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Abstract

Abstract

This project deals with the investigation of variable speed control of a synchronous generator. The system
under investigation consists of a synchronous generator, a rectifier, a boost-converter and a grid-
connected DC/AC converter. Such a system might be an interesting option, especially for off-shore wind
farms, in terms of losses, cost and complexity. The voltage at the DC side of the grid connected converter
is kept constant using a proper control scheme at the DC/AC converter. The terminal voltage of the
generator is controlled by changing the duty cycle of the IGBT at the boost-converter. Since the internally
generated voltage of the generator and the rotor speed are directly related, controlling the terminal voltage

results in controlling the rotor speed of the generator.

In the report, different control schemes are tested for both speed and power control. A PWM control
method has been compared to a new control strategy that was developed while the thesis was being
elaborated. The new control strategy is based on hysteresis control. The results showed that better
dynamic characteristics can be achieved using the new control scheme. Complementary to this scheme, a
combination method has also been introduced, which involves hysteresis and excitation current control, in

a way that the advantages of the two methods are combined.

Additionally, loss investigation at the different components of the system has been carried out. It was
found that the highest loss in the system is due to the generator. Further investigation is required for

eliminating the total loss of the system.

Matlab/Simulink has been used for all the simulations carried out within this thesis.



Abstract in Greek

Abstract in Greek

H mapovoa Simhopatikn epyacio TpoyUatedeTOL TN LEAETT] TOV EAEYYOV GTPOPOV GUYYPOVAOV YEVVITPIOV
petafAnTav otpo@®v. To vTd peAéTn cVOTNUE amOoTEAEITAL OO oL GUYYPOVT YEVVATPLA, Evay avopOmTh
0oV, évav petatponén avoywong kot évav DC/AC petatponéa, cuvdedepévo pe To diktvo. Eva tétolo
oLOTNUO OTOTEAEL 1o evOlOpEPOVGO EMAOYT, Wtaitepa yia off-shore aoAucd mapio, o OTL APOPA Tig
OTMAELEG, TO KOGTOG Kot TNV moAvmiokotnta. To emimedo tng tdong otnv DC mievpd tov DC/AC
petatpomén dotnpeitoan otabepod, pe tn Pondela KaTdAANAOD KUKADOUATOG EAEYYOL oTO petatpormén. H
TAOT OKPOOEKTMV TNG YEVVNTPLOG EAEYXETOL OO TO €VPOC TMV TMUAUMY TOV SLOKOTTIKOD GTOLYEIOV TOL
HETATPOTEN avOY@onG. Aegdopévov OTL M emayopevn tdon g yevvnepuog (E4) elvor avaloyn g
TOYOTNTOG TEPLOTPOPNG TNG YEVVITPLAG, O EAEYYOG TNE TAONG UKPOIEKTMY 00NYEL 6TOV EAEYYO TAXVTNTOGC

TG YEVVITPLOG.

Y10 mhaicto g epyaoiag, e&eTalovial Sapopa GYNUATE EAEYXOV Y10 EAEYYXO TOGO TNG TOYVTNTUG OGO KoL
™G amoddopeVNg 1oxvog. Mo pébodog katd tnv omoiol o1 mwaApol dnpovpyodvton pe teyvikn PWM
ovykpiveton pe o véa uébodo mov avamtiydnKe EKTOVOVTOC THV TOPoVoO STAMUATIKY epyacio. H véa
puébodog Paciletar otov €reyyo votépnone. To amotehéopata £5eiav OTL EMTLYYAVOVIOL KOAADTEPQ
SVVOULKE YOPAKTNPIOTIKA [LE TN ¥PpNon TG VELS LeBOSOV. ZOUTANPOUATIKE TPOG VTV, EICAYETOL EMIONG
pie ouvovaoTIK) HEB0d0G, Katd TNV omoia YPNoUomolEiTol TapdAANAG O EAEYYOC VOTEPNONG KOl O
EXEYYOG TOL PEVUATOC SLEYEPONG, LLE TETOLO TPOTO MOTE VO EKUETOAALEDOVTAL TO TAEOVEKTNLOTO TOV 000

TEGIRIONA

EminpocBeta, oty epyocia peietdvror ot ammAgleg mov epoavilelt to ovomua. Ilpoxvmtel dt1 10
HEYOADTEPO LEPIOIO TOV AMMAEIDV o@eidetor otn yevvitpla. EmmAéov perétn ypeldletor dote va

HELBOVV 01 GCUVOMKEG OTDOAELIEC TOV GLGTIILOTOG.

Mo 6)eg T1c Tpocopomaoelg £xetl ypnoyomombei To Aoyiopkd Matlab/Simulink.
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1. Introduction

1. Introduction

1.1 Background

New wind farms will generally be placed in off shore conditions. The main advantage of off-shore
conditions compared to onshore is that the wind velocity is relatively high and with less turbulence. The
distance between off-shore systems and the connection point is usually long. In AC connections the
capacitive charging current becomes so great as to limit the circuit length. Practically, this means that

long distance power transfer is not possible using AC connections [1].

Since there is no alternative to the use of DC connections for such systems, the substitution of as many
AC systems as possible would be preferable in terms of losses, complexity and cost. This kind of
connection strategy will also allow individual control of each turbine with maximum power point
tracking. Power control of a single turbine or the control of the whole wind farm is thus possible. It is also
possible to control the power factor of the whole farm with the help of the main inverter. Grid codes
require that the wind farm should be able to supply reactive power depending upon the demand and the

grid voltage level.

1.1 Motivation

The purpose of the present thesis is to study the dynamic performance of a system consisting of two
terminal boost-controlled synchronous generators for variable speed wind turbines. The system was
proposed by Prof. J. Kaas Pedersen (UPEC’99) and this work continues previous investigation in the
same field done by Ranjan Sharma and Alejandreo Medina Calvo, [2],[3],[4].

The system, as shown in figure 1-1, consists of a synchronous generator, a diode rectifier, a boost
converter, a DC link and a grid connected DC/AC converter. The blades can either be connected to the
shaft of the generator through a gearbox or be directly coupled with it, in case the generator has enough
number of poles. In the current thesis, a 4-pole synchronous generator has been used for the simulations,

which implies the use of a gearbox. Moreover, the generator can be either a permanent magnet or a
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wound rotor machine. In the second case, an extra degree of freedom is introduced, which has to do with
the excitation current. Altering the excitation current allows an additional solution in terms of controlling

the generator speed.

The stress in this project is put on the power transfer from the generators to the grid along with the speed

and power control.

As shown in the diagram, the generator’s terminals are connected to a diode rectifier. The rectified
voltage is then boosted to a higher level, before it is connected to a HVDC line. Power is transmitted

through this line to the DC/AC converter.

Turbine es  Synchronous Generator Diode Rectifier DC-DEC Corvearter HVDC Line DC-AC Imverter Cirid
. o > |K
W) > — e

Permanent magnets / wound rotars

%EEE

¥

—K

%EEE

Figure 1.1: Schematic diagram of the system

The DC/AC converter, apart from the obvious task of converting from DC to AC, is designed in such a
way that it keeps the voltage level at the DC side constant. Since the voltage at the high voltage side of
the boost converter is constant, speed control of the generator can be achieved by altering the duty cycle
of the gate pulses driving the boost converters’ IGBT. In comparison with this, a new method for creating
gate-pulses (self-oscillation control) has been introduced.



1. Introduction

The main topics that have been dealt with are speed and power control, along with loss calculation and
investigation. Complementary to the two methods for speed control mentioned above (PWM and self-
oscillation control) a combinational method of the self-oscillation control and excitation current control
has been investigated as well.






2.1 Synchronous Generator

2 General Theory

2.1 Synchronous Generator

In a synchronous generator, a dc current is applied to the rotor winding, which produces a rotor magnetic
field. The rotor of the generator is then turned by a prime mover, producing a rotating magnetic field
within the machine. This rotating magnetic field induces a three-phase set of voltages within the stator

windings of the generator [5].

The speed of rotation

Synchronous generators are by definition synchronous, meaning that the electrical frequency produced is
synchronized with the mechanical rate of rotation of the generator. A synchronous generator’s rotor
consists of an electromagnet to which direct current is supplied. The rotor’s magnetic field points in
whatever direction the rotor is turned. Now, the rate of rotation of the magnetic fields in the machine is

related to the stator electrical frequency by Equation

_ NP
fe= 120

where f, = electrical frequency in Hz
n,, = mechanical speed of magnetic field,inr/min

P = number of poles

Since the rotor turns at the same speed as the magnetic field, this equation relates the speed of rotor
rotation with the resulting electrical frequency. Electric power is generated at 50 or 60 Hz, so the
generator must turn at a fixed speed depending on the number of poles on the machine. For example, to

generate 60-Hz power in a two-pole machine, the rotor must turn at 3600 rpm. To generate 50-Hz power
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pole machine, the rotor must turn at 1500 rpm. The required rate of rotation for a given frequency can

always be calculated from the above equation.
The internal Generated Voltage

The magnitude of the voltage induced in a given stator phase is
E, =V2nNqof Eq. (4.1)

This voltage depends on the flux ¢ in the machine, the frequency or speed of rotation, and the machine’s
construction. This equation is sometimes rewritten in a simpler form that emphasizes the quantities that

are variable during machine operation. This simpler form is
E,=Kopw,

where K is a constant representing the construction of the machine. If @ is expressed in mechanical

radians per second, then

NP
K=—-
V2

The internal generated voltage E, is directly proportional to the flux and to the speed, but the flux itself
depends on the current flowing in the rotor field circuit. The field circuit I is related to the flux ¢. Since
E, is directly proportional to the flux, the internal generated voltage E, is related to the field current as
shown in Figure 2-1. This plot is called the magnetization curve or the open-circuit characteristic of the
machine.

Eg { @ mimmyelonnsant)

Figure 2 -1: magnetization curve



2.1 Synchronous Generator

The equivalent circuit

The voltage E, is the internal generated voltage produced in one phase of a synchronous generator.
However, this voltage E, is not usually the voltage that appears at the terminals of the generator. In fact,
the only time the internal voltage E, is the same as the output voltage V, of a phase is when there is no

armature current flowing in the machine.

There are a number of factors that cause the difference between E, and V;:

1. The distortion of the air-gap magnetic field by the current flowing in the stator, called armature
reaction

2. The self-inductance of the armature coils

3. The resistance of the armature coils

4. The effect of salient-pole rotor shapes

Taking the above factors into consideration, the equation describing V,, can been written as
Vy=Es—jXsly — Ryl (Equation 4.3)
where Xg = synchronous reactance
R, = stator resistance

IA = armature current



2. General theory

I
Vo

Vo

Figure 2-3: Equivalent circuit of a 3-phase synchronous generator



2.1 Synchronous Generator

Phasor diagram

The phasor diagrams of a synchronous generator for lagging and leading power factor are shown below.

(a)

Figure 2-3: Phasor diagrams at lagging and leading power factor

Power and Torque

A synchronous generator is a synchronous machine used as a generator. It converts mechanical power to
three-phase electrical power. The source of mechanical power, the prime mover, may be a diesel engine, a
steam turbine, a water turbine, or any similar device. Whatever the source, it must have the basic property

that its speed is almost constant regardless of the power demand. If that were not so, then the resulting
power system’s frequency would wander.
Not all the mechanical power going into a synchronous generator becomes electrical power out of the

machine. The difference between input power and output power represents the losses of the machine. A

power flow diagram for a synchronous generator is shown in fig. 2-4.

P’

=3V, I, cost

(8]

|

I

-

I

|

I

I
Pin= Toppein :
I
I
I

IR losses

... Core .
Stray :—:;lmn losses (copper losses)

losses .
OB windage
losses

Figure 2-4: Power flow diagram
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The input mechanical power is the shaft power in the generator P;, = T,,,0m, While the power converted

from mechanical to electrical form internally is given by
Peonv = Tinawm = 3Ealycosy,

where v is the angle between E, and I,. The difference between the input power to the generator and the

power converted in the generator represents the mechanical, core, and stray losses of the machine.

The occurring expression for the delivered power is

p 3V, E4siné
Xs

Combining the above equation with P = 7 - w,,,, we get an expression for the torque, :

. 3V, E4sind
meS

10



2.2 Rectifier

2.2  Rectifier

A three-phase full wave rectifier (fig. 2-4) is used in the model. Basically, the circuit can be divided into
two component parts. One part of the circuit consists of three diodes oriented with their cathodes
connected to the load and their anodes connected to the supply voltages. This part serves to connect the

highest of the three-phase voltages instant to the load.

The other part consists of 3 diodes with the opposite orientation. This arrangement connects the lowest of
the three supply voltages to the load at any given time. Therefore, the three-phase full wave rectifier at all
times connects the highest of the three voltages to one end of the load and always connects the lowest of

the three voltages to the other end of the load. The result of such a connection is shown in fig. 2.5, [5],[6].

vd Rioad

A%

Figure 3-5: 3-phase full load rectifier

11
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Figure 2-6: Waveforms of the circuit in figure 2-4
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2. General Theory

2.3 Boost Converter

Fig. 2-7 shows a step-up converter. Its main application is in regulated dc power supplies and the
regenerative braking of dc motors. As the name implies, the output voltage is always greater than the
input voltage. When the switch is on, the diode is reversed biased, thus isolating the output stage. The
input supplies energy to the inductor. When the switch is off, the output stage receives energy from the
inductor as well as from the input. In the steady-state analysis presented here, the output filter capacitor is

assumed to be very large to ensure a constant output voltage V,(2)= V

Figure 2-7: Boost-converter

Continuous — Conduction mode

Figure 2-8 shows the steady-state waveforms for this mode of conduction where inductor current flows

continuously (i (t) > 0)

Since in steady state the time integral of the inductor voltage over one time must be zero
Vaton + (Vg — Vo)toff =0
Dividing both sides by T, and rearranging terms yield

Vo _ L _ 1
i Eq. (4.2)

Assuming a lossless circuit, Py=P, , VyI; = V,1, and ;—o = (1-D), [6][7].
d

Figure 2-8: Waveforms from the circuit of figure 2-6

13



2. General Theory

2.4 Three-phase inverter

In applications such as uninterruptible ac power supplies and ac motor drives, three-phase inverters are
commonly used to supply three-phase loads. It is possible to supply a three-phase load by means of three
separate single-phase inverters, where each inverter produces an output displaced by 120° (of the
fundamental frequency) with respect to each other. Though this arrangement may be preferable under
certain conditions, it requires either a three-phase output transformer or separate access to each of the

three phases of the load. In practice, such access is generally not available. Moreover, it requires 12

"'-"} KDy, '8 ) L Dg. ”’) 25 Des
KAp, T8 A D T 5D,
A B
9 [ | I I
e 1ed

switches.

oA oB oC

Figure 2-9: 3-phase inverter
The most frequently used three-phase inverter circuit consists of three legs, one for each phase, as shown
in fig. 2-9. The output of each leg, for example V,y (with respect to the negative dc bus), depends only on
V', and the switch status; the output voltage is independent of the output load current since one of the two
switches in a leg is always on at any instant. Here, we again ignore the blanking time required in practical
circuits by assuming the switches to be ideal. Therefore, the inverter output voltage is independent of the

direction of the load current.

In fig. 2-9, three-phase PWM waveforms are illustrated, [7].

14
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2.5 IGBT

The circuit symbol for an IGBT is shown in fig. 2-10 (a) and its i—v characteristics are shown in fig. 2-
10(c)-(d). The IGBTs have some of the advantages of the MOSFET, the BJT, and the GTO combined.
Similar to the MOSFET, the IGBT has a high impedance gate, which requires only a small amount of
energy to switch the device. Like the BJT, the IGBT has a small on-state voltage even in devices with
large blocking voltage ratings. Similar to the GTO, IGBTs can be designed to block negative voltages, as
their idealized switch characteristics shown in Fig indicate. Insulated gate bipolar transistors have turn-on
and turn-off times on the order of 1 ps and are available in module ratings as large as 6.5kV / 600A or

3.3kV / 1.2kA.

o

(@) (b)

Collector

Gate o—l . °_I

Emitter

() (d)

ip
r D

I Ygs

Ung Yps

On
\ Off
0

Figure 2-11: The IGBT: (a) schematic symbol, (b) equivalent circuit, (c) i-v characteristics (d) idealized characteristics

16
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Figure 2-12: Summary of power semiconductors capability

In fig. 2-12, it can be seen that the IGBT can operate within the range of both switching frequency and
power usually required by wind farms.

17



2. General Theory

2.6 Switching loss

A major source of loss and inefficiency in converters is the switching losses associated with the semi-
conductor devices used to implement the switches. The turn-on and turn-off transitions of semi-conductor
devices require times from tens of nanoseconds to microseconds. During these switching transitions, very
large instantaneous power loss can occur in semiconductor devices. Even though the semiconductor

switching times are short, the resulting average power loss can be significant, [8].

Semiconductor devices are charge controlled. For example, the conducting state of an IGBT is determined
by the charge on its gate and its channel. To switch a semiconducting device between the on and off
states, the controlling charge must be inserted or removed; hence, the amount of controlling charge
influences both the switching times and the switching loss. Charge, and energy, are also stored in the
output capacitances of semiconductor devices, and energy is stored in the leakage and stray inductances in

the circuit. In most converter circuits, these stored energies are also lost during the switching transitions.

IGBT switching loss

A buck converter circuit containing an ideal diode and a non-ideal (physical) IGBT is illustrated in fig. 2-

13. Turn-off transitions are illustrated in fig. 2-14.

. . L
iy A i(t)
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Physical At
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Figure 2-13: IGBT switching loss example
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Figure 2-14: IGBT turn off transition waveforms for the circuit of fig. 2-12.

The diode is initially reverse-biased and the voltage va(t) rises from approximately zero to V,. The
interval length (t;-to) is the same required for the gate drive circuit to charge the IGBT gate-to-collector
capacitance. At time t = t;, the diode becomes forward-biased, and current begins to commute from the
IGBT to the diode. The interval (t; - t;) is the time required for the gate drive circuit to discharge the
IGBT gate-to-emitter capacitance to the threshold value that causes the effective MOSFET to be in the
off-state. This time can be minimized by the use of a high-current gate drive circuit which discharges the
capacitance quickly. However, witching off the effective MOSFET does not completely interrupt the
IGBT current iA(t); current i,(t) continuous to flow though the effective PNP bipolar junction transistor of
fig. 2-10 (b) as long as minority carriers continue to exist within its base region. During the interval t, <t
<t;, the current is proportional to its stored minority charge, and the current tail interval length (t; — t,) is

equal to the time required for this remaining stored minority charge to recombine.
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2. General Theory

The energy W, lost during the turn-off transition of the IGBT is again the area under the instantaneous
power waveform, as illustrated in fig. 2-13. The switching loss can be evaluated using the following

equation;

f pa(t)dt = W, + Woff

switcing
transitions

,where Py, = switching loss,

Pa(t) = Vs,
Wonom = loss during turn-on (off respectively).

The switching times of the IGBT are typically in the vicinity of 0.5 to 1 ps. The resulting switching loss
limits the maximum switching frequencies from a few kHz up to 30 kHz, depending on the scale of the

application.
Diode recovered Charge

During transient phenomena, significant deviations can be observed at the i-v characteristic of the
diffused p-n diode, in comparison to the ideal one. In particular, during turn-off transient, its stored
minority charge must be removed, either actively via negative current iz(?) or passively via recombination
inside the device. The diode remains forward-biased while minority charge is present in the vicinity of the
diode semiconductor junction. The initial amount of minority charge is a function of the forward current,
and its rate of change, under forward biased conditions. The turn-off switching time is the time required
to remove all of its charge and to establish a new reversed-biased operating point. This process of

switching the diode from the forward-biased to reverse-biased states is called reverse recovery.

The transistor and diode turn-on transition, as well as the instantaneous power p,(?) dissipated in the

transistor are illustrated in fig. 2-15. The energy lost during the turn-on transition is

WD = f UA(t) . lA(t)dt

switching
transition
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2.6 Switching Loss

Tt
WeTWATY

Lhxie

HETR ATy 4&\
I} !

paite d

Figure 2-15: Transistor turn on transition waveforms

Device capacitances and Leakage, Package and Stray Inductances

Reactive elements can also lead to switching loss. Capacitances that are effectively in parallel with
switching elements are shorted out when the switch turns on and any energy stored in the capacitance is
lost. The capacitances are charged with no energy loss when the switching elements turn-off. Likewise,
inductances that are effectively in series with a switching element lose their stored energy when the
switch turns off. Hence, series inductances lead to additional switching loss at turn-off, but can reduce the

transistor turn-on loss.
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2. General Theory

The following relationships can describe these two types of losses

1 2 1 2
WC = Z ECLV" B WL = Z ELLIL

capacitive capacitive
elements elements

Efficiency and switching frequency

The sum of the energies described above can be written as
Wtot =VVOn+WOff+WD +VVC+WL+

This is the energy lost in the switching frequency transitions of one switching period. To obtain the

average switching power loss, we must multiply by the switching frequency:

Pow = Weotfow

Other losses in the converter include the conduction losses P,,,, and other frequency-independent fixed

losses Pjyeq, such as the power required to operate the control circuit. The total loss is therefore:

Pioss = Peona + Pfixed + Weotfsws

which increases linearly with frequency.
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2.6 Switching Loss

In fig. 2-16, switching energies per cycle for a typical IGBT ' are illustrated. It can be seen that the losses

are proportional to the square of the collector current (/). The switching loss is significantly small for

small values of collector current.
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Figure 2-16: Switching energies per cycle for a typical IGBT
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2. General Theory

2.7 Self-oscillating control

A control scheme sometimes used in low-harmonic rectifiers, as well as in dc-dc converters and dc-ac
inverters, is hysteretic control. Rather than operating at a fixed switching frequency and duty cycle, the
hysteretic controller switches the transistor on and off as necessary to maintain a waveform within given

limits, [8].

An example is the sinusoid of figure 2-17, in which the boost converter input current is controlled to
follow a sinusoidal reference with a =10% tolerance. The inductor current increases when the transistor is
on and decreases when the transistor is off. So this hysteretic controller switches the transistor on
whenever the input current falls below 90% of the reference input. The controller switches the transistor
off when the input current exceeds 110% of the reference. Hysteretic controllers tend to have simple
implementations. However, they have the disadvantage of variable switching frequency and reduced noise

immunity.

Figure 2-17: Hysteresis control. +10% tolerance allowed
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2.8 Space - vector control

2.8 Space — vector control

Space vectors are another way to represent instantaneous values of 3-phase voltages and currents in the
grid. Their advantage is that they avoid the calculation of integrals when the voltages are analyzed. All
calculations with space vectors consist of summations, subtractions and multiplications making it easy
and fast for sampling in a signal processing unit. This is useful since the conditions in the grid can give
very fast instantaneous values.

A necessary condition for converting to space vectors is that the grid voltage has to be symmetrical and
without harmonic distortion. In real life these conditions are not always fulfilled. Normally there is no
“neutral” in high and medium voltage transmission systems. The same is true for high voltage power
supply systems. Instead, they have two independent phase-phase voltages. Two phase currents are enough
to give a full specification of the system.

In a space vector system, the three voltage or current vectors from a R, S, T system are converted to two

orthogonal space vector coordinates a(t) and B(t). These coordinates describe the position of the space

A
v 4 Equation 2.3 y

|::> Space Vector

A 4
v

Equation 2.4

X
b <'l:|
B

Figure 2-18: Description of ABC and af} systems

vector in a new af-coordinate-system. The transform is described in fig. 2-18.

In the x-y coordinate system shown above the 3-phase system is rotating in a positive/anticlockwise
direction and the frequency is a typical 50 Hz or 60 Hz. The same is true for space vectors. However,
through mathematics this frequency can be changed or stopped if desired.

Using equations 2.3 and 2.4, the ABC system can be transformed to aff and wise versa.
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2. General Theory

1 1
rop_2t "z 77| [0 .
=— - |xp(t)| Equation 2.3
[xﬁ(t) 3|lO \/23 _v23J| (0

] Equation 2.4

Once we have the aff components, they can be transformed to stationary vectors (dq), by the following

transform:
Vg = Vgc050 —vgsin®  Equation 2.5
Vg = vgcosO + v,sind  Equation 2.6
where 6 is the angular position of the dq reference frame.

These transforms are important, since they allow active and reactive power to be controlled separately

from each other, as it will be shown in paragraph 3.1.1.
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3.1 DC/AC Converter

3 Simulation model

3.1 DC/AC Converter

As mentioned in the introduction, the DC/AC converter is designed in such a way that it keeps the voltage
level at the DC side constant. This aspect of the converter is crucial to the system performance, since the
idea of speed control by altering the duty cycle of the gate-pulses presupposes constant voltage at the DC
side of the converter.

The control scheme used for achieving voltage control is the one shown in fig. 3-1 and is based on space
vector control, [9].
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Figure 3-1: DC/AC converter control scheme

3.1.1 Control Scheme

Voltage and current measurements are taken at the AC side of the converter. These measurements are
used for the calculation of vy, 14, 14 vectors, as described in paragraph 2.8 (equations 2.3, 2.5 and 2.6). The
main advantage of using d and q components is that active and reactive power are decoupled and,
therefore, can be controlled separately and independently from each other. 1, is used for controlling active
power whereas i, and vq are used for controlling reactive power.
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3. Simulation Model

Active power control

The value of 800 Volts DC has been chosen as the nominal voltage level for the DC side of the converter.
The reason is the previous experience in the laboratory with the particular rating for the converter and the
fact that it works sufficiently enough together with the synchronous generator model chosen.

A voltage measurement from the DC side of the converter is taken and is compared to voltage reference
(800 V). The result of the subtraction passes through a PI controller and is compared to i4. The result is
added to the voltage drop across the induction of the converter. The final signal that occurs is the desired
v, value that controls active power flow through the converter. An inverse d-q and alpha-beta transform
follows, in order to form the desired values in the abc system. These values are used for PWM modulation
of the gate pulses.

Reactive power control

Reactive power control is similar to active power control, less complicated though. A major advantage of
this system is that reactive power flow can be adjusted in such a way that it is transferred either from the
system to the grid or vice versa.

In particular, i; value is compared to the reference value for iy and the result is passing through a PI
controller. Depending on the sign of the reference i value, reactive power is either absorbed from the grid
or transferred to it. The voltage drop across the inductance of the converter is added, before the final value
for v4 is taken.

PI controller design

The optimum values for the PI controllers at the converter control circuit have been chosen in the
following way:

With the integral gain first set to zero, the highest value for which the system remains stable has been
chosen for the proportional gain. Having set this value as the proportional gain, the integral gain is set in
the same way. The highest possible value for which the system remains stable is chosen as the integral
gain.,
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3.1 DC/AC Converter

The values for the PI controllers that control the voltage at the DC side of the converter have been chosen
in such a way that a compromise between the overshoot and the settling time is achieved. So, as seen in
fig. 3-2 the voltage overshoot is approximately 4% while the oscillation around the desired reference (800
V) lasts less than 0.3 sec. So, this control scheme proves efficient enough. Practically, the DC voltage can
be considered stable.

Figure 3-2: Voltage at the DC side of the converter
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3. Simulation Model

3.2 Analytical description of the speed control of the generator

In this paragraph, the theoretical background of the way the rotor speed is controlled is presented.

As described previously, the phasor diagram at unity
Ex power factor for a frequency fi, is shown at fig. 3-3. The
internal generated voltage (£,) is given from equation

iXsl
Jisla (4.1). This means that it only depends on the excitation

» »
» »

current (flux) and the rotor speed (frequency). The
Flgure33  Vy ARA generator terminal voltage is regulated by the duty cycle
of the boost converter’ IGBT. At the steady state, this voltage is kept constant so that the rotor speed
remains constant, as well. From equation (4.2), the occurring expression for V, is V,, = (1 — D) - Vj,
where V), is the single-phase equivalent stable DC voltage at the high voltage side of the boost-converter

— Vo is kept constant by the control scheme of the grid-connected converter.

During speed decrease, the duty-cycle increases, so V, is
decreasing. Fig. 3-4 illustrates the phasor diagram at exactly

Xl the moment when the terminal voltage changes and before the
SIA

rotor speed has changed, due to the rotor inertia. Since the
Ve

rotor speed is still the same as previously, the frequency
Figure 3.4 1aRa

remains equal to f7, and E is equal to the previous value, thus.

During this period, the generator current increases, as seen later in the results. This is something expected,
as vector I, has to be longer, when V, is shorter, in order for equation (4.1) to be true. However, this is
not a stable situation, because now the output power (proportional to V, and I,) is greater than the input
one. So, the system has to go to a stable operation. What happens is that the generator current adjusts
(decreasing) in such a way that the output power is equal to the

Ex input one. In order for equation (4.3) to be true, £, has to decrease.

Xsla Since the excitation current is kept stable, the only possibility is the

> decrease of the frequency. So, the rotor speed decreases until a

Figure3.5  V, IARA stable steady-state operation is achieved. Fig. 3.5 shows the phasor
diagram after the rotor speed has been decreased. Note that the frequency of the quantities in this diagram

is different (let /5) from the frequency in the 2 previous phasor diagrams (f;).

Speed increase takes place in a similar way.
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4.1 Speed Control

4 Results and Discussions

The system can be operated in two different ways; with speed control or power control. Depending on the
situation, maximum power point tracking (MPPT) or constant power output can be achieved.

In the case of MPPT the rotor speed follows the wind speed, according to the Cp curve. When the wind
speed exceeds the nominal one, pitch control is activated. For wind speeds lower than the nominal, the
rotor speed is regulated by the IGBT pulses, in order for maximum power yield to be obtained.

The system can also be operated as a conventional power plant, which means that a value for the power
output can be set as a parameter and the system will deliver this amount of power, provided that the wind
is strong enough for providing the particular amount of power. Since the wind speed is not stable, but the
power output has to be stable, two different kinds of control should be used; the slow variations of the
wind speed are controlled using pitch control, whereas the fast ones are tracked by the gate pulses of the
IGBT.

The results of the control methods (PWM and self-oscillating control) are demonstrated separately in
paragraphs 4.1.1 and 4.1.2 respectively. The speed control has been carried out using different control
schemes, as presented in paragraph 4.1, while only self-oscillating control has been used for the power
control method (paragraph 4.2).

4.1 Speed Control
4.1.1 PWM Control

Initially, the system proposed to be investigated was the one shown in fig. 4-1.

Tm step rate Imt
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o - |
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Synchronous Machine Rectifier

400 V 8.1 kW2

Figure 4-1: PWM control scheme
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4. Results and Discussions

As explained previously, the rotor speed of the generator can be controlled by altering the gate-pulses’
width for the IGBT. The control system for creating the proper gate pulses consists of a comparator, a
gain, a repeating sequence generator and a relational operator.

Explanation of the control scheme operation

A speed measurement is taken from the machine and is compared to the desired speed reference. The
result is multiplied by the gain and a comparison with the pulse follows. The width of the pulses
generated depends on the sign of the last comparison. In particular, if the speed is greater than the desired
one, the result of its comparison with the speed reference is positive and this results to relatively wide
pulses. Wide pulses, as described above, reduce rotor speed, whereas pulses with small width make the
rotor speed increase. So, if the rotor speed is smaller than the desired speed-reference, this results to
narrow pulses and, therefore, an increase of the rotor speed.

Gain selection

A crucial part for the operation of the speed control system is the selection of the value of the gain. At a
first glance, it seems that the higher the proportional gain is, the more accurate the system becomes. A
high proportional gain value means high sensitivity to the deviation between rotor speed and the speed
reference, which results to faster response.

However, if the proportional gain becomes too high (e.g. Kp=100), then it is obvious that over-modulation
occurs. Besides, the control signal fluctuates faster than the oscillation of the carrier, so more than one
pulse for each period of the carrier can be created. This means that the frequency of the gate-pulses
(switching frequency) is higher than the frequency of the carrier, as clearly seen at figure. 4-2.
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4.1 Speed Control

Figure 4-2: PWM: Overmodulation — Pulse frequency higher that the carrier frequency

In order to avoid the phenomenon described above and at the same time keep the system accurate enough,
a compromise between the two has to be made.

So, a small value (K,=1) was used for the proportional gain. The results are shown below.

Figure 4-3: PWM at a proper gain value
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4. Results and Discussions

Results

Two systems like the one previously described have been parallelized to the grid connected inverter, as it
is shown in fig. 4-4.

For the simulations, it has been considered that there is a power input to the system and the aim is that the
system has to maintain a constant rotor speed for a given wind speed, as well as be able to adapt the rotor
speed depending on the wind-speed changes.
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4. Results and Discussions

At this point, it should be mentioned that the synchronous machine model used in Simulink, does not
offer the choice of using a torque input. A power input must be used instead. However, using a torque
input is a better choice, since the wind speed is proportionally related to the torque, whereas the power
input depends on the rotor speed as well.

In order to overcome this problem and be able to use a torque input (simulating the torque applied on the
blades), the torque input is multiplied by a rotor-speed measurement and the result is used as a power
input to the machine, according to the equation

P=1-N,
where P is the generator shaft power, 1 is the torque and N is the speed.

The system has been tested in three different situations, depending on the torque input (the rotor speed is
adopted accordingly). Proper values for the input torque have been used in order for the rotor speed to
change among 1500, 1300 and 1600 rpm.

General Performance

The system was first tested only with one terminal generator and then a second one was parallelized to it.
The results for the two cases were exactly the same, which indicates that the systems are independent to
each other.

In fig. 4-5, the general performance of the system is illustrated. Rotor speed, electrical power and the
current in one of the terminals of the generator are shown. The simulation starts with the rotor turning in
1500 rpm, continues with slowing down the rotor at 1300 rpm (0.2 sec) and ends with speeding it up to
1600 rpm (0.4 sec).

The system seems to perform as expected. The speed reference, through the duty cycle control, makes the
rotor maintain the desired speed, according to the input torque. Furthermore, the step responses to the
change of the input torque are fast and accurate.

Points of interest

The points that concentrate major interest are the ones where the speed reference changes. In both
increase and decrease of the speed, the rotor adapts to the new contitions in a fast and accurate way,
which is something that contributes to the system overall stability. However, the procedure that speed
changes takes place is different depending on the tow cases.

Speed decrease

When the input torque decreases, the speed has to follow this change, according to the Cp curve.
Supposing that there is a step change in the incoming torque, a step change at the speed reference should
take place as well (e.g. from 1500rpm to 1300rpm). While the speed is being reduced, the control signal at
the control circuit will always have a greater value than the triangle pulse, wich means that the gate pulse
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4.1 Speed Control

will be “ON” throught the speed change. However, a continous “ON” gate-pulse would mean that there
would be a short circuit at the low voltage side of the boost converter until the speed reaches the desired
value, since the semiconductor switch (IGBT) would be continously turned on. This would result in
unacceptably high values of currrent flowing between the generator and the boost-converter during speed
changes and, therefore, severe material stresses and losses.

In order for this phenomenon to be eliminated, a rate-limiter block has been used. The purpose of this
block is to make the change in the speed reference less steep. By doing this, the IGBT does not conduct
for some very short periods of time, which prevents the current from reaching a too high value. The less
steep the slope is, the smaller the maximum current value becomes. However, a less steep slope results in
slower response, as it is expected. It is obvious that a compromise between the two has to be made. The
values for the rate limiter have been chosen in such a way that the maximum current value gets round
twice as much as nominal current. At the same time, the speed change between 1500rpm and 1300rpm
takes place in less than 20ms.

Figure 4-5: Speed decrease and increase for PWM control
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4. Results and Discussions

Speed increase

The procedure for the speed increase is slightly different. When a speed increase takes place, the speed
reference is higher than the current speed, which means that the result of this comparison will be a
negative number. So, when this number is compared to the triangle pulse, the result will be that no pulses
are given to the IGBT. This means that power is not transferred from the generator to the grid connected
converter and the incoming energy is stored at the rotor as kinetic energy. The rotor speed keeps
increasing until it reaches the desired speed. At this point, the duty cycle control takes over again in order
for the speed to be kept stable at the new level.

Concerning the response of the system at a speed increase, it is not as fast as the speed decrease, as it can
be seen in fig. 4-5. Furthermore, unlike speed decrease, there is not a solution that could make speed
increase faster, as it is dependant only on the rotor inertia and the wind speed. Finally, the generator
current throughout a speed increase is equal to zero, and, therefore, the machine does not undergo any
stresses.

An alternative to the way the speed change is performed is presented in paragraph 4.1.1.1.

Detailed explanation

In figure 4-6, a detailed overview of the system performance can be obtained. It can be seen that the total
speed variation at the steady state is approximately 0.3 rpm or 0.02%, which is considered accurate
enough. The electrical power of the generator has a +20% deviation around the mean value. Some sharp
variations can be seen at the generator current as well. These have to do with the way the system is
controlled. When the IGBT of the boost converter conducts, the DC current tends to increase rapidly.
When it does not conduct, the current reduces. Since the DC current and the generator current are directly
coupled — the DC current is the rectified generator current — the same sharp variations can be seen at the
generator current as well.
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Figure 4-6: Detail from fig. 4.5

In figure 4-7, an even closer look is presented, where the way the pulses are created and how the sequence
of these pulses affects the generator electric power and current, as well as the dc current that flows to the
grid connected converter is presented.

When a gate-pulse is given to the IGBT, a closed circuit at the low-voltage side of the boost-converter is
formed, since the semiconducting switch conducts. The generator current and the generator electric power
keep rising for as long as the pulse is given to the IGBT. At the same time, the DC current at the high
voltage side of the converter is zero. During this phase, the energy is stored at the inductance of the
machine.

When the control signal becomes smaller in comparison with the carrier, a pulse is not applied anymore at
the IGBT gate. This means that the generator is now connected with the DC/AC converter, releasing part
of the energy previously stored at the inductance. DC current flows at the high-voltage side of the
converter while the generator current flows in a decent way. It should be pointed out that although the
generator current reduces during this phase, it does not become equal to zero, which means that the boost-
converter operates at the continuous mode.
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Figure 4-7: Detailed overview of the way the control works
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4.1.1 Power transfer during speed increase

4.1.1.1 Power transfer during speed increase

In this paragraph an interesting alternative to the way the speed increase is performed is presented. In the
results demonstrated above, it was shown that while the rotor was accelerating, the generator current, as
well as the electrical power of the machine, was equal to zero. Instead of having a time period when no
power is transferred to the grid, the control system can be set in such a way that it lets some power flow to
the grid. This can be achieved by setting a proper value at the “rate limiter” block of the speed reference.
So, if the speed reference does not increase so fast, there will be periods when the IGBT will conduct, and

there will be current flowing in the generator and some power will be transferred to the grid, thus.

During speed increase, the output electrical power is less compared to the input one. A part of the input
power is transferred to the grid, while another part of it is stored at the rotor as kinetic energy, and so the
rotor accelerates. The active power to the grid reduces during speed decrease and after the speed change is

complete, stabilizes at a higher level.
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Figure 4-8: Speed increase with power transfer to the grid

Using this control technique, uninterrupted power supply is obtained.
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4. Results and Discussions

4.1.1.2 Losses

The overall losses of the system have been investigated. The mechanical input in both machines has been
compared with the active power output at the AC side of the grid connected converter. The result of this
comparison is equal to the total losses of the system.

Figure 4-9: System overall losses

The mechanical input for the particular simulation was very close to the generators’ nominal load (7850W
for each generator). As it can be seen, the total mean losses' of the system under these conditions are
approximately 11.5%. Further details and investigation about losses follow in paragraph 4.1.4.

General Comment

Although the results with the control method used above were quite satisfactory, an alternative way for
creating the gate pulses was developed. The description of the new control scheme as well as the results
of the simulations are presented in paragraph 4.1.2.

"'Mean losses: Since losses oscillate between 0 and 4000 W, a “mean value” block was used in order for a filtered sequence of
mean values to be obtained. The sequence of the losses was integrated at the frequency of 50 Hz.
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4.1.1 Power transfer during speed increase

4.1.2 Self-oscillating control

Description of the new method

The difference between duty cycle control and self-oscillating control is that, in the second case, there is
no pulse generator for creating the gate pulses. Instead, a speed measurement is taken from the machine
and is compared to the desired speed reference. When rotor speed is greater than the reference, the gate
pulse is ON. In the opposite case, no pulse is given to the boost-converter IGBT. The pulse is created by a
“Zero Comparator” depending on the sign of the comparison between rotor speed and speed reference. In
figure 4-13, it can be easily observed the way the pulses are created. As it is easily assumed, the
frequency of the pulses is not stable and is determined by the physical characteristics of the system.
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Figure 4-10: Control circuit for self-oscillation control (without hysteresis)

As shown in figures 4-12 and 4-13, the control system behaves very satisfactory. The response to the
pulse input is fast enough, while, in the steady state, the speed is kept at the desired level with remarkable
accuracy. In the detailed figure, it can be observed that the speed deviation is about +0.0004%. At the
same time, the fluctuation at the electrical power and the machine current is relatively small.

However, a potential problem for this control scheme might be the switching frequency. Since this is not
user-defined, it is possible to reach unacceptably high values. It is supposed that the switching frequency
for such a system must be approximately 2 kHz, where it could be allowed to reach higher values (e.g. 4
kHz) as well, for short periods of time though.
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4.1.1 Power transfer during speed increase

In fig. 4.13, the exact way the pulses are created is demonstrated. As described previously, while the pulse
value is equal to “1”, the rotor speed tends to decrease.

Fault

0.0344 0.0346

Figure 4-13: Waveforms that create the gate pulses

So, when the rotor speed becomes higher than the reference (and consequently the speed deviation is
greater than zero) a pulse is given to the gate of the IGBT until the speed becomes equal to the speed
reference.

When the rotor speed is smaller than the reference (speed deviation smaller than zero), then a pulse is
given to the IGBT, which results in a rotor speed increase until the speed deviation reaches zero. Then,
once the speed has become slightly higher than the speed reference, a pulse is given, as described above,
and the procedure is repeated.
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4. Results and Discussions

In order to measure the switching frequency, the following sequence of blocks has been used.

—p%—p Clk Cnt 5556 !
Up

i Drisplay1
Hit Rt Hit Pl

Croszing

Counter
Figure 4-14: Frequency counter

The “Hit Crossing” block detects when the input reaches the Hit crossing offset parameter value, which,
in this case, is set to zero. The “Counter” block counts the total number of times that the value of the
pulse changes from “1” to “0”. This number is displayed at the Display “block”. In a period of 1 sec this
number is equal to the switching frequency of the system.

Problem Statement

During the simulations, it was observed, that although the average switching frequency was within the
acceptable range of values, the switching frequency in short periods of time could reach values beyond
these limits under dynamic conditions. During speed decrease, the frequency could reach values close to
10 kHz for periods in the order of 100ms. Apparently, such high frequencies cannot be accepted, even for
short periods of time. The main problem in such cases is the high rate the temperature rises, which can
even result in the destruction of the switching element.

Another problem associated with high values of switching frequency is switching losses that get
accordingly high. However, in this system, this is a rather minor problem, since the operation in high
frequencies takes place for only short periods of time.

Solution to the problem

In order to overcome the problem stated above, hysteresis control has been used. Instead of using a “Zero
Comparator”, a “Relay” block has been used. The input to this block is the deviation between instant
speed and speed reference. When the input becomes greater than the “turn on” value, the IGBT starts
conducting, in order for the speed to be decreased. The IGBT continues conducting until the deviation
becomes less than the “turn off” value.

This means that in the place of the zero level of the previous method, a zone has been used. While the
input to the “Relay” remains within this zone, no change to the pulses takes place.

The wider this zone is chosen, the smaller the switching frequency becomes. On the other hand, a wider
zone results in a greater speed deviation. A compromise between the two had to be made.

The values 0.01 and -0.01 have been chosen as the “turn-on” and “turn-off” points respectively. With
these values switching frequencies round 1kHz were achieved, while the speed deviation remained
relatively small (£0.04%). The way the hysteresis control works is illustrated in figure 4-16.
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4.1.2 Self - oscillation Control

Results

Speed control can be achieved with the use of this control scheme. The system that has been used for the
results demonstrated below is similar to the one previously introduced, with the only difference having to
do with the way gate-pulses are created, as described above.

Speed Decrease

In fig. 4-18, the rotor speed decrease can be observed. A detailed view can be seen in fig. 4-19.

| ||(| th 'll"fl‘Jf‘-'!']""’f”l‘ffﬂln'l'r"(‘l‘.!qij “ i

\Illlll "IWM; h'qu F\'i“uﬁ hh\‘}!.“ H‘WW
Hﬂl’i""" : Lﬁ.wl"l o :||n,|j'“ - ll\‘ﬁ'.\‘ﬁ

Figure 4-18: Speed decrease (hysteresis control)

Comparing the above graph to the one with the duty-cycle control scheme, it is easily seen that the
maximum value for the machine current during speed decrease doesn’t reach such a high value compared
to the previous results (40 A instead of 52 A previously).

Observing the detailed fig. 4-19, the rotor speed deviation can be seen. It is obviously higher than the one
in the control scheme without the hysteresis block. However it is almost the same with the duty-cycle
control scheme; 0.03%, which is a value very close to zero that makes the system accurate enough.

As for the electrical power and the machine current in steady state, they seem to be the same with the
previous control system, where duty-cycle control was used.
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Figure 4-19: Detail of fig. 4-18.
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4.1.2 Self - oscillation Control

Speed Increase

During speed increase, the procedure is the same with the previous control scheme. When it is needed to
increase the spead, the IGBT is turned off and all the incoming power is transformed to kinetic power, so
the rotor speeds up until its speed becomes higher than the set speed reference. Then the control system
takes over in order for the speed to be kept at this level.

While the speed increase is taking place, the machine current is zero as well as the machine electrical
power, as expected. However, the active power transferred to the grid is not zero [figure 4-20 (active
power)], since the stored energy in the inductance of the grid connected converter flows to the grid. When
this transient phenomenon is finished (0.2 sec), the active power transfered to the grid becomes also zero.
When the IGBT conducts again, the active power increases starts increasig, until it reaches its final value,
about 100 ms later.

Figure 4-20: Speed increase
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4. Results and Discussions

4.1.2.1 Losses

The overall losses of the system with hysteresis self-oscillating control have been investigated, in a way
similar to the one used for the duty cycle control scheme. The parameters (mechanical power input, speed
reference) were the same in the two cases, so that straight comparison is allowed. The steady state losses
are stabilized at approximately 11.5%. Analytical losses investigation follows in paragraph 4.1.4.

Figure 4-21: System overall losses (hysteresis control)
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4.1.3 Comparison of the two control schemes

4.1.3 Comparison of the two control schemes

Up to this point, duty-cycle and self-oscillating control schemes are presented. As shown in the figures

above, the two control systems seem to have a similar behavior. However, there are some differences that
comprise benefits in favor of the self-oscillating control scheme.

1.

il.

The maximum current value during speed decrease is about 30% less in the self-oscillating
control scheme compared to the other one. At the steady state, there does not seem to be any
difference in the efficiency (11.5% losses in both cases). However, the fact that the wind speed is
changing constantly implies that there is no steady state actually. The rotor speed has to follow
the wind speed, depending on the C, curve, for optimum performance. So, the rotor speed is
never constant since it has to adapt to the needs, every time. This means that the maximum values
that the machine current reaches are important to the system, since the frequency such high values
occur is high. A higher maximum current value means higher stresses at the machine materials, as
well as higher losses. A system using self-oscillating control would have fewer losses under real-
life conditions and the generator would “suffer” less.

The switching frequency in the self-oscillating control scheme is less than the switching
frequency used at the triangle frequency at the duty-cycle control. Although the frequency is not
user-defined when using self oscillation, it is possible to control it through a “hysteresis” block.
Then, the occurring switching frequency is lower than 1 kHz and the results in terms o accuracy
are very similar to the duty-cycle control system, where the frequency of 2 kHz has been used.
Lower switching frequency is associated with less switching losses. In the above results, no
difference at the losses between the two cases can be observed, although lower loss could be
expected at the case of self-oscillation control. The reason is that the collector current in both
cases is approximately 20 A, which is much less than the nominal current of the IGBT. As
illustrated in paragraph 2.6, when the current is significantly lower than the nominal, then the
switching losses are almost negligible. So, although the switching loss in the PWM control
scheme is expected to be about the double compared to the self-oscillating control scheme (2 kHz
vs. 1 kHz), the contribution to the total system losses is so small that it cannot be seen above.
However, in real-scale applications, the extra loss is expected to be significant, so this offers an

advantage to using the self-oscillating control scheme.
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4. Results and Discussions

4.1.4 Losses investigation

The total losses of the system seem relatively high. A more detailed investigation has been carried out, so
that the performance of each part of the system is estimated separately.

The procedure followed was simple; the active power output of each component was compared to the
mechanical power input of the system. All the tests took place one of the terminals.

4.14.1 Generator

The generator was loaded with a load very close to the nominal one (95% of the nominal power). AC
voltage and current measurements were taken at the terminal of the generator and the active power was
calculated and compared to the mechanical input.

The loss at the generator was found to be approximately 7.3%.

Figure 4-22: Generator loss
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4.1.4 Losses Investigation

4.1.4.2 Rectifier — Boost converter

In order to measure the efficiency of the rectifier and the boost-converter, DC voltage and current
measurements are taken at the DC link. The active power was calculated and compared to the mechanical
input power, as previously.

The results showed that the total at the DC link are about 8.1%. The losses at this point include both the
losses at the generator and the other two DC parts.

Figure 4-23: Rectifier — Boost converter loss

The overall losses of the system are 11.5%, as shown before.
SO, loveraH:l 1,5%, lgen:7-3%, lgen-boostzg-l% and aoverall:88,5%, agen:92-7%, agen-boost:91-9%a
where o= 100% - 1.

The calculation of the efficiency of the boost-converter and the DC/AC converter from the above data is
possible.

= . = 0
agen—boost - agen Apoost = Apoost = 99%

— . — 0
Qoverall = Xgen—boost aDC/AC - aDC/AC =96.3%

System Part Efficiency (%)
Generator 92.7
Rectifier / Boost-converter 99
DC/AC Inverter 96.3

Judging the results, it seems that the losses are relatively high at the generator. This is the part of the
system where further investigation could lead to a significant elimination of the generator losses. The
boost converter has a very high efficiency, which is explained by the fact that the actual switching
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4. Results and Discussions

frequency is rather small (less than 1 kHz in steady state). The efficiency of the DC/AC converter is
satisfactory, although it is possible to be further increased.

At this point, it should be mentioned that all the results above correspond to steady state. In a real-life
application, steady state operation is rarely achieved, since the wind speed is constantly changing and the
rotor speed has to follow these changes. Under dynamic conditions, the overall system losses are higher;
however, quantification in such a case is a rather difficult task.

4143 Losses under different loads

It was investigated how operation under different loads affects the losses of the system. The simulations
were run for different values of mechanical input power (and respective values of rotor speed reference).
The results are presented in the following diagram.
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Figure 4-24: System overall loss vs. Load

It can be observed that the system overall losses reach higher values for loads close to the nominal one.
When the efficiency of each part of the system was calculated, it was found that the high overall losses
are due to the higher losses of the generator, when the system operated under loads close to the nominal
one.

This phenomenon has to do with the way the generator works in this control scheme. When the IGBT of
the boost converter conducts, the short-circuit formed at the generator side results in a rapid increase of
the electrical power of the generator. When the IGBT does not conduct, the electrical power reduces until
the semi-conducting switch conducts again. This means that there is a fluctuation around the average
output power, as shown in fig. 4-25.
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4.1.4 Losses Investigation

Figure 4-25: Power fluctuation

When the average power output is equal to the nominal one, the maximum electrical power can reach
values that are approximately 30% higher than the nominal value, when the lowest values are about 30%
lower, respectively. The result of the “overloading” for these very short periods is higher losses, as they
are shown in the diagram above.

When the load is smaller than the nominal (e.g. 88%, as tested above), the losses remain high, but reduced
compared to the full load. The explanation has to do with the average time that the electrical power
exceeds the nominal one and the maximum values that it reaches. Both of these two get lower for a load
smaller than the nominal one.

In the case that the average load is about 80% or less, there are no periods where the electrical power
values get higher than the nominal one and there are no “extra” losses, consequently. For operation within
this area of values, the system overall losses are approximately 10%.
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4. Results and Discussions

4.1.5 Excitation current for speed control

Another possibility for the controlling the speed of the generator is the excitation current control scheme.
As described previously in the theory section, the excitation current is proportionally related to the
terminal voltage. So, the speed of the generator can be controlled by changing the excitation current.

Explanation

The DC/AC converter that was used in this control scheme is the same with the one used in all the
previous schemes and is described in SS. The space-vector control of the inverter keeps the voltage level
stable at the DC side. A boost converter has been also used in this scheme, with the difference that its
only operation is to boost the voltage level and not to control the rotor speed. Unlike the control schemes
presented previously, the duty cycle of the pulse given to the IGBT gate is stable. So, the boost converter
does not contribute to speed control.

It should be mentioned that the boost-converter is not crucial for the operation of the system. If the system
is designed in a proper way, the boost-converter can be left out. It might as well be an alternative to use a
multi-level converter in the place of the boost-converter.

Since the voltage level is kept constant at the DC side of the inverter, the voltage at the low voltage side
of the boost-converter is also constant, since a fixed duty-cycle pulse is used. So, it is possible to adapt
the rotor speed by changing the excitation current.

A speed measurement is taken and is compared to the desired reference. The signal that occurs passes
through a PI controller and is added to an excitation voltage value. Depending on the deviation of the
speed deviation, the excitation voltage is adapted in such a way that the speed reaches the desired value.
A saturation block has been used so that the excitation voltage cannot exceed a maximum value.
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Figure 4-30: Excitation current control scheme
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4.1.5 Excitation current for speed control

The simulation results are shown in fig. 4-31. The input torque was first set to 40 N - m and at 1 sec a step
change to 30 N - m takes place. The excitation voltage increases during the change and so the speed is
reduced from the old to the new speed reference (1500 and 1200 rpm respectively).
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Figure 4-31: Speed decrease under excitation current control

In general, speed control is possible with this control scheme. However, the responses to the speed
changes are not as fast as the ones with the other control methods used previously. This is something that
was expected due to the relatively high time constants associated with this control scheme.

An alternative to this scheme that could improve the time constant of the responses could be a control
scheme that combines the excitation current control and the self-oscillating control, in order to achieve
optimum speed control. The new method is presented in paragraph 4.1.6.
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4.1.6 Combination Method

As stated previously, combining excitation current and self-oscillating control in order to achieve better
performance offers a challenge to further investigation. In the simulations following, the model in fig. 4-
17 has been used, with the only difference that the excitation current is not constant anymore, but can be
adapted depending on the different needs that might occur.

This combination method offers a high degree of freedom, since the independent control variables are
two: the excitation current and the gate pulse duty-cycle. So, a variety of different simulations has been
conducted.

In figure 4-32, an example of the new control strategy is given. The system operates at the steady state,
until the input torque is reduced significantly to a new level, with a step response. In the previous control
scheme, the action that would have taken place is a speed decrease. Alternatively, the action that is taken
here is a decrease at the excitation voltage, so that the speed can be kept constant at a desired level.
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Figure 4-32: Speed control (combination method) — Stable speed
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4.1.6 Combination Method

Two other control possibilities have been tested in the simulation in fig. 4.33. Here, at 0.2 sec, there is a
step decrease of the input torque. Instead of adapting the excitation current properly so that the speed is
kept constant, two different situations occur, depending on the needs. In the first case (between 0.2 sec
and 0.4 sec) the excitation current is kept constant, and so the speed reduces to the new reference (1100
rpm) set by the control system of the boost converter. The level of the new speed reference can be altered
by changing the value of the excitation voltage. At 0.4 sec, a step change at the excitation voltage enables
the speed reference to be set at a higher value (1300 rpm).
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Figure 4-33: Speed control — combination method

This example of combination control shows that it is possible to have an extra degree of freedom in terms
of controlling the rotor speed. Practically, this means that adapting the rotor speed according to the C,
curve becomes an easier task, since potential stability issues can be overcome using this control strategy.

Specifically, when using the optimum power output control scheme (speed control according to the C,
curve) the system has to be stable for all individual combinations of wind speed and rotor speed. In the
case that the system is not stable within a range of the curve, this combination method can be used in
order for these stability problems to be solved.
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4. Results and Discussions

4.1.7 Power Quality

The discontinuities associated with the operation of the system (due to the switching element) introduce
an issue of power quality. In order for the power quality to be evaluated, the THD of the current that

flows from the DC/AC converter to the grid has been measured.

As shown in fig. 4-34, the current THD is approximately 5%. This value is very satisfactory for such a
system, since it is close to the limit usually set by grid codes. However, either an active or a passive filter

can be used for harmonic compensation.
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Figure 4-34: Line current and its THD
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4.2 Power Control

4.2 Power Control

Another possibility for controlling the system is Power Control. A value for the desired output value is set
and the system supplies this amount of power to the grid, provided that the torque applied by the wind is
sufficient for the particular level of power.
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Figure 4-26: Power control scheme

The control scheme is similar to the one used for the speed control. A measurement from the machine
electrical power is taken and compared to the desired reference.

If the electrical power is greater than the reference, the boost converter is turned off. During the period
where no gate-pulse is given, the machine electrical power reduces, until it becomes again smaller than
the reference.

In the case that the machine electrical power is smaller than the reference, then a pulse is given to the
IGBT, which means that a short circuit is formed at the low voltage side of the converter. This results in
an electrical power increase, until it becomes higher than the reference.

It should be mentioned that, when using this control strategy, the input torque and the power reference
should be kept in balance. In other words, the mechanical input to the system must be equal to the
electrical power (plus the losses). Otherwise, the extra power offered to the system or delivered to the grid
will result in speeding the rotor up or down respectively. In order to achieve such an operation, pitch
control must be used in order to adapt the mechanical input power to the desired power reference.
However, it is obvious, that this is not the optimum way to operate a wind farm, since the potential power
output is greater than the one delivered, generally.
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The system was first tested without hysteresis control. The results in figure 4-27 showed that the system
delivers the desired output with remarkable accuracy. However, the switching frequency would reach
values close to 100kHz. As a matter of fact, this was far from being accepted.

Figure 4-27: Power control without hysteresis

So, hysteresis control was introduced. The limits of the zone that was used were 700W and -700W. The
results are shown in fig. 4-28. It is clear that the machine electrical power fluctuates within this zone
(power reference £ 700W) in every period of the gate-pulse. The selection of the zone limits were a
compromise between satisfactory power output and acceptable values of switching frequency. The
switching frequency with this choice of the zone limits was about 2 kHz.

In the simulation, the results of which are demonstrated below, two different situations are examined as
well as the dynamic phenomena during the change. First, the input torque is set at 50 N - m and the power
reference at 7653 W. At 0.2 sec the torque input changes to 43 N - m and the power reference to 6300 W.

As mentioned previously, the values for the torque input and the power reference in both cases have been
chosen so that there is a balance between input and output power and the rotor speed is kept constant in
levels close to the nominal speed.
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Figure 4-29: Detail from fig. 4-28
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4.2 Power Control

Figure 4-29: System overall losses under power control scheme

As a general comment regarding the way this control strategy works, it should be mentioned that the
system operates according to the way it is supposed to. It is possible to control the amount of power
delivered to the grid, depending on the needs. A power fluctuation, depending on the width of the
hysteresis zone, cannot be avoided; however, the average value of the electrical power is equal to the
desired reference.

Moreover, no severe transient phenomena take place during a change between two different power levels.
The power change is smooth and progressive, which means that the machine current adapts to the new
level without reaching values higher than the nominal.
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4.3 Future work

4.3 Future work

There are a number of topics that were either preliminarily investigated within this project or are
complement to the area covered by the project. Some of them can be an object for future work and are

listed below:

1. Implementation of a control scheme using real data from a C, curve in order to automatically
adjust the rotor speed depending on the wind speed. Investigation of potential stability issues.

2. Optimization of the system proposed above including the control of the excitation current
(implementation of the combination method).

3. Investigation of the way pitch control cooperates with such a system.

4. Detailed losses investigation at the different parts of the system, including a mean value
calculation, accurate for the whole range of variable-frequency operation of the system

5. In depth investigation of the generator losses and proposal of different construction designs that

could increase the efficiency.

Active filter design for the grid connected inverter in order for the power quality to be improved.

Investigation of a multi-terminal solution.

Scaling up the system to application-scale level.

o o =2

Cost analysis of the system in comparison to conventional or recently used systems
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5. Conclusion

5. Conclusion

Offshore wind farms promise to become an important source of energy in the near future; it is expected
that by the end of this decade, wind parks with a total capacity of thousands of megawatts will be installed
in European seas. The expected growth of off-shore wind farms introduces the need of developing new
technologies covering the needs of off-shore conditions in a better way, [10]. The DC link as a means for
connecting the system to the grid, dominates in most of the cases, due to long connections. For this
reason, there is the tendency for such systems to consist of DC parts mainly, which makes them more

efficient.

Within this project, the control of such a system has been investigated. The system consists of a
synchronous generator, a diode rectifier, a boost converter and a grid connected inverter. It was found that
no special generator design is required for the operation of the system, since a conventional synchronous
generator works fine. However, high losses at the generator imply that a special design might contribute

in eliminating the losses.

A second terminal was parallelized to the first one and the results showed that the two systems can
operate in a way that the one does not affect the other. It can be assumed that more systems can be

parallelized without any significant problems.

PWM control: The control scheme initially proposed is based on the PWM technique. It is possible to
control the speed of the generator by altering the duty-cycle of the boost converter. The results showed
that the response under different conditions was satisfactory. However, performance in terms of certain
aspects (e.g. overall losses during transient phenomena) can be improved with the use of self-oscillating

control.

Self-oscillating control: This control scheme offers an alternative in terms of controlling the speed and/or
the power. It proves that the results are similar to the PWM control, while at the same time the maximum
machine current during speed decrease is eliminated significantly, offering some advantages. A similar

control scheme can be used for power control, with satisfactory results.

Losses Investigation: The overall losses as well as the losses in every part of the system were
investigated. It was found that the system overall losses are approximately 11.5% for full load and reduce
to 10% for loads up to 80% of the nominal value. Investigation in each system component separately

showed that the losses are mainly due to the generator.
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5. Conclusion

Combination Method: A combination method (self-oscillating and excitation current control) was
introduced in order to offer another degree of freedom regarding speed control. The advantages of the two
methods can be combined using this control scheme. Potential stability problems of the self-oscillating
control can be overcome with this method. Fast, accurate and stable operation for every range of values

can be achieved.
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Parameter values

Synchronous Generator

Nominal Power 8100 W
Nominal Voltage (Vrums) 400 V
Nominal frequency 50 Hz
Rotor type Salient pole

Stator [R, L1, Lmd, Lmq]

[1.62 ohms, 0.004527 H, 0.1086 H, 0.05175 H]

Field [Rf, LIfd]

[1.208 ohms, 0.01132 H]

Dampers [Rkd, Llkd, Rkql, Llkq1]

[3.142 ohms, 0.007334 H, 4.772 ohms, 0.01015 H]

[Inertia (J), friction factor (F), pole pairs (p)]

[0.0923 kg.m’, 0.009 N.m.s, 2]

Rectifier
Number of bridge arms 3
Power electronic device Diodes
Snubber resistance (Ry) 10° ohms
Snubber capacitance 1F
Ron 0.1 ohms

IGBT (Boost-converter)

Resistance R, 0.01ohms
Inductance L., 0

Forward voltage (Vy) 1.5V
Current 10% fall time (Ty) 1¥10° s
Current tail time (T,) 2*%10°s
Snubber resistance R 1*10° ohms
Snubber capacitance Cy inf

Diode (Boost-converter)

Resistance R, 0.01ohms
Inductance L,, 0

Forward voltage (Vy) 1.2V
Initial current I 0

Snubber resistance R 1*10° ohms
Snubber capacitance Cq inf
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Parameter Values

Capacitor (Connected before the DC/AC converter)

Capacitance 10° F
Resistance 0.005 ohms
DC/AC Converter
Number of bridge arms 3
Power electronic device IGBT / Diodes
Snubber resistance (Ry) 10° ohms
Snubber capacitance inf
Ron 10~ ohms
Forward Voltages [Device (Vy), Diode (V)] [1.5V,1.5V]
[Ts, T [10°, 10
PWM carrier frequency 2000 Hz
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[Ipodroyog

H mapovoo dmlopotikn epyacio ekmovinke oto mAaicto tov mpoypauuatog Socrates/Erasmus oto
navemiotnuio Danmarks Tekniske Univeritet (DTU), tng Komeyydyne. EmpAénoviec kabnyntég nrov o K.
Tonny W. Rasmussen (DTU) kot o k. Avtoviog Khaddg (E.M.IL.), evdd vmebBuovn yioo 10 TpoOYypopLLo
Erasmus ot oyoAn HM.M.Y. fjitav 1 k. Kovotavtiva Nikfta. Tovg guyaptotd OA0VLE yloo TNV KOAR

ocuvepyooia.

H mopodoa éxdoon amotelel mepiAnyn g MmMAGUOTIKNG epyaciag “Dynamic Study of a System
consisting of two Terminal Boost controlled Synchronous Generators for Variable Speed Wind

Turbines”.

H duthopatiky epyocio TPOyHOTELETOL TN UEAETN] TOV EAEYXOL OTPOYMOV GOYXPOVOV YEVVITPIDV
petafAntav otpoe®dv. To vd peAétn cOoTNU amoTEAEITAL OO o GOYYPOVT YEVVATPLA, Evay avopOmTh
S10d0wv, évav petatporéon avoywong kot évav DC/AC petatponéa, cuvdedepévo e to diktvo. Eva tétolo
oUOTNUO OTOTEAEL pio eVOQEPOVOO EMIAOYY, Wtaitepa Yyl off-shore atolkd mhpka, oe 6TL 0Popd TIg
ATMAELEC, TO KOGTOC Kot TNV moAvmAokotnto. To emimedo tng tdong otnv DC mAievpd tov DC/AC
petatpomén olatnpeitar otabepo, e T Pondeto KATIAANAOL KuKA®UIOTOG EAEYYOL OTO peTatponéa. H
TAOT OKPOOEKTMV TNG YEVVNTPLOG EAEYYXETOL OO TO €VPOC TMV TMUAUMY TOV SLOKOTTIKOD GTOLYEIOV TOL
HETATPOTEN avOY@onG. Aegdopévov OTL M emayopevn tdon g yevvnepuag (E4) elvor avaloyn g
TOYOTNTOG TEPLOTPOPNG TG YEVVITPLAG, O EAEYYOG TNG TAONG UKPOIEKTMY 00NYEL 6TOV EAEYYO TAXVTNTOC

TG YEVVITPLOG.

210 mAaiclo g epyaciag, eEetdlovtal Stipopa oYNLATA EAEYYOV Yo EAEYYO TOGO TNG TOYVTNTAG OGO Kol
™G amodidopevng oyvoc. Mia pébodoc kotd tnv omoia ot moApoi dnovpyodvtal pe texvikiy PWM
ovykpiveton pe o véa uébodo mov avamtiynKe EKToOVOVTOC TNV TOPoVoO STAMUATIKY epyacia. H véa
puébodog Paciletar otov €heyyo votépnone. To amotehéopata £5e1av OTL EMTLYYAVOVIOL KOAADTEPQ
SVVOULKE YOPAKTNPIOTIKA [LE TN ¥pNon TG VELS LeBOSOV. ZOUTANPOUATIKE TPOG VTV, EICAYETOL EMIONG
pie ouvovaoTIK) HEB0O0C, Katd TNV omoia YPNoUomotleiTol TapdAANAa 0 EAEYYOG VOTEPNONG KOl O
ELEYYOG TOL PEVUATOC SLEYEPONG, LLE TETOO TPOTO MOTE VO EKUETAAALEDOVTAL TO TAEOVEKTNLOTO TOV 000

uebodmv.

EminpoocBeta, oty gpyoocia peietdvrolr ol ammAeleg mov epeavilelt to ovomua. Ilpoxvmtel 611 10
HEYOADTEPO LEPIOIO0 TOV AMMAEIDV o@eidetor otn yevvitpla. EmmAéov perétn ypedletor dote va

HELBOVV 01 GCUVOMKEG UTTDOAEIEC TOV GLUGTIILOTOG.

IMa dheg T1c TposouoldoELg Exel ypnotpomon el o Aoyioukd Matlab/Simulink.
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Elcaywyn

Ta peddovtikd aloiikd mapka avouévetot vo torodetovvial kupimg otn BdAacca (off-shore wind farms).
To Pacucd mheoveéKTU TOV BAAGCCIOV 0OMKOV TAPK®YV, 6 GYECT UE Ta GVUPOTIKG TOV ToToBETOVVTIL
omv &npad, eivar 6Tt T0 AOAMKO SUVOUIKO €lval gv yEvel LYNAOTEPO, eV TOPAAANAC 1 TOPPTN eivar
younAdtepn. H andotaor avapeso 6to aloAlkd mapKo kol To onueio ovvdeong oy Enpa umopel vo
Kopoivetal amd Alyo YIMOPETPO €mG apKETEC Oekdoeg YIMOUETPA. X oLvoéoels pe aywyovg AC 1
YOPNTIKNY EOPTIoN AaUPAveEL TOCO PEYAAES TIUEG, DOTE QLTI 1 TUPAUETPOG Vo TEPLOpilel TO PUNKOG TNG
ovvoeong. Ipaxtikd, avtd onuaivel 6TL 1 petapopd 1oxHo¢ oe peyaheg amootdoels (vrobuldoaoia, ympic

TN JLVVATOTNTA OVTICTAOLIGNG 1oY00C) elvar duvarr povo pe DC ovvdéoerc. [1].

Yvvenmg, aeov M ypnon DC ochvdeong eivar emPefinuévn yio t€t01 GLGTAHOTA, 1| ¥PNOT OGO TO
duvatov mepiocdtepV cuokevdv DC 610 cOOTNUO €ivol TPOTIHOTEPT, OC TPOG TIG OMMAEIES, TNV
TOAVTAOKOTNTO KOl TO KOOTOC. AVTOG 0 TPOTOG GUVOESNC EMITPEMEL EMIONG TOV aveEApTNTO EAEYYO TNG
KGO aveloyevvNTPLOG, [le oKomo gite TV amddoon pEyotng toyvoc (Maximum Power Point Tracking)
glte TV Topoyn otabepng 1oyvo¢ 610 diktvo. Emiong, eivar duvaty n pvouLon Tov GLVOAKOD GUVTEAESTN
oY00G TOL TAPKOV, 1WOOTNTO OAITEPO ONUAVTIKY, KABDMG Ol KOVOVEG OSLOCVVOESTG OMULTOVV TN
duvaTOTNTA TPOCPOPAS aEPYoL 1oYHOC avaioya pe Tn (Ntnom 1oyvoc Kol to eminedo ¢ TAoNG GTO

dlkTvo.

2Komdg NG MOPOVCOC OUWAMUOTIKNG epyaciag €lval 1 HEAET NG OLVOLUKNG GULUTEPLPOPES €VOG
OUCTAMOTOC Y10, OVEUOYEVVNTPLEG UETOPANTOV OTPOQDOV, OTOTEAOVUEVOL Omd OVO TEPUATIKE e
YEVVITPLEG EAEYYOUEVEG OO pPeTaTpomeic avoywong. To cvomua €xel mpotabel and tov Kaf. J. Kaas
Pedersen (UPEC'99), evd 1 mopovoa epyacio cuveyilel ) diepebvnon mov €xel mponynbel otov 1010

topéa omd Toug Ranjan Sharma kot Alejandreo Medina Calvo, [2],[3],[4].

To ocbomuo, 6mwg eaivetal oto oy. 1-1, amoteleitar omd g GUYYpoOvNn YEVWNTPLA, €vav avopBmT
0oV, Evov petatpomén avoywong, uia cuvesn DC kot évav DC/AC petatponéa. H tepwth pumopei va
elvar cuvoedepévn otov dEova TG YEVWITPLOG €ite péom KifmTiov TayvTTOV £ite am’ gubeiag, dedouévou
ot 1 yevvitpla Oa Srabéter peydrio apbpd norwv. Emiong, n ocvyypovn yevvintpla pmopel va gival gite
HOVIH®V poyvnTdv €ite pe TOAYU mediov. Xt de0Tepn mepintwor, npootifeton vag emmAéov Pabuog
elevbeplog mov €xel va Kavel pe to pevua di€yepone. O €heyyog tov pedUaTog O1€yepong Umopel va

TPOGPEPEL JLaL ETITAEOV ADOT OGOV APOPA GTOV EAEYYO TNG TOYVTNTAG TEPICTPOPTC TOV dPOLLEQ.



"Eppaocn divetar o1 HETOQOPA 10YVOC amd TIC YEVVINTPLEG TPOG TO OIKTLO, TAPAAANAL LE TOV EAEYYO

ToOTNTOG KOl 10Y0OC.

Onwg paivetol 6to SAypopLLo, Ol AKPOOEKTES TG YEVVITPLAG CLUVOEOVTAL LLE TOV avopBmT d100mV. XN
GUVEYELDL CUVOEETAL O UETATPOTENG AVOYMOTG, O OTOI0G AVOYMVEL TNV TACT G€ £va LYNAOTEPO EMimedO.
Xe owtd T0 onueio ocvvdéovtal ot maPAAANAOL KAGOOL TOv cuoThiuatos. AkoAovBel po DC ypoapun

HETAPOPAG K O AVTIOTPOPENS GVVOESTC GTO OIKTLO.

Turbine s  Synchronous Generator Diode Rectifier DC-DC Corvearter HVDC Line DC-AC irverter Citicd
— [
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Zx. 1.1: IXNUOTIKO SLAypOLa CUCTAUOTOG

O DC/AC avtiotpo@éng, €KTOg amd TNV Tpopavi Aettovpyio g petatpomng and DC oe AC, sivan
oYEO0OUEVOG Le TETOW0 TpOmo mate va dwatnpel v DC tdon otabepn. Epocov n tdon otnv mAegvpd
VYNANG TAGCTG TOV HETUTPOTEN AVOW®OTG dlatnpeitol otabepn, pmopei va emtevydel Edeyyog TaydTNTOG
pe v oAdayn tov g0povg tv ToApmv tov IGBT tov petatpomén avOywmong, XPNOLLOTOIMVTAG TNV

teyvik) PWM.

EminpooBeta, 6to mhaicilo g mapovcag epyaciog avamtoydnke o véa HEBodoc eAEYYOL NG TaVTNTAG,

mov Pacileton otov Eheyyo votépnong (hysteresis — self oscillation control).



Ta Pacwd onpeio evdola@épovtoc eivol 0 EAeYY0G TaDTNTAG Kol 10YV0G, TOPAAANAL LE VTOAOYICUO KOl
OLEPEDVIOT TOV OMOAELDY. ZVUTANPOUATIKA TPOoG TIG 2 neBddovg mov avagépnkay mtopamave (EAeyyog
PWM «xot votépnong), pia suvduaoTiki HEB0d0C EAEYYOV VOTEPNONG Kot PEOUOTOC S1EYEPONG LeEAETATOL

EMioNG.



T'evikn Oewpla

H 6smpio tapovsidletor avalvtikd otnV Tp®TOTLTN £KO0GN OTA AyYMKA. TNV TpOoVca, £KO00T
TOPoVGLALoVTOL LOVO KATOIEG GYECELG TTOV (PNCILOTOLOVVTOL TN GLUVEYEL.

TVyxpovn Fevtpla

e o o0YYpovT] YEVVIATPLO, 1] CLUYVOTNTO TEPLOTPOPTG TOL dPOUEn Elval

n,P
Je =120
omov  f, = nnlektpun ovyvotnta o€ Hz

Ny, = N UNYAVIKY TAYOTNTA TEPLOTPOPY TOU SPOUER, OE T/min

P = 0 apifuos twv moélwv

H HEA bivetan oo ) oyéon
Ey = \2nNcof efiowon (2.1)
omov @ = payvntikn pon

f = ovyvétnra mepioTopic

TPAYLLO TOL GNUAIVEL OTL EEQPTATOL OO TO PEVLLOL LAYVITIONG, TI GLYVOTNTA TEPIGTPOPNG TNG YEVVITPLOG

KO TNV KOTOOKELT] TNG UNYOVIG.

loodvvouo kdrloua
H 101 otovg akpodéktec g yevviTplag divetat omd t oyéon:
Vo =Ey—jXsly — Ryl eliowon (2.2)
omov Xg = avyypovn avtidpaon atdtn
R, = avtiotaon atdtn

I, = pebua tvumdvov



MeTatpoméag avoPwot)g

O petoTpoméns avoymong eival pio S1iTaén NAEKTPOVIK®V 16Y00G LE TV OTO10 TETVYOAVETAL 1] AVOY®ON
DC tdongc. O A0yog PeTaoyNUOTIGHOD TOL TPOKVTTEL EIvaL
Vo _ Ts 1

Ve tory = P Eliowon (2.3)

omov V, = taon e£odov
V= téon e160d0v

D = duty cycle maludv tov draxontikod oroiyeiov

'EAgyx0G¢ YoTépNnong

‘Eva oynuo eA&yyov mov ypNoomolEital cuyvl oe JATAEELG NAEKTPOVIKOV 10YVOG €ivarl 0 €AeYyOC
VOTEPNONG. AVTL TO GOGTNUA VO AEITOVPYEL e oTOOEPT] SOKOTTTIKT GUYVOTNTA, £VOG ELEYKTIG VOTEPTONG

avoiyet ko kAgivel To nuayo@yyo ototyeio, [8].

"Eva mopddetypo ehéyyov votépnong divetol 6To mOPaKATO GYHHO, OOV TO PVl EAEYYXETAL OO Evov

LLETATPOTEN AVOYMOOTG Le TpOTO dote va Ppioketor og éva e0pog £10% amd v embount avapopd.

Ixnpa 2-1: ‘EAeyxog votépnong pe avoxn £10%



'EAgyxo0G pe space-vectors

H avamopdotaon Tpiooctk®v GUUUETPIKOV peyebmv gival duvatdv va yivel amd dvo udvo davoouata,
ot0 ovotnua of. ['a To petaoynuatiopd amd to éva cvotuo (abc) oto dAdo (af) ypioLoTolovVTOL Ot

TOPOKATO CYECELS:

2[1 _1 _1—| xa(t)
ol=3 & El e
xg 3 3 3

0 - -5l xc(t)

1 0
Xq(t) [_1 V3 ‘
o A
xc(t) 1 \/EJ b
2 T2

O1 cuviotdoeg aff etvat SuvaTOV Vo EKPPAGTOVV GTI GLVEYELN (G LE TEPLOTPEPOEVO dtovoopato (dq) pe

TOV TOPAKATO LETOCYNLATIGHO:
Vg = Vgc050 — vgsind
Vg = vgcost + v,sinb
omov 0 eival 1 YOVIOKT] amOKAGT] TOV TAULGIOV AvapOpdac.

Ot petacynuotiopol avtoli eivar Waitepa ypnoipol, KoOmMG TPosPEpovy TN duvaToTnTo 0VESAPTNTOL

EAEYYOVL Y1 TNV EveEPYO Kot TNV depyo 1oyD.

[Tepiocotepa otoryeion Bewpiog pmopodv va avalnmmBodv oty mpwtdTLn epyacio KabDG Kol OTIg
avapopés [5], [6], [7], [8].



MovtéAo [Ipocopoiwong

DC/AC Metatpoméag

Onwg avaeépOnke oty sioayoyr, o DC/AC petatpoméag €xel oyedlootel pe TETO0 TPOTO DOTE TO
eminedo ¢ DC 1dong va datnpeital otabepd. Avth 1 1010t To ToL petatponéa eival kKaBopiloTikn yio o
Aertovpyio, TOL GLOTHUATOG, KOOMG 0 EAEYYOC TAXDTNTOG UE KUTAAANAT pOOUIGT) TOL EVPOVE TV TOAUDY
TOL SLOKOTTIKOV oToLEiov TpobTobitel otabepn tdon oty DC mAevpd tov petoTpoméa.

To wOKhopo eléyyov tov petatpoméa, mov Pociletor oe éheyyo pe dwvdopato “space vector”,
mopovotdletarl oto oynua 3-1, [9].

Voltage Measurement 1
la—1

v

a N\ —

Series RLC Branch 1

V_dqtoalpha _beta1 Valpha _beta to abc 1 Discrete L L

o] a v a - PWM Generator 1
>

Vapla Valpha

4’—>V7q Vb
" [P | a V_Angle Vbeta |——————P» Vbeta Ve Gain1 Memory 1

o
Three -Phase
E Series RLC Branch 2
Angle
y
n

V_beta < 3]
Angle calculation n n
Ioh: e
V_alpha ¢ ‘|a
v V_beta |4
L V_Angle (—y Vab to alpha -beta
]
> w3 Vd calculation o
= o
VM6
J\
> w2 Y [
i ricmi
4
aloh
id Lalpha &
i_beta [«
iq i_Angle l— labc to alpha -beta
id-iq calculation

Network
440Vrms LN - 10 MVA1

Ixfipa 3-1: KokAwpa eAéyxou DC/AC petatponéa
Kordwuo EAEyyov

Metprioeig pedpatog kot téong Aappdavoviar oty AC migvpd tov petotpoméa. Ot HETPNGEIS OVTEC
XPNOYOTOL00VTIOL Y10 TOV VTOAOYIGUO TOV OLVUCUATOV V4, 14, 1g, OMOG a0Td TEPLyplpovTal GTnv
mapaypoapo 2.8 (e€iomoeig 2.3, 2.4 ko 2.5). To xuptdtepo mAeovéKTNUa TG ¥PNong d Kol q cCUVICTOCHOV
elvar n duvatdTTa TG AVEEAPTNTNG EKPPUCTIG EVEPYOD KOl BLEPYOVL 1OYVOC, KOl GUVETMG 1 SLVATOTNTO
aveEdpTnToL ELEYYOL TMV dVO.



Eleyyog evepyod 1oydog

H tyn tov 800 V cuveyolc tdong €xel emieybel wg m ovopaotikh tdon vy v DC mievpd tov
petatponéo. H emloyn avt) €ytve AOy® TOGO TG TPONYOVUEVNG EPYOUCTNPLOKNG EUTTELPIOC G avTd TO
EMMEd0, OCO KOl TOL YEYOVOTOG OTL EMTELYONKE IKAVOTOMTIKY AELTOVPYID KOl UETE TOV TOPUAANAIOUO
NG OEVTEPNG YEVVITPLOG,.

H DC tdon cvykpiveton pe v avoaeopd tov 800 V kol To amoTtéAecpa TG apaipeong mepvi and Evay
Pl-gkeyktn. 10 anotéiecspo mpooTifeTan N TTAOGCT TAONG KATO UNKOG TG EXAYMYNS TOV OVTIGTPOPED, EVA
TO TEMKO OGN0 OV TPOKVATEL €ival M T Vg oL €AEYxeL v T ¢ dc tdong. Z1n ovvéysln
axoAlovBobv ot avticTpool petacynuaticpol d-q kol o-f, MeTE Vo TPOKOYOUV Ol OVAPOPES TIG TAGELG
010 cvotnuo abe. Ot TEG aVTéC YpNoIoTolovVTaL Y10 PWM Stoudppmon TV TaAU®DY TOV aVTIGTPOPE.

Eleyyog apyov 16y00g

O éleyyog TG PoNG 0€PYou 1oY00G YIVETOL e OVTIOTOLYO TPOTO. AVAAOYQ LE TNV T OVOQOPES TOVL ig,
pvOuileTar 1 TOGHTNTO TS AEPYOL 1OYVOC TTOV EITE OTOPPOPATAL OO TOV AVTICTPOPEN EITE S1OYETEVETAL
0710 diKTvO.

2yedloon tov Pl eleyrri

O Béltioteg Tipéc Y Tov Pl gheyktn oto KOKAGOUA EAEYXOL TOL LETATPOTED £XOVUE EMAEYEL UE TNV
aKkolovOn pebodoroyia:

Apycd n Tipn Tov képdovg olokAnpwong (k;) tibetar ion pe undév. H tyur tov averoykod képdovg (k,)
EMALYETAL MG 1 UEYAAVTEPN dUVATH YO TNV OMOi0L TO GVUOTNUO TOPUUEVEL EVOTABEG. XTN CUVEKELD,
éxovtag EMAEEEL TNV TN Y1 TO KEPDOG K, EMALYETON KOL 1) TUUT] Y100 TO KEPSOG k; e avtioToryo Tpdmo.

Ot tipég tov képdovg Tv Pl-eleyktodv mov eAéyyovv v i g DC 1dong €xovv emiieyel pe t€t010
TpOMO MOTE Vo EMTLYYAVETAL £Vag SLVUPIBAcIOG LeTa&d TG TING LIEPVY MGG Kot TG 6TABEPAS YPOVOV.
Onwg eaivetar oto oy. 3-2, 1 vaepvymon tdong gival Tepinov ion pe 4% g Tdong avoaeopdc (800 V),
evd M TaAdvImon YOpw omd v T ovty dwapkel Aydtepo amd 0.3 sec. TVVETMC, 1 CLUYKEKPUEVN
UEB0dOG eAEyYOVL AmOdEKVOETAL apPKETE omoTeAeopatikn, kobmg 1 DC tdon pmopel vo Bewpnbei
TPOKTIKA oTodEPT).



ZX. 3-2: DC Tdon avtiotpodéa



AVOAVTIKY TIEPLY PAPT] TOV TPOTIOV EAEYXOV THG TAYXVTITAG TNG YEVVITPLAG

2e auTn TNV Topdypoeo TapovctdleTol 1o BempnTikd LIOPAOPO TOL TPOTOV LE TOV OTTOI0 EMLTVYYAVETOL O

€Xeyy0G TG TAOTNTOC TOV SPOUEN TNG YEVVITPLOG.

Kotd ta yvootd, 1o avospHaTIKO S1dypape. TOV TACEDY
Ex 0€ o oOyYpovn YEVVIATPLO Yio Hovadloio GUVTELESTY
1oYVOG Yo KAmola cuyvotnta (€0T® f7), €lval avtd TOL

JXsla )
oynuotog 3-3.

x.3.3 A V|ARA . Onwg topovcidotnke vopitepa, 1 HEA divetor amd
oyxéon (€. 2.1). Avtd onpaiver 6T e€optdtor omd TO

PEVUO OLEYEPONC KOL OO TNV TOYLTNTO TEPIGTPOPNG TOL dpopéa. H tdon akpodektdv NG yevvnTplog
puOuiletar amd 10 gVpog Twv Taipmv Tov IGBT Tov petatponéa aviymonc. tn Hoviun Katdotaon, auTn
N taon mapapével otadepn Kot £T61 oTadEp] TAPOUUEVEL KOl 1) TOYOTNTO TEPIOGTPOPNG TOL dpopéd. Ao
v €€. (2.3) N £kppacn TOL TPOKVTTEL Y10, TV Thom akpodektav V, eivar V, = (1 — D) -V, dmov Vo
elvar 1 DC tdon omv mhevpd vynAng TGong Tov HETOTPOTEN AVOYMONG GTO LOVOPAGIKO 1G000VOUO

KOKA®LO.

Kotd ™ didpkela g Helmwong e TaydTNToS, T0 E0pOg TOV

ToAuoV avéavetat, kot £To m taon V, peroverat. Xto oy. 3-4
jXSIA

(QOIVETOL TO OVUOUOTIKO OAYPOUUO, OKPP®G KOTE TN

Vo
2x. 3.4 1aRa

XPOVIKT|] oTiypn 6mov N thon V, £xet pewwbel kar  todTnTOL
Tov dpopéa Oev €yl apyicel va  petafdiieton, Aoyw
adpAVELG. AQoD 1 TaXOTNTA TEPIGTPOPNG TOV dpopén e&aorovbel va glvar 1010 pe v Tponyovuevn

KatdoTaot, 1 cuyvoTNTa Tapapével iom pe f; kot étol 1 HEA dwatnpetl emiong v mponyoduevn Tiun me.

Koatd ) 61dpreia autig g mePLodov, T0 PEOUO TOUTAVOL av&AveTal, OTMS Vol AVOUEVOUEVO, KOOGS
otav 1o dévucpa ¥, Exel kpoTepPo PETPO, TOTE TO 14 TPEMEL VoL £XEL HEYAADTEPO PUETPO, OGTE 1) G)Eom 2.3

va e&arxoiovdnoet va tkovomoteital.

[Mapdra avtd, avt dev eivar otabepn Katdotaon, kabmg 1 woyvg €£ddov g yevvirprloag (péyebog
avaloyo mpog Vv tdomn ¥, kot to pedpa topmdvov 1) eivor peyordtepn o€ oy£on UE TNV EIGEPYOUEVT
UNYOVIKT 1oYd oTov dEova TG YevviTplog. Emopévag, To chotnua TpETEL Vo IGOPPOTTNGEL GE Hio. evoTadn
Katdotoorn. Avtd Tov cuuPaivel eivatl 0TL TO PEdUA TNG YEVVATPLOG UELDVETOL LE TETOLO0 TPOTO MOTE 1|

eepyopevn 1oybg va 1oovtal pe v swoepyopevn. [pokepévon va oyvel n oxéon (1.2), n HEA g
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yevwntplog mpémel voo pelmBel. Aedopévov 6Tt To pedpa poyviTiong mopapével otafepd, mn povn
dvvatdtra Yoo ) peiowon g HEA eivan m pelowon g taydtmrog mepiotpoeng tov dpouéa g
YEVVATPLOG. XUVVETMDC, 1 TOYLTNTO TEPIOTPOPNC HEIDVETOL £0C OTOVL €mMEADEL Lo €VGTUONG HOVIUN

KOTAGTACT) AELTOLPYING.

210 o). 3.5 mapovcldleTol TO AVUCUOTIKO OLUYPOLLO, HETA TN

Ex peiowon g towtag. H ovyvétro (éoto f5) otnv omoia
JXsla avapEPETAL TO ddypapLpa avtd, Elvol oVTH TOL AvTIoTOLXEL TN VX
>—> TOOTNTO TEPICTPOPNC.
.35 Vg 1aRA

H dwdwcasio advénong e taxdtntoc TeptoTpoens cLPaivel o avtictotyo Tpomo.
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ATIOTEAEOPATA KAL ZUUTEPACUATA

To cvomnua gival duvatov vo Aettovpyet pe 6000 SLOPOPETIKES TEYVIKEG EAEYYOL: LE EAEYYO OTPOPOV EITE
pe éreyyo amoddduevng woyvoc. Emopévme, avaloya e v mepintmon, unopel va emitevybel Asttovpyia

elte e péyrotn amorafny woyvog (MPPT) eite pe otabepny omoAiafny 1oyvog.

Xmv mepintmon ¢ HEYIoTNG amoAaPng 1oyvG, 1 TayOTNTO TEPICTPOPNC TOV Jpopén akorovbel
SLOKOLLOVGT TNG TOYVTNTAG TOV OVEROL, GVUP®VA e TNV KaumOAn Cp. Otav n toydTNTO TOV AVELOL
vrepPel v ovopaoTIKN, 0 EAeyy0C Yoviag Tov ttepvyimv (pitch-control) emevepyel, dote N TEMKE 1 0
OPOLENG VO GTPEPETAL LE TNV OVOUUOTIKY TOYVTNTO. XTNV TEPIMTMOOT TOL 1] TAXVTNTA TOL AVELOL gival
HUIKPOTEPT] OO TNV OVOUOGTIKY TN, 1 ToyVTNTA TOv dpopéa mposapuoletar otn PEATIOT UECH TOL

eAEYYOL TOV gVPOLG TV TOAL®OY Tov IGBT tov petatpoméa aviymong.

To ovomuo givol dSvvatdv emione vo AEITOVPYNOEL GOV Lo GUUPATIKY LOVASO MAEKTPOTOPAYMOYNG, LE
v évvola 0Tt umopel va omodidet o Ty otadepng 1ox0o¢ TPog To diKTLO, OESOUEVOL OTL 1) TOYLTNTA
ToL avERoL Ba emapkel yio To emimedo TG 1oyvOg avThS. Agdopévou 0T 1 TaHTNTO TOV OVELLOV Ogv givat
otabepn, Yo va emtevyBel otabepn 1oyhg €600V, 0 Eleyyog TTpémet va, yivel o€ 2 emimeda. XTIg apyEg
UETAPOAEC TNG TOYLTNTOG TOL OVEROL emevepyel o €heyyog ywviag (pitch-control), evd ot ypryopeg

HETOUPOAES ATOPPOPDVTOL A0 TO CUGTIUA EAEYYOV TNG TOYVTNTAG TNG YEVVITPLOG.

210 amoteAéopata tapovstalovtol dvo péBodot eléyyov: H pia ypnoponotet v texvikn PWM yia
onuovpyior TV TOAUOY EAEYYOL, evd 1 dehTEPN HEDOOOC, OV AVOTTOYONKE GTO MAOIGLO OVTNG TNG

Ao uaTIknG epyaciog, Paciletal oe Eleyyo voTéPMONG.

'EAgyxog Tayvtntag

'EAeyxoc pe PWM

Apyikd, T0 GUOTNUO IOV TPOTAONKE TPog UEAETN, elvar avtd Tov oynuatog 4-1. Onwg eénynonke
VOPITEPA, 1 TOYLTNTO TEPICTPOPNG TOL Opouéa pmopel va ereyybel pe ) pvOUoN TOL €VPOLG TMV
molpmv (duty-cycle) tov IGBT. To xdxhopo gréyyov mepthapupdvel Evav cuykptty pe v embountn

avapopd, Eva KEPAOG, L0 YEVVITPLO TPLYOVIKOV TOAUMY KOl VOV GYECIUKO TEAECTY.
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Tm step rate Imt

<Rotor speed wm (rad/s)>

DC/AC
Converter

IGBT

v |
Cm—mac

Synchronous Machine Rectifier

400 V 8.1 kW2

Figure 4-1: KOkKAwpa eAéyxou yLa texviki PWM

Leprypoapn e Aeitovpyiog T0v GyuaTog EAEYYoD

M pétpnon toydntag AapBaveTon amd Tn yEVWNITPLO Kol GUYKPIVETOL e TV emBount) avoeopd. To
OmOTEAEG O TOAMATANGIALETOL LE TO KEPOOG KO GTN CLUVEXELD AKOAOLOEL 1 GUYKPION LE TOV TPIYOVIKO
TOALO. ATO 1O AmOTEAEGHO OVTO TPOoKOITOLVY ot moApol Yo to IGBT tov petatpoméa avdywong. To
evpog TV moApmv kabopilel ™ petafoir g tayvTnTog TEPLoTPoPNS. Otav Aapfdvel peydieg Téc, n
TayOTNTO aVEAVETAL, eV Y10 KPEG TIUEG HElDVETAL. Ot cuveyeic evaAAayEg TOL E0POVG TOV TOAUMY UE
10 pLOUO oV KaBopilel N daxonTiky cuyvotnta (2 kHz og avth v mepintwon) datnpovv v taydTNTa

TOV OPOUEN OTNV EMOLUNTA TOYVTNTO PE TKOVOTONTIKT aKPifELa.

Amoteréouara

Avo cvotipota, Opold pe avutd tov oy. 4-1, mapoidniiotnkov petafd tov kot pe tov DC/AC
HETATPOTED, OTG PAivETOL GTO GY. 4-2.

INa 11 Tpocopoimwoelc BempnOnke o pomn €16660V, 1 OO0 TPOGOUOIDVEL TNV PO TOV OCKEITUL O
oV Gvepo otov AEovo YEVVATPOG. XKOTOG €ivar vo dwatnpnbei otobepn mn taydnta Yoo dedouévn
TOYOTNTO OVEROL, V@ o Tpémel emiong T0 GOGTNUE. VO UTOPEL VO TPOGOPUOCTEL 08 AVEOUEIMOELS TNG

TaOTNTOG TOV OVELOV, KOl GUVETMG KOl TG TOXVTNTOG TEPIGTPOPNG TOV dPOUEQ.
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Ixnua 4-2: Movtélo poocopoiwong
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Tevika

Apyikd t0 cOOTNHO HEAETNONKE e Lo YEVVATPLO KOL OTI GUVEXELD Lo Og0TEPT mapoAAnAiotnke. Ta
oamoteAéopato £6€1E0Y, OTTMG OVALEVOTAY, OTL 1| Asttovpyia TG KABe yevvhtplag eival aveEdptnn amd

™V GAAT, KaBhg og dnpuovpyeiton kdmoo aElonpdGEKTN TOPELPOAY.

Y10 oy. 4-3, mapovoidletal n yeviky amddocn Tov cvoTiHoToc. Ta peyédn mov mapovsidlovrol givar 1
TOYOTNTO TOV dPOUEN, 1| NAEKTPIKT 1GYVG TG YEVVITPWG Kol TO PELLO 0KPOdEKT®V TNe. H mpocopoimon
Eexva e to dpopéa va meploTpépetar otic 1500 ZAA, ot cuvéyela 1 toydTa pewdveton otig 1300

YAA (0.2 sec), eved tehkd emtoydvetar otig 1600 ZAA (0.4 sec).

To choue delyveL VO GUUTEPLPEPETAL PE TPOTO avapEVOpEVO. H avapopd tng TaydTtnToc, S1apiécon TG
dtpdpemong PWM, €xel og amotédespa T dotnpnon e TaydTnTog oto entBuunto eninedo. Emumiéov,

o1 fnpatikég amoKkpioelg ot LETAPOAN TNG PO E16000V gival Tayeieg Kot axpiPeic.

2nuelo evOLapEPOVTOS

Ta onueio mOL GVLYKEVIPOVOLY 1O10HTEPO EVOLPEPO €ivol oLTA GTO Omoio VTAPYEL UETAPOA NG
avagopdg ¢ tayvtnToac. Toéco katd v avénor, 660 Kol Kotd Tn HEloTn Tng ToydTNTaG Avapopds, o
dpopéag avromokpiveral tkovomomtikd. Ot dwudikacieg g advénong kot g HeloNg NG ToYLTNTOG

TEPLYPAPOVTOL OVUAVTIKG TOPUKATE.

Meiwon toyotnroag

Otav 1 0oKOOUEVT POTTH GTO TTEPVYLOL LEWDVETAL, 1] TAXVTNTO TOV OPOUEN TPETEL VO AKOAOVONGEL 0T T
peiwon, coppova pe v kaumoin Cp. Ztnv mepintwon mov vrdpéel o fnuotikn peioon oty pomn, Oa
TPEMEL VO 0KOAOVONGEL Kat Lo avTicTotyn pelmon oty ToybTNTo TOV dPOUEN TS YEVVRTPLOG (Y. 0md TIg
1500 otig 1300 XAA). KabBog n taydtnto peidveTat, To onpo EAEYYov 610 KOKAMUA eAEYYOL Ba el TIUN
CUVEYMC UIKPOTEPT] GE GYEON UE TOV TPLY®VIKO TOAWS, Tov onuaivel 0Tt Bo eTavel TOALOC Evavong 6To
IGBT «a0’6An 1t dudpkewo ¢ peiowong g tavmmrog. Avtd Opmc onuaivel 6Tt Bo vrdpyer €va
BpoyvkOKA®UO GtV TAELPA TNG YEVVATPLOG, £MC OTOV TPOGOPUOCTEL M ToYOTNTO OTNV EMBLUNTN
avoeopd. 'Etol, ot Téc tov pedOTOC TTOV OVOTTUGGOVTOL GE OLTO TO OLACTNUO Elval OMUOVTIKE
VYNAOTEPEG GE GYECT LE TNV OVOULOOTIKN TIUY, TPOKOAMVTOG VYNAEC GTMAEEG KAl KATOTOHVNON TNG

YEVVITPLOG,.
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INa 1o petplacud tov eavouévov ovtol, e AVon omotedel 0 TEPLOPIGIOG TNG KAIONG OTIV avapopd TNG

tayvntog. [Ipokvmel 6Tt e ovTd ToV TPOTO, 01 TESG TOV PEVLITOG TOPAUEVOVY GE OOOEKTA TAIGLA.

Ixnua 4-3: Msiwon kot av§non taxvtntag pe éAeyxo PWM

Avénon toydTntog

H Swdwooio adénong g tayvtnTog, dapépel ehappd. OTav 1 avaeopd g TaydTNTog ovEAvETal, 1|
TN ¢ givor vymAdtepn oe GYECT LE TNV TPEYOLGO TAYVTNTA, Y10 TO SIUCTNO TOV dlapKel 1 adénon.
‘Etol, og avtd 10 ddotnpa dg divetor maipoc évavong oto IGBT, pe amotéleopa va pnv dyst ko,
CUVETMG, VO, U1 UETAPEPETAL 1GYVG TPOG TO OIKTVO. Xg OUTO TO OIAGTNUA, OAN 1) EIGEPYOUEVT EVEPYELD
amoOnKeHETAL GTO SPOUEN (OC KIVNTIKY, LE ATOTEAEGLA TV avENoN TG TavTNTaS. OTov 1 TaydtnTa yivel
fom pe v ToyLTNTO AVOEOPAS, TO COGTNC EXAVEPYETOUL OTT LOVIUT KOTACTOOT AElTovpyiog.

Avalvtikn exenynon Aertovpyiog

¥10 oy. 4-4, TapovclAleTal Uio TEPIGGOTEPO AEMTOUEPNC EIKOVE Yio T AgITOLPYia Tov cuothiuatoc. H
dwakvpaveon g toyvrag etvan £0.02%, mov pmopel va Bewpnbel apretd kavomomtikny. H niextpikn
1oYOG NG YevvnTplag Topovatalet po andxiion £20% yopw amd ) péon .
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Ixfiua 4-4: AemtopépeLa ano to oy. 4-3.

210 o). 4-6 TapovcldleTOl O OKOMO KOVTIVOTEPY GmOYM TNG AELTOLPYING TOV GUOTHUOTOC, OTOV
(QOivVETOL O TPOTOC LIE TOV 0mOi0 dnuovpyohvTol 01 ToApol, Kabmg Kot 0 TpOTog Tov avTol ennpedlovy
Aettovpyio TOL GLGTNLOTOC.

Orav diveton kdmolog maAndg oto IGBT, dnuiovpyeiton £va BpoyukdkAmpo oTny TAEVPA TG YEVVATPLOG
yio aVTd 1O O1doTna. AvTd €YEL MG OMOTEAEGA TNV OENGT TOL PEVLOTOG TNG YEVVITPLOG KAOMS Kot TG
NAeKTPIKNG 1oyv0oc. Tnv 8o otiyun], To pedue 6TV TAELPE VYNANG TAOTG TOV UETATPOTED OVOWYMONG
glval ioo pe undév. Xe avth ™ QAo 1 EICEPYOLEVT] EVEPYELN ATOONKEVETUL GTO EXAYMOYIKA GTOXELD TNG
YEVVITPLOG,

Otav 10 onuo eAéyyov Taipvel LIKPOTEPT TN oo To PEPOV, dev divetal TAéov mahudg oto IGBT. Avtod
onuaivel 0Tt TAEOV péeEL TPOG TO OIKTLO WEPOC TNG EVEPYELNG OV oamofnkedTNKe TPONYOOUEVE OGN
vevvitpla. DC pedpa péet mpog tov DC/AC petatponéa pe gbivovta tpomo, émg 6tov do0el vEog TaApOg
oto IGBT. Ilpénel va onueiwbel 6t evd 10 DC pedpa @bivel, avtd d¢ yiverar ico pe undév, mpdyua mov
OMUOIVEL OTL O PETATPOTENG AVOWWOOTG AEITOVPYEL e GuvEXEG pEb O TTVioV.

Mo evaAhaxTikny AOon Yo Letapopd 16y00g Katd Ty avénon taydtntoc, Ttapovstaletol oto o). 4-6. I'a
Vo EMTEVYTEL aVTN 1 Agttovpyia meplopileton 1 kKAIoN NG UETABOANG TNG OVAPOPAG TNG TOYVTNTOGC.
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DC curment

Figure 4-6: AU§non tayvutntag pe petadopd Woxvog tapdAAnia
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ATtAELES

Ot GLVOMKEG AMMAEIEG TOV GLGTNHOTOG dlepevvvTal. H unyovikn 1oyvg €166000 GLYKPIVETAL PE TNV
evepyd 1oy0 mov amodidetar 6to dikTvo. To AmoTEAEGHN QLTHG TG GVYKPLONG 1G0VTOL HE TIC GUVOMKEG

OTOAEIEC TOV GLOTHATOG (o). 4-7).

IxAUa 4-7: ZUVOALKEG OIMWAELEG CUOTILATOG

H pnyovikni oyd¢ e166dov (7850 W) givan oyeddv iom e TV ovouaoTIKn 1oy0 TG YevviTplag (8100 W).

INa avtd 10 Poptio, 01 GLVOALKES amMAELES TOV GuoTHaTOG gival mepinov 11.5%.

T'eviko ayolio

[Mopoéro mov To AMOTEAEGUATO LE OLTO TO GYNLLO EAEYYXOV EIVOL IKAVOTONTIKG, Mo EVOAAAKTIKY HEBOSOG
eléyyov éxet avomtuyBel. H mapovoiaon g peboddov axolovbel otnv emduevn mopdypapo.
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'EAgyxo¢ Yotépnong

THopovoiaon s uedodov

H Swpopd avépeca oe avtr ) pnéBodO Kol VT TOV TOPOLGLAGTNKE TPOTYOVUEVA Eivor OTL Ot Aol
ogv oynuoatifoviotl petd amd cOYKPIoN HE KATOW TPLY®VIKN TOALOCELPA, 0AAd Kabopilovtor amd To
TPOGN O TOL GEAALOTOC TG TaXVTNTAG MG TPOG TNV emBuunti avaeopd. I'a tov €heyyo g cuyvOTNTAG,
YPNOUOTOLEITOL EAEYYOG VOTEPNONG. X€ OVTN TNV TEPIMT®ON, ovti 1 cOYKPION TOV CEAAUATOS TNG
TavTNTOG Vo yivetal pe to 0, yiveton pe o {ovn yopo omd to undév. To gvpog e Lovne kabopilel T

SLOKOTTIKT GLYVOTNTO TOL GUCTHLLOTOG,

Speed Ref rate Imt

<Rotor speed wm (rad/s)>

= By
J’ Diode
" y
> P
" . P -
o————a
‘ * DC/AC
IGBT |
Bg— @B Converter
>V . ‘ de— E w =
g————@ac
Synchronous Machine Rectifier
400 V 8.1 kW1

Figure 4-8: KOkAwpoa eA€éyxou yLa EAeyX0o UOTEPNONG

Lepiypapn e Aertovpyios Tov oVOTHUATOS

Ot moApoi yuo to IGBT donuovpyodvrar omd éva “Relay” umhox, oto omoio pvBuilovtatl ot d0o TEC ToL
oynuatiCovv tn {ovn votépnong ekatépwbey tov undevog. ‘Etot, étav 1 andxiion omd v embount
TOOTNTO TOipVEL TIUN HEYAAVTEPT Ao TO Thve Op1o g {dvng, o IGBT apyilel va dyet, mpoxkeévov n
TayvTTa v pembel, OTmg £xel meprypagel vopitepa. Avtifeta, 0tov 1 omdKAIoT YiveTtan LiKpoTeEPT OO
™V TN 1oL Katw opiov ¢ {dvne, o IGBT otapatd va dyel, Je OmOTEAEGILO 1] TOYVTNTA VA, APYICEL VO
av&avetar Eavd. ‘Etot, pe ) cvveyn evaiiayn avAapesa 6TIC 000 KOTAGTACELS, EMITUYYAVETOL O EAEYYOC
tayvmrag. H {dvn votépnong €xel emheyel pe této1o tpémo [-0.01, 0.01] dote 1 draxontikn cuyvoTnTa
va, 16opponel kovtd oto 1 kHz.
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Rictar Speed [RPM)

Figure 4-9: Kupatopopd£ég eAéyxou uotépnong

Amoteléouora

Me avtd 10 oo eEAEYYOL gival duvaTov va emttevydel Eleyyog tayvtntoc. To ovotnua egetaletan KdTw
amo Tic idteg akplfdg ocuvnKeg, OV YPNOUOTOWONKAV GTO OMOTEAECUOTA TOV TPONYHRONKAV Yid TO

oynua eréyyov pe PWM, mpoxeiévou 1 o0yKpion vo eivatl GUeoT) Kol EDKOAT).

Meiwon toyomnrog

210 oy. 4-10, n peiwon g tayvINTOG TOL dpouéa pmopel va mapatnpndel. Avaivtikdtepn dmoyn
mapovctieton 610 oy, 4-11.

2UYKpIvoVTaG TO TOPATAV® OTOTEAECUATO e TO avtioTolo amd tov éleyyo pe PWM, oaivetor 6tL 1
UEYIGTN TN Y10 TO PELUO TNG UNYAVAG KaTd TN peiwon g toydtntog ival aictntd pkpotepo oty
MEPIMTOON TOL EAEYYOL VOTEPNONG,.

Emiong, n andxhion g ToydtnTog 0o TV Ta0TNTO ovapopdg eivan g idtog Taéng peyéboug (0.03%).
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Ixnua 4-11: Aentopépela oxnuarog 4-10.
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Avénon toydTntog

Koatd v avénon g taydtntag, dev Topovctdaloviol OVCIHGELS daPopPEG avapesa oTig 2 uefddovg. Ta
amoteAéopato Tapovstalovtal 6to oy. 4-12.

Figure 4-12: AOEnon taxvutntag
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ATtAELES

Ot CLVOAIKEC OMMAEIES Y TO TAPOV GYNUA EAEYXOL TapovoldlovTal, HE TPOTO OVTIGTOWO WHE TNV
mwponyovpevn teyvik eaéyyov (PWM). daivetal 6Tt Kot pUe avTtd TO oo EAEYYXOV, Ol ATOAEIEG Eival Ot
ideg (11.5%, oy. 4-13).

IxAua 4-13: Zuvolikég anwAeleg cuothpatog (hysteresis control)

Avalvon amwieidy

AVOADOVTOG TIC ATMAELES, TPOKVITEL OTL TO LEYAAVTEPO UEPOC OVTMV opeideTarl otn yevvnTpla. o
OVOHOOTIKO (OPTIO, TPOKVTTEL 1] KOAOLON KATAVOUT TOV ATOAEIDV:

Tpqpe vetiuarog Amnoooon (%)
Tevwntpia 92.7
Avopbmtig/ Metatponéog Aviymaong 99
DC/AC Metatponéag 96.3
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Arwleleg vo S1oYOPETIKG, POPTIO.

E&etdotnke emiong n oxéon g anddoong pe To poptio. Bpébnie 6T1 yio Asttovpyia mov Tpooeyyiletl to
OVOLLOOTIKO (OPTiO, Ol ATMAEIEG ALEAVOVTOL.

12
11 ¢ =

10 i *

System Overall Losses (%)

OFRLNWRAUIONXXO

95 88 81 68

Load (% of the nominal load)

O1 gmmAéov andAelec opeilovTot Kuplog oTIG aVENUEVES OMMAELEG TNG YEVVITPLOG. AVTO 0QeiAeTOl GTOV
1010itepPo TPOTO e TOV 0moio AglTovpyel To cvotnpa. o va amodmaoel 1 yevvitplo péon oyo ion pe myv
OVOUOOTIKY, oTn Oudpkel Kabe kOKAOL Agttovpyiag M otiypiaio 1oydg Eemepva oNUOVTIKA TN HéEom
amodduevn (oy. 4-14)

<Electrical power Pe [w)>

Ixnua 4-14: HAektpkn LoxUG YEVVTPLOG
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LOykplon Towv 800 pebddwv eAéyyov

Me Bdon o amoTEAECUATO TOV TOPOVGLAGTHKAV TOPATAV® Yot TOV EAeyY0 e PWM Kot pe v TeYVIKN
NG VOTEPNONG, TPOKVMTEL OTL TO, VO GLOTHUATO £YOVV TOPOUOL CUUTEPIPOPH. QGTOCO, VIAPYOVV
KATO1EC S10POPEG, O OTOIEG OMOTEAOVY TAEOVEKTILLOL Y10, T1 YPNON TOV EAEYYOL VOTEPTGT|G.

1.

ii.

H péyiom myun tov pedpotog katd ™ peimon g toyvntag sivan katd mepimov 30% peiwpévn
OTNV TEPITTMOOT TOV EAEYYOV VOTEPTONG, G GYéom Ue TNV TeYVIKn PWM. Tt poviun katdotoon,
avTO OV €YEL KAMO0 OVTIKTLUTO OTN AEITOLPYID TOL GLOTHUATOG. 0TOG0, dedoUEVOL OTL M
TayOTNTe ToL avEépov givarl péyebog petafaiiopevo, ol cuvOnkeg AelTovpYidG TOV GUGTHKOTOG
elvar xatd Paon ovvapikéc. 'Etot, younAotepeg TIHES LEYIGTOV PEVIOTOG GUVETAYOVTOL GUVOALK(
YOUNAOTEPEG AMMAEIEG KO AVTIOTOYO YOUNAOTEPEG KOTOTOVIOELS YL0L T YEVVITPLOL.

H Swakontikn cvyvotnta gival pikpotepn oty tepintwon tov eréyyov votépnong (1 kHz avti 2
kHz). H younAdtepn S10KOTTIKY GUYVOTNTO GUVETAYETOL YEVIKA YOUNAOTEPES OMMAEIEC. XTIG
TPOCOUOIDGELG TOL TponyNnkav BéPata To pedOTA NTOV TOAD UIKPE ®GTE Vo TPOKANHouv
a&loonueimteg dokonTKEG anmAgles. o avtdv akpiPdg 10 AdY0 1 amdd00T TOV GLGTILOTOG
npokvntel mepimov idwo. Ilop’ OAa ovtd, o€ peyaAVTEPT, KAIUAKA, O EAEYYOG VOTEPNOMNG

ovopéveTol va epeavifel LIKPOTEPES AMMAELES.
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Tuvdvaotikn nébodog

Mo axopo dSuvatotnTa eEAEYXOV, €ival GVVIVACUOG TOV EAEYYOV VOTEPNONG LLE TOV EAEYYO TOL PEVLLLOTOG
diéyepong g yevvnTplag. To KOKAMUA OV ¥pNoomoteital Elval avtd Tov GyNUatog 4-8, pe T dtopopd
0TL TO pevpa di€yepong oev dwatnpeiton TAEov atabepd, aArid TposapuoleTar avaloya e TV TepioTaoT).

O oVYKEKPYEVOS TPOTOG EAEYYOV TTPOCOEPEL Evay emmAéov Pabud ehevbepiag 6cov apopd otov EAeYY0
m¢ tayvtntog, Oivovtag £€Tol TN duvaTOTNTA Yo [ TOIKIAIL cuvOvaou®my eAéyyov. Eva tétolo
mapadeypa divetal oto oy. 4-15.

Input Torque

IxAua 4-15: EAeyxog taxutntag (cuvbuaotikr péBodog)
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Mowdtnta Ioxvog

O1 aoVVEYELEC TTOL £YOVV VO KAVOLV LE TN AEITOLPYIO TOL GLGTHIATOG, KUOIGTOVV EMITAKTIKY TNV OVAYKY)
v EAEYYO TG TOLOTNTOG 1OYV0G. ZT0 GY. 4-16 TapovctdleTal To eV YPUUUNG TPOG TO OTKTLO Kol OMKN
appovikn mopapdpemon (THD). @aivetar 1t n i tov THD givon opkeTd tkavomontiky, eved pmopel

va, BeATiwBel mepaTEP® E TN YPNON KATOL0L EVEPYNTIKOD 1) TOBNTIKOV GIATpOUL.

0.41

THD ia

Ixfua 4-16: Pepa ypappnig ko THD
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"EAgyxoc Ioyvog

M 6AAN TBavoTHTO EAEYYOL €lval 0 EAeYYOG 10YXDOC. ZOUPOVO LE QLTI TNV OVTILETOTION, KaBopileton
JL0L TIUN OVOQOPAS Yiol TNV oy €£000V KOl TO GUGTNUO OT0didEL oVt TN UEST 1o)D, dedOoUEVOL OTL M)
TOOTNTO TOL OVEUOV givan apketn dote va cvuPet Katt tétoto. Iapakdtm mopovctdleTotl To GYMNUATIKO
LAY PO KO KATOLa VOEIKTIKG amoteAéspota (o). 4-17 kot 4-18).

) 4

Hjﬂ
U g
a8

Relay

E I

Power Ref

rate Imt
<Electrical power Pe (W)>

gt

Diode 1

Ag——aA ==
LT - e
| DC/AC
B o “‘ B Converter
>V
ca——mc | = ==

Synchronous Machine
400 V 8.1 kW

Figure 4-18:'EAeyxo¢ loxvog
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MegAAovTiIKT) Epyaoia

Yrapyetl o oelpd omd oyeticd Bépata ta omoia yprilovy mepartépm depedvnong:

A S I

YAomoinon oynuotog eAyyov pe yprion mpaypatikav dedopévev and pio C, mpokepévon M
TayOTNTO OVAPOPAG V. TPooapuoleTal avtopata oto entBounto eninedo. Edeyyog svotdbetac.
Beltiotomoinon oyediaong tov GuvovaoTikoy eAEYYoL (VGTEPTOT Kot PEVLLO SIEYEPOTG).

Merétn tov TpoéTo e ToV 0moio 0 EAeyyog Ywviag mrepuyiov (pitch-control) aAAniemdpd e to
cLGTN O

AVOALTIKT LEAETN Y10 TIG OTOAEIEG GTO OLAPOPO, LEPT TOL GLGTILLOTOC,

Eiwc PBaboc avdivon tov amowAieimv tng yevvitplog, Atepedvnorn mbavig yeouetpiog mov Oa
BeAtidoetl TV amodoon.

Yyedioomn evepyod GIATPOL Yo TNV KOTOTIEST) TOV AVDTEPMV UPLOVIKOV

MeréTn GLOTALOTOG LUE TOAAUTAR TAPUAANAMGLEVO VITOGVGTHLATO YEVVITPLOV

MEeA£ETN TOL CLGTHUATOC GE TPAYUATIKY KATHOKO

Avaivon K66ToVG 6€ oYE0T LE CUUPBOTIKA OLOAKE TThpKoL
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Entidoyog

Tao arohikd Tapio, VTOGYOVTOL VO KOTUGTOOY CNUOVTIKY TNYN evépyelag oto kovtvo pélhov. H tayeia
avanTLén TOV GLCTNUATOV aVT®V, Kol Wiaitepa Tov off-shore mdpkwv dnuovpysl v oavdykn yuo
avalnmnon vémv TexvoAoyudv, mov Bo avtamokpivovior koAvtepa otig véeg avdykeg. H yprion DC

OUVOECEMV AVALEVETAL VO 001 YNOEL G€ cLuGTHHOTA omoteAovpeva amd DC pépn kupiwng.

21V Tapovca SITAMUATIKN EpYOcio LEAETATOL O EAEYYOG EVOC TETOIOL GUOTHUATOG, TOV OMOTEAEITAL Ol
o ovyypovn YeEVNTpw, £vav avopbmty O010dmv, éva petatpomén avoymong kot Evav DC/AC
petatpoméd. Ot LVYNAEG AMOAEIEC OTN YEVVATPLO 10MG VLAAYOPELOLV TNV OVAYKN Yo, oxedioom
OLOPOPETIKAOV YEMUETPIOV YIOL TIS YEVVITPIEG, TPOKEWEVOL vo Peitiwbel 1 amddoon TOovg OTOV

AELTOVPYOVV GE £VOL TETOLO0 GUGTI LA,

‘Eva 0g0tepo oOOTNUA YEVVATPLOG TAPOAANAIGTIKE GTO TPMTO KOl TO OTOTEAEGHOTO £0e1&ov OTL M
Aertovpyio. Tov evog dev emnpedlel avt TOv GAAOV. YTotédnke OTL MEPIGGOTEPO CLGTAUOTO Elval

duvatdv vo AEITovpyNcovy TapIAAN AL, Y®PIG Wiaitepa TpoPfAnpata.

Teyvikyy PWM: To oyfuo eAEyY0L TOL OpyIKE TPOTAONKE, OVTUTOKPIVETOL TKOVOTOINTIKA G OTL apOopd.
TOV EAEYXO TOV GTPOO®V TNG YEVVATPLAG. 6TdC0, G OTL aPOpPd TIG OTMAELES, VTAPYEL SLVATOTNTA

KOADTEPNG EMOOONG LLE TN XPNOT EAEYYXOL VGTEPTOTG.

Teyvikn votépnong: To cLYKEKPIUEVO GYNIO EAEYXOV TTPOCPREPEL LK EVOALOKTIKY ADON Gg OTL apopd
OTOV EAEYYO TNG TOYVTNTOG Kot TS 16Y00G. ATOOEKVVETAL OTL YEVIKA TO, AMOTEAEGLLATA Elval TOpOLOLY e
mv 1exvik PWM, 001660 KATOL0 CUYKEKPIUEVE, YOPAKTNPIOTIKA TG Agrtovpyiog Tov (ammAeleg vd

SUVOLIKEG GVVONKEC) TPOGPEPOVY OPIGUEVA TAEOVEKTILOLTOL.

Avéivon amwiciwv: Ot GUVOMKES OTOAEIEC TOV GLOTHLATOS KAOMG Kol Ot EMUEPOVS pereTrOniov. H

amodoon Ppioketon tepimov oto 11.5%, evd n peyadbtepn cLVICTAOGH AVTOV OPEILETAL GTT YEVVITPLO.

Zovovaotiky uéfodog: Mo GuvoLOoTIKY PLEBODOG EIGAYETOL EMIONG, TPOKEUEVOD VO, EKUETAAAELOOVY TOL
TAEOVEKTNUATA 7OV TPOCGPEPEL 0 emmAéov Pabuog ehevbepiag otov €AEyY0 TOYLTNTOG, TOL OLTY
ocvvendyetol. [piyopn, axpiPnig kot otobepn oe peydro €dpog Asttovpyio pmopei va emtevybel e

YPNOMN TOL GLYKEKPIUEVOD CYNUOTOG EAEYYOV.
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Tyég Tapapitpwv

Synchronous Generator

Nominal Power 8100 W
Nominal Voltage (Vrums) 400 V
Nominal frequency 50 Hz
Rotor type Salient pole

Stator [R, L1, Lmd, Lmq]

[1.62 ohms, 0.004527 H, 0.1086 H, 0.05175 H]

Field [Rf, LIfd]

[1.208 ohms, 0.01132 H]

Dampers [Rkd, Llkd, Rkql, Llkq1]

[3.142 ohms, 0.007334 H, 4.772 ohms, 0.01015 H]

[Inertia (J), friction factor (F), pole pairs (p)]

[0.0923 kg.m’, 0.009 N.m.s, 2]

Rectifier
Number of bridge arms 3
Power electronic device Diodes
Snubber resistance (Ry) 10° ohms
Snubber capacitance 1F
Ron 0.1 ohms

IGBT (Boost-converter)

Resistance R, 0.01ohms
Inductance L., 0

Forward voltage (Vy) 1.5V
Current 10% fall time (Ty) 1¥10° s
Current tail time (T,) 2*%10°s
Snubber resistance R, 1*10° ohms
Snubber capacitance Cy inf
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Diode (Boost-converter)

Resistance R, 0.01ohms
Inductance L, 0

Forward voltage (Vy) 1.2V
Initial current I 0

Snubber resistance R, 1*10° ohms
Snubber capacitance C; inf

Capacitor (Connected before the DC/AC converter)

Capacitance 10° F
Resistance 0.005 ohms
DC/AC Converter
Number of bridge arms 3
Power electronic device IGBT / Diodes
Snubber resistance (Ry) 10° ohms
Snubber capacitance inf
Ron 10~ ohms
Forward Voltages [Device (Vy), Diode (V)] [1.5V,1.5V]
[Tg T [10°, 10°]
PWM carrier frequency 2000 Hz
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