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Abstract —The continuous growth of wind energy integration
on electrical networks has led many utilities to impose fault ride-
through capability to wind farms. This means that wnd turbines
must remain connected to the system during severeadit
occurrence. Regarding the existing wind farms equiped with
fixed speed induction generators directly connectetb the grid,
fault ride-through capability is commonly assistedwith dynamic
compensation devices, such as DSTATCOM units. Theg@wer
electronic devices are controlled for voltage regation purposes
and behave like a balanced three-phase voltage saerconverter
since commonly used control techniques are based Ilpron the
positive sequence of both voltage and current meamd at its
connection point. These control techniques are saible only when
compensation devices are operated under balancednztitions and
therefore its performance when facing unbalanced fats needs to
be evaluated. This paper tackles with this subjecnd the results
obtained through numerical simulations demonstratethat over
voltages can arise on non faulty phases leading tee wind farm
disconnection.

Index Terms— Fault ride through, grid codes, DSTATCOM,
wind farms, fixed speed induction generators, unbahced faults,
over voltages.

HE continuous increase of
generation and its penetration into the electrigads has

INTRODUCTION

installed wind poweP

with these requirements, wind generator manufatubave
developed systems with ability to provide some agut
support, trying to attenuate voltage dips duringrshircuits.

In spite of the current use of variable speed windine
generators, many Fixed Speed Induction GenerateBsG)
directly connected to the grid are still in opevatiHowever,
they do not have the capacity to control their tigacpower
exchange because they always need to absorb aaartaunt
of reactive power. Although shunt capacitors apgciily used
to fully compensate for reactive power consumptiuring
steady state operation, these devices exhibit rafioor
performance especially during fault conditions dioe the
decrease of their reactive power injection capgbitillowing
voltage drops. Therefore additional external poelectronic
compensation devices are necessary to fulfil theT FR
requirements [2, 3].

Two existent devices usually employed for dynaregctive
power compensation are the Static Var Compens&dC)
and the STATic synchronous COMpensator (STATCOM).
Although these two devices can improve the stabilit
performance of FSIG directly connected to the ggidhulation
results show that the utilization of a STATCOM wilte same
ower capability of a SVC may lead to a better dyica
performance of the FSIG. When compared to SVCs,

lead the Transmission System Operators (TSO) toemaR TATCOMs are faster, smaller and have better pexdoces

the utility interconnection requirements for windrrhs, also
known as Grid Codes, more restrictive in orderitaitl the
propagation of problems into the grid as a restiltthe
presence of wind generation. Two of the main rexguents
are reactive power control during normal operatingditions
and Fault Ride-Through (FRT) -capability during faul
conditions [1].

Concerning FRT requirements, wind farms are aimed
avoiding as much as possible the loss of generatpacity in
case of an external fault occurrence. Thus, inror@eomply
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at reduced voltages [4].

Recently a new family of Distribution STATCOMSs
(DSTATCOM) especially adapted for distribution apptions
was proposed in [5], which is based on the senesection of
Insulate Gate Bipolar Transistors (IGBT) and opsgatvith
Pulse Width Modulation (PWM) techniques. The
DSTATCOM solution connected to the wind farm subista
and serving a single wind farm is considered irg[las one of
the most interesting solutions to improve FRT cdljpgbof
wind farms based on FSIG directly connected togttie. For
this purpose, the DSTATCOM is controlled to regel#be
wind farm terminal bus voltage through the reactp@ver
exchange with the network. When system voltage sirtipe
DSTATCOM injects immediately reactive power on the
connection point in an attempt to limit the voltadip.

Control techniques commonly used are based on sitiyeo
sequence voltage and current measured at the DSDAMC



connection point. Therefore, depending on the geltdip, the
DSTATCOM injects the same amount of reactive ponveal|

of the three phases. This control technique isblétwhen the
DSTATCOM is operated under balanced conditionshsag
following three-phase short-circuits when all theee grid
voltages register the same drop amplitude and Visters
remains balanced. Although balanced faults are riuest
severe ones, its occurrence is extremely rare. dimtrast,
unbalanced faults, which occur when one or two ehase
shorted to ground or to each other, happen mosh oftading
with the appearance of the negative-sequence coenpadn
the grid voltages. Thus, the performance of the BBTOM

when facing unbalanced faults and the impacts éngié wind
farm in these situations needs to be evaluated.

This paper tackles with such problems. The dynamigg.
performance of DSTATCOM to improve FRT capability o

wind farms equipped with FSIG following unbalandedits is
evaluated through numerical simulations. The resuiittained
demonstrate the potential
concerning the FRT capability improvement. Howewde
over voltages that arise on non-faulty phases wiedd the
operation of over voltage protections and thereforéne wind
farm disconnection.

Il. GRID REQUIREMENTS FORWIND FARMS CONNECTION
Following the large expansion of wind power geriergta

matter of great concern for most European TSO & th 0

capability of wind farms to stay connected to thil gn the
event of faults which give rise to voltage dipsdrder to
increase the stability margin of the power systéor this
purpose, wind turbines connected to the grid shdodd
equipped with FRT capability [3, 7, 8]. According the
Portuguese grid code proposal, the new wind povent®
must fulfil the following minimum technical requireents [9]:

® To remain in operation during voltage dips, if ttedue of
the effective terminal bus voltage remains abowe dbrve
depicted in figure 1 during the fault and after ¢tearance
for the time limits also defined by figure 1.

® To deliver reactive power during voltage dips pdivg
thus voltage support for the network. The requestedtive
power is indexed to the reactive current flowingptigh the

benefits of the DSTATCOM

steady state conditions is assured by a capadiitk imstalled
at the wind farm substation.
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1: Time voltage characteristic proposed taurprese wind systems
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Fig. 2: Characteristic curve of the reactive curréelivery by wind power
plants during/after voltage dips. (1) Fault andoxery region. (2) Normal
operating region.
lll.  FAULT RIDE-THROUGHCAPABILITY IMPROVEMENT OF
FIXED-SPEEDWIND GENERATORS

A. Behaviour of fixed speed induction generators under
power system disturbances

Following a fault occurrence in a power system, gffects
can be observed on wind turbines equipped with F8té&ctly
connected to the grid: The stator is demagnetineltize rotor
speed increases [1, 10].

The voltage drop provokes the demagnetization efsthtor

Point of Common Coupling (PCC) before the faulflux' Since the rotor flux cannot decrease immedyathe

occurrence, being the wind farm obliged to stathi& white
region of the curve depicted in figure 2.

machine delivers reactive power to the grid dudngansient
period. At the same time, the active power delidetre the
system is significantly reduced as well and thetedenagnetic

® To adjust, by request of the TSO, the reactive powgorque, whereas the mechanical torque may remaiosl
injected in the network fotg(¢) in the range between 0 andconstant. Due to the torque unbalance the rotéoraailelerate.

0.2, corresponding to a power factor between 1 Guo@

inductive.

Assuming that the existing wind farms equipped A&8IG
directly connected to the grid should fulfil thedeRT
requirements, the DSTATCOM to be installed on theadw
farm terminals should provide sufficient dynamicaative
power compensation. The reactive power injectedindur

After the fault is cleared the voltage tends tooxes and
FSIG directly connected to the grid require a laageount of
reactive power to recover the air-gap flux and doethe
increased speed during the fault. This could caumsénrush
current to be drawn by FSIG from the power systesiliting
in a voltage drop, which, in turn, could preveng timachine
terminal voltage to return quickly to its nominalwe. If the
voltage could be recovered and the generator sigeeak too
high, the electromagnetic torque could be restasedhat the



rotor speed can be slowed down and the FSIG magrecs
normal operation. In contrast, if the voltage ig able to be
recovered back to around its nominal value or teeegator
speed is too high, the electromagnetic torque maynbt
sufficient to balance the mechanical torque andntiaehine
continues to accelerate, increasing then the reagibwer
consumption. Therefore the voltage may decreaskefiuand
the generator will not return to its nominal spdssing then
tripped out by over speed protection devices.

B. The DSTATCOM operation and control

Concerning FSIG with stall regulated wind turbiniéss not
possible to control the input mechanical power tretefore
the effective approach is based on dynamic reagiweer
compensation with a fast reactive power controbider to
help the voltage recovery and to re-establish trechime
magnetic field and torque [10]. In this context,et

According to the figure 3(a), the active and reactpower
transfer, P and Q, respectively), between the VSC and the

grid can be expressed as follows:

b ViV, sind and0 _ ViV, -V, cosd) "
X
where X is the reactance of both the interconnection

transformer and the DSTATCOM filter andl is the angle of
V, with respect tov,.

In steady state operatio®, =0 and only reactive power is
flowing. The DSTATCOM absorbs reactive power\f is
lower thanV,. Otherwise it generates reactive power.

As the DSTATCOM is controlled to regulat®/,, it

h implements thev — | characteristic presented on figure 3(b).

DSTATCOM is used for enhancing the reactive powgipty Thus, the DSTATCOM can operate with its rated aureen

in order to restore system voltage. As a consegyehe wind
farm dynamic response concerning the fulfilment FRT
requirements presented in section Il will be impgay

at reduced voltages and, in addition, as long aesrdéactive
current stays within its minimum and maximum values
imposed by the converter ratind(ax andl ), the voltage is

However, the rating of the DSTATCOM should be€gulated according to its reference valig, . However, a

approximately of 100% of the wind farm nominal povie
order to guarantee a successful voltage recoverd[112].

voltage droop (usually between 1% and 5% at maximum
reactive power output) is normally used, being Wie-|

A DSTATCOM consists of a three-phase Voltage Souragharacteristic described by

Converter (VSC) shunt connected to the wind farmmieal
bus through a coupling transformer [4, 13], as clegi in
figure 3(a). The STATCOM principle of operationbiased on
the injection or absorption of reactive power i thetwork
connection point. Thus suitable control and measarg
systems are required, as described in figure 3(a).

V] Wind farm terminal bus

Viabe

Coupling
transformer

.
&
Lyl
(a) (b)

Fig. 3: The DSTATCOM: (a) structure; (W} characteristic
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V=V, +kx| (2)
where V
reactive current (p.ul . ) and P

nom
nominal power of the DSTATCOM.

The control system of the DSTATCOM can be designed
according to the several known control techniglttswvever,
concerning FRT capability improvement of wind farms
equipped with FSIG, it is essential to inject th@prpriate
amount of reactive power within the minimum timelage
since this fact influences notably the recoverycpss, as
already mentioned previously. Therefore, the vectontrol
technique is commonly used to deal with fast dyieanaind to
provide decoupled control ability [1, 2, 10, 12].14

Thus, the DSTATCOM control system implemented iis th
work, which is presented on figure 4, is based @ vtector
control technique, with the reference frame oridrdatong the
wind farm terminal bus voltage vector position. k\Mite abc-
to-dq transformation the active and reactive power floas

be represented with voltages and currents idgareference

is the positive sequence voltage (p.u.),is the
is the three-phase

The VSC using IGBT based PWM inverters uses a PWidame rotating at the grid frequency. Aligning the-axis of

technique to synthesize a sinusoidal waveform franDC
voltage source. Power electronic components shdugd
switched on and off at a high frequency (severat)kdhd high
frequency harmonics and ripples will be limiteddmnnecting
filters at the AC side of the VSC [10]. As a consexace of the
high switching frequency, a small time step is e for
dynamic simulations. However in this research theeiter
behaviour is not a matter of concern. In this wagimplified
modelling was adopted such that the VSC ideallyaepces
the reference voltage from the control system.

the reference frame along the position of the wfadn
terminal bus voltage, the active and reactive powidr be
proportional tol, and I, respectively, so that the reactive
power flow can be controlled via, and the dc-link voltage
can be controlled through, [10].

Since the DSTATCOM control scheme is based ondhe
rotating reference frame, a Phase Locked Loop (PisL)
employed, as it can be observed from figure 3(@), t
synchronize on the positive sequence componerteoftree-



phase voltageV, and to provide the anglé=wt to the

High Voltage (HV) network by means of a 10 MVA, &3/kV

transformation abc-to-dg and its inverse. A measurementiransformer. The short-circuit power at PCC is BOZA.

system is also included to measure theand g components

of the ac positive sequence voltage and currentbéo
controlled (4, 1,, V4 andV,) and the dc voltage/ .
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Fig. 4: The DSTATCOM control system

As it can be observed from figure 4, there are &so Pl
regulators. The PI1 is responsible for keeping tornshe dc
voltage through a small active power exchange wth ac

The wind farm is also equipped with a DSTATCOM with
MVA of rating power for voltage regulation of theMvwind
farm terminal bus following short-circuits occurcen

Termin:

HV/MV bus

D
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055KV
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Fig. 5: Fixed speed wind farm equipped with a DSTOM.

The model of this whole test system is implementader
the EMTP-RV® environment (version 1.0.2). The

network, compensating the active power losses ia tHPSTATCOM model described previously in section Was

transformer and inverter. This Pl regulator prosidee active
current reference|l,. The PI2 regulator is responsible for

controlling the terminal voltage through the reastipower
exchange with the ac network. This PI regulatovjales the

reactive current referencda; , Which is limited between 1 p.u.

capacitive and -1 p.u. inductive. This regulatos bae droop
characteristic, which allows small variations arduthe
terminal voltage. The other two regulators, denasdPl in
figure 4, determine voltage referenceg, andV,,, which are
sent to the PWM signal generator of the convedfter adq-
to-abc transformation. Finally,V,,. are the three-phase

voltages desired at the converter output.

IV. THE TESTSYSTEM AND MODELS
The test system presented in figure 5 is used &tuate the

built underEMTP-RV®environment, since it is not available
in this version library. The induction machine mbidebased
on a fourth-order state space model [15] builthia library in
EMTP-RV®. The wind speed is reproduced through the
mechanical torque which is applied to the inductigmerator
model. The utility system is represented by a @antstoltage
source connected in series with its Thevenin’'s \edent
impedance and the remaining components are repegsen
through the models available &MTP-RV®library.

V. SIMULATION RESULTS ANDDISCUSSION

In order to demonstrate the DSTATCOM contributiorthie
FRT capability improvement of wind farms equippedéhw
FSIG directly connected to the grid and to evaludse
performance following external unbalanced faultsyesal
simulation studies have been carried out using=tfid P-RV®
simulation tool. Some of them are presented below.

dynamic performance of a DSTATCOM concerning FRT A. DSTATCOM contribution for FRT capability

capability improvement of a wind farm equipped WHBIG
directly connected to the grid when facing extefaalts.

This case study is a 10 MW wind farm connectedhi® t
utility system. The wind farm comprises 20 squircelge
induction generators with a rating of 500 kw. Eamimd
turbine is connected to the wind farm internal reetwof 15
kv through a 630 kW, 0.55/15 kV transformer. Capmaci
batteries for individual reactive power compengatiare
connected to the Low Voltage (LV) terminals of eagimd
generator, assuring its reactive power consumpaiioninioad
conditions. The additional reactive power requitedFSIG
when operated under load conditions as well asre¢hetive
power injected in the network provide from anothapacitor
bank, which is connected to the Medium Voltage (Mide of
the wind farm substation. The wind farm is connédie the

This study aims to demonstrate the DSTATCOM
contribution for FRT capability improvement considg the
most severe conditions for fault recovery. Thus,wias
assumed that the wind farm is operating near tordtsd
power, corresponding to the maximum amount of react
power required by the FSIG, and a three-phase-shottit is
simulated on the HV network, far from the wind famwith a
clearance time of 500 ms. The results are presemti¢de next
figures (6 to 9).

The voltages at the PCC and at the wind farm teahiins
are depicted on figures 6 and 7, respectively, whenwind
farm is operated with and without the DSTATCOM. Wditit
the DSTATCOM, the voltage at the PCC drops beladvu.
during the fault occurrence, leading with the wifatm



disconnection. The DSTATCOM based solution avoids t the reactive power consumption from the grid, asaih be
situation, since the voltage at the PCC remainy@lfa2 p.u., observed from figure 9.

as it can be observed from figure 6, contributingstto FRT .
enhancement. In addition, after the fault is cldatke voltage B. DSTATCOM performance following unbalanced faults

recovers faster and within the time limits requitgdthe FRT  In order to evaluate the DSTATCOM performance foltuy
characteristic depicted on figure 1. Moreover, attepe Unbalanced faults, a single-phase short-circuiagpha) was
improvement is achieved regarding the wind farrmteal bus ~Simulated on the HV network at t=1s and with a ctegatime
voltage, as it can be observed from figure 7. of 500 ms. As the reactive power absorbed by FSifedds
on their operating conditions, two situations weomsidered
in this study concerning the active power genematibhe
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o FSIG are operated near their nominal conditionsreat one
w . . . . . .
E06 SRR : : half of their ratings. Concerning the first siteetj the results
S04y T A C e obtained are presented on figures 10 to 13.
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Fig. 8: Reactive power injected from the DSTATCOM.
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These improvements are done by means of reactiverpo - 1 1‘25 1:5 1_;,5 )
injection from the DSTATCOM during the fault andeafits ' " Time(s) '
clearance, as depicted on figure 8. The DSTATCONitrcd
system reacts immediately to a sudden voltage sdifyrating
the controller and injecting the maximum reactiverent into  As it can be observed from figures 10 and 11, tivelwark

the grid. However, it should be noted that the tigagower transformer, usually of typ@Y , influences on how the grid
injection is limited by the large voltage drop ahérefore the fault appears on the wind farm terminal bus, bewitage dips
DSTATCOM provides a little contribution for voltageipport  verified on both phases a and c. However, as tHEATEOM
during the fault. In contrast, after the fault ieazed, the voltage regulation control system is based on thsitipe
reactive power injected from the DSTATCOM corresg®to  sequence of both voltage and current measured at th
its rated power contributing to a faster voltageokery and a connection point, the DSTATCOM injects a balanckecbée-
clear increase of the system stability margin. ddiion, the phase reactive current into the grid, as it cantmerved from
magnetization process of FSIG is dynamically sufggbr figure 12, corresponding to the reactive power outp
making it possible to decrease the rotor speedtanéduce presented on figure 13. As a consequence, conbigecaer

L
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Fig. 13: Reactive power injected from the DSTATCOM.



voltages arise on the non-faulted phases, as ibeavbserved these existing wind farms. However, special camikhbe put
from figures 10 and 11, being the voltage (phasat #)e PCC regarding over voltages experimented by the nofieidu
around 1.1. p.u.. After the fault elimination, oweitages take phases when single phase defaults arrive in thee die to
place, since the reactive power injection from theurrent injection in the three phases, since oveltage
DSTATCOM is kept for some more time. These factslead protections can trip out the wind generators.

to the operation of overvoltage protections andseghent
wind farm disconnection, missing
improvement.

When the wind farm active power generation is reduo a
value near one half of its rated power, the amafineactive
power absorbed by FSIG is also reduced. Then, ¢hetive
power injected from the MV capacitor battery wasrdased
in order to comply with power factor requiremeritke results
obtained are presented on figures 14, 15 and 16.
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Fig. 14: Voltage at the PCC
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Fig. 16: Reactive power injected from the DSTATCOM.

As it can be observed from figures 14 and 15, ther o
voltages that arise on the non faulted phasesaager than
these ones observed from figures 10 and 11. Thigésto the
fact that more reactive power is injected into ghie since the
reactive power absorbed by FSIG is decreased amd
DSTATCOM is supplying its rated power. It shouldalbe
noted that these over voltages can become worsanfob
less severe unbalanced faults.

VI. CONCLUSIONS

In this paper the performance of the DSTATCOM based

external FRT solutions used in wind farms equippégth

FSIG is evaluated. The results obtained allow tachale that
the DSTATCOM provides voltage support following tage
dips that arise from external short-circuits ocenoe,
reducing voltage drops and increasing the stahifigrgin of

In order to avoid such situations, complementargtrcd

the FRT capabilitprocedures to define the volume of reactive powggction

from the DSTATCOM should be derived. For this pupohe
negative sequence of the wind farm terminal budagel
should be also taken into account. On the otherdhdn
possible, an adjustment of the over voltage pritectettings
can also be adopted. These issues will be the ctutjéurther
investigations.
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