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Abstract—The complexity of power systems has increased in Australia, India, a large number of wind farms are cur-
ﬂlacent yearrsl QU$ to the O_Perfﬁlor_‘b?f ?&((':Stlng transmissionides  rently interconnected into the existing transmission oekw
closer to their limits, using flexible transmission systen . ; ;
devices (FACTS), and also due to the increased penetratiori mew of 220kt\/(;/oltage I(te_vel vlwth hlghfr 'n?ﬁ!leq CapaC|tc)j/ tmt t
types of generators that have more intermittent characterstics cqnne_c e anven lona ggnera on. IS Increased a _un
and lower inertial response, such as wind generators. This Wind installation has considerable effects on the opematib
changing nature of a power system has considerable effectexisting transmission network . The European Wind Energy
on its dynamic behaviours resulting in power swings, dynani  Association (EWEA) projects 230 GW by 2020 and 300 GW
interactions between different power system devices and 88 f jnstalled wind power capacity in Europe by 2030. An
synchronized coupling. This paper presents some analysettbis . f the historical d | t of wind tech
changing nature of power systems and their dynamic behavias overview ot the historical deve o.pmen of win gnergy ech-
to identify critical issues that limit the large-scale integration Nology and the current world-wide status of grid-connected
of wind generators and FACTS devices. In addition, this pape as well as stand-alone wind power generation is given in [3].
addresses some general concerns towards high compensaidn  The present and progressive scale of integration has brough
different grid topologies. The studies in this paper are coducted 1, 5 head serious concerns about the impact of such a scale of

on the New England and New York power system model under . . . -
both small and large disturbances. From the analyses, it cabe wind penetration on the future safety, stability, religpiand

concluded that high compensation can reduce the securityrfiits ~ S€curity of the electricity system.
under certain operating conditions, and the modes related d There are several technical constraints, including steady

operating slip and shaft stiffness are critical as they mayimit  state or dynamic stability, that may limit wind power intagr
the large-scale integration of wind generation. tion into a power system. A majority of large wind farms,
including proposed large wind projects, are geographjidal
away from load centers and connected into relatively weak
. INTRODUCTION transmission networks [4]. The presence of wind farms imsuc

Power systems are complex systems that evolve over ye‘é{Fsak transmission networks incurs serious concerns about
in response to economic growth and continuously increasifigStém security and stability. Power system utilities @ns
power demand. With growing populations and the industf'® shifting focus from the power quallt_y issues to the $itgbi _
alization of the developing world, more energy is requirefoblems caused by the wind power integration. In the grid
to satisfy basic needs and to attain improved standards BPact studies of wind power integration, the voltage sitgbi
human welfare [1]. The structure of the modern power systdf$u€ is a key problem because a large proportion of existing
is becoming highly complex in order to make energy availapyéind farms are based on fixed-speed wind turbines (FSWTs)
economically with reduced carbon emission using renewal§iguiPped with simple induction generators [5].
energy sources. Induction generators consume reactive power and behave

In recent years, power demand has increased substantigfilar to induction motors during system contingency, sthi
while the expansion of power transmission lines has be8fiteriorates the local grid voltage stability [6]. Presewari-
severely limited due to inadequate resources and envinonm@P!e speed wind turbines equipped with doubly fed induction
tal restrictions. As a consequence, some transmissiors lifignerators (DFIG) are becoming more widely used for their
are heavily loaded and the system stability becomes a povdvanced reactive power and voltage control capabilityGsF
transfer-limiting factor. FACTS controllers have beendifer make use of power electronic converters and are thus able to
solving various power system steady-state control probjerfegulate their own reactive power to operate at a given power
enhancing power system stability in addition to their maiffctor as well as able to control grid voltage. However, beea
function of power flow control [2]. of the limited capacity of the PWM (pulse-width modulation)

Following the issue of the Renewable Energy Regulati(ﬁ?m’?rter' the voltage control capability of DFIG canndtba
to give impetus to the development of renewable energy with that of the synchronous generator. When the voltage

governments in Denmark, Germany, USA, China, Irelan§t ntrol requirement is beyond the capability of the DFIG th
voltage stability of the grid is also affected.
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modes has been investigated in [7], although the voltageesiod The effect of load changing transformers and induction mo-
are also influenced due to penetration of wind generators. Tior loads on voltage stability has been detailed in [18] olt-vo
limits for voltage stability at different wind power intesfion age stability. In this paper, attention is focused on thetrea
levels and grid alternatives have been illustrated in [9] fgpower compensation and induction generation. The novélty o
situations with and without extra stabilizing controls imet the present work is to show that (a) over compensation for
system (SVC) and for different characteristics for the winckactive power can lead to dynamic instability with a strong
turbine generators. Detailed dynamic load modeling antt fagoupling between voltage and angle dynamics, and (b) tasbin
analysis are not treated in [9]. However, load charactesistand induction generators introduces mechanical modeshwhic
are closely related to voltage instability [10], [11]. should be considered for high wind energy penetration. One

The issues of interconnecting large wind parks to th@bvious conclusion from this work is that with wind energy
electrical power network are discussed and possible solsiti penetration dynamic reactive power compensation, voltage
to counteract anticipated problems using AC and DC transmand angle dynamics have a stronger interaction compared
sion technologies, and FACTS devices with energy storagie & the systems with synchronous generation and static VAR
presented in [12]. The impact of grid-connected large DFIGompensation.
based wind farms on power system transient stability has bee The other purpose of this paper to analyze the changing
studied in detail including full generator model, as thexei nature of systems and its dynamic behavior to identify fitur
lack of this generator model in the most common transieissues that either resolving or defining limits to the degree
simulation software packages [13]. It is shown in [13] thahat can be tolerated. So far in the literature, the follawin
power system transient stability can be improved to soncases are not considered: (i) the possible effects of higher
extent when the specified synchronous generator is replaé&LCTS density on dynamic performance of distributed power
by a wind farm of DFIG type. The effect of short circuitingsystems, (ii) the critical interaction amongst FACTS desic
the rotor when the fault current exceeds the convertergati(iii) whether there is a level of wind generation capacity an
is not considered in this paper [13]. However, during largeACTS devices above which the system dynamic behavior is
disturbances, doubly-fed induction generators (DFIG)aveh unstable with poor controllability. This paper will addsethe
as conventional SCIGs with an increased rotor resistardle [1these issues.

The challenge to accommodate increasingly larger amountsThe organization of the paper is as follows: Section Il
of wind energy on the system and its impact on systedescribes the models used to represent the main network
operation has been discussed in [15]. The challenges withmponents and the electrical system; Section Illproviaes
regard to incorporation of dispersed power generation asdort description of the test system used in this paper; in
particularly large offshore wind power into the Danish poweSection 1V, a number of case studies and discussions are
system have been discussed in [16]. This article mainlydesu outlined. The conclusions are summarized in Section V.
on investigations of short-term voltage stability as one of
the main concerns has been to evaluate the response of the Il. POWER SYSTEM MODEL

power g”d. to a short-cwpwt fault in the tr_ansm|35|on_ syst Dynamic models of the devices considered in the paper are
The technical issues to integrate large wind power into weak

grids with long transmission lines and the most significarﬁt:esemed in this section. For stability analysis we inelud

. . . : e transformer and the transmission line in the reduced

challenges for wind generation facilities, including ‘age . . . \ "

. . .admittance matrix. The nonlinear model of the wind turbiises

control, reactive power management, dynamic power-swir ) .
- . : . : based on a static model of the aerodynamics, a two mass model
stability, and behavior following disturbances in the powe . : . . :
. . : . of the drive train, and a third order model of the induction
grid have been addressed in [17]. It is shown in [17] that thgeenerator

decoupled characteristics of variable wind power plantth wi The rotor of the wind turbine, with radius;, converts

the grids ensure stability performancg which can exceet t.%arl]ergy from the wind to the rotor shaft, rotating at the speed
of conventional synchronous generations of the same rati

n . .
installed at the same locations. ogn The power from the wind depends on the wind speed,

Although much work has been done, the following issueVéNi’ the air density,0, and the swept aredyy . From the

; . A . -available power in the swept area, the power on the rotor is
have not been addressed in detail yet: (i) effects of impgrti iven based on the power coefficient(A;, 6), which depends
higher level of power from remote generation with high perg- p ent(Ai, &), p

etration of FACTS devices; (ii) effects of high penetratioi on the pitch angle OT the bladé, gnd the ratio betweep the

- : . speed of the blade tip and the wind speed, denoted tip-speed
DFIGs on voltage stability during transients when they lveha™ AN . .
as SCIGs; (iii) the critical interaction between FACTS adewg; ratio, A = W The aerodynamic torque applied to the rotor
and (iv) effects of the integration of FSWTs and FACTSor thei™ turbine by the effective wind speed passing through
device with substantial amounts of dynamic load. Large wirlfie rotor is given as [19]:
generation facilities are evolving to look more and more lik Oi 3
conventional generating plants in terms of their ability to Taq = RA""“C” (i, 6V @)
interact with the transmission network and other genegatin h . imated by the followi lation 1201:
units and FACTS devices in a way that does not compromi\éve erecy, is approximated by the following relation [20]:
performance or system reliability. But many challenges and (A —3)

15-0.36

new breakthroughs are needed before it becomes a reaIity.Cpi - (0'44_0'0167(9')5'”{

} —0.00184A; — 3)8,



wherei =1,--- 'n, andn is the number of wind turbines. wg; is the rotor speed of the 1@y is the synchronous speed,

The drive train attached to the wind turbine converts thiréess aggt:fil Iare d- and g-axis components of the stator current,
aerodynamic torquéaq on the rotor into the torque on the P Y-

low speed shaft, which is scaled down through the gearbo Il the generators of the test systeMy(to G,¢) have been

to the torque on the high-speed shaft. A two-mass drive tr ﬁ;‘]presented by a sub-tran5|e_nt model [22]. The mechanu;al
model of a wind turbine generator system (WTGS) is usd put power to the generators is assumed to be constantgdurin

in this paper as the drive train modeling can satisfactori e disturbance. The generatdgg to Gg are equipped with

reproduce the dynamic characteristics of the WTGS. The fi t;’;’ e>f<C|ttat|otr_1 sys;[e:_n (lEE.tE;.D C1A) tWh”SIBéEISé esqlfjl'ipeg 5
inertia constantdn, stands for the blades, hub and low-spe Ith a fast acting static excitation system ( A Ul

shaft, while the second inertia constarits; stands for the he fast acting static excitation system at generaioris

high-speed shaft. The shafts are interconnected by a gear Bgu?peddwnh.a pOW(tar Is%/st?rr]n Istab||llzerdto p_lr_cr)]wde ?UF;F;LE
with a gear ratio,Ng, combined with torsion stiffness(s, mentary damping control for the local modes. The rest of the

and torsion dampingdm, andDg,, resulting in torsion angle generators are under manual excitation control [22]. Tlael lo
i 1

. : . is modeled as (i) 20% large induction motor load [10], (ii)
;/.r.eTrheeprneosr;?Lgr;jsf[rftgq]l.Jency 6. The dynamics of the shaft 25% small induction motor load [10], and (iii) 45% static

load. The active components of static loads were repregente
1 by constant current models and the reactive components by

) = —[Tag —Ksy—D , 2

“n 2Hm, [Tes sH ™ ] @ constant impedance models, as recommended in [23] for
. B 1 dynamic simulations.

“o = 2HG [Ks ¥ = To — Do 1], (3) In this paper, fixed-speed induction generators and DFIGs

. have been considered for the analysis. The modeling of induc
vo= 2mf(am - W“’Gi)' (4)  tion generators for power flow and dynamic analysis has been
g_' discussed in [19], [21]. A general model for representatbn
The generator gets the mechanical power from the gear Royiapjes speed wind turbines in power system dynamics sim-
through the stiff shaft. The relationship between the meehaulations has been presented in [24]. A TCSC [22], SVC [22]
ical torque and the torsional angle is given by: and STATCOM [6] have been used in this paper.
Tmi = Ks Y- (5)
I1l. TEST SYSTEM
For representation of fixed-speed induction generator mod-a 16 machine, 69 bus system is considered in this pa-
els in power system. stability studies, thg stator flux traqlsi per [22]. The single line diagram of the system is shown in
can be neglected in the voltage relations [21]. A simpliig 1. This is reduced order equivalent of the intercoregct
fied transient model of a single cage induction generatQg,y England test system (NETS) and New York power system
(IG) with the stator transients neglected and rotor cuser(tNYPS)_ There are five geographical regions, out of which
eliminated is described by the following algebraic-diéfietial NETS and NYPS are represented by a group of generators

equations [19], [21]: whereas, import from each of the three other neighborinasare
. 1 3, 4 and 5 are approximated by generator equivalent models.
5= E[Tmi —Tal, ®)  The generators, loads and imports from other neighboring
., 1., . , areas are representative of operating conditions in thly ear
Eqr = T [Eqr, — (% —X)ids ] — s @sEqy,, (7)  1970s. The total load on the systemAs= 1762065 MW,
. f QL =197176 MVAr and generatiofiig = 1840800 MW. The
Eqr. = —37 [Egr, + (X —X)igs | +swsEqy,, (8) line loss in the system is 152.2 MW. Generat@s and Gg
o are the equivalent representation of the NETS generatdstwhi
Vis = Rsidg — X/igs + Egr,» (9) machinesG;o to Gy3 represent the generation of the NYPS.
Vis = Rsids + Xigs +E£4rw (10) Generatc_)rsGM _to Gy are the dynamics equivalents of the
three neighboring areas connected to the NYPS. There are
Vi, = /s + Vs (11)  three major transmission corridors between NETS and NYPS

connecting buses 60-61, 53-54 and 27-53. All these cosidor
'have double-circuit tie-lines. In steady state, the tiepower
exchange between NETS and NYPS is 700 MW in total. The

L“”‘)/.R”’ is the transient oper_1-C|rCU|t F|me/ co_nstawit,|s_ the NYPS is required to import 1500 MW from area 5. The system
terminal voltage of the IGg is the slip,E}, is the direct- : .
fi and generator data are given in [22].

. ) P o ,
axis transient voltagess,, is the quadrature-axis transient At the present time, there are at least three main wind

voltages, Vas is the d-axis stator voltagelgs is the g-axis ..o technologies used in the industry.
stator voltage,Ty, is the mechanical torquélg = Egrigs +

Eqgrigs, is the electrical torqueXs is the stator reactanc,
is the rotor reactancen, is the magnetizing reactancBs
is the stator resistanc®;; is the rotor resistanceig, is the A number of cases have been considered to get a deeper
inertia constant of the 1G§ = j‘é wg, dt, is the rotor angle, insight into these complex issues but a few of them are

whereX/ = X5 +XmX;/(Xm +X;), is the transient reactance
Xi = X +Xm, is the rotor open-circuit reactancg, = (L, +

IV. CASE STUDIES



Fig. 1. Test System.

presented in this paper because of space limitation. Stionla 1.2
studies have been carried out using nonlinear models of
different power system devices and widely used power systernr 1.1t
simulator (PSSE).
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A. Load area fed by high import using high compensation

Voltage (V, pu)

o
o

A large amount of compensation is needed within the load
area. This is caused by the high demand for reactive power by 0.6-
the loads, the need for a lot of reactive power of the feeding
lines and.the lack (_)f generation units within the load ared th 05250 200 500 800 1000 1200
could deliver reactive power as a by-product. A large amount Real power (P, MW)
of reactive compensation results in a PV curve that is flat to
a certain point. From there, it falls very steeply. The effe€ig- 2. P-V relationship at bus 49
is, that the voltages are on a good level for a long time and
nobody sees a problem. But the security margin of voltage ) ) )
instability is very small in reality and a small event canlpu%- Interaction among different FACTS devices
the system down. Interaction amongst the FACTS devices in a multi-machine

Both the P-V curve method [25] and nonlinear simulasystem can adversely influence the damping properties of
tions [18] are used to analyze this issue. The PV curve fordividual FACTS devices. In some critical cases, it mayreve
bus 49 at area NYPS is shown in Fig. 2 which is highlgmplify power swings or increase voltage deviations. Due to
compensated (750 MVAr) and the load (P=1350 MW anldcal, uncoordinated control strategies used in many power
Q=29 MVAr) is supplied from NETS. The system is operateglystems, destabilizing interactions among FACTS controls
with 864 MW load at bus 49 and voltage remains constaate possible. This problem may occur especially after the
for this loaded condition. A three phase fault is appliedhat t clearance of a critical fault, if shunt and series connected
middle of one of the lines 60-61 and the resulting voltage devices, e.g., SVC or STATCOM and TCSC, are applied
bus 49 is shown in Fig. 3. From Fig. 3, it is clear that although the same area. Interactions among FACTS controls can
the system is highly compensated and operated at constaatersely influence the rotor damping of generators andrunde
voltage, instability occurs due to small security margin.  weakly interconnected system conditions it can even cause
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Fig. 3. \oltage at bus 49 for three-phase fault on middle of ofilines Fig. 5. Power flow (lines 60-61(2)) for outage of one of traission lines
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Fig. 4. Rotor anglés; for three-phase fault on middle of one of lines 60-61
(Solid line STATCOM and dashed line STATCOM+TCSC+MSC) Fig. 6. \oltages at buses 60 and 61 for three-phase fault ddlenof one
of lines 60-61 (Solid line bus 60 and dashed line 61)

dynamic instability and restrict the operating power raoge raise no concerns regarding that configuration. The series

the generf’;\tors. _ compensation makes a stable transmission possible.
Simulations are conducted with (i) a STATCOM at bus

31 and (ii) a STATCOM at bus 31, an MSC at bus 53 an N . . .
a TCSC at the middle of the line 30-31. Fig. 4 shows thg" Longitudinal system with shunt compensation at middle
rotor angle with three phase fault on the middle of one of the If the distances are not too great, line reactive power
lines 60-61. It is clear that the addition of TCSC and MSgequirement can be met by compensation at the middle of the
nearest to STATCOM increases the rotor angle oscillatior/stem which minimises the distances from the compensation
To improve overall system dynamic performance, interactio device to the nodes of the system. For this case, a STATCOM
among FACTS controls must be minimized or prevented_ is placed at the middle of one the of lines 60-61. Flg 6 shows
the voltage profiles at buses 60 and 61 for a three-phase fault
at one of the lines for 150 ms. From Fig. 6, it is evident that
C. A few bulk transmission lines with series compensationshe post-fault voltage remains in good condition at botheBus

Series compensation can be optimised so that the electrical ) _
length of the lines can be reduced. If the compensation fs Classical generation close to load centres
equipped with thyristor control, it can even be used for the When generators are close to the load centre, only a small
damping of power swings. Case studies are carried out famount of compensation is required because the reactive
(i) a base case power flow (200 MW) through one of theower needed by the lines is relatively low and the con-
lines 60—61; and (ii) an extra power flow with a TCSC of 388umption of reactive power by the loads can be covered
MW (almost double) through the same line. Fig. 5 shows th®y the generators. A synchronous generator offers dynamic
power flow through the line 60-61(2) for both cases whicbompensation of high quality, i.e., in the case of a decnegsi
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voltage at the connecting point, it does not reduce its dudpu
reactive power. The additional compensation delivers & bas
compensation in order to create an adequate security margil
for the generator action.

A study is conducted by increasing the load by 10% in
the NYPS (New York) which, in the first case, is supplied
from local generation. In the next case, the extra load is
supplied from a remote area, connecting fixed speed wind
turbines in New England area. Fig. 7 shows the voltage
at bus 49 for a three phase fault at the middle of one of
the lines 60-61. \Voltage is not recovered for the last case
due to high transmission losses in connecting lines and the ‘ ‘ ‘ ‘
different behaviours of wind turbines compared with thote o ' Y rime (52) 28 :
synchronous generators.

Reactive power (MVAR X100)

Fig. 9. Reactive Power for three-phase fault at middle of @niénes 60—61
(Solid line generator and dashed line DFIG)

F. Comparison of different compensation devices

A possible way of assessing the ‘quality’ of a compensation _
device concerning voltage stability may be that the reactif- Large number of DFIG type wind farms and few syn-
power output of several devices are not compared at tRRONOUS generators
rated voltage of the devices but at the minimum voltage thatStatically, the DFIGs often do not deliver as much reactive
is accepted in the grid. It could be the voltage at whicpower as synchronous generators do and dynamically they
power plants trip due to under-voltage (or other underagst cannot produce the same short circuit current. The podt-fau
criteria). In this paper, the reactive power output capgbif voltage support provided by feeding reactive power is ndiyma
SVC and STATCOM are compared during low-voltage at grigvorse for DFIG than in the case of a synchronous machine.

An SVC has constant impedance and its reactive pow&lthough, recent work shows that an improvement in this and
output decreases in proportion to the square of the voltageltage support may be possible with DFIG. Due to the inferio
It is an active fast reacting device, if it is not yet at its iim behaviour of DFIGs compared to the synchronous generators,
before the fault, it can improve the voltage recovery aftedtf a system dominated by DFIGs behaves worse than one with
by activating the reserve. A STATCOM is a constant curresynchronous generation. The effect normally is that more
source and its reactive power output decreases lineatythit reactive compensation is needed in such systems. During dee
voltage. It is also is an active fast reacting device withitkt  voltage sags, the synchronous generator feeds in moreveeact
energy storage. Because it can inject a constant currezgnit current than the DFIG-based wind farm and it thus gives a
better improve the voltage recovery after fault. stronger support to the grid voltage. Also DFIGs consume

Fig. 8 shows the bus voltage with a STATCOM and a SV@active power when they behave as SCIGs during transients
for a three phase fault on the middle of one of the lines 6@nd thus can reduce voltage stability limit.
61. It is clear that during low voltage the STATCOM provides To analyse this case, (i) the reactive power output of the
better response and the lower voltage with the STATCOM synchronous generat¢6;o) under faulted condition is deter-
much higher than that of the SVC. mined, (ii) this synchronous generator is replaced by tineesa
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Fig. 10. \oltage at bus 49 for three-phase fault at middle e of lines
60-61 (Solid line Synchronous generator, and dashed lisé B&IGs and
40% SGs)

Dominant monotonic mode

capacity DFIG and then its reactive power output is compared : : : :
to that of the synchronous generator under the same opgratin =~ 0 5 10 15 20 25
conditions. Fig. 9 shows the reactive power supply by theesam FSWT integration (%)

capacity synchronous genera{@io) and DFIG during a three
phase fault at the middle of line 60-61. \Voltage transien
for power system with synchronous generators only and a

combination of 60% DFIG and 40% synchronous generatqling farms are shown in Table | as these two modes are mainly
for the same fault is shown in Fig. 10. The synchronoqgsponsible for instability within the systems.

generator supplies more reactive power and thus provideﬁt is essential that wind generators have the fault ride
better performances in contrast to DFIG to recover podt-falthrough capability. If this is not enforced, the generatois

\ISOFIEQG‘ In sobme co%ntrizs, .ﬂ;]esg_lff_rgg'\eﬂs are Sg rigid,ttt:_at at based on a certain undervoltage criteria (e.g. 80%). That
S must be combined wit S In order to achieVig,oans that in case of a fault, many units trip and that there

a similar behavior as the one .Of synchronous .generators.iéna great imbalance in the system. If this amount exceeds
these cases, the wind generation can be considered as eﬂ+éalprimary control reserve, the system can collapse. The
to a conventional generation. scenario is analyzed by replaciig with a wind farm. Fig. 13
shows the voltage at bus 3 having a wind farm (i) with low-
ltage-ride-through LVRT capability, and (ii) without IRT
pability. From Fig. 13, it is clear that wind farm without
LVRT capability may cause instability, which as also visibl
Grid-connected wind turbine generation system consigtom Fig. 14 which shows the angle response for a three-phase
of both mechanical system and electrical system which is
then connected to the distribution system to form a part
of the existing utility network. The analyses carried insthi

Fsig. 11. Monotonic mode as a function of FSWT integration.

H. Effects of large scale fixed speed wind turbines (FSW‘?C/s;
integration

.18

paper have shown that as an interconnected power systen 3 K=1pu
stability is likely to be affected by various factors cohtried %1?
by the constituent distribution system and also by windmill & A fj“w
mechanical and electrical properties. 2 16 K=°-9PUK:£ o K=0.5 pu

Dominant mode and participation factors are determined % 15 K=08 pu
for the growing level of FSIGs replacing the synchronous £
generators to analyse the above mentioned case. Five win % 14r >
farms are connected in five areas at buses 54, 51, 41, 4. E K=0.4 pu Keosp
and 18. Fig. 11 shows the monotonic (dominant) mode under g 13 K=0.1 pu
different FSWT integration level. Fig. 12 shows the damping & ,,|
and frequency of the mechanical modes as a function of the * K005y
shaft stiffness which are due to the angle dynamics of the 11, s =1 o5 - 0

system. The participation factors are calculated when 26% o Torsional mode real part
total power are supplied from wind turbine. The participati
factors related to the shaft stiffness and operating slighef Fig. 12. Mechanical mode as a function of the shaft stiffness
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1.1 . . . . . ; FSWTINTEGRATION AND STATCOM
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Fig. 13. PCC voltage for a three phase fault on the middlensf 60-61.

600,
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Fig. 15. Evolution of the critical eigenvalue in the unstabbse.

Angle rseponse
w
S
o

eigenvalue tracking was used [26]. In this method, the ayste

is repeatedly linearized at selected time instants durmgy t

simulation and the system eigenvalues are computed at each

shapshot. With a fixed compensation level, the system begome

unstable after integration of certain level of FSWTs. Oalin

% 2 2 6 8 10 linearization and eigenvalue tracking show that after tfaul
Time (Seconds) clearing the monotonic mode shown in Fig. 15 correlated to

generator slip and mechanical states is the first to be uestab

2001

1001

Fig. 14. Angle response for a three phase fault on the middliee 60-61.

fault. In order to obtain an optimal integration of wind eger V. CONCLUSIONS
in the syst_em, the Iarge wind farms must be able to Withstandm this paper, the impact of h|gh Compensation and |arge
network disturbances. scale wind power integration on power system dynamic per-

formance has been investigated. Modal analysis, partioipa
I Integration of overcompensated fixed-speed wind geaesat 1actors, eigenvalue tracking and dynamic simulations have
using STATCOM been used to analyze the nature of system behavior under
g . - T .
i large scale wind turbine and FACTS device integrations. Due

_In the case of renewable energy, FACTS devices are esgeinca|, uncoordinated control strategies used in manyepow
cially advantageous when integrated with wind generass. gy siems, destabilizing interactions among FACTS contités
wind farms become a larger part of the total generation apflssiple. High compensation reduces the security limitund
as the penetration levels increase, issues related to0@ti®y e rtain operating conditions. The modes related to opeyati
such as transients, stability, and voltage control are Mecosnp and shaft stiffness are most critical and they may it

ing increasingly important. For wind generation applicas, large scale integration of wind generation.
FACTS can be implemented for voltage control in the form of
the shunt-connected SVC or STATCOM configurations.

The FSWTs and STATCOMs are integrated into the sys-
tem repeatedly to find a certain level at which the systeri] P. M. Anderson and A. A. Fouadkower System Control and Stability
becomes unstable. The upper limit for a certain amount qf New York: Wiley, John & Sons, 2002. .

. . . .I;]Z] W. Qiao, R. G. Harley, and G. K. Encephalopathy, “EffeofsFACTS
compensations (STATCOM and shunt capacnor) IS_ShOWI’l I devices on a power system which includes a large wind famlEEE
Table Il. It was found that 100 MVA STATCOM with 500 PES Power Systems Conference and Exhihitiame 2006, pp. 2070—

MVAr capacitor is required to integrate 6 FSWTSs in 2076. _ _
[3] T. Ackermann and L. Soder, “An overview of wind energgiss 2002,”

different areas of the test system. For identifying the reatu Renewable and Sustainable Energy Reviews, Elsewigr 6, pp. 67—
of instability during transients with upper limit, the methof 128, 2002.
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