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1 Introduction

The production of electricity from wind energy presents an
increased growth and sustained since 1985. Currently, there
are wind generators located throughout the world whose

power already reaches values exceeding 250 GW.

The main technologies used in electromechanical conversion
of wind energy into electric energy are based primarily on

three types of electric machines:

. The direct current (DC) machine;
. The synchronous machine;
. The induction machine.

These machines work on the principles of the
electromagnetic actions and reactions. The resulting
electromechanical energy conversion is reversible. The same
machine can be used as the motor for converting the
electrical power into mechanical power, or as the generator

converting the mechanical power into electrical power.

Typically, there is an outer stationary member (stator) and
an inner rotating member (rotor). The rotor is mounted on
bearings fixed to the stator. Both the stator and the rotor
carry cylindrical iron cores, which are separated by an air
gap. The cores are made of magnetic iron of high
permeability, and have conductors embedded in slots
distributed on the core surface. Other way, the conductors

are wrapped in the coil form around salient magnetic poles.

In the Figure 1 is possible to see a cross-sectional view of the
rotating electrical machine with the stator with salient poles
and the rotor with distributed conductors. The magnetic flux,
created by the excitation current in one of the two
members, passes from one core to the other in the
combined circuit always forming a closed loop. The
electromechanical energy conversion is accomplished by
interaction of the magnetic flux produced by one member

with electric current in the other member.

The induced current is proportional to the rate of change in

the flux linkage due to rotation.

Figure 1: Cross section of the electrical machine stator and

rotor

2. DC Machine

The conventional DC machine is either self-excited by shunt
or series coils carrying DC current to produce a magnetic
field. Actually, the DC machine is often designed with
permanent magnets to eliminate the field current
requirement, hence, the commutator. It is designed in the
“inside-out” configuration. The rotor carries the permanent
magnet poles and the stator carries the wound armature
which produces AC current. This current is then rectified
using the solid state rectifiers. Such machines do not need
the commutator and the brushes; hence, the reliability is
greatly improved. The permanent magnet DC machine is
used with small wind turbines, however, due to limitation of
the permanent magnet capacity and strength. The brushless
DC machine is expected to be limited to ratings below one

hundred kW.

3. Synchronous Machine

Most of the electrical power consumed in the world is

generated by the synchronous generator. For this reason,

the synchronous machine is an established machine.
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The machine works at a constant speed related to the fixed
frequency. Therefore, it is not suitable for variable-speed
operation in the wind plants. Moreover, the synchronous
machine requires DC current to excite the rotor field, which
needs sliding carbon brushes on slip rings on the rotor shaft.
This poses a limitation on its use. The need of DC field
current and the brushes can be eliminated by the reluctance
torque. The reliability is greatly improved while reducing the
cost. The machine rating, however, is limited to tens of kW.
The reluctance synchronous generator is actually used for
small wind generators. In the Figure 2 is possible to see the
diagram of connections of wind generators equipped with

variable speed synchronous machines.

The systems represented in Figure 2, the synchronous
machine is connected through a system of converting
ac/dc/ac, as the frequency of stators voltage and currents is

different in the frequency of the electrical network.

Such generators typically do not have the gearbox, and the
mechanical speed of rotation of the rotor is identical to the

speed of rotation of the turbine.
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Typically, the speed of rotation of the turbine (and the rotor
of synchronous machine) varies between 17 rpm and 36

rpm, so the machine has a high number of poles.

The stator of the synchronous machine has six phases and is
connected to two independent converting systems ac/dc/ac.
The parallel between the two conversion systems is made at
the outlet of converters dc/ac (grid converters) that is

connected to the elevator transformer.

Each of the converters ac/dc connected to the generator (the
generator converters) consists of one to six pulse bridge
converter equipped with thyristors. These thyristors operate

with a constant firing angle.

The DC voltage at capacitor terminals, placed in parallel in
connection at direct current, must be set to a constant value.
However, for low values of the speed of the rotor, the
excitation system of synchronous machine is unable to
ensure that value, being necessary to use a "chopper"
(converter dc/dc) converter installed between the generator
and capacitor, which is disconnected when the rotor speed

exceeds a certain value.
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Figure 2: Diagram of connections of a synchronous generator operating the variable speed (Source: ABB Industries)
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The grid converter is a six pulse converter bridge equipped
with IGBTs, with a control system based in pulse width
modulation (PWM). This converter controls the active power
injected into the grid and the power factor. The control of
active power in the grid converter allows the imposition of
electromagnetic torque into generator, thus making it
possible to control the rotational speed of the wind turbine-
generator group in order to obtain the specific speed of the

tip of the blade optimal (&) for each value of wind speed.

Figure 3 illustrates the active and reactive power supplied by
the grid converter of such a wind generator according to the

rotational speed of the rotor.

Unlike the induction machine, the synchronous machine,
when used in the grid-connected system, has some
advantages. It does not require the reactive power from the
grid. This results in better quality of power at the grid
interface. This advantage is more important when the wind
farm is connected to a small capacity grid using long low
voltage lines. Actually, wind plants generally connect to
larger grids using shorter lines, and almost universally use

the induction generator.

4, Induction Machine

The primary advantage of the induction machine is the

rugged brushless construction and no need for separate DC

filed power.

The disadvantages of both the DC machine and the
synchronous machine are eliminated in the induction
machine, resulting in low capital cost, low maintenance, and
better transient performance. For these reasons, the
induction generator is extensively used in small and large
wind farms and small hydroelectric power plants. The
machine is available in numerous power ratings up to several

megawatts capacity, and even larger.
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Figure 4: Settings of synchronous machine used as a wind

generator (CIGRE TF38.01.10)
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Figure 3: Active and reactive power supplied by a wind generator equipped with synchronous generator operates the variable
speed depending on the speed of the rotor.
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The induction machine needs AC excitation current. The
machine is either self-excited or externally excited. Since the
excitation current is mainly reactive, a stand-alone system is
self-excited by shunt capacitors. The induction generator
connected to the grid draws the excitation power from the
network. The synchronous generators connected to the
network must be capable of supplying this reactive power.
For economy and reliability, many wind power systems use

induction machines as the electrical generator.

- Operation of the Induction Generator in Autonomous

Mode

The induction machine to function as a generator must be
operated at a speed above the synchronous speed and to be
provided with a reactive power to produce and keep the
machine's magnetic field. This reactive power can be
produced by capacitors connected to the machine, as
described in Figure 5. Thus it is possible to achieve self-

excitation of the machine in order to feed a load alone.

The capacitors are usually connected in delta because they
have the advantage of lower capacity to get the same effect
as with capacitors connected in star. Thus, the voltage V1
and the frequency f1 of the generators of induction in empty
and laden depend primarily on parameters of the machine,

the capacity of condensers and speed n> f1/p.

The existence of residual magnetism in the machine, with
the machine to turn, will result in the emergence of power
swing in the machine between the stator coils and

condensers.
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Indeed, the coils of inductance L and the capacity C of the
capacitors are an oscillating circuit and therefore fluctuations

of energy may be damped or amplified.

If the rotor rotates with angular velocity wr whose frequency
is higher than the frequency of own oscillations (given by 1 /
V LC) then the power of the rotor copper losses in the
oscillating circuit and the machine turns on. If, however
there is no residual magnetism or if this is not enough, the
oscillations do not occur or cushion quickly and the machine

not exciting.

The operating voltage and frequency are determined in
terms of the approximate equivalent circuit of Figure 5. On
no load, the capacitor current Ic= V1/Xc must be equal to the
magnetizing current Im=V1/Xm. The voltage V1 is a function
of Im, linearly rising the saturation point of the magnetic
core is reached (Figure 5). The stable operation requires the
line ImXc to intersect the V1 versus Im curve.

The operating point is fixed where V1/Xc equal V1/Xm, that
is when 1/Xc=1/Xm, where Xc=1/wC. This settles the
operating frequency in hertz. With the capacitor value C, the

output frequency of the self-excited generator is therefore:

1 1

I =0, " amjcL

Under load conditions, the generated power V1I2cos¢2

provides for the power in the load resistance R and the iron
loss in Rm. The reactive currents must sum to zero:
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Figure 5: Approximate equivalent scheme of an induction generator for autonomous load
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This equation determines the output voltage of the machine under - Operation of the induction generator

load. connected to the network

The electromagnetic power through the air

gap is given by:

P =3.122.£

em
S

is positive for s> 0 and negative for s <0.

V1 and ImXc

That is, for s <0 the electromagnetic power
flow at rotor to the stator. Part of this power

is dissipated (by Joule effect) in the copper

= -I_'z.iﬁ-g gy = winding of the stator and the remainder is
supplied to the network. This corresponds to

Figure 6: Operating characteristics of the induction generator with the operation of the machine as a generator
capacitive self-excitation. (Figure 8).
As it possible to see in Figure 6, the process of self-excitation requires In this case, the machine must be operated at
the presence of a residual magnetism and magnetic saturation of the a speed n> f1/p and both the power and the
magnetization curve of the machine to be successful, or to have a clear electromagnetic torque are negative.

intersection between the two characteristics (of magnetization and

strain in capacitors).

Figure 7: Two MW induction machine. (Source: Teco Westinghouse Motor Company)
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Figure 8: Torque versus speed characteristic of the induction machine in three operating modes.

When assessing the performance of induction generator, we
can use the approximate equivalent diagram of Figure 5 with
s <0. The resistance that ((1-s) / s) R2, which reflects the
electromagnetic power, depends on the slip, but the
reactance X does not depend on the slip, or are always
positive. Consequently, the induction machine always
absorbs reactive power in whatever condition of operation.

How is possible to see in Figure 9, if the generator is loaded
at constant torque TL, it has two possible points of

operation, P1 and P2.

Only one of these two points, P1 is stable. Any perturbation
in speed around point P1 will produce stabilizing torque to

bring it back to P1.

The figure also shows the limit to which the generator can be
loaded. The maximum torque it can support is called the
breakdown torque, which is shown as Tmax. If the generator
is loaded under a constant torque above Tmax, it will
become unstable and stall, draw excessive current, and

destroy itself thermally if not properly protected.

<4—Torque generated

Figure 9: Torque versus speed characteristic of the induction generator under load.
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- Usual Configuration of the Induction Generator

The induction generators connected to the network or in
autonomous mode are mainly used, for constant or variable
speeds and a link voltage/constant or variable frequency, in
mini-hydro and wind energy systems. Possibilities for the use
of double fed induction generators and the squirrel cage

rotor are summarized in Table 1.

The principle of operation of the double fed induction
machine is based on the ability to control its speed by

variation of the resistance of the rotor.

Figure 10 illustrates the change curves of torque/slip of the
induction machine due to the variation of resistance

connected in series with the winding rotor.

Table 1: Configuration of the Induction Generators

Induction speed Network Frequency Voltage
. Isolated
generator Constant | Variable connection Constant | Variable | Constant | Variable
Double Fed X X X X
Squirrel Cage X X X X X X X X

Rr4

Rrl <Rr2 <Rr3 <Rr4

Figure 10: Curves of torque-speed characteristics for different values of the resistance of the rotor.
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As shown in the figure 10, for a given mechanical
torque T, can vary the speed of induction machine by
varying the rotor resistance. If instead of a variable
resistance, if we install a system for converting
ac/dc/ac connected to the rotor, it is possible to
extract the active power by the rotor of the machine
and thus control the speed. This is the principle of
energy away from the winding rotor induction

machine.

The mode of operation of double fed induction
generators based on the principle described above: to
negative slips, until it reaches the intensity of the
stator rated current of the machine, the power
extracted by the rotor of the machine is controlled so
as to optimize the speed specified the tip of the blade
of the rotor and thereby maximize the value of the

coefficient of the power turbine.

For negative slips, higher (in modulus) for which the
intensity of the stator current reaches the nominal
value, the active power in the stator and the rotor

remains constant.
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Figure 11: Settings of induction machine used as a

wind generator (CIGRE TF38.01.10)
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This principle of speed control by use the slip energy means that
this machine can function as a generator for positive slip. To
ensure this mode of operation, it is necessary to provide active
power to the rotor. In Figure 11 we can see different ways to use

the induction machine as wind generator.

The connections of double fed induction machine are shown in

Figure 12.
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Figure 12: Scheme of connections of double fed induction

machine (Almeida et al.,2004).

The stator of the induction machine is directly connected to
electric power. The rotor is connected to the network through a

system of converting ac/dc/ac and a transformer.

The converters ac/dc/ac that interconnect the rotor of the
machine to the network via the transformer, are bridge-type
converters PD3 to six pulses equipped with isolated gate bipolar

transistors (IGBTs) controlled by the pulse width modulation.

Typically, in double fed induction machine, converter connected
to transformer controls the voltage into the terminals of the
capacitor in DC current system, and controls the power factor at
the point common to the circuits of the rotor and stator. The
converter directly connected to the rotor of the induction
machine control module and the argument of the intensity of

current injected or extracted through the rotor.
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The principle of operation of the control system with pulse
width modulation can impose a form of wave approximately
sinusoidal with frequency, amplitude and phase adjustable

to the AC terminals of the converters.

In Figure 12, the converter ac/cc/ac connected to the rotor
of the induction machine, allows the control of the
frequency of the wave form applied to the rotor, which is
equal to the slip frequency of the machine in a given point.
Simultaneously, it also controls the module and argument of
the intensity of current in the rotor. Converter ac/cc on the
transformer, is controlled the magnitude of the voltage into
the terminals of the capacitor. The frequency of the
alternating current frequency is equal to the network with
which the converter is interconnected, and the control of the
phase allows impose the power factor. This feature of the
control system of pulse width modulation to adjust the
phase of the wave of voltage and intensity of current wave

can dispense the use of batteries of capacitors in most cases.

Typically, manufacturers provide a control of power factor
between 0.9 inductive and 0.9 capacitive to terminal of the

machine.

The purpose of the control system of converters ac/cc/ac is
to ensure the maximization of the coefficient of the turbine
power, especially in the region characteristic of the power
depending on the wind and where the power is not

controlled.

Additionally, the control systems of converters maintain a
given value of power factor at the point of interconnection
of the doubly fed induction machine with the electric power
grid. In region of characteristic where the turbine power is
controlled, the control system of converters ac/cc/ac keeps
constant the total power, extracted by the stator and rotor
of the machine, complemented by the control system of step
angle of the rotor blades. It is therefore concluded that the
control system of wind generators equipped with double fed
induction machine can maximize the electrical power
delivered to the network in the range of variation of wind

speed.
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NOTA DISPERSA

Decreto-Lei n.2 162/2019, de 25 de outubro

Objeto

1 - Estabelece o regime juridico aplicavel ao autoconsumo de energia renovdvel, estabelecendo a disciplina da
atividade de produgdo associada as instalagdes de utilizagdo do autoconsumidor de energia renovavel.

2 - Estabelece, igualmente, o regime juridico das comunidades de energia renovavel, procedendo, nesta parte, a
transposicdo parcial para o direito interno da Diretiva 2018/2001 do Parlamento Europeu e do Conselho, de 11 de

dezembro de 2018, relativa a promogao da utilizagdo de energia de fontes renovaveis.
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