,97 | 7,72 | 1458,76 | 1,41
1364,67 | 144,53 | 5,67 | 0,97 | 1.380,0 | 179,43 | 7,59 | 1361,18 | 1,32
1272,00 | 137,40 | 5,60 | 0,97 | 1.280,0 | 167,03 | 7,57 | 1265,00 | 1,20
1182,00 124,77 | 5,70 | 0,97 | 1.180,0 | 153,27 | 7,59 | 1163,29 | 1,11
1091,67 112,77 | 5,80 | 0,96 | 1.090,0 | 137,87 | 7,75 1068,93 | 1,02
1005,33 | 103,80 | 5,80 | 0,96 | 1.000,0 | 124,77 | 7,83 | 976,92 | 0,93
928,67 | 9750 | 5,60 | 0,96 | 910,0 | 118,60 | 7,57 | 897.41 | 0,86
875,00 97,17 5,10 | 0,96 830,0 118,40 | 6,94 821,70 | 0,79
831,00 97,53 4,70 | 0,96 760,0 118,30 | 6,30 745,29 | 0,72
798,00 | 97,87 | 420 | 096 | 680,0 | 118,03 | 568 | 670,82 | 0,66
769,00 | 97,57 | 3,80 | 0,95 | 600,0 | 118,20 | 504 | 596,04 | 0,59
745,00 97,73 3,23 | 0,95 540,0 118,50 | 4,45 527,72 | 0,52
723,33 97,80 2,80 | 0,94 450,0 118,17 | 3,66 432,88 | 0,45
704,00 97,47 2,30 | 0,93 360,0 118,40 | 3,02 357,57 | 0,37
678,00 | 96,27 | 1,80 | 0,92 | 280,0 | 117,93 | 2,35 | 277,54 | 0,30
651,00 94,63 1,40 | 0,92 200,0 118,63 | 1,62 191,79 | 0,20
616,33 92,30 0,70 | 0,91 100,0 118,43 | 0,90 106,20 | 0,11

PF

Table A.3: Grid-connection test with generator 60R110-4S3P-S-HP and Sunny Boy 2100TL.

N Vit I, P, Inc | Vbc | Ppe
[rpm] | [Vrms] | [A] 7 W] [A] [V] (W]
1484,00 | 150,30 | 6,03 | 0,97 | 1.530,0 | 190,70 | 7,90 | 1506.85 | 1,39
1435,67 | 150,37 | 5,83 | 0,97 | 1.470,0 | 181,57 | 7,90 | 1434,98 | 1,34
1343,67 | 140,77 | 5,80 | 0,97 | 1.370,0 | 168,87 | 7,90 | 1333,48 | 1,24
1258,67 | 131,50 | 5,80 | 0,97 | 1.270,0 | 160,70 | 7,80 | 1252,92 | 1,15
172,67 | 122,30 | 5,73 | 0,96 | 1.180,0 | 149,87 | 7,69 | 1152,97 | 1,06
1090,00 112,83 573 | 0,96 | 1.090,0 | 139,53 | 7,63 1064,64 | 0,97
1011,67 | 109,90 | 543 | 0,96 | 9900 | 129,70 | 7,50 | 973,18 | 0,89
955,00 106,50 | 5,20 | 0,96 920,0 128,47 | 7,02 901,84 | 0,82
913,33 105,47 | 4,80 | 0,96 840,0 129,60 | 6,37 825,12 | 0,74
872,33 106,50 | 4,30 | 0,96 770,0 128,27 | 5,86 751,64 | 0,68
844,00 | 103,60 | 4,10 | 0,96 | 710,0 | 127,83 | 5,33 | 681,78 | 0,61
820,33 | 105,93 | 343 | 0,95 | 600,0 | 120,70 | 4,50 | 584,08 | 0,53
793,67 | 106,07 | 3,00 | 094 | 5100 | 120,33 | 3,93 | 508,71 | 0,48
782,00 | 106,37 | 2,50 | 0,93 | 430,0 | 130,07 | 3,31 | 430,09 | 0,36
748,67 105,03 | 2,20 | 0,93 370,0 126,77 | 2,96 374,81 | 0,30
715,33 | 101,60 | 1,90 | 0,93 | 300,0 | 127,30 | 2,52 | 320,80 | 0,25
694,00 | 102,10 | 1,10 | 0,93 | 180,0 | 131,90 | 1,17 | 154,32 | 0,14
663,00 | 9823 | 080 | 092 | 1300 | 12843 | 0,74 | 9504 | 0,06

PF




Table A.4: Grid-connection test with generator 60R120-6S2P-S-HP and Sunny Boy 1.5.

N Vir I, P, Ipc | Vpe | Ppce
rpm] | [vems] | [A) | FFo | owy | (a] | v | W]
1460,67 | 261,77 | 3.30 | 0.97 | 1.450,0 | 325,36 | 4,43 | 144028 | 1,39
1367,67 | 261,90 | 3,00 | 0,96 | 1.290,0 | 324,17 | 3,98 | 1289,13 | 1,25
1327,00 | 258,93 | 2,80 | 0,96 | 1.200,0 | 323,77 | 3,72 | 1204,42 | 1,18
1197,67 | 230,33 | 2,90 | 0,96 | 1.130,0 | 281,82 | 3,95 | 1112,24 | 1,09
1157,33 | 227,30 | 2,80 | 0,96 | 1.040,0 | 279,57 | 3,72 | 1040,01 | 1,01
1117,00 | 227,30 | 2,60 | 0,96 960,0 276,68 | 3,49 966,52 | 0,94
1063,33 | 22353 | 2,40 | 0,95 | 880,0 | 267,59 | 3,30 | 883,05 | 0,86
884,33 | 165,97 | 2,90 | 0,96 | 810,0 | 203,01 | 3,97 | 80526 | 0,78
787,00 144,70 | 3,00 | 0,96 730,0 173,46 | 4,16 721,61 | 0,69
723,67 132,43 | 3,00 | 0,96 660,0 162,06 | 4,04 655,28 | 0,63
661,67 | 122,00 | 2,90 | 0,95 | 590,0 | 148,66 | 3,95 | 587,22 | 0,56
580,33 104,13 | 3,00 | 0,95 510,0 126,79 | 4,05 513,91 0,49
556,67 108,50 | 2,60 | 0,95 460,0 132,81 | 3,40 452,00 | 0,43
515,67 | 105,40 | 2,30 | 0,95 | 400,0 | 127,30 | 3,09 | 392,93 | 0,37
469,00 99,30 2,00 | 0,94 330,0 119,04 | 2,73 324,98 | 0,31
420,33 | 8983 | 1,80 | 0,94 | 2700 | 10851 | 2.45 | 265,85 | 0,24
343,00 | 56,03 | 2,20 | 0,94 | 200,0 | 89,01 | 2,54 | 226,09 | 0,18
929733 | 47,73 | 1,80 | 0,93 | 140,0 | 55,68 | 2,48 | 138,09 | 0,12

PF

Table A.5: Grid-connection test with generator 60R120-6S2P-S-HP and Omniksol.

N Vit I, P, Inc | Vbc | Ppe
[rpm] | [Vrms] | [A] 7 W] [A] [V] (W]
1360,67 | 227,17 | 3,60 | 0,96 | 1.360,0 | 280,81 | 4,83 1357,25 | 1,33
127433 | 217,50 | 3,50 | 0,96 | 1.270,0 | 267,07 | 472 | 1260,57 | 1,21
1196,00 | 206,77 | 3,40 | 0,96 | 1.180,0 | 251,08 | 4,68 | 1174,20 | 1,13
1123,00 | 192,73 | 3,40 | 0,96 | 1.100,0 | 237,88 | 4,58 | 1089,48 | 1,05
1055,67 | 189,80 | 3,30 | 0,96 | 1.030,0 | 226,93 | 4,50 | 1021,20 | 0,98
986,33 | 174,97 | 3,30 | 0,96 | 950,0 | 212,90 | 4,44 | 94455 | 0,91
921,67 | 161,00 | 3,30 | 0,96 | 880,0 | 201,31 | 4,27 | 858,91 | 0,84
851,33 | 147,80 | 3,30 | 0,96 | 800,0 | 186,76 | 4,32 | 806,18 | 0,78
783,33 143,17 | 3,10 | 0,96 740,0 172,97 | 4,22 730,50 | 0,71
698,00 134,30 | 2,90 | 0,96 650,0 149,16 | 4,34 647,83 | 0,63
610,67 | 104,90 | 3,40 | 0,93 | 570,0 | 121,87 | 4,61 | 561,82 | 0,56
580,00 | 101,43 | 3,10 | 0,93 | 510,0 | 119,28 | 4,23 | 504,55 | 0,50
531,33 97,80 2,80 | 0,95 450,0 118,25 | 3,77 445,40 | 0,45
495,33 97,50 2,40 | 0,95 390,0 118,23 | 3,26 385,82 | 0,40
468,67 97,40 2,07 | 0,94 330,0 118,19 | 2,70 319,10 | 0,34
446,67 | 97,80 | 1,60 | 0,93 | 260,0 | 118,15 | 2,23 | 263,86 | 0,28
421,67 96,20 1,20 | 0,92 190,0 118,03 1,61 190,42 0,36
394,67 94,00 0,77 | 0,91 110,0 118,37 | 1,00 118,76 | 0,12

PF




A4 APPENDIX A. GRID-CONNECTION TESTS FULL DATA

Table A.6: Grid-connection test with generator 60R120-6S2P-S-HP and Sunny Boy 2100TL.

N Vir I, P, Ipc | Vpe | Ppce
rpm] | [vems] | [A) | FFo | owy | (a] | v | W]
1332,00 | 226,37 | 3,60 | 0,96 | 1.350,0 | 278,33 | 4,81 1338,75 | 1,25
1261,67 | 220,63 | 3,40 | 0,96 | 1.260,0 | 278,20 | 4,47 | 1244,88 | 1,16
1185,67 | 207,90 | 3,40 | 0,96 | 1.180,0 | 257,30 | 4,53 | 1166,41 | 1,08
1116,67 | 198,33 | 3,30 | 0,96 | 1.090,0 | 245,67 | 4,45 | 1092,40 | 1,00
1053,33 | 188,90 | 3,20 | 0,96 | 1.020,0 | 232,02 | 4,34 | 1006,98 | 0,93
989,00 | 180,13 | 3,13 | 0,96 | 940,0 | 219,39 | 4,25 | 932,41 | 0,86
930,00 | 167,70 | 3,10 | 0,96 | 870,0 | 211,97 | 4,08 | 865,18 | 0,79
855,00 151,23 | 3,17 | 0,96 790,0 191,04 | 4,14 791,53 | 0,72
779,67 136,60 | 3,20 | 0,96 720,0 172,56 | 4,16 718,41 | 0,65
719,67 137,30 | 2,90 | 0,95 660,0 161,67 | 3,99 645,60 | 0,59
667,00 | 123,77 | 2,90 | 0,95 | 580,0 | 154,32 | 3,74 | 576,63 | 0,52
602,33 117,13 2,70 | 0,95 520,0 140,79 | 3,62 510,13 | 0,46
548,00 107,60 | 2,60 | 0,95 460,0 129,61 | 3,46 448,88 | 0,40
515,00 106,63 | 2,20 | 0,95 380,0 129,46 | 2,66 343,92 | 0,34
488,33 109,40 | 1,80 | 0,93 320,0 126,99 | 2,54 322,55 | 0,28
471,00 | 106,47 | 1,50 | 0,92 | 2500 | 12742 | 1,90 | 242,10 | 0,21
444,00 | 101,97 | 1,10 | 0,92 | 180,0 | 127,47 | 1,44 | 183,56 | 0,15

)

425,00 99,23 | 0,70 | 0,91 110,0 | 130,86 | 0,78 | 101,63 | 0,07

PF

Table A.7: Grid-connection test with generator 60R90-6S2P-S-HP and Sunny Boy 1.5.

N Vit I, P, Inc | Vbc | Ppe
[rpm] | [Vrms] | [A] 7 W] [A] [V] (W]
1465.67 | 163,07 | 4,90 | 0,96 | 1.340,0 | 200,73 | 6,34 | 1273.32 | 1,21
1459,33 | 160,03 | 5,00 | 0,96 | 1.330,0 | 197,50 | 6,40 | 1264,66 | 1,20
1373,67 | 154,07 | 4,90 | 0,96 | 1.250,0 | 186,27 | 6,37 | 1185,90 | 1,13
1281,67 | 148,03 | 4,70 | 0,96 | 1.170,0 | 184,93 | 5,96 | 1101,59 | 1,05
1190,00 136,87 | 4,70 | 0,96 | 1.070,0 | 163,97 | 6,22 1019,87 | 0,96
1104,33 129,90 | 4,60 | 0,96 | 1.000,0 | 154,67 | 6,08 940,89 | 0,89
1024,67 | 122,20 | 4,50 | 0,96 | 910,0 | 146,70 | 5,93 | 869,93 | 0,81
953,33 113,13 | 4,40 | 0,96 830,0 135,27 | 5,76 779,14 | 0,74
871,00 104,00 | 4,40 | 0,96 750,0 127,63 | 5,64 719,85 | 0,67
806,00 97,97 4,20 | 0,96 680,0 121,47 | 5,38 653,09 | 0,61
714,00 86,50 4,23 | 0,95 610,0 104,70 | 5,45 570,96 | 0,53
658,67 | 8643 | 3,80 | 0,95 | 540,0 | 102,23 | 4,99 | 51049 | 0,48
583,67 71,17 4,00 | 0,95 470,0 90,67 4,90 443,96 | 0,41
527,00 71,10 3,43 | 0,95 400,0 83,07 4,63 384,88 | 0,35
490,33 66,83 3,00 | 0,94 330,0 82,93 3,86 319,85 | 0,29
377.67 | 47,00 | 3,50 | 0,95 | 270,0 | 5950 | 4,27 | 253.87 | 0,23
369,00 52,90 2,40 | 0,93 210,0 65,73 2,99 196,76 | 0,17
204,00 | 4507 | 2,00 | 093 | 1400 | 5453 | 2,45 | 133,61 | 0,12

PF




Table A.8: Grid-connection test with generator 60R90-6S2P-S-HP and Omniksol.

N Vir I, PF P, Ipc | Vpe | Ppce

[rpm] | [Vrms] | [A] 7 W] [A] [V] (W]

1465,33 177,05 | 4,50 | 0,96 | 1.323,3 | 217,37 | 6,16 1339,70 | 1,28
1398,00 | 169,07 | 4,50 | 0,96 | 1.260,0 | 204,10 | 6,14 | 1252,49 | 1,19
1309,67 | 160,07 | 4,40 | 0,96 | 1.166,7 | 195,17 | 6,08 | 1185,96 | 1,08
1219,67 | 147,00 | 4,47 | 0,96 | 1.086,7 | 179,37 | 6,09 | 1092,94 | 1,03
1176,67 | 151,20 | 4,07 | 0,96 | 1.016,7 | 185,13 | 5,49 | 1015,76 | 0,97
1083,00 137,17 | 4,13 | 0,95 936,7 167,37 | 5,61 939,48 | 0,89
987,33 120,23 | 4,30 | 0,95 856,7 147,20 | 5,88 866,03 | 0,82
919,33 115,00 | 4,20 | 0,95 790,0 138,00 | 5,70 787,06 | 0,75
820,33 97,73 4,37 | 0,95 703,3 117,97 | 5,84 688,53 | 0,65
770,00 97,23 4,00 | 0,95 640,0 118,03 | 5,43 640,92 | 0,62
731,67 | 97,20 | 3,63 | 0,95 | 580,0 | 117,50 | 4,94 | 580,45 | 0,56
698,00 | 97,37 | 327 | 094 | 5167 | 117,93 | 4,37 | 51537 | 0,51
669,00 97,17 2,90 | 0,94 450,0 118,07 | 3,82 450,62 | 0,45
644,00 97,17 2,50 | 0,93 386,7 117,50 | 3,25 381,88 | 0,39
616,00 96,43 2,03 | 0,93 313,3 117,87 | 2,63 309,99 | 0,32
588,00 | 9543 | 1,60 | 093 | 2433 | 117,63 | 2,04 | 239,97 | 0,26
557,33 93,80 1,10 | 0,92 170,0 118,00 | 1,37 161,66 | 0,16
532,00 | 91,90 | 0,60 | 091 | 80,0 | 11810 | 0,69 | 81,10 | 0,10

Table A.9:

A5

Grid-connection test with generator 60R90-6S2P-S-HP and Sunny Boy 2100TL.
N Vit I, PF P, Inc | Vbc | Ppe

[rpm] | [Vrms] | [A] 7 W] [A] | [V] (W]

1466,00 | 168,90 | 4,77 | 0,96 | 1.340,0 | 206,43 | 6,26 | 1291,58 | 1,17
1465,00 | 165,83 | 4,80 | 0,96 | 1.340,0 | 205,37 | 6,28 | 1289,70 | 1,17
1406,33 | 160,00 | 4,80 | 0,96 | 1.280,0 | 199,83 | 6,18 | 1234,97 | 1,12
1301,00 | 153,47 | 4,60 | 0,96 | 1.180,0 | 185,67 | 6,13 | 1137,52 | 1,03
1218,00 | 147,70 | 4,50 | 0,96 | 1.100,0 | 176,53 | 5,97 | 1054,49 | 0,95
1127,00 | 129,07 | 4,70 | 0,96 | 1.000,0 | 164,87 | 5,88 | 969,97 | 0,80
1047,67 | 122,50 | 4,50 | 0,96 | 920,0 | 154,03 | 5,81 | 895.45 | 0,80
976,67 | 119,47 | 4,30 | 0,96 | 850,0 | 147,87 | 550 | 812,77 | 0,73
886,33 106,97 | 4,30 | 0,96 760,0 | 131,27 | 5,61 736,41 | 0,65
830,00 107,60 | 4,00 | 0,95 710,0 | 128,63 | 5,20 668,89 | 0,59
787,67 | 106,23 | 3,60 | 0,95 | 630,0 | 128,10 | 4,67 | 598,65 | 0,53
755,00 106,13 | 3,20 | 0,95 560,0 129,17 | 4,10 529,58 | 0,46
723,00 106,07 | 2,80 | 0,94 | 490,0 | 125,50 | 3,72 467,28 | 0,40
692,67 | 107,80 | 2,30 | 0,93 | 4000 | 12583 | 3,13 | 393,86 | 0,33
681,00 102,47 | 2,10 | 0,93 350,0 | 129,53 | 2,44 316,06 | 0,26
635,67 | 103,90 | 1,60 | 0,93 | 260,0 | 125,77 | 1,94 | 24357 | 0,19
597,67 | 102,60 | 1,10 | 0,93 | 180,0 | 126,37 | 1,21 | 153,32 | 0,12
578,67 100,30 | 0,60 | 0,92 100,0 | 129,10 | 0,52 67,13 0,04




Appendix B

Platform Tests Full Data

Table B.1: Lh400 platform test with Omniksol-2k-TL2

F Q | Head | Vpco | Ipc | Ppc | Pac
[Hz] | [I/s] | [m] [VI | [A] | [W] | [kW]
600 | 50,04 | 44 | 1770 | 7.18 | 1276,2 | 1,22
57,5 | 46,88 4.4 159,2 | 6,93 | 1102,9 1,08
55,0 | 4458 | 44 | 1211 | 7,56 | 9155 | 0,90
52,5 | 4141 | 44 | 1236 | 6,16 | 7618 | 0,74
50,0 | 38,33 | 44 | 1440 | 3,72 | 5350 | 0,55
475 | 3540 | 44 | 1224|369 | 4519 | 045
450 | 31,83 | 44 | 1218|242 | 2051 | 0,32
425 | 1988 | 44 | 1178 | 1,56 | 183,6 | 0,17
400 | 7.61 | 44 | 1178|071 | 836 | 0,09

Table B.2: Lh400 platform test with Sunny Boy 2100TL

F Q |Head | Vpo | Ipc | Ppc | Pac
[Hz] | [I/s] | [m] [V] | [A] (W] (kW]
60,0 | 50,36 | 44 | 200,1 | 5.83 | 1165.78 | 1,06
57,5 | 4727 | 44 | 2020 | 4,83 | 976,07 | 0,89
550 | 44,58 | 44 | 206,7 | 3,49 | 721,54 | 0,56
52,5 | 41,57 44 185,5 | 3,22 | 597,78 0,49
50,0 | 3848 | 44 | 1788 | 2,44 | 43590 | 0,34
475 3500 | 44 | 1626 | 2,11 | 34341 | 0,30
450 | 32,07 | 44 | 1481 | 1,61 | 23821 | 023
425 | 1996 | 44 | 1335 | 1,11 | 148,02 | 0,12

)

40,0 | 10,93 4,4 136,5 | 0,20 | 26,87 0,03

Bl



APPENDIX B. PLATFORM TESTS FULL DATA

Table B.3: PLT350 HP platform tests with Sunny Boy 1.5

F P Vpe | Inc | Ppc Pac
[Hz] | [bar] | [V] | [A] | [W] | [kW]
45,0 9,52 | 337,9 | 4,64 | 1567,70 | 1,53
42,5 8,88 | 298,6 | 4,84 | 1446,22 1,40
40,0 | 8,28 | 2914 | 4,30 | 1253,02 | 1,22
375 | 7,70 | 2814 | 3,79 | 1065,69 | 1,03
350 | 7,04 | 2737 | 3,16 | 863,87 | 0,84
325 | 6,64 | 262,6 | 2,59 | 680,13 | 0,66
30,0 6,20 | 177,0 | 3,23 | 571,60 0,54
9275 | 576 | 163,8 | 2,59 | 423,70 | 041
25,0 5,36 157,5 | 1,97 | 310,28 0,29
9295 | 502 | 1441 | 1,50 | 215,62 | 0,20
20,0 | 4,68 | 134,0 | 1,03 | 13843 | 0,12
17,5 4,42 | 123,3 | 0,65 80,15 0,07

Table B.4: PLT350 HP platform tests with Omniksol-2k-TL2

F P Vpe | Inc | Ppc Pac
[Hz] | [bar] | [V] | [A] | [W] | [kW]
45,0 9,50 | 328,7 | 4,84 | 1590,91 1,53
425 8,86 208,2 | 4,8 1432,2 1,39
40,0 | 826 | 2759 | 4,6 | 12618 | 1,20
375 | 7.68 | 2425 | 45 | 1100,8 | 1,04
350 | 712 | 2215 | 42 | 9267 | 0,88
32,5 6,66 | 1924 | 3,9 744.5 0,72
30,0 6,20 | 168,2 | 34 575,2 0,56
975 | 576 | 1350 | 31 | 4143 | 0,42
250 | 534 | 1213 | 25 | 2975 | 031
9225 | 500 | 117,6 | 1,8 | 2094 | 0,22
20,0 | 4,68 | 1394 | 1,0 | 1338 | 0,14
17,5 | 440 | 1191 | 0,7 | 81,8 | 0,09

Table B.5: PLT350 HP platform tests with Sunny Boy 2100TL

F P Vpe | Inc | Ppc Pac
[Hz] | [bar] | [V] | [A] | [W] | [kW]
45,0 9,52 | 328,8 | 4,86 | 1599,06 | 1,46
425 | 888 | 301,8 | 4,74 | 1431,54 | 1,31
40,0 | 8,26 | 2494 | 4,44 | 110748 | 1,15
375 | 7,68 | 2446 | 4,47 | 1094,03 | 1,00
35,0 7,16 | 201,8 | 4,61 | 929,78 0,84
325 | 6,66 | 201,3 | 3,69 | 742,67 | 0,67
30,0 6,18 | 195,2 | 2,93 | 571,84 0,51
975 | 578 | 1924 | 223 | 42913 | 0,38
25,0 5,40 163,5 | 1,93 | 315,01 0,27
9225 | 500 | 152,7 | 1,39 | 212,21 | 0,18
20,0 | 4,70 | 128,0 | 1,11 | 142,08 | 0,11
17,5 4,42 | 128,7 | 0,63 80,65 0,05




Table B.6: TRG350 HP platform tests with Sunny Boy 1.5

F P Vpe | Inc | Ppc Pac
[Hz] | [bar] | [V] | [A] | [W] | [kW]
45,0 7,66 | 338,1 | 4,63 | 1566,38 | 1,52
42,5 7,24 | 268,6 | 5,29 | 1421,79 1,38
40,0 | 6,80 | 260,2 | 4,42 | 114994 | 1,14
375 | 6,42 | 247,0 | 3,82 | 943,54 | 0,91
350 | 6,04 | 2755 | 2,76 | 759,55 | 0,74
325 | 568 | 2696 | 2,20 | 592,15 | 0,57
30,0 5,38 | 254,9 | 1,76 | 449,47 0,43
9275 | 5,08 | 188,9 | 1,77 | 333,72 | 0,30
25,0 | 4,82 | 196,9 | 1,17 | 229,72 | 0,21
225 | 4,56 | 1893 | 0,77 | 146,39 | 0,13
20,0 4,34 | 176,7 | 0,47 82,44 0,07
17,5 | 442 | 128,7 | 0,63 | 80,65 | 0,05

Table B.7: TRG350 HP platform tests with Omniksol-2k-TL2

F P Vpe | Inc | Ppc Pac
[Hz] | [bar] | [V] | [A] | [W] | [kW]
45,0 7,68 | 239,8 | 6,41 | 1537,92 1,47
425 | 722 2032 | 61 | 12429 | 1,16
40,0 | 6,78 | 191,1 | 52 | 993.1 | 0,94
375 | 6,40 | 1378 | 51 | 697.9 | 0,67
350 | 6,02 | 1232 | 42 | 5226 | 051
325 | 568 | 1219 | 3,6 | 437,7 | 043
30,0 536 | 1204 | 2,9 347,2 0,36
975 | 504 | 1192 | 23 | 2702 | 028
9250 | 478 | 117,0 | 1,6 | 1892 | 0,24
225 | 454 | 117,7 | 1,2 | 146,7 | 0,14
20,0 | 434 | 1184 | 0,8 | 983 | 0,10
17,5 4,42 | 128,7 | 0,63 80,65 0,05

Table B.8: TRG350 HP platform tests with Sunny Boy 2100TL

F P Vpe | Inc | Ppc Pac
[Hz] | [bar] | [V] | [A] | [W] | [kW]
450 | 7,64 | 320,6 | 3,78 | 1213,06 | 1,12
425 | 7,20 | 304,1 | 3,37 | 1025,83 | 0,93
40,0 | 6,78 | 2759 | 3,38 | 931,51 | 0,85
375 | 640 | 2470 | 3,25 | 803,57 | 0,75
35,0 6,02 | 217,8 | 3,27 | 712,93 0,62
325 | 568 | 187,9 | 3,07 | 576,75 | 0,52
30,0 5,36 | 165,9 | 2,74 | 455,21 0,40
275 | 5,08 | 1502 | 2,22 | 33344 | 0,29
95,0 | 4,78 | 134,8 | 1,75 | 23584 | 0,20
225 | 454 | 131,8 | 1,25 | 164,75 | 0,13
20,0 | 4,32 | 1203 | 0,79 | 102,12 | 0,07
17,5 4,42 | 128,7 | 0,63 80,65 0,05
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