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Abstract—Sub-synchronous resonance (SSR) damping in fixed-
speed wind turbine generator systems (FSWTGS) by using two
series flexible AC transmission system (FACTS) devices, the
thyristor-controlled series capacitor (TCSC) and gate-controlled
series capacitor (GCSC), is studied in this paper. The former is
a commercially available series FACTS device, and the latter
is the second generation of series FACTS devices uses gate
turn-off (GTO) or other gate commuted switches. The GCSC
is characterized by a fixed-capacitor in parallel with a pair of
anti-parallel gate-commuted switches enabling rapid control of
series impedance of a transmission line. It is shown that the
SSR damping with a GCSC is limited to changing the resonance
frequency, in comparison with a fixed capacitor, which may not
be adequate to damp out the SSR. Therefore, a supplementary
SSR damping controller (SSRDC) is designed for the GCSC.
Moreover, it is proven that the GCSC equipped with a well-
designed SSRDC can effectively damp the SSR in FSWTGS. In
order to verify the effectiveness of the GCSC in SSR damping,
its performance is compared with the TCSC, which is an existing
series FACTS device. In addition, time-frequency analysis(TFA)
is employed in order to evaluate and compare the SSR time-
varying frequency characteristics of the GCSC and TCSC.
The IEEE first benchmark model on SSR is adapted with
an integrated FSWTGS to perform studies, and the extensive
simulations are carried out using PSCAD/EMTDC to validate
the result.

Index Terms—Fixed-speed wind turbine, sub-synchronous res-
onance, wind farm, FACTS, power quality, gate-controlled series
capacitor (GCSC), TCSC, time-frequency analysis.

I. I NTRODUCTION

POSSIBLE shortage of conventional fossil fuels and en-
vironmental pollution are two of the most important

energy-related issues that the world is facing today [1] - [2].
These issues have led to increasing interest in electric power
generation by renewable energy sources, specially wind power
[3] - [5]. The two primary types of wind turbine generator sys-
tems (WTGS) are fixed-speed wind turbine generator systems
(FSWTGS) and variable speed WTGS [6].
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Because of increased integration of wind farms into electric
power grids, it is necessary to transmit the generated power
from wind farms to the existing grids via transmission net-
works without congestion. Moreover, in the deregulated power
market, it is necessary to increase the power transfer capability
of existing transmission lines at the lowest cost [7]. Series
capacitive compensation of wind farms is an economical way
to increase the power transfer capability of the transmission
line connecting wind farm to the grid.

Nevertheless, sub-synchronous resonance (SSR) is a po-
tential risk in series compensated wind farms [8]. The SSR
can be divided into two main categories, namely induction
generator effect (IGE), and torsional interactions (TI). While
the IGE solely involves the electrical part of the system andits
interaction between the electrical network and the generator,
the TI effect involves both the electrical and mechanical parts
of the overall system [9] - [10]. In the wind farms interfaced
with series compensated network, the IGE due to the network
resonance oscillatory mode is the major cause of the SSR [11].
Because of the low shaft stiffness of the wind turbine drive
train, the frequency of torsional modes in wind turbines is in
the range of 1 to 3 Hz so that in order to cause TI, a very high
level of series compensation is required, which rarely happens
[11]. Therefore, this paper considers only the IGE effect.

Although mitigation of the SSR by control of FACTS
devices is well-known in traditional power systems, their appli-
cation in wind farms requires additional analysis. References
[11] - [13] and [8] present modeling and stability analysis
of doubly-fed induction generator (DFIG)-based wind farms
interfaced to the grid with a series compensated transmission
line. Reference [14] also presents the potential use of supple-
mental control of DFIG-based wind farms for damping SSR
oscillations in nearby turbine-generators connected to series
compensated transmission systems. References [15] and [16]
also study the SSR mitigation in wind farms using STATCOM.

Thyristor controlled series capacitor (TCSC) has been uti-
lized for series compensation of transmission lines [10]. This
device consists of a thyristor-controlled reactor (TCR) in
parallel with a fixed capacitor for each phase, which is a
later member of the first generation of FACTS devices. The
world’s first TCSC was manufactured and installed at Kayenta
substation, Arizona in 1992. The TCSC installed at Kayenta
substation increased the transmittable power capacity of the
transmission line to approximately 30% [17] - [19].

Because of its simplicity compared to other more complex
and expensive FACTS devices such as STATCOM and TCSC
[20], the gate controlled series capacitor (GCSC) can be of
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Fig. 1. One line diagram of the studied power system:XT Transformer reactance,Rline Transmission line resistance,Xline Transmission line reactance,
XC Fixed series capacitor,XS System impedance

[26], [27].

more interest for real-world applications in future electric
power systems. This device is characterized as a series FACTS
device which was initially proposed for series compensation
of a transmission line to control power flow [20] - [21]. In [20]
and [22] - [24], the application of the GCSC has been studied
for SSR damping in traditional power systems. In [20] , [22]
a constant power controller is implemented to the GCSC to
damp the SSR. In [23], [24], a constant power controller is
modified with a fuzzy logic controller to enable the GCSC to
damp the SSR. However, as it will be shown in this paper, the
effect of the GCSC is only to modify the effective value of its
capacitance to change the resonance frequency as compared
to a fixed capacitor. Therefore, a constant power controller,
even modified with a fuzzy controller, may not be adequate to
damp the SSR, and an auxiliary controller should be used as
a supplementary controller to mitigate the SSR.

The authors of the current work presented some preliminary
results in [25] about the application and control of the GCSC
to damp the SSR in fixed speed wind farms. However, this
problem still requires a detailed analysis, including analysis
and design of the grid-connected GCSC SSR damping con-
troller, verifying the effectiveness of the GCSC’s transient per-
formance using a commercially available FACTS device such
as the TCSC, and employing the time-frequency technique for
SSR analysis, which is presented in this paper.

This paper proposes the application and control of the
GCSC for SSR damping in FSWTGS. It will be shown that a
power scheduling controller (PSC) is not sufficient to damp the
SSR. Therefore, in order to achieve an effective SSR damping,
a supplementary SSR damping controller (SSRDC) is added
to the PSC. In order to verify the effectiveness of the GCSC,
its performance is compared with a well-known series FACTS
device, the TCSC. The power system considered in this paper
is a modified version of the IEEE first benchmark model for
computer simulation of SSR [26]. Time domain simulations
are carried out using PSCAD/EMTDC [27].

Moreover, it is not an easy task to assess improvement of the
power quality with mitigation devices. Fast Fourier transform
(FFT) has been utilized to evaluate the effectiveness of SSR
damping controllers [28] - [29], which is based on traditional
Fourier analysis [30]. The FFT assumes a disturbances of
a periodic nature. The SSR, however, can be characterized

as non-stationary in nature. Therefore, time-frequency based
power quality index [31] - [32] using time-frequency analysis
(TFA) is applied to determine how the spectral components
(consisting of the fundamental and SSR frequencies) of the
line current vary in time. Using these results, the performance
of the GCSC for SSR damping is compared to that of the
TCSC.

New contributions of the paper are summarized as follows:
1) application of the GCSC for SSR damping in fixed-

speed wind farms
2) comparing the GCSC performance in SSR damping with

a commercially available FACTS device, TCSC
3) using the time-frequency analysis to evaluate the per-

formance of FACTS devices, GCSC and TCSC, in SSR
damping.

The organization of the rest of the paper is as follows. In
Section II, the studied power system and the SSR in wind
farms are briefly described. In Section III, the GCSC and
its analysis for SSR studies are presented. In Section IV, the
GCSC control system, including power scheduling controller
and SSR damping controller are explained. In Section V,
the results and discussion are presented in order to validate
the SSR damping controller design for the GCSC. In this
section, the performance of the GCSC is compared with the
performance of the TCSC in SSR damping using both time-
domain simulations and time-frequency technique. Finally,
Section VI concludes the work.

II. STUDIED SYSTEM MODEL

Fig. 1 shows the test system, where a 500 MW FSWTGS-
based wind farm is connected to the infinite bus through a
500-kV series compensated transmission line. We assume that
the wind farm aggregation provides a reasonable equivalent
model for the system studies [33]. Therefore, the wind farm
in this paper is created from the aggregation of large number,
670 of 1000-hp self-excited double-cage IGs [27]. Most of
the commercially operated IGs, whose nominal power is more
than 5 kW, have a double-cage rotor [34]. Compared to single-
cage machines, double-cage machines are widely used in wind
farms, since the slip in these machines can vary over a wide
range [35]. Therefore, a double-cage IG-based wind turbineis
considered in this paper.
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Fig. 2. Equivalent circuit diagram of a FSWTGS under sub-synchronous resonance frequency:R
′

r1, R
′

r2: first and second cage resistance,X
′

lr1
, X

′

lr2
: first

and second cage reactance,Xls stator leakage reactance,Rs stator resistance,XM magnetizing reactance,XLT = Xline + XT + XS , Is stator current,Ir
rotor current,XC series capacitor.

Since the IG lacks an external exciter, a shunt capacitor is
added to the wind farm bus to bring up the power factor to
approximately 0.98-0.99 lagging. The transmission line inthis
study is derived from the IEEE first benchmark model for SSR
studies [26].

A series compensated power system with a compensation
level defined asK = XC

XLT
excites sub-synchronous currents

at frequency given by [10]:

fn = fs

√

KXLT
∑

X
(1)

whereXC is the fixed series capacitor,XLT = Xline + XT ,
fs is the frequency of the system (Hz), andfn is the natural
frequency of the system (Hz).

Moreover,
∑

X is the entire reactance seen from the infinite
bus and is obtained as follows:

∑

X = X
′

lr +Xls +XLT (2)

whereX
′

lr, Xls, andXLT are defined in Fig. 2.
At the frequencyfn, the slip, given by (3), becomes negative

since the natural resonance frequency,fn, is less than the
electric frequency corresponding to the rotating speed,fm.

S =
fn − fm

fn
(3)

The steady state equivalent circuit of the system under sub-
synchronous frequency is shown in Fig. 2. The values of the
magnetizing reactanceXM and the power factor correction
capacitorXCPF are large compared to the other elements of
the equivalent circuit of the system shown in Fig. 2 so that
they can be neglected. If the magnitude of the equivalent rotor
resistance exceeds the sum of the resistances of the armature
and the network, there will be a negative resistance at the
sub-synchronous frequency, and the sub-synchronous current
would increase with time. This phenomenon is called induction
generator effect (IGE) [9], and only involves rotor electrical
dynamics [12].

A. Fixed-Series Compensation (FSC)

In this section, the IGE effect is investigated in the absence
of a GCSC device in the system model shown in Fig. 1, and the
system operates under FSC only. Fig. 3 shows the impedance
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Fig. 3. Impedance profile of the system for different series compensation
levels,K = 0%, 20%, 40%, 60%, 70%.

profile of the system seen from infinite bus at Fig. 1. As seen
in this figure, the series compensation results in a resonance
at frequencies26.83, 37.94, 46.47, and 49.45 Hz for the
compensation levelsK = 20%, 40%, 60%, 70%, respectively.
Notice that practical series compensation is not normally more
than 70% - 75% for the reasons such as load balancing with
parallel paths, high fault current, and the possible difficulties of
power flow control [36]. Therefore, in this paper, the maximum
compensation is limited to 70%.

The simulation of the wind farm starts with 30% series
compensation, and then att = 1 sec., the compensation
increases to50%, 60%, and 68%, respectively. Fig. 4. (a) -
(c) show the electric torque of the induction generator (IG).
From Fig. 4 (a) and (b), it is clear that the increase of
the compensation level from 30% to 50% and 60%, sub-
synchronous oscillations appear in the electric torque, and
these oscillations decay with time. However, as shown in Fig.
4 (c), when compensation level is increased to 68%, the sub-
synchronous oscillation with dominant frequency of 9.5 Hz -
which is the complement of the electric natural frequencyfn
given in (1) forK = 68% and can be obtained using Fig. 3 -
appears in the electric torque, and it does not decay with time,
which leads to instability of the wind farm.

III. G ATE-CONTROLLED SERIESCAPACITOR (GCSC)

A. Structure of the GCSC

A GCSC (one per phase), as shown in Fig. 5, consists of
a fixed-capacitor in parallel with a pair of anti-parallel switch
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Fig. 4. Electric torque of wind farm for different fixed series compensation
levels,K: (a) K = 50%, (b) K = 60% (c) K = 68%.

Fig. 5. Single line configuration of the GCSC:iline(t) Transmission line
current, iC(t) GCSC’s capacitor current,ig(t) GTO current,vC Voltage
across the GCSC,XCfg Fixed capacitance of the GCSC.

made up of a pair of GTO thyristors. In contrast to a thyristor,
a GTO thyristor can be turned off upon command. The switch
in the GCSC is turned off at an angleγ, measured from the
peak value of the line current,iline. When the GTO switch
across the capacitor is turned off at an angleγ, the line current
is forced to flow through the capacitor and the voltagevC(t)
appears across the GCSC.

The effective capacitance of the GCSC is given by [24]:

XG = XCfg(1−
2γ

π
−

sin 2γ

π
) =

XCfg

π
(2β − sin 2β) (4)

whereγ is GCSC turn-off angle (rad.), andβ is the angle of
the advance (rad.).

When γ = 0 or β = π
2

, the capacitor is continuously
conducting, and whenγ = π

2
or β = 0, the capacitor voltage is

zero as the capacitor is totally bypassed by the GTO switches.

−90 0 90 180 270
−1.5

−1

−0.5

0

0.5

1

1.5

i lin
e(t

),
 v

C
(t

),
 U

(t
)

ωt (deg.)

 

 

i
line

 (t): line current

v
C

 (t): capacitor voltage

u(t): turn−off switching waveforms

2β 2β

Fig. 6. Line current, capacitor voltage, and switching function of the GCSC.

Fig. 7. GCSC circuit.

B. Analysis of SSR Using GCSC

Fig. 6 shows line current, capacitor voltage and switching
function in a GCSC. Also, the circuit of the GCSC can be
considered as shown in Fig. 7. The voltage across the GCSC’s
capacitor can be expressed as:

dvC(t)

dt
=

iC(t)

Cfg

(5)

whereiC(t) is:

iC(t) = iline(t)− ig(t) (6)

ig(t) can be expressed as:

ig(t) = (1− u(t))iline(t) (7)

whereu(t) is the switching function waveforms in the GCSC
shown in Fig. 6 so thatu = 1, when the switch is open, and
u = 0, when the switch is closed. Note that in the GCSC, the
switching function,u(t), is the turn-off switching pulses.

Substituting Eq. (7) in Eq. (6) results in:

iC(t) = u(t)iline(t) (8)

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

Cfg

dvC(t)

dt
= u(t)iline(t) (9)

In general, using Fourier series,u(t) can be approximated
as:

u(t) = U0 +
2

nπ

N
∑

n=1

sin(2nβ) cos(2nωst) (10)
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whereωs is the fundamental frequency of the system.
We can approximateu(t) as:

u(t) ≈ U0 + U1 cos 2ωst (11)

whereU0 =
2β

π
andU1 =

2

π
sin(2β)

If the line current is considered as:

iline(t) = −Iline sinωst+∆iline(t) (12)

Then substituting Eq. (12) in Eq. (9) results in:

Cfg

dvC(t)

dt
= (U0 + U1 cos 2ωst)

(−Iline sin(ωst) + ∆iline(t))
(13)

It is noted that the line current is considered to be purely
sinusoidal; therefore,∆iline(t) in Eq. (12) is only due to
sub or super-synchronous frequencies. These means that ,
in one hand, when the transmission line is not equipped
with either series capacitor or the GCSC,∆iline(t) = 0.
On the other hand, in case of sub-synchronous oscillation,
in addition to the fundamental frequency, the line current
contains both sub-synchronous (ωSSR) and super-synchronous
(ωSupSR) frequency components, and the∆iline(t) can be
defined as [36]:

∆iline(t) = −ISSR sin(ωSSRt)−ISupSR sin(ωSupSRt) (14)

whereωSSR andωSupSR are defined as follows:

ωSSR = 2π(fs − fn), ωSupSR = 2π(fs + fn) (15)

Based on the Eq. (13), two cases could be considered:

• Case I:∆iline(t) = 0

Substituting Eq. (12), with∆iline(t) = 0, in Eq. (13),
and simplifying the equations, the fundamental component of
vC(t) is obtained as:

vC1(t) = VC1 cos(ωst) (16)

where

VC1 = IlineXCfg

(2β − sin(2β))

π
(17)

Eq. (17) gives us the effective reactance of the GCSC given
in Eq. (4).

• Case II:∆iline(t) 6= 0

In this case, substituting Eq. (14) in Eq. (13) results in:

Cfg

dvC(t)

dt
= (U0 + U1 cos 2ωst)

(−Iline sin(ωst)− ISSR sin(ωSSRt)

−ISupSR sin(ωSupSRt))

(18)

Using Eq. (18), the perturbation in the GCSC voltage
resulting from sub-synchronous components is obtained from:

Cfg

d∆vC(t)

dt
= (U0 + U1 cos 2ωst).

(−ISSR sin(ωSSRt)− ISupSR sin(ωSupSRt))
(19)

Simplifying Eq. (19), ignoring the high frequency compo-
nents, and considering only the sub-synchronous and super-
synchronous components will result in (see Appendix for the
proof):

∆vC(t) =
1

CfgωSSR

(U0ISSR −
U1

2
ISupSR) cos(ωSSRt)

+
1

CfgωSupSR

(−
U1

2
ISSR

+ U0ISupSR) cos(ωSupSRt)

= VSSR cos(ωSSRt) + VSupSR cos(ωSupSRt)

(20)

Using Eq. 20,VSSR, VSupSR, ISSR, and ISupSR can be
related using the following matrix:

[

VSSR

VSupSR

]

=

[ U0

CfgωSSR
− U1

2CfgωSSR

U1

2CfgωSupSR

U0

CfgωSupSR

][

ISSR

ISupSR

]

(21)
If we name the2× 2 matrix in Eq. (21) as matrixA, then

the determinant of this matrix can be expressed as:

det(A) =
ω2
sXCfgXG(2β + sin 2β)

πωsubωsup

(22)

It is obvious from Eq. (22) that the determinant is always
positive; therefore, the GCSC presents a capacitive response.

If we approximateISupSR ≈ 0, then Eq. (21) can be written
as:

VSSR =
1

CfgωSSR

U0ISSR (23)

Using Eq. (4), the GCSC’s effective capacitance can be
expressed as:

CG =
πCfg

2β − sin 2β
(24)

SubstitutingU0 in Eq. (23) and using Eq. (24) results in:

Vsub =
1

Cfgωsub

2β

π
Isub =

1

CSSRωsub

Isub (25)

where

CSSR = CG(1−
sin 2β

2β
) (26)

Eq. (26) shows that the effect of the GCSC in SSR damping
is to modify the effective capacitance of the GCSC from
CGCSC to CSSR, which determines the resonance. Therefore,
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
controller (SSRDC) should be added to the GCSC controller
to enable the GCSC to damp the SSR.
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Fig. 8. Block diagram of the GCSC controller.

Fig. 9. Block diagram of the GCSC power scheduling controller (PSC).

IV. CONTROL OFGCSC

In this paper, the GCSC controller composed of a power
scheduling controller (PSC) and an auxiliary SSRDC, as
shown in Fig. 8.

A. GCSC Power Scheduling Controller

The duty of the PSC is to adjust the GCSC reactance in or-
der to meet the required steady state power flow requirements
of the transmission line. The block diagram of the GCSC PSC
is shown in Fig. 9. In this figure,Tm is the time constant of the
first order low pass filter associated with the measurement of
the line current. In this controller, the measured line power is
compared to a reference power, and the error is passed through
a proportional-integral (PI) regulator.

B. Sub-Synchronous Resonance Damping Control

In order to enhance the SSR damping, an auxiliary SSRDC
is added to the GCSC control system with an appropriate
input control signal. Fig. 10 shows the SSRDC designed for
the GCSC. The SSRDC consists of a gain block, a signal
washout block, a two-stage phase compensation blocks, and
a limiter block. The output of the SSRDC goes to the power
controller of the GCSC to modulate the GCSC reactance. It
is preferred the control signal to be local to avoid the effect
of communication delay. In this paper, the line’s real power
is used as the control signal. The control signal is passed
through a washout control block, which is a high pass filter, to
avoid affecting the system’s steady state operation. The value
of TW is high enough,10 sec., to allow signals associated
with the oscillation in the input to pass without any changes.
The two-stage phase compensation block is to enhance the
dynamic system response. The GCSC controller parameters,
i.e. Kp, Ki, KPSSR, T1, T2, T3, andT4 are optimized using
genetic algorithm (GA) to search for the optimal values of
the design variables in order to achieve the fastest settling

TABLE I
CONSTRAINTS VALUES AND OPTIMIZED PARAMETERS OF THEGCSC

CONTROLLER USINGGA.

Parameter Min. value Max. value Optimum value
Ki 1e− 4 10 0.15
Kp 1e− 4 10 1.00

KPSSR 1e− 4 200 0.065
T1 1e− 4 10 0.018
T2 1e− 4 10 0.054
T3 1e− 4 10 1.581
T4 1e− 4 10 0.008

time and less over-shoot. The GA has the ability to derive the
global optimum solution with relative computational simplicity
even in the case of complicated problems [37]. The objective
function (OF ) is an integral of time multiplied absolute value
of the real power deviation, which is expressed as Eq. (27).
The goal is to minimize theOF to enhance the system
dynamic response.

OF =

tsim
∫

0

t|∆Pe| dt (27)

wheretsim is the simulation time of10 sec..
The genetic algorithm block of the PSCAD program is used

in order to find the controller parameters. This block is suit-
able for optimization of several real/integral/logical variables.
In this block, an adaptive stochastic optimization algorithm
involving search and optimization is used. An electronic
organism as a binary string (chromosome) is created and then
genetic and evolutionary principles of fitness-proportionate
selection for reproduction (including random crossover and
mutation) are used to find extremely large solution spaces
efficiently [38].

The parameters of the GCSC controllers obtained by GA
and the corresponding constraints are given in Table I.

V. RESULTS AND DISCUSSION

In this section, the effectiveness of the GCSC with SSRDC
in SSR mitigation is verified using simulation results in
PSCAD. Moreover, to compare the GCSC performance in SSR
damping with other FACTS devices, its performance is com-
pared to commercially available FACTS, thyristor controlled
series capacitor (TCSC), using both time-domain simulation
and time-frequency analysis.
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Fig. 10. SSRDC block diagram.
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Fig. 11. Wind farms response with and without SSRDC (a) Electric torque
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A. Simulation Results with and without SSRDC

The GCSC performance in SSR damping is evaluated
considering the worst operating condition of the wind farm,
i.e.70% series compensation. In order to verify that the GCSC
requires a SSRDC to mitigate the SSR, the wind farm is started
with 30% fixed series compensation, and then att = 6 sec.,
the GCSC- with the compensation level of 70% and without
SSRDC, is replaced with the fixed series capacitor. Afterwards,
at t = 6.5 sec., the GCSC is equipped with the SSRDC. Fig.
11 shows the dynamic response of the wind farm, including
electric torque, rotor speed, and IG terminal voltage for the
aforementioned situation. As seen in this figure, as soon as
the 30% fixed compensation is replaced with a GCSC without
SSRDC, undamped SSR frequencies appear in the system,
showing that a GCSC without a SSRDC is unable to damp the
SSR, as was expected according to what explained in Section
III-B. However, when the SSRDC is added to the GCSC, the
SSR in the system is damped, and the wind farm becomes
stable.

0 1 2 3 4 5 6 7

−3

−2

−1

0

1

2

T
e 

(p
.u

.)

(a)

 

 

TCSC
GCSC

0 0.5 1 1.5 2
−1.5

−1.25

−1

−0.75

−0.5

T
e 

(p
.u

.)

(b)

 

 

TCSC
GCSC

4 4.2 4.4 4.6 4.8 5

−3

−2

−1

0

1

2

T
e 

(p
.u

.)
(c)

Time (s)

 

 

TCSC
GCSC

Fig. 12. Electric torque response due to IGE with TCSC and GCSC (a) results
from 0 to 10 sec., (b) results from0 to 2 sec., and (c) results from3.9 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, in order
to verify the effectiveness of the GCSC in SSR damping, its
performance is compared with the TCSC.

The TCSC and GCSC performance in the SSR damping is
evaluated when the series compensation level provided by the
GCSC and TCSC is70%. For a fair comparison , the SSRDC
of the TCSC has similar topology to that of the GCSC, as
shown in Fig. 10, and it is designed and optimized in similar
fashion as GCSC. In this comparison, the wind farm starts
with a 70% fixed series compensation, at which the system
is unstable. Then att = 1 sec., the GCSC and TCSC are
activated, and att = 4 sec., a 3LG short circuit with duration
of 75 msec. is applied at point B in Fig. 1. Figs. 12 through 14
compare the series-compensated wind farm electric torque,the
IG speed, and the IG terminal RMS voltage with the GCSC
and the TCSC. In these figures, since the wind farm starts with
a compensation level at which the wind farm is unstable, the
wind farm tends to go unstable, as seen in more detail in Fig.
12 (b), until the FACTS devices are activated att = 1 sec.
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Fig. 13. IG rotor speed response due to IGE with TCSC and GCSC (a) results
from 0 to 10 sec.,(b) results from0 to 2 sec., and (c) results from3.9 to 5
sec.
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Fig. 14. IG terminal RMS voltage response due to IGE with TCSCand GCSC
(a) results from0 to 10 sec.,(b) results from0 to 2 sec., and (c) results from
3.9 to 5 sec.

Comparing the TCSC and GCSC results in SSR damping
by looking at the wind farms electric torque, as shown in Fig.
12, reveals that the SSR is damped in case of GCSC in less
than0.2 sec. from the initiation of the fault. The same figure
also shows that in case of the TCSC compensation, the SSR
lasts approximately0.2 sec. longer than the GCSC’s response,
and it takes0.4 sec. to be mitigated in the wind farm. Figs.

13 and 14 show a similar behavior as Fig. 12. A more detailed
comparison is given in following section.

C. Time-Frequency Analysis of the SSR

The time-varying frequency characteristic of a non-
stationary signal such as SSR can be best described by
time-frequency analysis [31]. Any time-frequency distribution
(TFD) can be obtained from Cohen’s class equation as follows
[30]:

TFDx(t, ω;φ) =
1

4π2

∫ ∫ ∫

x∗(u−
τ

2
)x(u +

τ

2
)

×φ(θ, τ)e−jθt−jτω+jθudθdτdu (28)

We employed the most suitable kernel reduced interference
distribution to analyze and quantify the time-varying frequency
content of the SSR presented in this paper. The kernel satisfies
the time- and frequency marginal properties as follows [30]:

∫

TFDx(t, ω;φ)dω = |x(t)|
2
, if φ(θ, τ = 0) = 1 (29)

∫

TFDx(t, ω;φ)dt = |X(ω)|
2
, if φ(θ = 0, τ) = 1 (30)

where Eqs. (29) and (30) are known as the time marginal
and frequency marginal, respectively. As seen in the marginal
equations, the TFD provides the absolute-value squared time-
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 Distor-
tion Energy (IDE) [31] can be utilized for the quantificationof
the SSR damping. The IDE is basically the ratio of the energy
of the disturbance to the energy of the fundamental frequency
component and is defined as [31]:

IDE(t) =

√

∫

TFDD(t, ω;φ)dω
∫

TFDF (t, ω;φ)dω
× 100% (31)

In addition, from the frequency marginal property, one can
obtain the maximum energy, i.e.(Emax), at the SSR frequency
as follows [31]:

Emax = max

{
∫

TFDx(t, ω;φ)dt

}

= max{|x(ω)|
2
}

(32)
In Fig. 15, the plots from top to bottom are called (a),

(b), (c) and (d), respectively, where (a) is the line current,
(b) is the transient part of the line current that is separated
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-
(b), the transient part of the line current does not disappear and
persists in the system even after the fault is cleared. Also,Fig.
15-A-(c) shows that, following the fault, some super- and sub-
synchronous frequencies occur in the line current. The energy
level of super-synchronous frequency, between 60 and 65 Hz,
is quite low, and it damps out very fast after about0.4 sec.

However, the most dominant sub-synchronous frequency with
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(A) (B) (C)

Fig. 15. Time-frequency analysis of line current; (A) without FACTS, (B) with TCSC, and (C) with GCSC.

the highest energy concentration does not damp out and exists
in the line current even after the fault is cleared, indicating
instability of the wind farm. In addition, Fig. 15-A-(d) shows
that the IDE of the line current does not return to zero, and it
is sustained at approximately250%.

Fig. 15-B shows the time-frequency analysis of the wind
farm instantaneous line current with the TCSC. As shown
in Fig. 15-B-(b), the transient part of the line current goes
to zero at approximately0.4 sec. after the fault is cleared.
Time frequency distribution of Fig. 15-B-(b), representedin
Fig. 15-B-(c), reveals that after the fault some super- and sub-
synchronous resonances with the frequency range of 30 to 70
Hz are generated in the line current. However,0.4 sec. after the
fault, both super- and sub-synchronous resonances disappear
from the line current. Finally, Fig. 15-B-(d) shows that the
IDE of the system goes to zero0.6 sec. after the fault.

Fig. 15-C shows the time-frequency analysis of the wind
farm instantaneous line current with the GCSC. In this case,
the transient component of the line current goes to zero about
0.2 sec. after the instance of initiation of the fault. Time
frequency distribution represented in Fig. 15-C-(c) showsthat,
after the fault, some super- and sub-synchronous resonances
with the frequency range of 30 to 65 Hz are presented in the
line current. In case of the GCSC,0.2 sec. after the fault,
both super- and sub-synchronous resonances disappear from
the line current, verifying the effectiveness of the GCSC in
SSR damping in wind farms. In Fig. 15-C-(d) the IDE of the
system goes to zero0.4 sec. after the fault which indicates
the stability of the system.

One can quantify the maximum energy content of the SSR
frequencies, i.e. theEmax, according to the Eq. 32. Also,
a higher Emax indicates the longer existence of the SSR
frequencies in the line current disturbance. When no FACTS
is installed, theEmax was calculated 1574.00. Also, for the
TCSC and the GCSC these values are found to be 169.10
and 161.70, respectively. This result shows that the GCSC has
lower Emax compared to that of the TCSC, indicating that
the SSR frequencies exist in the line current disturbance ina
shorter time when the FSWTGS is equipped with a GCSC.

This shows the superior performance of the GCSC compared
to the TCSC.

VI. CONCLUSION

In this paper, we have proposed the application and control
of the gate-controlled series capacitor (GCSC) for series
compensation and SSR mitigation in fixed-speed wind turbine
generator systems (FSWTGS). Not all the wind farms will
exhibit SSR problems by use of modern power electronic
devices; however, in wind farms with fixed-speed generators,
the SRR may be a potential risk for grid interconnection, if
the level of compensation is not well-controlled. Thus, in our
investigation, the series compensation is tuned such that the
magnitude of the equivalent negative rotor resistance exceeds
the sum of the positive resistances of the armature and the
power network.

It is shown that the power scheduling controller (PSC) of
the GCSC is not adequate to damp the SSR. Therefore, a
SSR damping controller (SSRDC) is designed and added to
the power controller control to enable the GCSC to damp
the SSR. In order to verify the effectiveness of the GCSC in
SSR damping, its performance is compared with a well-known
and commercially available series FACTS device, thyristor-
controlled series capacitor (TCSC).

Unlike the TCSC that may present the problem of an inter-
nal resonance due to its parallel capacitor and inductor, which
limits the TCSC’s operating area, the GCSC provides a fully
controllable continues capacitive impedance without the risk of
an internal resonance. Moreover, a comparison of the ratingof
the TCSC and the GCSC components, when both the GCSC
and TCSC have the same maximum capacitive impedance,
shows that the power ratings of the GCSC capacitor and power
electronics switches are smaller than that of the TCSC [39].

Having the performance comparison results of the GCSC
and TCSC presented in this paper, and also considering
the component rating comparison of the TCSC and GCSC
presented in [39], it seems that the GCSC is a potential
solution for series compensation of FSWTGS. In this paper,
we investigated design and application of GCSC, which is not



0885-8977 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TPWRD.2015.2464323, IEEE Transactions on Power Delivery

TO APPEAR IN IEEE TRANSACTIONS ON POWER DELIVERY 10

yet fully investigated compared to TCSC, and we believe that
the GCSC can provide alternative technical solutions for next-
generation electric power systems transient stability issues.

APPENDIX

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

(33)

Cfg

d∆vC(t)

dt
= −ISSRUo sin(ωSSRt)

− ISupSRUo sin(ωSupSRt)

− ISSRU1 sin(ωSSRt) cos(2ωst)

− ISupSRU1 sin(ωSupSRt) cos(2ωst)

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

Cfg

d∆vC(t)

dt
= −ISSRUo sin(ωSSRt)

− ISupSRUo sin(ωSupSRt)

−
ISSRU1

2

(

sin
(

ωSSR+2ωs

)

t+sin
(

ωSSR

− 2ωs

)

t

)

−
ISupSRU1

2

(

sin
(

ωSupSR

+ 2ωs

)

t+ sin
(

ωSupSR − 2ωs

)

t

)

(34)

We have defined the following equations in the paper:

ωSSR = 2π(fs − fn) = ωs − ωn (35)

ωSupSR = 2π(fs + fn) = ωs + ωn (36)

wherefn is electric natural frequency of the system as defined
in the paper (see Eq. (1).)

Using Eqs. (35) and (36):

ωSSR − 2ωs = −ωSupSR ωSupSR − 2ωs = −ωSSR (37)

Substituting Eq. (37) into Eq. (34) and considering only
the sub-synchronous and super-synchronous components will
result in Eq. (20).
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