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Abstract—Sub-synchronous resonance (SSR) damping in fixed- Because of increased integration of wind farms into electri
speed wind turbine generator systems (FSWTGS) by using two power grids, it is necessary to transmit the generated power
series flexible AC transmission system (FACTS) devices, thefrom wind farms to the existing grids via transmission net-

thyristor-controlled series capacitor (TCSC) and gate-catrolled ks without fi M in the d lated
series capacitor (GCSC), is studied in this paper. The forneis WOrKs without congestion. Moreover, In the deregulatedgrow

a commercially available series FACTS device, and the latte Market, it is necessary to increase the power transfer dapab
is the second generation of series FACTS devices uses gat®f existing transmission lines at the lowest cost [7]. Serie
turn-off (GTO) or other gate commuted switches. The GCSC capacitive compensation of wind farms is an economical way

is characterized by a fixed-capacitor in parallel with a pair of to increase the power transfer capability of the transmissi
anti-parallel gate-commuted switches enabling rapid comnbl of line connecting wind farm to the grid

series impedance of a transmission line. It is shown that the .
SSR damping with a GCSC is limited to changing the resonance ~ Nevertheless, sub-synchronous resonance (SSR) is a po-
frequency, in comparison with a fixed capacitor, which may no tential risk in series compensated wind farms [8]. The SSR
be adequate to damp out the SSR. Therefore, a supplementary can be divided into two main categories, namely induction

SSR damping controller (SSRDC) is designed for the GCSC. ; ; ; -
Moreover, it is proven that the GCSC equipped with a well- generator effect (IGE), and torsional interactions (Thhil&/

designed SSRDC can effectively damp the SSR in FSWTGS. In Fhe IGE_ solely involves the elegtrlcal part of the system iasd
order to verify the effectiveness of the GCSC in SSR damping, interaction between the electrical network and the gengrat
its performance is compared with the TCSC, which is an existig the TI effect involves both the electrical and mechanicatga
series FACTS device. In addition, time-frequency analysi¢TFA)  of the overall system [9] - [10]. In the wind farms interfaced
is employed in order to evaluate and compare the SSR fime- yith series compensated network, the IGE due to the network
varying frequency characteristics of the GCSC and TCSC. illat de is th . fthe SSR [11
The IEEE first benchmark model on SSR is adapted with resonance oscillaiory mo e|§ € major Cau§e0 e. : [ ]
an integrated FSWTGS to perform studies, and the extensive Because of the low shaft stiffness of the wind turbine drive
simulations are carried out using PSCAD/EMTDC to validate train, the frequency of torsional modes in wind turbinesnis i
the result. the range of 1 to 3 Hz so that in order to cause TI, a very high
Index Terms—Fixed-speed wind turbine, sub-synchronous res- level of series compensation is required, which rarely leagp
onance, wind farm, FACTS, power quality, gate-controlled sries [11]. Therefore, this paper considers only the IGE effect.

capacitor (GCSC), TCSC, time-frequency analysis. Although mitigation of the SSR by control of FACTS
devices is well-known in traditional power systems, theipla
|. INTRODUCTION cation in wind farms requires additional analysis. Refee=n

11] - [13] and [8] present modeling and stability analysis
f doubly-fed induction generator (DFIG)-based wind farms
nterfaced to the grid with a series compensated transomssi
ine. Reference [14] also presents the potential use oflsupp

OSSIBLE shortage of conventional fossil fuels and e
vironmental pollution are two of the most importan§
energy-related issues that the world is facing today [1]]- [2I

These issues have led to increasing interest in electri@pow, .1 ~ontrol of DFIG-based wind farms for damping SSR
generation by renewable energy sources, specially Wm@pov&scillations in nearby turbine-generators connected tese

[3] - [5]. The two primary types Of. wind tu_rblne generatorsys‘compensated transmission systems. References [15] ahd [16
tems (WTGS) are f|_xed-speed wind twrbine generator systefig, study the SSR mitigation in wind farms using STATCOM.
(FSWTGS) and variable speed WTGS [6]. Thyristor controlled series capacitor (TCSC) has been uti-
Part of this paper was presented at 4th IEEE Internationahp®gium “Zeq for Ser'_es compensatl-on of transmission lines [1®']ST_
on Power Electronics for Distributed Generation System&D@) 2013, device consists of a thyristor-controlled reactor (TCR) in
8 - 11 July, Rogers, AR, USA. This work was supported by the Ngpargllel with a fixed capacitor for each phase, which is a
tional Science Foundation (NSF) I/UCRC (Industry/Uniutgr<Cooperative later member of the first aeneration of FACTS devices. The
Research Center) for Grid-Connected Advanced Power BlEctrSystems 4 9 ] :
(GRAPES) center, under #0934378. This research was alsposegd by world’s first TCSC was manufactured and installed at Kayenta
Korea National Research Foundation under #NRF-2012M2A8A236 and g bstation. Arizona in 1992. The TCSC installed at Kayenta
#NRF-2014R1A2A1A01004780. - - . -
Corresponding Author: Yong-June Shin (e-mail: yongjune@gi.ac.kr). SUbStat_'on mc_reased the tr_ansmlttable power capacithef t
H. A. Mohammadpour is with NRG Renew, Scottsdale, AZ, 852HAU transmission line to approximately 30% [17] - [19].
En'\gi‘:] e'\é'r(i’r']’éu'dfl'sggigngf < iﬁ“gaféﬁn;‘”tgotlﬁfng:pg’é”;;gtUgAﬁ'ea‘ Because of its simplicity compared to other more complex
Y-J. Shin is with the School of Electrical and Electronicgiireering, and expensive FACTS devices such as STATCOM and TCSC

Yonsei University, Seoul 120-749, Korea. [20], the gate controlled series capacitor (GCSC) can be of
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X Fixed series capacitofX g System impedance
[26], [27].

more interest for real-world applications in future el@ctr as non-stationary in nature. Therefore, time-frequensebta
power systems. This device is characterized as a series FAGower quality index [31] - [32] using time-frequency anadys
device which was initially proposed for series compensatiqTFA) is applied to determine how the spectral components
of a transmission line to control power flow [20] - [21]. In [R0O (consisting of the fundamental and SSR frequencies) of the
and [22] - [24], the application of the GCSC has been studidide current vary in time. Using these results, the perforcea
for SSR damping in traditional power systems. In [20] , [220f the GCSC for SSR damping is compared to that of the
a constant power controller is implemented to the GCSC TaCSC.
damp the SSR. In [23], [24], a constant power controller is New contributions of the paper are summarized as follows:
modified with a fuzzy logic controller to enable the GCSC to 1) application of the GCSC for SSR damping in fixed-
damp the SSR. However, as it will be shown in this paper, the  speed wind farms
effect of the GCSC is only to modify the effective value of its 2) comparing the GCSC performance in SSR damping with
capacitance to change the resonance frequency as compared a commercially available FACTS device, TCSC
to a fixed capacitor. Therefore, a constant power controller 3) using the time-frequency analysis to evaluate the per-
even modified with a fuzzy controller, may not be adequate to  formance of FACTS devices, GCSC and TCSC, in SSR
damp the SSR, and an auxiliary controller should be used as damping.
a supplementary controller to mitigate the SSR. The organization of the rest of the paper is as follows. In
The authors of the current work presented some preliminaggction 1I, the studied power system and the SSR in wind
results in [25] about the application and control of the GCSfarms are briefly described. In Section Ill, the GCSC and
to damp the SSR in fixed speed wind farms. However, thig analysis for SSR studies are presented. In Section ¥/, th
problem still requires a detailed analysis, including gsial GCSC control system, including power scheduling controlle
and design of the grid-connected GCSC SSR damping cefhd SSR damping controller are explained. In Section V,
troller, verifying the effectiveness of the GCSC'’s tramsiper- the results and discussion are presented in order to validat
formance using a commercially available FACTS device sughe SSR damping controller design for the GCSC. In this
as the TCSC, and employing the time-frequency technique fdction, the performance of the GCSC is compared with the
SSR analysis, which is presented in this paper. performance of the TCSC in SSR damping using both time-
This paper proposes the application and control of tldwmain simulations and time-frequency technique. Finally
GCSC for SSR damping in FSWTGS. It will be shown that &ection VI concludes the work.
power scheduling controller (PSC) is not sufficient to dahmp t
SSR. Therefore, in order to achieve an effective SSR damping [I. STUDIED SYSTEM MODEL
a supplementary SSR damping controller (SSRDC) is addedrig. 1 shows the test system, where a 500 MW FSWTGS-
to the PSC. In order to verify the effectiveness of the GCSBased wind farm is connected to the infinite bus through a
its performance is compared with a well-known series FACTSD0-kV series compensated transmission line. We assurhe tha
device, the TCSC. The power system considered in this pagies wind farm aggregation provides a reasonable equivalent
is a modified version of the IEEE first benchmark model fafhodel for the system studies [33]. Therefore, the wind farm
computer simulation of SSR [26]. Time domain simulationg this paper is created from the aggregation of large number
are carried out using PSCAD/EMTDC [27]. 670 of 1000-hp self-excited double-cage I1Gs [27]. Most of
Moreover, it is not an easy task to assess improvement of the commercially operated IGs, whose nominal power is more
power quality with mitigation devices. Fast Fourier tramigfi  than 5 kW, have a double-cage rotor [34]. Compared to single-
(FFT) has been utilized to evaluate the effectiveness of S8Rge machines, double-cage machines are widely used in wind
damping controllers [28] - [29], which is based on tradiabn farms, since the slip in these machines can vary over a wide
Fourier analysis [30]. The FFT assumes a disturbancesrafge [35]. Therefore, a double-cage IG-based wind turisine
a periodic nature. The SSR, however, can be characterizemhsidered in this paper.
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Fig. 2. Equivalent circuit diagram of a FSWTGS under subehyonous resonance frequendy;',l, R;Q: first and second cage resistanég’,rl, X;TQ: first

and second cage reactancé,, stator leakage reactancB, stator resistanceX,, magnetizing reactance&X ;r = Xyne + X1 + Xg, I Stator current/,
rotor current,X <~ series capacitor.

Since the IG lacks an external exciter, a shunt capacitor is . ' __ Impedance profile ofthe system
added to the wind farm bus to bring up the power factor to K=70%
approximately 0.98-0.99 lagging. The transmission linéhia G0
study is derived from the IEEE first benchmark model for SSR 2 = 00%
studies [26]. 1o K=t

A series compensated power system with a compensation §10_
level defined ask = ;(—LCT excites sub-synchronous currents g
at frequency given by [10]: £ st

o . X ; No com‘pensalioq (K:O%)‘ X
£ f. KXrr (1) 0 10 20 I I 60 70 80

X
. . . . Fig. 3. Impedance profile of the system for different seriempensation
where X¢ is the fixed series capacitaK .7 = Xiine + X7,  levels, K = 0%, 20%, 40%, 60%, 70%.

fs is the frequency of the systeni/¢), and f,, is the natural
frequency of the systemH(z).

Moreover,>_ X is the entire reactance seen from the infinitg (e of the system seen from infinite bus at Fig. 1. As seen

bus and is obtained as follows: in this figure, the series compensation results in a res@nanc
/ at frequencies26.83, 37.94, 46.47, and 49.45 Hz for the
Z X = Xy Xis + X ©) compensation level& = 20%, 40%, 60%, 70%, respectively.
where X' Notice that practical series compensation is not normatlyem

At thelfr’e;(lgsé;nir; Xtﬁz SI:S (;ie\rgnegy”z;):l?a.e(z:.omes negativ éhan 70% - 75% for the reasons such as load balancing with
since the natural :e’sonancé frequenty, ’is less than the parallel paths, high fault current, and the possible diffies of
, . S power flow control [36]. Therefore, in this paper, the maximu
electric frequency corresponding to the rotating spefed, compensation is limited to 70%,
g fn—fm 3 The simulation of the wind farm starts with 30% series
T ®) compensation, and then at = 1 sec., the compensation
iggreases td0%, 60%, and 68%, respectively. Fig. 4. (a) -
¢) show the electric torque of the induction generator (IG)
rom Fig. 4 (a) and (b), it is clear that the increase of
(t)lf'e compensation level from 30% to 50% and 60%, sub-
the equivalent circuit of the system shown in Fig. 2 so thf},I nchronqus_oscillations appear in the electric torqugi an
they can be neglected. If the magnitude of the equivaleot ro ese oscillations deca)_/ with tlm_e. _However, as sh(?wn in Fig
Aflugc), when compensation level is increased to 68%, the sub-

resistance exceeds the sum of the resistances of the aema ! chronous oscillation with dominant frequency of 9.5 Hz -
and the network, there will be a negative resistance at tﬁ)éfch is thlje coml Ierl‘nen\;wof the ellectr'c ngtu al ¥re é z
sub-synchronous frequency, and the sub—synchronousmunycg ich | P Ic natu requ _m}(;y

: L . . . .given in (1) for K = 68% and can be obtained using Fig. 3 -
would increase with time. This phenomenon is called indurcti . X . 2

. - appears in the electric torque, and it does not decay with,tim

generator effect (IGE) [9], and only involves rotor elecati . ; " .
dynamics [12]. which leads to instability of the wind farm.

The steady state equivalent circuit of the system under s
synchronous frequency is shown in Fig. 2. The values of t
magnetizing reactanc&’,; and the power factor correction
capacitorX¢cpr are large compared to the other elements

A. Fixed-Series Compensation (FSC) I1l. GATE-CONTROLLED SERIESCAPACITOR (GCSC)

In this section, the IGE effect is investigated in the absenf Siructure of the GCC
of a GCSC device in the system model shown in Fig. 1, and theA GCSC (one per phase), as shown in Fig. 5, consists of
system operates under FSC only. Fig. 3 shows the impedaadixed-capacitor in parallel with a pair of anti-parallelish
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Fig. 7. GCSC circuit.
i v
i —> i
ine 1 ine . .
@ = Co X = @ B. Analysis of SSR Using GCSC
l_ﬁél— Fig. 6 shows line current, capacitor voltage and switching
L -1 5 A function in a GCSC. Also, the circuit of the GCSC can be
2% lg an considered as shown in Fig. 7. The voltage across the GCSC's
capacitor can be expressed as:
»[ GATE | dvc(t) _ ic(t) 5)
,| CONTROL dt Ctq
GCSC whereic(t) is:
Fig. 5. Single line configuration of the GCS&;,.(t) Transmission line ic(t) — iline(t) ig(t) (6)

current, i (t) GCSC's capacitor currenty(t) GTO current,vc Voltage

across the GCSCX ¢y, Fixed capacitance of the GCSC. ig(t) can be expressed as:

ig(t) = (1= u(t))irine (t) @)
made up of a pair of GTO thyristors. In contrast to a thyristofyhereuw,(t) is the switching function waveforms in the GCSC
a GTO thyristor can be turned off upon command. The swit@hown in Fig. 6 so that = 1, when the switch is open, and
in the GCSC is turned off at an angte measured from the , — 0, when the switch is closed. Note that in the GCSC, the
peak value of the line current;;,.. When the GTO switch switching functionu(t), is the turn-off switching pulses.
across the capacitor is turned off at an angléne line current  sypstituting Eq. (7) in Eq. (6) results in:
is forced to flow through the capacitor and the voltag€t)
appears across the GCSC. io(t) = u(t)igime(t) (8)
The effective capacitance of the GCSC is given by [24]:

Substituting Eq. (8) in Eq. (5) results in:

Xa=Xep(1 - 2 - T2~ 20055 ginag) (2 ¢ 2 w0yt ©
where is GCSC turn-off angler@d.), and3 is the angle of  In general, using Fourier serieg(t) can be approximated
the advancer(d.). as:

When~y = 0 or 3 = 7, the capacitor is continuously
conducting, and when = 5 or 3 = 0, the capacitor voltage is ult) = Up + 2 Z sin(2n,3) cos(2nwst) (10)
zero as the capacitor is totally bypassed by the GTO switches nmw *

n=1

N
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wherews is the fundamental frequency of the system.

We can approximate(t) as: dAv~ (T
C’fgi() = (Up + Uy cos 2wyt). 19
u(t) ~ Uy + Uy cos 2wt (11) . dt . (19)
(—Issrsin(wssrt) — Isupsr Sin(wsupsrt))
28 2, L : . .
whereU, = — andU; = ;Sln(%) Simplifying Eq. (19), ignoring the high frequency compo-
If the line current is considered as: nents, and considering only the sub-synchronous and super-
synchronous components will result in (see Appendix for the
itine (t) = —Dine Sinwst + Adjine (t) (12) proof):
_— . . 1
Then substituting Eq. (12) in Eq. (9) results in: Ave(t) = =———(UoIssr — —Isupsr) cos(wsgrt)
CfgWSSR 2
d’UC (t) 1 U1
g——— = U+ U 2wt - (——1I
[ | (Uo +Un cc.>s wst) (13) + OfngupSR( 5 1ssk
(~Jiine sin(wst) + Adiine (t)) + UoIsupsr) cos(wsupsrt)
It is noted that the line current is considered to be purely = Vssr cos(wssrt) + Vsupsr cos(wsupsrt)
sinusoidal; thereforeAd;n.(t) in Eq. (12) is only due to (20)

sub or super-synchronous frequencies. These means that ,

in one hand, when the transmission line is not equippd®N9 Ed. 20,Vssr, Vsupsr, Issr, and Is.psr can be
with either series capacitor or the GCS@yijin.(t) = O. related using the following matrix:
On the other hand, in case of sub-synchronous oscillation,

in addition to the fundamental frequency, the line current[ y., % _chgUm Issr
contains both sub-synchronous(s z) and super-synchronous = U Uo

(wsupsr) frequency components, and thi;;,.(t) can be 2C;,wsupSrE ~ CreWsupSR

defined as [36]:

SupSR ISupSR

If we name the2 x 2 matrix in Eq. (21) as matrid, then
the determinant of this matrix can be expressed as:
Aijine(t) = —Issrsin(wssrt) —Isupsr sin(wsupsrt) (14)
i b det(A) B ngcngg(2ﬂ + sin 25)

wherewggsr andws.psr are defined as follows: = TWsubWsup (22)

It is obvious from Eq. (22) that the determinant is always
wssr =27(fs — fn), wsupsr = 27(fs + fn) (15) positive; therefore, the GCSC presents a capacitive regpon
. If we approximate s.,sr ~ 0, then Eq. (21) can be written
Based on the Eq. (13), two cases could be considered: 4.

o Case l:Aijne(t) =0 1

Substituting Eq. (12), withAid;,.(t) = 0, in Eqg. (13), Vssr = =——Uplssr (23)
and simplifying the equations, the fundamental componént o Crowssr
ve(t) is obtained as: Using Eqg. (4), the GCSC's effective capacitance can be
expressed as:
ve(t) = Ve cos(wst) (16) o
e (24)
where 23 —sin 283

(26 — sin(28)) SubstitutingU, in Eq. (23) and using Eq. (24) results in:

Ver = LineXcopg———> 17)
1 v SR N ) S —— T
Eqg. (17) gives us the effective reactance of the GCSC given T Crowsus ™ T Cssrwews
in Eq. (4). h
Case 1! Aijine(t) # 0 where sin 23
R P inel) 7 _ _ Cssr = Cg(1 - ) (26)
In this case, substituting Eq. (14) in Eq. (13) results in: 26
Eq. (26) shows that the effect of the GCSC in SSR damping
dvc (t) is to modify the effective capacitance of the GCSC from
AT (Uo + U cos 2wst) Ceacosc to Cssr, which determines the resonance. Therefore,

(18) compared to a fixed capacitor, the SSR mitigation using a
GCSC is limited to changing the resonance frequency, which
may not be sufficient. Hence, an auxiliary SSR damping

Using Eqg. (18), the perturbation in the GCSC voltageontroller (SSRDC) should be added to the GCSC controller
resulting from sub-synchronous components is obtainau:froto enable the GCSC to damp the SSR.

(—=Iline sin(wst) — Issr sin(wssgt)

—Isupsr sin(wWsupsrt))
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Fig. 8. Block diagram of the GCSC controller.
X e TABLE |
CONSTRAINTS VALUES AND OPTIMIZED PARAMETERS OF THEGCSC
B 1 ch CONTROLLER USINGGA.
1457, Parameter Min. valug Max. value  Optimum valje
X K; le—4 10 0.15
™ K, Te—4 10 1.00
Kpssr le—4 200 0.065
Fig. 9. Block diagram of the GCSC power scheduling contrdlRSC). Th le — 4 10 0.018
T le—4 10 0.054
Ts le—4 10 1.581
Ty le—4 10 0.008

IV. CONTROL OFGCSC

In this paper, the GCSC controller composed of a power
scheduling controller (PSC) and an auxiliary SSRDC, déne and less over-shoot. The GA has the ability to derive the

shown in Fig. 8. global optimum solution with relative computational simnejil/
even in the case of complicated problems [37]. The objective
A. GCSC Power Scheduling Controller function (OF) is an integral of time multiplied absolute value

. . . of the real power deviation, which is expressed as Eq. (27).
The duty of the PSC is to adjust the GCSC reactance in e goal ig to minimize theOF to enrrl)ance the sygte(m )

der to meet the required steady state power flow requireme S amic response
of the transmission line. The block diagram of the GCSC P ’
is shown in Fig. 9. In this figurel,, is the time constant of the taim
first prder low pass fi_Iter associated with the measurement of OF — t|{AP,| dt 27)
the line current. In this controller, the measured line poige
compared to a reference power, and the error is passed throug
a proportiona|-integra| (P|) regu|ator_ wheretg;,, is the simulation time ofl0 sec..

The genetic algorithm block of the PSCAD program is used
B. Sub-Synchronous Resonance Damping Control in order to finq th_e controller param_eters. This_ blo_ck is-suit

. . able for optimization of several real/integral/logicatiedles.

. In arder to enhance the SSR damping, an auxiliary SSR’_I:?F‘: this block, an adaptive stochastic optimization aldorit
IS added to the GCS.C control system with an apprOp”qmolving search and optimization is used. An electronic
input control signal. Fig. 10 shpws the SSRDC de5|gneq f8Fganism as a binary string (chromosome) is created and then
the GCSC. The SSRDC consists of a gain b.|OCk’ a SI9%Rpetic and evolutionary principles of fithess-proporaien
Wa.Sh.OUt block, a two-stage phase compensation blocks, (Ijection for reproduction (including random crossoved an
a limiter block. The output of the SSRDC goes to the po\’V(?r[iutation) are used to find extremely large solution spaces
f:ontroller of the GCSC tQ modulate the GCSC _reaCtance'e'fﬁcientIy [38].
IS preferredi th? control S|gnallto be local to_av?ld the ffec The parameters of the GCSC controllers obtained by GA
.Of communication delay. !n this paper, the Ilnles regl powe:frad the corresponding constraints are given in Table I.
is used as the control signal. The control signal is passe
through a washout control block, which is a high pass filter, t
avoid affecting the system’s steady state operation. Theeva
of Tw is high enough,10 sec., to allow signals associated In this section, the effectiveness of the GCSC with SSRDC
with the oscillation in the input to pass without any changes; SSR mitigation is verified using simulation results in
The two-stage phase compensation block is to enhance B®CAD. Moreover, to compare the GCSC performance in SSR
dynamic system response. The GCSC controller parametel@mping with other FACTS devices, its performance is com-
ie. Ky, K;, Kpssr, 11, Tz, T3, andT, are optimized using pared to commercially available FACTS, thyristor contdll
genetic algorithm (GA) to search for the optimal values cferies capacitor (TCSC), using both time-domain simufatio
the design variables in order to achieve the fastest sgttliand time-frequency analysis.

0

V. RESULTS AND DISCUSSION
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Fig. 10. SSRDC block diagram.
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Fig. 11. Wind farms response with and without SSRDC (a) Etetbrque Fig. 12. Electric torque response due to IGE with TCSC and GG8 results
(b) Rotor speed (c) IG terminal voltage. from 0 to 10 sec., (b) results from0 to 2 sec., and (c) results fron3.9 to 5
Sec.

B. Performance Comparison of GCSC and TCSC

The TCSC has been adopted for SSR damping, power-
flow control, and real power oscillation damping in numerous
examples of practical applications [36]. In this paper, idey

The GCSC performance in SSR damping is evaluatéal verify the effectiveness of the GCSC in SSR damping, its
considering the worst operating condition of the wind farnperformance is compared with the TCSC.

i.e. 70% series compensation. In order to verify that the GCSC The TCSC and GCSC performance in the SSR damping is
requires a SSRDC to mitigate the SSR, the wind farm is startedaluated when the series compensation level providedéy th
with 30% fixed series compensation, and thernt a6 sec, GCSC and TCSC i80%. For a fair comparison , the SSRDC
the GCSC- with the compensation level of 70% and withowf the TCSC has similar topology to that of the GCSC, as
SSRDC, is replaced with the fixed series capacitor. Aftetsar shown in Fig. 10, and it is designed and optimized in similar
att = 6.5 sec., the GCSC is equipped with the SSRDC. Figlashion as GCSC. In this comparison, the wind farm starts
11 shows the dynamic response of the wind farm, includingth a 70% fixed series compensation, at which the system
electric torque, rotor speed, and IG terminal voltage fa& ths unstable. Then at = 1 sec., the GCSC and TCSC are
aforementioned situation. As seen in this figure, as soon adivated, and at = 4 sec., a 3LG short circuit with duration
the 30% fixed compensation is replaced with a GCSC withoot 75 msec. is applied at point B in Fig. 1. Figs. 12 through 14
SSRDC, undamped SSR frequencies appear in the systeompare the series-compensated wind farm electric tothae,
showing that a GCSC without a SSRDC is unable to damp th@ speed, and the IG terminal RMS voltage with the GCSC
SSR, as was expected according to what explained in Sectind the TCSC. In these figures, since the wind farm starts with
[1I-B. However, when the SSRDC is added to the GCSC, tteecompensation level at which the wind farm is unstable, the
SSR in the system is damped, and the wind farm becomesmd farm tends to go unstable, as seen in more detail in Fig.
stable. 12 (b), until the FACTS devices are activatedtat 1 sec.

A. Smulation Results with and without SSRDC
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(a) 13 and 14 show a similar behavior as Fig. 12. A more detailed

1.06 comparison is given in following section.
1.04

3 102 _

= 1 C. Time-Frequency Analysis of the SSR
0.98 The time-varying frequency characteristic of a non-
0.96

stationary signal such as SSR can be best described by
time-frequency analysis [31]. Any time-frequency distition
(TFD) can be obtained from Cohen'’s class equation as follows
[30]:

1.012

’;:* 1.008
5‘ 1.004
1 TFD.(t,wi¢) = 4772/// u__ “+2)
x (0, 1)e 0= Wﬂ"“dednzu (28)

123 We employed the most suitable kernel reduced interference
3 102 distribution to analyze and quantify the time-varying fueqcy
? 1 content of the SSR presented in this paper. The kernel gatisfi

0.98 the time- and frequency marginal properties as follows:[30]

0-96 21 4.‘2 414 416 418 5

Time (s)

/TFDI(t,w; P)dw = |z(t)]?, if p(0,7=0)=1 (29)

Fig. 13. IG rotor speed response due to IGE with TCSC and G@pfe$ults

from 0 to 10 sec.,(b) results from0 to 2 sec., and (c) results fron3.9 to 5 9 .
[ TED. w0yt =X @), if o6 0.7 =1 (30)
where Egs. (29) and (30) are known as the time marginal
161 @ and frequency marginal, respectively. As seen in the malgin
1af equations, the TFD provides the absolute-value squares tim
. —GCSC

domain signal for time marginal and absolute value squared
Fourier transform for the frequency marginal. Based on the
time-marginal property of the TFD, the Instantaneous Disto

v, (pu)
o o -
o0 N

02 1 2 3 2 s s ; tion Energy (IDE) [31] can be utilized for the quantificatioh
. the SSR damping. The IDE is basically the ratio of the energy
1.1 (‘) of the disturbance to the energy of the fundamental frequenc
TCSC H : .
- component and is defined as [31]:
S INVWVWWIAVIAMNINAA e [TFDp(t,w;¢)dw
IDE(t x 100 31
‘ ‘ ‘ (t) = [ TFDp(t,w; ¢)dw % (31)
0-95 0.5 1 15 2 . .
In addition, from the frequency marginal property, one can
161 ‘ © obtain the maximum energy, i.€&,,.. ), at the SSR frequency
- 1:‘21: as follows [31]:
3 1
fﬁ oAs‘\{\f\W 1 ,
0.61 : 1 — . —
o ; ’ Erar = max{/TFDw(t,w, ¢)dt} = maz{|z(w)|"}
02 A‘l 412 414 416 418 5 (32)
Time (s)

In Fig. 15, the plots from top to bottom are called (a),

Fig. 14. I1G terminal RMS voltage response due to IGE with T@G88 GCSC (b),.(C) and (d)_’ respectively, W_here (@) is the l_lne current

(a) results from to 10 sec.,(b) results frond to 2 sec., and (c) results from () is the transient part of the line current that is separate

3.9105 sec. from the fundamental frequency, (c) is the time-frequency
distribution of (b), and (d) is the IDE of the line current.
Without FACTS is installed in the line, as shown in Fig. 15-A-

Comparing the TCSC and GCSC results in SSR dampifig), the transient part of the line current does not disapaed

by looking at the wind farms electric torque, as shown in Figersists in the system even after the fault is cleared. Agp,

12, reveals that the SSR is damped in case of GCSC in ld&sA-(c) shows that, following the fault, some super- anl-su

than0.2 sec. from the initiation of the fault. The same figuresynchronous frequencies occur in the line current. Thegsner

also shows that in case of the TCSC compensation, the Si8Rel of super-synchronous frequency, between 60 and 65 Hz,

lasts approximatel§.2 sec. longer than the GCSC's responseis quite low, and it damps out very fast after about sec.

and it takesD.4 sec. to be mitigated in the wind farm. Figs. However, the most dominant sub-synchronous frequency with
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Fig. 15. Time-frequency analysis of line current; (A) withdACTS, (B) with TCSC, and (C) with GCSC.

the highest energy concentration does not damp out and exigtis shows the superior performance of the GCSC compared
in the line current even after the fault is cleared, indiogti to the TCSC.

instability of the wind farm. In addition, Fig. 15-A-(d) siws

that the IDE of the line current does not return to zero, and it VI. CONCLUSION

is sustained at approximate®s0%. In this paper, we have proposed the application and control

Fig. 15-B shows the time-frequency analysis of the windf the gate-controlled series capacitor (GCSC) for series
farm instantaneous line current with the TCSC. As showtbmpensation and SSR mitigation in fixed-speed wind turbine
in Fig. 15-B-(b), the transient part of the line current goegenerator systems (FSWTGS). Not all the wind farms will
to zero at approximatelp.4 sec. after the fault is cleared. exhibit SSR problems by use of modern power electronic
Time frequency distribution of Fig. 15-B-(b), represeniad devices; however, in wind farms with fixed-speed generators
Fig. 15-B-(c), reveals that after the fault some super- arid s the SRR may be a potential risk for grid interconnection, if
synchronous resonances with the frequency range of 30 toti@ level of compensation is not well-controlled. Thus, i o
Hz are generated in the line current. Howeet,sec. after the investigation, the series compensation is tuned such keat t
fault, both super- and sub-synchronous resonances disappragnitude of the equivalent negative rotor resistanceesisce
from the line current. Finally, Fig. 15-B-(d) shows that theéhe sum of the positive resistances of the armature and the
IDE of the system goes to zefb6 sec. after the fault. power network.

Fig. 15-C shows the time-frequency analysis of the wind It is shown that the power scheduling controller (PSC) of
farm instantaneous line current with the GCSC. In this cagke GCSC is not adequate to damp the SSR. Therefore, a
the transient component of the line current goes to zerotab®@8R damping controller (SSRDC) is designed and added to
0.2 sec. after the instance of initiation of the fault. Timethe power controller control to enable the GCSC to damp
frequency distribution represented in Fig. 15-C-(c) shtived, the SSR. In order to verify the effectiveness of the GCSC in
after the fault, some super- and sub-synchronous resosar®88R damping, its performance is compared with a well-known
with the frequency range of 30 to 65 Hz are presented in thed commercially available series FACTS device, thyristor
line current. In case of the GCSQ,2 sec. after the fault, controlled series capacitor (TCSC).
both super- and sub-synchronous resonances disappear frolnlike the TCSC that may present the problem of an inter-
the line current, verifying the effectiveness of the GCSC inal resonance due to its parallel capacitor and inductagiwh
SSR damping in wind farms. In Fig. 15-C-(d) the IDE of thdimits the TCSC’s operating area, the GCSC provides a fully
system goes to zer0.4 sec. after the fault which indicates controllable continues capacitive impedance without ibleaf
the stability of the system. an internal resonance. Moreover, a comparison of the rafing

One can quantify the maximum energy content of the SSRe TCSC and the GCSC components, when both the GCSC
frequencies, i.e. thé’,,,., according to the Eq. 32. Also,and TCSC have the same maximum capacitive impedance,
a higher E,,,, indicates the longer existence of the SSRhows that the power ratings of the GCSC capacitor and power
frequencies in the line current disturbance. When no FACTedectronics switches are smaller than that of the TCSC [39].
is installed, theF,,,, was calculated 1574.00. Also, for the Having the performance comparison results of the GCSC
TCSC and the GCSC these values are found to be 169did TCSC presented in this paper, and also considering
and 161.70, respectively. This result shows that the GCSC hhe component rating comparison of the TCSC and GCSC
lower E,,., compared to that of the TCSC, indicating thapresented in [39], it seems that the GCSC is a potential
the SSR frequencies exist in the line current disturbance irsolution for series compensation of FSWTGS. In this paper,
shorter time when the FSWTGS is equipped with a GCS@e investigated design and application of GCSC, which is not
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yet fully investigated compared to TCSC, and we believe th@t A. Sumper, O. Gomis-Bellmunt, A. Sudria-Andreu, R. Wfifila-Robles,

the GCSC can provide alternative technical solutions fait-ne
generation electric power systems transient stabilitydss

APPENDIX

In this Appendix, the proof of Eq. (20) is given. Expandin
(Eq. 19) will result in:

dAvc(t)
dt

Ctrg —IssrU,sin(wssrt)

- ISupSRUo Sin(wSupSRt) (33)
— ISSRUI sin(wSSRt) COS(QQJSt)
— IsupsrUi sin(wsupsrt) cos(2wst)

Extending again Eq. (33), we will have:

dAvc t .
Cng() = _ISSRUO sm(wSSRt)
— IsupsrUs sin(wsupsrt)
I U
— % sin (wSSR+2wS)t+Sin (wSSR
IsupsrU .
— 2ws)t — % sin (wsupg;R

+ 2ws)t + sin (WsupSR — 2ws)t
(34)

We have defined the following equations in the paper:

(35)
(36)

WSSR = 27T(fs - fn) = Ws — Wnp

WSupSR = 27T(fs + fn) = Ws + Wn

wheref,, is electric natural frequency of the system as defin%]

in the paper (see Eq. (1).)
Using Egs. (35) and (36):

WSSR — 2Ws = —WSupSR  WSupSR — 2ws = —wssr  (37)

Substituting Eq. (37) into Eq. (34) and considering onl
the sub-synchronous and super-synchronous componemts
result in Eq. (20).
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