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Abstract
This paper reviews the power electronic applicagiéor wind energy systems. Various wind turbingéesys with different generators
and power electronic converters are described, diffgrent technical features are compared. Thetdlsd topologies of wind farms
with different wind turbines are summarized andgbesible uses of power electronic converters wittd farms are shown. Finally,
the possible methods of using the power electrmtkbnology for improving wind turbine performanoepower systems to meet the

main grid connection requirements are discussed.
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1. INTRODUCTION

OVER the last ten years, the global wind energyacip has
increased rapidly and became the fastest developimgvable
energy technology. By the end of 2006, the globahdw
electricity-generating capacity has increased to223 MW
from 59 091 MW in 2005. The early technology usedavind
turbines was based on squirrel-cage induction geoes
(SCIGs) directly connected to the grid. Recentle t
technology has developed toward variable speed. The
controllability of the wind turbines becomes mormedamore
important as the power level of the turbines insesa

Power electronic, being the technology of efficignt
converting electric power, plays an important rotewind
power systems. It is an essential part for intéggathe
variable-speed wind power generation units to aehieigh
efficiency and high performance in power systemeerEin a
fixed-speed wind turbine system where wind poweregators
are directly connected to the grid, thyristors ased as soft-
starters. The power electronic converters are tsehtch the
characteristics of wind turbines with the requiratseof grid
connections, including frequency, voltage, contwblactive
and reactive power, harmonics, etc.

This paper reviews the major applications of polectronics
for wind power conversion systems, and it is orgedias
follows. Section Il shows a brief review of the @irnergy
conversion systems and modern power electronicen,Th
applications of power electronics for wind turbinese
presented.

Section Ill discusses the issues of operating wimbines in
power systems, and Section IV presents the powatitgu
issues and dynamic performances. Finally, in Sectip the
conclusions are drawn and the future trends arstitited.

1.1 Introduction of Wind Energy Conversion Systems

Thermal in components of a wind turbine system are
illustrated in Fig. 1, including a turbine rotor,ggarbox, a
generator, a power electronic system, and a tramsfofor
grid connection. Wind turbines capture the powernfrwind
by means of turbine blades and convert it to meichhn
power. It is important to be able to control anditi the
converted mechanical power during higher wind spegtie
power limitation may be done either by stall cohtaxtive
stall, or pitch control whose power curves are shawFig. 2
[1], [2]. It can be seen that the power may be dimgdimited

by rotating the blades either by pitch or activallstontrol
while the power from a stall-controlled turbine alsoa small
overshoot and a lower power output for higher wapeded.
The common way to convert the low-speed, high-terqu
mechanical power to electrical power is using alg®aand a
generator with standard speed. The gearbox adbptdotv
speed of the turbine rotor to the high speed ofgtieerator,
though the gearbox may not be necessary for mistipo
generator systems.

The generator converts the mechanical power irectiétal
power, which being fed into a grid possibly througbwer
electronic converters, and a transformer with dgirbveakers
and electricity meters. The two most common typds o
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electrical machines used in wind turbines are itidoc
generators and synchronous generators.

Induction generators with cage rotor can be usetthénfixed
speed wind turbines due to the damping effect. rfHaetive
power necessary to energize the magnetic circuiist rhe
supplied from the network or parallel capacitor kzsamat the
machine terminal that may have the danger of selitation,
when connection to the network is lost. In suchaae¢ the
terminal voltage or reactive power may not be diyec
controlled, and the induction generators may suffem
voltage instability problem, which is becoming grsficant
concern with large-scale wind farm penetration. Aund
rotor induction machine has a rotor with copper dings,
which can be connected to an external resistas actsystems
via power electronic systems. Such a system prewadgartial
variable-speed operation with a small power Elettro
converter, and therefore increased energy captaeeduced
mechanical load to the system. This type of sysienan
economical way to supply reactive power and obtairable
speed for increased energy yield at wind speedswbéhe
rated speed. Synchronous generators are excitedarby
externally applied dc or by permanent magnets (PWbkgre
is considerable interest in the application of tmatiple-pole
synchronous generators (either with PM excitationvith an
electromagnet) driven by a wind-turbine rotor withoa
gearbox or with a low ratio gearbox. Synchronoushires
powered by wind turbines may not be directly cotneeédo
the ac grid because of the requirement for sigaificdamping
in the drive train. The use of a synchronous geaeteads to
the requirement for a full rated power electronamwersion
system to decouple the generator from the netwdrkile
most of the turbines are nowadays connected tonidium-
voltage system, large offshore wind farms may benected
to the high-voltage and extra high-voltage systeifise
transformer is normally located close to the wintbines to
avoid high current flowing in long low-voltage cabl The
electrical protection system of a wind turbine systprotects
the wind turbine as well as secures the safe dparaf the
network.
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Fig. 1. Main components of a wind turbine system.
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Fig. 2. Power characteristics of fixed-speed wind turbif2gs
(a) Stall control. (b) Active stall control. (c)tB control.

1.2. Modern Power Electronics

Power electronics has changed rapidly during tee3a years
and the number of applications has been increasiajnly
due to the developments of the semiconductor ds\dcel the
microprocessor technology. For both cases, the@peence is
steadily increasing, and at the same time, theefadevices

is continuously falling. In order to improve reliddy and
reduce cost, the number of components is going doyva
higher level of integration. The power electronievidte
technology is still undergoing important progressluding
some key self-commutated devices, such as insulgite
bipolar transistor (IGBT), MOSFET, integrated gate
commutated thyristors (IGCT), MOS-gate thyristond
silicon carbide FETs. The breakdown voltage andlorent
carrying capability of the components are also icoiously
increasing. Important research is going on to chatige
material from silicon to silicon carbide. This m@ramatically
increase the power density of the power convertemver
electronic converters are constructed by semicdoduc
devices, driving, protection, and control circuits perform
voltage magnitude and frequency conversion andrabni
converter, depending on the topology and applioatinay
allow both directions of power flow. There are tdifferent
types of converter systems: grid commutated and- sel
commutated converter systems. The grid commutated
converters are mainly thyristors converters withhpower
capacity of 6 or 12 or even more pulses. A thyristonverter
consumes inductive reactive power and it is nog¢ &blcontrol
the reactive power. Thyristors converters are myairsled for
very high voltage and power applications, such as
conventional HVDC systems. Self-commutated converte
systems normally adopt pulse width- modulated (PWM)
control methods; the semiconductors with turn-OmBHitg,
such as IGBTs, are mainly used. This type of caevenay
transfer both active power and reactive power [d].in both
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directions (ac—dc or dc—ac). This means that thectine
power demand can be delivered by a PWM convertee T
high-frequency switching of a PWM converter may daroe
harmonics and inter harmonics, which, in genend, ia the
range of some kilohertz. Due to the high freques\cite
harmonics are relatively easier to be removed bylEsize
filters. Fig. 3 shows a typical power electronicneerter
consisting of self-commutated semiconductors seclG8Ts.
Other types of circuit configurations also existcluding the
multilevel converters, as shown in Fig. 4, and thatrix
converter, as shown in Fig. 5. Especially, the ilaviel
converters are very interesting in such applicatidoe to the
voltage level of the converters and the decreasethef
harmonics, and consequently, the size of the ofilpens. The
matrix converter is technically more complicated.

(—
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|

Fig. 4. Three-level VSCs. (a) Three-level neutral point
clamped VSC. (b) Three-level flying capacitor VSC.
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Fig. 5. Circuit configuration of a matrix converter.

2. POWER ELECTRONICSFOR INTEGRATION
AND CONTROL OF WIND TURBINES

Many possible technical solutions of wind turbidectrical
systems are related to power electronics, sincg tan
improve dynamic and steady-state performances, help
control the wind turbine generator, and decoupteginerator
from the electrical grid [2], [4]. Some major powadectronic
applications are described in this section.

2.1. Soft-Starter for Fixed-Speed Wind Turbines

The “Danish concept” [1] of directly connecting aind/
turbine to the grid is widely used in early windridime
systems. The scheme consists of an SCIG, connedted
transformer to the grid and operating at an alrfinstl speed.
The power can be limited aerodynamically either digll
control, active stall, or pitch control.

Turbine@ By pass switch
I\) Gearbox SCIG Transformer
- | Kl
wind , cT e
i Reactive ot carter
pitch power

compensation

Fig. 6. Cage-induction-generator-based fixed-speed wind
turbine with power electronic soft-starter.

The basic configurations of the fixed-speed corzegpte
shown in Fig. 6. The advantages of wind turbineshwi
induction generators are the simple and cheap ratisn, in
addition that no synchronization device is requir@tiese
solutions are attractive due to cost and reliahiliSome
drawbacks are: 1) the wind turbine has to operatmastant
speed; 2) it requires a stiff power grid to enabtable
operation; and 3) it may require a more expensieehanical
construction in order to absorb high mechanicassty since
wind gusts may cause torque pulsations on the driaie.
Connecting the induction generators to power sygtarduces
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transients that are short duration with very higitush

currents, thus causing disturbances to both the and high

torque spikes in the drive train of wind turbineighva directly

connected induction generator. Such a transientirtis the

grid and limits the acceptable number of wind tnesi. The
high starting currents of induction generators asally

limited by a thyristors soft-starter. The currentiter or soft-

starter, based on thyristors technology, typichithjts the rms

value of the inrush current to a level below twods of the
generator rated current. The soft-starter has aelihthermal

capacity and it is short circuited by a contactahnjch carries
the full-load current, when the connection to thiel has been
completed. In addition to reduce the impact on dhd, the

soft-starter also effectively dampens the torqueakpe
associated with the peak currents, and hence redhedoads
on the gearbox.

2.2. Power Electronicsfor Variable-Speed Wind
Turbines

Variable-speed operation of a wind turbine systeas many
advantages. For instance, the wind turbine caneass or
decrease its speed if the wind speed and torque \dnis
means less wear and tear on the tower, gearboxotet
components in the drive train. Also, variable-spegdtems
can increase the production of the energy and eedbe
fluctuation of the power injected into the grid. Variable-
speed systems, the generator is normally connéatédee grid
through a power electronic system.

For synchronous generators and induction generatitheut
rotor windings, a full rated power electronic systds
connected between the stator of the generator l@dytid,
where the total power production must be fed thhotige
power electronic system [5], [6]. For induction geattors with
rotor windings, the stator of the generator is @mted to the
grid directly, and the rotor is connected to a peelectronic-
controlled resistor or connected to the networlodigh slip
rings and a power electronic converter.
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Wound rotor generator
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Fig. 7. Wound rotor induction generator with a rotor reise
converter [9].

2.2.1 Wounded Rotor Induction Generator With

Rotor Resistance Control (Dynamic Slip Control):

In this scheme, the rotor windings are connectet wariable
resistors. The equivalent resistance in the ciraah be
adjusted by an electronic control system, as shiowrig. 7.
The higher the resistance of the rotor windings, litgher the
slip is. In this way, the generator speed can héedan a
limited range. Conventionally, the connection isialsy done
with brushes and slip rings, which is a drawback in
comparison with the simple technical design of geceotor
induction machine. It also introduces parts, whiefse the
maintenance requirements. This solution still neadsoft-
starter [7], [8]. Both cage induction generatorsd aotor
resistance- controlled wounded induction generatersd to
operate at a super synchronous speed to geneeateicty.
Both of them draw reactive power that might be $iegpfrom
the grid or from installed compensation equipmenich as
capacitor banks or additional power electronic pougnt. In
order to keep the cost as low as possible, capduitoks are
normally used. Modern megawatt-class turbines have
thyristors switched capacitors (TSCs) allowing #ormore
dynamic compensation.

A static Var compensator (SVC) or similar technglogay be
needed to improve the dynamic responses of the faimd, as
will be shown in Section IlI.

2.2.2 Doubly Fed Induction Generator:

The stator of a doubly fed induction generator G)Flis
connected to the grid directly, while the rotortloé generator
is connected to the grid by electronic convertarsugh slip
rings, as shown in Fig. 8. The generator can debvergy to
the grid at both super synchronous and sub synolmon
speeds. The slip is varied with the power flowihgptigh the
power electronic circuit. The advantage is thatyanlpart of
the power production is fed through the power eteit
converter. Hence, the nominal power of the powectebnic
converter system can be less than the nominal poivéne
wind turbine. In general, the nominal power of tteaverter
may be about 30% of the wind turbine power, engldimotor
speed variation in the range of about 30% of theinal
speed. By controlling the active power of the cotere it is
possible to vary the rotational speed of the ge¢ngrand thus
the speed of the rotor of the wind turbine. Selrowutated
converter systems, such as IGBT-based switchingesters,
are normally used for this type of system. As shawhig. 8,
the DFIG normally uses a back-to-back converterjclvh
consists of two bidirectional converters sharingpenmon dc
link, one connected to the rotor and the other tonéae grid.
The power electronic converters for variable-spgederators
have the ability to control both the active andctva power
delivered to the grid. This gives potential foriapzing the
grid integration with respect to steady-state ofpena
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conditions, power quality, voltage, and angulabiity. The
reactive power to the grid from the generation wah be
controlled as zero or to a value required by thetesy
operator within the converter rating limit. In geale the
harmonics generated by the converter are in thgerahsome
kilohertz. Thus, filters are necessary to redueharmonics.
The DFIG system also enables the application ofciape
operation strategies and provides the high-quplityer to the
grid. The acoustical noise from the wind turbineanc
effectively be reduced since the system can opataaelower
speed when the wind becomes quiet. The dynamionsgp
and controllability are excellent in comparisonhwiitaditional
induction generator Systems. The DFIG solution seether
a soft-starter nor a reactive power compensator.
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Fig. 8. Wind turbine topologies with DFIG

The control system of a variable-speed wind turbivieh
DFIG mainly functions to:

1) Adjust the power drawn from the wind turbineorder to
track the optimum operation point;

2) limit the power in the case of high wind speeds;

3) Regulate the reactive power exchanged betwesewthd
turbine and the grid.

An example of an overall control scheme of a wintbine
with a doubly fed generator system is shown in Bigthere
are two related hierarchical control levels withffetient
bandwidths, namely DFIG control level and wind toeb
control level.

The DFIG control level performs the control of ttetor side
and the grid-side back-to-back converters. A vecmmtrol
approach is adopted for the rotor controller, wi@ cross
coupled controllers adjust the speed and powehefkystem.
The goals of such controllers are to track the noptn

operation point, limit the power in the case of thigind
speeds, and control the reactive power exchangmekba the
wind turbine generator and the grid. The controtha grid-
side converter keeps a constant dc-link voltagdeaihjecting
the active power to the grid. Internal current Ieap both
converters are typically using proportional-inteégr@l)
controllers. Most wind turbines use the pitch angfethe
blades to limit the power when the turbine reachesnominal
power. Below the maximum power production, the wind
turbine will vary the speed proportional to the éispeed and
keep the pitch angle nearly fixed. At a very lownd;i the
speed of the turbine will be fixed at the maximulovaable
slip to avoid overvoltage. The wind turbine contrelth slow
dynamic response, supervises both the pitch systeitihe
wind turbine as well as the active power set pofrthe DFIG
control level. Also, some modulation methods hawerb
proposed to improve the performance, such as i [47

_=
—

: e —
i L = o
PWM i

H
W side
15| | converter controlier || converter controller

DFIG control

Wind turbine control ! !

Fig. 9. Control of wind turbine with the DFIG system [10].

2.2.3Wind Turbine Systems With Full Rated Power
Electronic Converters;

Cage induction generators and synchronous gensrnatay be
integrated into power systems with full rated powkactronic
converters. The wind turbines with a full scale pow
converter between the generator and grid give tthded
technical performance. Usually, a back-to-backagstsource
converter (VSC) is used in order to achieve fulitcol of the
active and reactive power, though with synchronous
generators, diode rectifiers may be used [3],[M],[2], but in
this case, it would be more difficult to fully coak the whole
system. Since the generator is decoupled from tigeiry this
system, the generator can operate at a wide varfeggjuency
range for optimal operation while the generatedvagbower
will be sent to the grid through the grid-side certgr that can
be used for controlling the active and reactive @ow
independently [3], [4], and the dynamic responsey rba
improved. Fig. 10 shows four possible solutionshwiitll-

Volume: 02 Issue: 11 | Nov-2013, Available @ http://www.ijret.org 364




IJRET: International Journal of Research in Engineering and Technology el SSN: 2319-1163 | pl SSN: 2321-7308

scale power converters. All four solutions have cdinthe
same controllable characteristics since the gemeré
decoupled from the grid by a dc link. The grid-sabverter
enables the system to control active and reactbweep very
fast. However, the negative side is a more compghgstem
with more sensitive electronic parts. The confijores shown
in Fig. 10(a) and (b) are characterized by havingearbox.
The wind turbine system with a cage rotor inductiemerator
and full rated power electronic converters is shawrFig.
10(a). The synchronous generator has shown in Fip)
needs a small power converter for field excitatibtultipole
systems with the synchronous generator without a&r gee
shown in Fig. 10(c) and (d). The last solution uBkks, which
are becoming cheaper and thereby attractive.
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Gearbox generator converter . converter
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e e ( ) %
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Rotor-side Grid-side
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Fig. 10. Wind turbine systems with full-scale power
converters. (a) Induction generator with gear Smchronous
generator with gear. (c) Multipole synchronous gatwe. (d)

Multipole PM synchronous generator

2.2.4 Maximum Wind Power Control

As discussed previously, variable-speed wind t@biare able
to operate at an optimal rotation speed as a fomabf the
wind speed. The power electronic converter may robnhe
turbine rotation speed to get the maximum posgibleer by
means of a maximum power point tracking (MPPT) atgm.
In this way, it is also possible to avoid exceedimg nominal
power if the wind speed increases. At the same, tthe dc-
link capacitor voltage is kept as constant as pbssi
achieving a decoupling between the turbine-sidevedar and
the grid-side converter. The grid-connected comvewill
work as an inverter, generating a PWM voltage whose
fundamental component has the grid frequency, &wleing
able to supply the active nominal power to the .gfige power
generated by a wind turbine can be expressed as

P =1/2pzR2V 3Cp (1)

Wherep is the air density (in kilograms per cubic met&)s
the turbine rotor radiusy is the wind speed, an@P is the
turbine power coefficient that represents the povegversion
efficiency of a wind turbineCP is a function of the tip speed
ratio (TSR),4, as well as the blade pitch angld (h a pitch
controlled wind turbinel is given by

L=Rv/V )

Wherev is the rotational speed of the wind turbine. ThézBe
limit, CPmax(theoretical) = 1&7, is the maximum
theoretically possible turbine power coefficient.fdractice, it
is 40%-45% [13]. The rotor efficiency curep (1) is a
nonlinear function of the TSR, which is determined by the
blade design, and the pitch angle. From Fig. 11(a3, clear
that there is a value of for which Cp is maximized, thus
maximizing the power for a given wind speed. Beeanfsthe
relationship betwee@p and4, for each wind velocity, there is
a turbine speed that gives a maximum output powes. peak
power points for various wind speeds are shownign EL(b)
[4]. Normally, a variable-speed wind turbine follewthe
CPmax to capture the maximum power up to the rategdp
by varying the rotor speed to keep the systemeabfitimum
TSR, iopt .

An example of the relationship between the windespend
the power generated by the wind turbine is showhRiin 12.
The blades start to move around 4 m/s, and optimal
aerodynamic efficiency is achieved up to the rated! speed,
about 15 m/s.

Between the rated wind speed and 25 m/s, the poeleered

is limited in order to avoid overloading on the diturbine
system. Over the cutout wind speed, the turbine thabe
stopped in order to avoid damages. During the agtim
efficiency wind speed range, the wind generator nbay
adjusted to follow the maximum power point.
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There are some methods to perform MPPT controwfiod
turbines [4].

1) TSR Contral Fig. 13 shows this kind of MPPT controller,
which needs the wind speed measured by an anemokée
controller regulates the wind turbine speed to ta&inan
optimal TSR [5]. However, the accurate wind spee rhe
difficult to obtain. In addition, the use of an ental
anemometer increases the complexity and cost cfytstem.
2) Power Signal Feedback (PSF) Contrdlhis control,
depicted in Fig. 14, requires the knowledge of rteximum
power curves of the turbine, which may be obtaittedugh
simulations and practical tests [16]. The speedhef wind
turbine is used to select the stored power curyechwvgives
the target power to be tracked by the system. Inyntases,
this power curve may be substituted by a predictoran
observer of the wind speed as a function of thegvaand the
wind-turbine speed.

6

25

T /1N
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N L L L " .
100 150 200 250 30 250 200 450 500
Rotational speed (/5]

(b)

Fig. 11. (a) Relationship between the TSR and the power
coefficient (with a fixed pitch angle). (b) Maximupower
(optimal Cp) points versus rotor speed (wind speed as
parameters) [4].

A Plou)
Cut in Nominal v Cut out
B U 2 ¥
1.0 ,
H 1 Nominal P
| Max rotor '
" E efficiency E Reduced rotor .
0 gen.: ' efficiency No generation

(A
; | | | >

- T T T >
5 10 15 20 25 V (m/s)

Fig. 12. Output power of a wind turbine as a function of the
wind speed

4

Controller >
system

It P* | wind energy Ly

A=V

T ; Er

Anemometer

Fig. 13. Block diagram of the TSR control

Pt
Confroller ) Moy y
T system

P

Fig. 14. Block diagram of the PSF control.

dP/dv>0 dP/dv <0
]

v
<

vm

Fig. 15. Block diagram of the HCS control

Volume: 02 Issue: 11 | Nov-2013, Available @ http://www.ijret.org 366




|JRET: International Journal of Research in Engineering and Technology

el SSN: 2319-1163 | pl SSN: 2321-7308

3) Hill Climbing Searching (HCS) ControlThis control
scheme is very similar to MPPT schemes used ingvidiic
systems [1]. When the wind-turbine speed increases,
output power should normally increase as well, otfiee the
speed should be decreased (see Fig. 15). Howely,
method could be ineffective for large wind turbinssce the
large turbines are difficult to adjust the speest.fin practice,
MPPT controllers may use combinations of
aforementioned three techniques [14].

2.3. Possible Wind Farm Configurations

Large wind farms are being developed in many cdestr
These wind farms may present a significant
contribution to the grids, and therefore, play mpartant role
on the power quality and the control of power syste
Consequently, high technical demands are expeotbeé met
by these generation units, such as to perform &equ and
voltage control, regulation of active and reactpaver, quick
responses under power
situations, for example, it may be required to medthe power
from the nominal power to 20% power within 2 s. Thwver
electronic technology is again an important parbath the
system configurations and the control of the wiadrfs in
order to fulfill these demands. Some possible gtedt
configurations of wind farms are shown in Fig. 26wind
farm equipped with power electronic convertersslaswn in
Fig. 16(a), can perform both active and reactivegrocontrol
and also operate the wind turbines in variable dpte
maximize the captured energy as well as reduce
mechanical stress and noise. Such a system iseratgn in
Denmark as a 160-MW offshore wind power statiory. Fi
16(b) shows a wind farm with induction generatotsere a
static synchronous compensator (STATCOM) can be trse
provide the reactive power control to meet theesysteactive
power control requirements. It can help to conth@ voltage
as well as to provide the reactive power demandedhb
induction generators in the wind farm, which will bxplained
in detail in Section Ill. For long distance powesrtsmission
from an offshore wind farm, HVDC may be an inteiregpt
option. In an HVDC transmission, the low or median
voltage at the wind farm is converted into a highvdltage on
the transmission side and the dc power is traresdeto the
onshore system where the dc voltage is convertekl ibto ac
voltage, as shown in Fig. 16(d). For certain povesel, an
HVDC transmission system, based on VSC technolotgy

t

the

power

system transient and dynamic

the

be used in such a system instead of the convehtiona

thyristors-based HVDC technology. The topology nesagn
be able to vary the speed of the wind turbineshia whole
wind farm. Another possible dc
configuration is shown in Fig. 16(c), where eachdviurbine
has its own power electronic converter, so it isgide to
operate each wind turbine at an individual optirséed. A
comparison of the topologies is given in Table $. iAcan be
seen, the wind farms have interesting featuresrdieroto act
as a power source to the grid. Some have bettétiedihan

transmission system

others. The overall considerations will include durotion,
investment, maintenance, and reliability [4]. Thame also
other possibilities, such as field-excited synclous
machines or PM synchronous generators, that can be
sued in the systems, as shown in Fig. 16(c) orifdhe case
of a multiple-pole generator, the gearbox may Ineoreed.

3. POWER QUALITY IMPROVEMENT WITH
POWER ELECTRONIC DEVICES

Large-scale integration of wind turbines may haigmificant

impacts on the power quality and power system diogra
Traditionally, wind turbines are not required tatgapate in
frequency and voltage control. However, in receetary,
attention has been increased on wind farm perfocendn

power systems [1]-[2]. Consequently, some grid soldave
been redefined to specify the requirements thatlwimbines
must meet in order to be connected to the gridniptes of
such requirements include the capabilities of dbuting to

frequency and voltage control by continuously afifigsactive
power and reactive power supplied to the transiissystem,
the power regulation rate that a wind farm mustvige,

flicker, harmonics, etc. Some of the requiremensy fve dealt
with by power electronic technology, for exampleactive
power control.

3.1. Reactive Power and Voltage Control

The induction-generator-based wind turbines aregmsumer
of reactive power. To minimize the power losses istdease
voltage stability, these wind turbines are compttsdo a
level depending on the requirements of the powestesy
operators. For wind turbines with PWM converterteyss, the
reactive power can be controlled by the conveftbus, these
wind turbines have the possibility to control vgka by
controlling the generation or consumption of reactpower.
The reactive power control can be conducted byvdlg the
power system requirement to contribute to the posystem
voltage control; it can also be performed to miienithe

possible voltage fluctuations caused by wind power

fluctuations.
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“’20 MEE::‘Z;;?W M@ " . Table 1. Comparison of four wind farm topologies
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“? Fig. 17. Simple power and wind turbine system with an

‘ G __. equivalent wind power generator connected to a ortwa)
ASVOSTATCON | k System circuit. (b) Phasor diagram

P“'h‘ . g Approximated as
I/ !

wiesal

wesl d AU =~ AUp = PgRk+ QgXk/ Ug (3)
i 0
With the grid impedance angl& and the wind turbine power

Fig. 16. Wind farm solutions. (a) DFIG system with ac grid factor angley being defined as

(system A). (b) Induction generator with ac grigstem B).
(c) Speed-controlled induction generator with comrdo bus tanyk = Xk/Rk

and control of active and reactive power (system(d))
Speed-controlled induction generator with commogrédt tany = Qg/Pg (4)

and dc transmission (system D).
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(3) Can be written as

AUp = PgRk(1 + tanyk tany) /Ug = PgRkcos {# — wk)
Ugcosyk cosy
)

It can be seen from (5) that when the differendsveen the
grid impedance anglek and the wind turbine power factor
angley approaches 90the voltage fluctuation is minimized
[2]. Equation (5) also indicates that the reacpesver may be
regulated according to the active power generatton
minimize voltage variations and flickers.

The variable-speed wind turbine with power eledtron
converters is capable of controlling the outputivactand
reactive power. Normally, the output reactive powérthe
wind turbine is controlled as zero to keep a upityer factor.
It is possible to control the output reactive poappropriately
with the variation of the output active power satthhe
voltage changes from the active power flow may &eceled
by the reactive power flow. For example, the regcpower
may be controlled in proportion to the wind turbioatput
active power, so that the power factor angles close to the
value of wk + 9. When integrating wind energy into the
electrical grid, some situations related to thetage stability
and even the voltage collapse can limit the powgercted into
the grid. For example, when a voltage dip occuridw
turbines need reactive power, which can be suppfiesbme
cases by synchronous generators. However, thistiGolu
cannot be generalized. Dynamic compensation metlaoels
often used, both inside the wind farm, normallyrrtbéa PCC,
or outside the wind farm, to mitigate these prolsg8j.

Fig. 17 illustrates an equivalent wind power getieraunit,
connected to a network with equivalent short-circui
impedancezk . The network voltage at the assumed infinite
busbar and the voltage at the point of common ¢oggPCC)
are Us and Ug , respectively. Voltage variations caused by
fluctuating wind power generation may cause voltggality
problems. Since the phase difference betwdgandUg (9) is
small, the voltage differencaly = Ug — Us= AUp + jAUQ)
may be

7 7 7

Fig. 18. MSC bank

(a) (b)
Fig. 19. SVC basic components. (a) TCR. (b) TSC

3.2. Compensation insidea Wind Farm

Voltage stability problems may be derived from tteed for
reactive power of some wind turbines. This factdmees more
import during a voltage dip since in this case,fghgblem is to
generate enough reactive power for the wind geoeraSome
existing solutions for transient and steady-statéage control
are as follows.

1) Mechanical Switched Capacitors (MSCs): This Sofy
depicted in Fig. 18, consists of a bank of shurgac#ors
switched mechanically to provide reactive power
compensation. The size of each capacitor may bieliimn
order to avoid large voltage transients. The maoblems in
the wind farm are that the excessive switchinghefdapacitor
bank provokes failures, applies the inherent vetageps
stress on the wind turbines, and increases theiregu
maintenance of the system.

2) SVCs: These systems use thyristors-controlledpoments
typically thyristors-controlled reactors (TCRs) ah€Cs, also
together with MSCs to obtain a dynamic controllereactive
power. Normally, SVCs are connected to the collebtes that
connects the wind farm to the PCC to provide arddgpower
factor or voltage level. The SVC can adjust thectiga
power, thus to basically solve the steady-statetagel
problems. Fig. 19(a) shows a TCR, which is a device
consisting of three legs, each of them having dndtor and a
static switch. The static switch is formed by twigarallel
connected thyristors. The power is controlled bgnging the
current flow through the inductor by means of thétch. The
ON-state of the thyristors can be adjusted by itiegf angle.
However, this device generates current harmonigestduhe
current waveform.

A TSC is shown in Fig. 19(b), which consists of ank of
switched capacitors. Each capacitor has an indalidtatic
switch, which is similar to a TCR device, but ifsth
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—
1 1

TSC TSC  TSC TCR

(a) (b)

Fig. 20. Combination of SVCs. (a) TCR with a fixed
capacitor. (b) TCR with TSC.
VsScC

e GIES

Fig. 21. STATCOM based on VSC connected to the PCC
through an inductor case, the switching takes phdwen the
voltage across the thyristors is zero.

Consequently, this device does not produce cutramhonics.
However, due to the use of switching capacitorsC T8ay
produce voltage transients. The combinations betwhese
components can provide good performances of conagiens
For instance, TCR can be combined with fixed cdpezior
with TSC, as shown in Fig. 20. In the first cas@GR is used
in combination with a fixed capacitor bank. Thidusion is
often used for sub transmission and distributiolne Turrent
harmonics may be eliminated by tuning the fixedazitors as
passive filters. The second case combines TCR & in
one compensator system. Hence, a continuously blaria
reactive power is obtained across the entire cbrarge plus
full control of both inductive and capacitive pamé the
compensator.

3) STATCOM This system, also named SVC Light by ABB,
is based on a VSC, which is used to generate veaptiwer.

The VSC uses power electronic devices such as IGBTs

IGCTs, or gate turn-OFF thyristors (GTOs), and thay also
be configured as a multilevel bidirectional coneertAs
shown in Fig. 21, the VSC is connected to the tithject or
absorb reactive power through an inducXorThis system is
suitable to mitigate both steady-state and tratsexents.
Compared with SVCs, STATCOMSs provide faster resppns
less disturbances, and better performance at rdducitage
levels. From Fig. 21, if the power angle remain®Zg = 0),
the active and reactive power injected to the did the
STATCOM can be expressed as

P=UgUV/Xsing=0 (6)

Q=UguUV/Xco®-U2g/X=Ug/X(UV-Ug) (7)

Uy c X, U
= = /I/r' OO0 ) |
rcsce
)l\ )l\ ......... )l\
Wind farm
(a)
rcsce
é ,
c
| |
U

(b)

Fig. 22. TCSC. (a) Wind farm connection. (b) Detail of the
TCSC

Consequently, the VSC acts as a reactive powenrgtmeQ

> 0, capacitive behavior) IV > Ug, and as a reactive power
absorber @ < 0, inductive behavior) iJV < Ug. In practice,
a small phase shift is used to compensate the ¥Sg&$. The
reactive power injected to the grid can be corgrblfaster
than by using previous systems. The response sntienited
by the switching frequency and the size of the atou

3.3. Compensation outsidea Wind Farm

In order to send the active power generated by rad iérm
into the grid, the power transmission control rabe taking
into account. Power oscillations and voltage calégpshould
be avoided. Fig. 22 shows a possible solution tmcathese
drawbacks, which uses a thyristors-controlled serie
compensation (TCSC) outside the wind farm. The TCSC
changes the equivalent capacitor value by switchiing
parallel-connected inductor [2]. This way, a vakeabapacitor
can be obtained and can be adjusted to increasaytie@nic
stability of power transmission, improve the voltaggulation
and the reactive power balance, and control theepdaw of
the grid lines. From Fig. 22(a), it can be seern tha active
power transmitted from the wind farm to the gridnche
expressed as follows:

P =UgUW / XL — XC siid 8

Where XL is the reactance of the power Iin¥C is the
admittance of the TCSQ@Jg is the voltage of the gridJW is
the voltage of the wind farm, anidis the angle betweedg
andUW. From this equation, the relationship betw®eando
can be plotted, as shown in Fig. 23. It can be meskthat the
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reactance value limits the maximum power to bestratied,

and enforces a larger power angle that can leaustabilities

and oscillations. However, if a TCSC is added, kbih total
equivalent impedance of the power line and the pcangle
can be reduced, thus improving the steady-state thed
transient system behavior. This system may be Lfsfwind

farms located far away from the PCC, such as oféskand

farms.

P
4 U,Up/(X;- X )

U Uy, /(X;)

> 5

5TCSC 5N O_TCSC

Fig. 23. Active power injected from the wind park to theédgr

3.4 Flickers

Fluctuations in the system voltage (in terms of ualsie) may
cause perceptible light flicker depending on th@niiade and
frequency of the fluctuation. Rapid variations he tpower
output from a wind turbine, such as generator $witg and
capacitor switching, can also result in variationghe rms
value of the voltage. At certain rate and magnifuthe
variations cause flickering of the electric ligitus, this type
of disturbance is called voltage flicker. In order prevent
flicker emission from impairing the voltage qualitghe
operation of the generation units should not casmssive
voltage flicker. Flicker evaluation based on IEC06Q-3-7
gives guidelines for emission limits of fluctuatingads in
medium-voltage and high-voltage networks. Detertidmaof
flicker emission can be done on the basis of measent. In
fact, the flicker meter specified in IEC 61000-4¢&h be used
to measure flicker directly. The flicker emissianay also be
estimated with the coefficient and factafs(Wk, va) andkf
(¥k ) obtained from the measurements, which are usually
provided by wind turbine manufacturers [2]. Voltageiation
and flicker emission of grid-connected wind turlsinare
related to many factors, including

1) Mean wind speed

2) Turbulence intensitin;

3) Short-circuit capacity ratio SCRSk/Sn, whereSkis the
short-circuit capacity of the grid where the windhinesare
connected an@®nis the rated power of the windturbine. A
simulation study has been carried out to investighe flicker
minimization by using reactive power compensatidime
results, as shown in Fig. 24, indicate that thekélr level is
significantly reduced if the angle difference ¢ wk ) is
regulated

to be 90 by controlling the reactive power flow. The wind
turbine output reactive power may be controlled/éoy with
the output active power so that the difference betwthe grid
impedance angleysk and the power factor angle may
approach 99 which leads to reduced flicker levels. The
flicker emissions of variable-speed wind turbinethvDFIGs
during continuous operation are shown in Fig. 25lfie cases
with output reactive power control, i.e., the andierencey

- yk being regulated to be 80and the cases of normal
operation. The comparison is done with differentapzeters,
such as mean wind speed, turbulence intensity, shuit-
circuit capacity ratio. The relationships betwele® short-term
flicker severityPst and the concerned parameters in the two
cases have the similar pattern. However, compaiiéd tive
case of normal operation, when the angle differeneeyk is
kept to be 90 by controlling the reactive power, the flicker
level is significantly reduced. It can be concluddtht
regulating the angle differenge— wk by controlling the wind
turbine output reactive power is an effective way flicker
mitigation regardless of mean wind speed, turbwdenc
intensity, and short-circuit capacity ratio. Simlya a wind
turbine system with the full rated power electrosystem can
perform such control as well. It is clear that taeiable-speed
wind turbines with power electronic interface aepable of
controlling the output active and reactive power
independently, and hence, power quality can beorrgat.

MWS——T 7 T 17 T T T
0.03F

0.025

0.ma

0.m

L
9 100
Angle difference (deg)

oosl— L L |
™ 75 @ 6 W

i i
105 10 15 120

Fig. 24. Short-term flicker severitiPstversus angle difference
w—yk(v=9m/sIn=0.1, SCR = 20k = 634°) [25].

4. SYSTEMS DYNAMIC STABILITY
IMPROVEMENT WITH POWER ELECTRONICS

An important issue of integrating large-scale wiadns is the
impact of the wind power technologies on the siigbénd
transient behavior of the power systems [2]-[3]e Tnoblem
of network stability is often associated with diffat types of
faults in the network, such as tripping of transius lines
(e.g., overload), loss of production capacity, ahdrt circuits.
Short circuits have a variety of forms, and mosthefm are
cleared with relay protection systems either byalisection
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and fast reclosure or by disconnection of the egeit in
guestion after a few hundred milliseconds.

4.1. Fault Ride-Through of Induction Generators

During a short-circuit fault in a power system wihéne wind
turbines are connected, the short-circuit curreay mesult in
with relay protection systems either by disconmectind fast
reclosure or by disconnection of the equipment uresgjon
after a few hundred milliseconds.

4.1.1. Fault Ride-Through of Induction Generators
During a short-circuit fault in a power system wdhéne wind
turbines are connected, the short-circuit curreay nesult in a
voltage drop at the wind generator terminal. Duth®ovoltage
dip, the output electrical power and the electronesig torque
of the wind turbine are significantly reduced, whithe
mechanical torque may be still applied on the wimdine.
Consequently, the turbine and generator will beelecated
due to the torque unbalance.

After the clearance of the fault, the voltage oé thower
system tends to recover. However, reactive poweedsired
to recover the air gap flux of the induction getersm This
could cause an inrush current to be drawn by thedwi
generators from the power system, which, in tueyses a
voltage drop on the lines between the power systeththe
wind turbines. The voltage drop could prevent thachine
terminal voltage returning quickly to the normalua If the
voltage could be recovered and the generator sigeeok too
high, the electromagnetic torque could be restoféen, the
reestablished electromagnetic torque will act om thtor in
the opposite direction to the mechanical torquenftbe wind
turbine. If the electromagnetic torque is big ertguipe rotor
speed can be slowed down and the wind turbine restpire
its normal operation eventually [9]. On the conyraif the
voltage is not able to be recovered back to aradhachormal
value or the generator speed is too high, there bwyo
sufficient electromagnetic torque to balance thechmaical
torque. Hence, the machine would continue to acatleand
the increase in machine speed will lead to an aswéd
reactive power consumption, which can be seen ftben
machine characteristics. Then, the voltage may edeer
further and if the generator will not return to msrmal speed,
it has to be tripped out by over speed protectieniaks.
When this happens, the wind turbine is disconneeed
failed to ride through the fault. Wind turbine dismection
caused by dipped voltage and inrush current shoeilavoided
because losing a significant part of the power gaimn
capacity could threaten the security of the powgstesn.
Many power systems have made grid codes to rethatethe
wind turbines be connected in the system duringoaep
system fault, in order to support the system regofi®m a
fault and prevent power system from collapse causgd
further losing generation capacity. This becomesremo

significant as wind power penetration level incesasThe
methods to achieve the target may be different. ¢l@wn the
main tasks are voltage recovery and speed col@rdl if the

voltage level is restored, the magnetic field & fenerators
can be reestablished, and then, electromagnetjod¢otan be
restored. Therefore, a quick recovery of voltaged an
reestablishment of the electromagnetic torque lareial.
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Fig. 25. Reactive power compensation effects on short-term
flicker severityPstnormal operation (asterisk) with output
reactive power control (diamond) [25]. @3tversus mean

wind speedlf = 0.1,SCR = 20yk = 634349). (b) Pstversus

turbulence intensity in low wind speeds{9 m's, SCR = 20,
wk = 634349). (c) Pstversus turbulence intensity in high
wind speedsy= 18 nis, SCR = 20yk = 634349). (d) Pst
versus short-circuit capacity ratio£ 9 m's,In = 0.1, yk =

634349).

The over speed of a generator may also be limitgd b

controlling the input mechanical torque. Turbinegpipped
with a pitching system have the advantage of agtipigching
down the input mechanical torque, which will effeety limit
the acceleration of the generator system. An exarmpstem
is shown in Fig. 26, where two generators (one cag® and
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Dynamic slip control generator variables
T T T

one wound rotor with rotor resistance and pitchtic) are 2500
connected in parallel [3] and a load at bus 2 gpad by the £ 20000
wind power generators and by the external powetesys §1soo-
represented by a constant voltage source connéttseries
with its Thevenin’s equivalent impedance. A STATCOM
connected to bus 2 as well. During the rated ojmerathe
wind turbine provides a part of the load at bus thie system.
The capacitors at the wind turbine terminal supbéy/reactive
power required by the generator and the STATCOM aiay
supply a part of reactive power.
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Fig. 26. Block diagram of a wind turbine connected to a grid
[71. 0

Fig. 27 shows the simulation results where the STAM is j ' ' ‘ ' ' ' ' |
not in operation, but the extended rotor resistamwsrol and g 2_——U———”—¥_
turbine pitch control are applied on the wound rataluction @ oL ]
generator. It can be seen that the terminal voltegenot -2 s : \ s s - s !
restore and the cage induction generator contiaceslerating
and loses the stability. Although the acceleratbthe wound 2t ‘ '

rotor induction generator has been limited by thkéerded g ok \/
rotor resistance control and the pitch control $orcertain g

period, the speed of the generator will rise agier the
controls have been removed. The reason is thatldive
voltage cannot be restored since the parallel ¢adection

generator loses the stability. Fig. 27. Simulation results with extended rotor resistanud a
However, part of the system may be restored ifuhstable pltch_control and without STATCO.M‘ (&) Dynamic _s.trptor
X . . : resistance control generator variables. (b) Cadedtion
cage rotor induction generator is disconnected frima . .
system generator variables. (¢) Load voltage, power, &adtive
' power.

(©)
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Dynamic slip control generator variables
T T T

B
8

Fig. 28 shows the results of a successfully resgostability
case, where the STATCOM is in the operation andrtier
resistance and pitch control are also sufficientigulated so
0 1 2 s 7 5 6 7 s that the system restores normal operation.
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oot The example has been shown as an important functfon
Elec. torque STATCOMSs. It is also shown that the appropriate bimation
of various control approaches is an effective wayntprove

ﬂ/ | | ' the stability.

4.1.2. Fault Ride-Through of DFIG with a Crowbar

As discussed previously, a voltage drop will spur a
electromagnetic torque reduction that leads toatteeleration
of the rotor. The grid voltage decreases rapidlg tow level
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(a) and will cause high current transients in the gatoerstator

SG generator variables and also in the rotor, due to the magnetic coupieigveen the

Ezzz ‘ ‘ ‘ ' ' ‘ ' ] stator and rotor [7]. The high current may damage gower
3 electronics converter connected with the rotor wigdof
= 1 s : : : : : ] DFIGs. Therefore, protection measures are reqlioge®FIG
s . . wind turbines during voltage dips. A reduction irchanical

g 5 ] torque is desired in order to avoid over speed. ifthp

Eor H — Mech torque] | regulation, as explained before, can be used. Toidav

o 1 2 s ‘ 5 6 7 s damages in power electronics, the most common mjisido
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block the rotor-side converter and short circuie thotor
winding by means of a so-called crowbar[8], [.9].

A crowbar is connected between the rotor of the®&hd the
rotor-side converter. The crowbar circuit may hasgious
topologies, for example, Fig. 29 shows a crowbasisiing of
a diode bridge that rectifies the rotor phase cusreand a

(b) single thyristors in series with a resisRarow. The thyristors
Load variables is turned on when the dc-link voltage reachediit# lvalue or
' ' ' the rotor current reaches its limit value. Simuttawsly, the

current, (pu)
N
T
|

=)
N
N
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rotor of the DFIG is disconnected from the rotatespower
E electronic converter and connected to the crowbhe. rotor
remains connected to the crowbar until the maircudir
breaker disconnects the stator from the networkeWWthe

o 1 2 3 7 ; '
" " ' ! " ) j grid fault is cleared, the rotor-side converterdstarted, and
0 1 2 3 7

voltage, (pu)

0.5

0

after synchronization, the stator of the DFIG ismected back
to the network. Rotor over current protection dimsat before
is called a passive crowbar.

P, (MW)

The same circuit topology, as shown in Fig. 29, niegy

2_ \ ! | changed to an active crowbar [9] by replacing tmgistors

§ ° with a fully controllable one by means of a corable
2r , ‘ ‘ , , ‘ , ] semiconductor switch, such as an IGBT. This typerofvbar
0 ! 2 8 4 8 i 7 8 may be able to cut the short-circuit rotor currananytime. If
© either the rotor current or the dc-link voltagedksvexceed the

limits, the IGBTs of the rotor-side converter atedked and
the active crowbar is turned on. The crowbar resigbltage
and dc-link voltage are monitored during the operabf the
Crow bar. When both of these voltages are low ehptite
crowbar may be turned off. After a short delaytfoe decay of
the rotor currents, the rotor-side converter mayréstarted
and the reactive power may be produced to suppergtid.

Fig. 28. Simulation results with STATCOM in operation, and
sufficient rotor resistance and pitch control. Pghamic slip
rotor resistance control generator variables. @gednduction
generator variables. (c) Load voltage, power, @adtive
power.
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During normal operation, active and reactive powser
controllable and the machine is magnetized by thrr
However, while the rotor-side converter is disabladd
bypassed, the controllability of active and reacipower gets
lost and the magnetization is carried out by tla¢ost as in an
SCIG. The selection of th&crow value could affect the
system performance, such as reactive power coaibitl
[40]. Doubly fed generators with rotor current cohtare
prone to oscillations when reactive power is fedhe grid.
During a voltage dip, the stability limit is furtheeduced.
However, the generators with direct torque con{(@TC)
instead of vector current control seems to be restdy stable,
which could allow the rated reactive current prdthucunder
low grid voltages, though voltage dips with highly
unsymmetrical voltages are still difficult for DFG1].

Turbine

Transformer

PWM PWM F%D—E
comverter (. ior CONVERET
pacito Inductor
cl | <

Pitch

Thyristor

Crowbar

Fig. 29. Crowbar connected between the rotor of the DFIG
and rotor-side converter.

CONCLUSIONSAND FUTURE TRENDS

This paper has reviewed the power electronic agfidins for
wind energy systems. Various wind turbine systenith w
different generators and power electronic convertare
described. Different types of wind turbine systdmase quite
different performances and controllability. The attieal
topologies of wind Farms with different wind turbm are
briefed. It has been shown that the wind farms isting of
different turbines may need different configuratiofor the
best use of the technical merits.

Furthermore, the possible methods of improving wumdine
performance in power systems to meet the main grid
connection requirements have been discussed. Tha wi
turbine size is still increasing. Both onshore affdhore wind
farms are quickly developing in a global scale.

While the wind turbine market continues to be daatéd by
conventional gear-driven wind turbine systems, theect
drive or one-stage gear, so-called multibrid-typedasystem,
is attracting attention. Variable-speed operatias hmany
advantages. On the one hand, the DFIG dominatesutinent

market for variable-speed gear-driven wind turbsiystems,
largely due to the fact that only the power geregtan the
generator rotor has to be fed through a power releict
converter system (25%-30%).0On the other hand, blaria
speed wind turbines with a full-scale power corserhay be
more effective and less complicated to deal witll-gelated
problems, including the possibility for active ggdpport, and
the potential to operate wind turbines and windmfaras
power plants. Therefore, variable speed wind t@hiancepts
with a full-scale power converter would become more
attractive.

Many power electronics configurations for wind tiodo
systems have been actively researched, mainly tBE€sy
including Multi converter configurations, are us&bmpared
with geared drive wind generator systems, the main
advantages of direct drive wind generator systerashaher
overall efficiency, reliability, and availabilityud to omitting
the gearbox.PM machines are more attractive anersup
with higher efficiency and energy yield, higherasility, and
power-to-weight ratio compared with electricity-érd
machines [2].With synchronous generators, dioddifiers
may be used as the machine-side converters [4fhé&unore,
studies on the use of current-source converters gfid
converters are reported [3], [4]. Considering tleefgrmance
of PMs is improving and their cost is decreasingrothe
recent years, combined with the fact that the cbgpbower
electronics is decreasing, variable-speed directedPM
machines with a full-scale power converter haveobex more
attractive for offshore wind powers.

Although the market share in the fixed-speed wiatbihe
concept has decreased, the market interest in $@sed
wind turbines may increase. VSC-HVDC-based windnfar
consisting of SCIG are robust to grid faults. BemaWySC-
HVDC can enhance the ability to prevent power sysiaults,
consequently, the generators that are sensitipewer system
faults such as SCIG can be used without the proloEride-
through power system faults. With the increasingele of
wind turbine penetration in modern power systemsd g
connection issues have posed several new challéogesd
turbine design and development. Coping with gridnegction
demands is becoming a major issue in the wind rerbi
industry. Recently, grid connection requirementse ar
becoming more strict. One of the requirements d th case
of a major grid disturbance, wind turbines not ohbve to
remain connected, but should also play an assistieg In
future, the percentage of wind energy on many gigls
expected to be a significant part, thus making winbines as
key grid players. Therefore, these machines wijuree a
built-in capacity to behave like power plants. Poelectronic
technologies, as the interfaces for wind turbinelso the
interfaces for some energy storage systems ankxblé ac
transmission systems (FACTSs) devices, such as STOMC
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will play a significant role in developing new saif-the-art
solutions for the future
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