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1 | INTRODUCTION

Mahmoud A. El-Dabah’ |

Jose Luis Dominguez-Garcia®

Abstract

Series-compensated transmission lines can lead to a sub-synchronous tesonance (SSR)
phenomenon at high compensation levels, where the system lacks stability. Gate-controlled
series capacitor (GCSC) is widely used to damp the SSR. Here, an effective and new
methodology for damping the SSR is presented. The proposed method aims to alleviate
the SSR phenomenon based on estimating both the frequency and the maximum value of
the voltage magnitude signal rather than using the Proportional Integral controller. The
appropriate turn-off angle corresponding to the maximum value of the voltage magnitude
signal is applied to the GCSC on the condition that the estimated frequency of the voltage
magnitude signal is within the range of the SSR frequency. If the estimated frequency of the
voltage magnitude signal is out of the range of the SSR frequency, the steady-state turn-off
angle (1130) is applied to the GCSC. The capability of the proposed method for damp-
ing the SSR under various compensation levels, various wind speeds, and sub-synchronous
control interaction (SSCI) is validated by time-domain simulation and eigenvalue analysis.
Compared to the presented latest method for SSR damping using GCSC, all the obtained
results demonstrate that the oscillations converge faster when the proposed method is
activated.

damental frequency. It is called the electrical natural frequency
[1]. Several research papers have been presented for damping

Electricity generation from renewable energy sources is growing
too fast due to the scarcity of fossil fuels and increased demand.
Wind energy is the most prevalent renewable energy source.
Since wind farms are so far from the consumption places, a
long transmission line is used to transfer the generated power.
Seties capacitor is inserted into the transmission line to increase
the transferred power. The higher the compensation level (the
lower the series capacitor), the more the transferred power.
Unfortunately, a high compensation level can lead to the sub-
synchronous resonance (SSR) phenomenon which affects the
system stability [1, 2].

SSR phenomenon occurs because of the interaction between
the series-compensated transmission line and the generator,
leading to the existence of another frequency less than the fun-

the SSR phenomenon [3-9]. On the basis of the previous works,
the SSR phenomenon can be damped by adding a supple-
mental damping controller (SDC) to the doubly fed induction
generator (DFIG) controller or using a flexible AC transmis-
sion system (FACTS) [3, 7]. Gate-controlled series capacitor
(GCSC) is widely used among the series FACTS devices because
it is flexible, cheap, and simple [7, 9-11]. In reference [12],
the SSR phenomenon was damped by GCSC. The measured
active power is used as an input signal. The steady-state turn-off
angle (¥, = 113.5") is summed with the output of the propot-
tional gain to generate the turn-off angle which is used for
SSR mitigation. However, this method cannot damp the SSR
at high compensation levels or low wind speeds. In reference
[13], the authors used a fuzzy logic controller to determine the
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proportional gain based on the error between the reference
and measured active powers. Although the stability is improved,
this method consumes a long time to dampen the SSR, as well
as the system is still unstable at high compensation levels and
low wind speeds. In references [7, 9], the authors proposed
adding an SDC to the traditional method [13] for better damp-
ing. The wind speed is required to obtain the reference line
current. The results proved the effectiveness and capability of
this method for SSR damping at high compensation levels and
low wind speeds. In reference [14], a fuzzy logic controller
was proposed to compute the gain of SDC based on the wind
speed and the error between the measured and reference line
currents for transferring as much power as possible and damp-
ing the SSR phenomenon simultaneously. Since the GCSC is
so far from the wind farm location, the use of local signals is
more reliable than remote ones to avoid communication issues,
ensure continuous operation, and achieve a lower cost. Here, an
effective, simple, and new methodology for damping the SSR
phenomenon is presented. The main contributions of this paper
are as follows:

1. A new GCSC methodology for damping the SSR phe-
nomenon based on estimating both the frequency and the
maximum value of the voltage magnitude signal is proposed.

2. This method is effective, simple, and easy to be implemented
in practice.

3. Local signal, voltage magnitude signal, is used as an input
signal, leading to more reliability.

4. The wind speed signal is not required, unlike the tradi-
tional methods [7, 9], leading to better damping, and lower
cost.

5. The time-domain simulations and eigenvalue analysis are
conducted to demonstrate the robustness of the presented
method for damping the SSR phenomenon.

The rest of this paper can be organized as follows: Sec-
tion 2 describes the GCSC. Section 3 spotlights the proposed
methodology for SSR damping, Section 4 shows the power
system model. Section 5 gives the eigenvalue analysis. Sec-
tion 6 presents the simulation results and discussions. Section 7
introduces a performance comparison between the GCSC and
thyristor-controlled series capacitor (TCSC) based on the pro-
posed method. Finally, the main outcomes of this research are
summarized in Section 8.

2 | GATE-CONTROLLED SERIES
CAPACITOR

GCSC consists of a fixed capacitor with a reactance (X_) in pat-
allel with a pair of gate turn—off (GTO) thyristors, as shown in
Figure 1.

Based on the turn-off angle ¥, the effective reactance of the
GCSC can be calculated as [15, 16]:

Xe .
Nocse ) = — (2y — 27 —sin(2y)) 90 <y < 180 (1)

FIGURE 1 Basic gate-controlled series capacitor circuit. Here y
represents the turn-off angle, /j ;.. represents the line current, /. represents the
capacitor current, and /o represents the GTO thyristor current.
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FIGURE 2  Gate-controlled series capacitor effective reactance in terms

of the turn-off angle.

The turn-off angle ¥ is measured from the zero crossings of
the line current. Figure 2 shows the effective reactance of the
GCSC (XGcsc) as a function of the turn-off angle y.

It can be noted that as the ¥ changes from 90° to 180°,
XGesc varies from X¢ to zero. When the turn-off angle equals
90°, the effective reactance of the GCSC equals the fixed capac-
itor (X¢). That is to say, the GTO valve is opened (/g1 = zero)
and the capacitor is fully inserted into the circuit (j, = 1. ).
Thus, the capacitor voltage is a maximum value. On the
other hand, when the turn-off angle equals 180°, the effective
reactance of the GCSC is equal to zero. Thus, the GTO valve is
fully closed (Igro = ;) and the capacitor is completely can-
celed (£, = zero). Consequently, the capacitor voltage is equal to
zero [16].

The GCSC waveforms for y = 120° ate shown in Figure 3,
where the turn-off angle, pulses, capacitor voltage 1, line cur-
rent, GTO current, and capacitor current are plotted. As shown
in Figure 3: (1) the GTO valve is closed automatically when the
capacitor voltage reaches zero and it is still closed until the pulse
is removed, (2) the capacitor current is equal to zero (value)
when the GTO valve is closed (opened), and (3) the line cur-
rent equals the sum of the capacitor current and GTO current.
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Max. running resettable: The output of this block depends
0.02 on the input value. If the input value is equal to zero, the output
2 001 equals zero. When the input value is less (greater) than the pre-
2 ’ vious value, the output is the previous (current) value, as shown
o 0 in Figure 5b. The output of the max. running resettable block
° 0.01 can be expressed using the following formula:
2, 0.
-0.02 + 4 +
VNV, >V,
2975 298 2985 s "5 7 TS0
+
280 : (b) i ;= 0 l/s@ =0 (2)
7 1 I ~ /7 1 | KN
< ’ (1IN 1 N + + +
< 0 I_ — N - 7 ‘ o _I N ”s(z—l) ”S(I) < ys(z—l)
_o \ I 1 7 \
N 1 v
-380 [, ‘ B M . where jy; is the output of the max. running resettable block,
2.975 2.98 2.985 2.99 2.995 3 ﬂ:zl._l) is the previous value of the voltage, and W:EZ.) is the current
500 . (c) i value of the voltage.
z E- Zero-order hold (ZOH): This block holds its input for a
T 0 bereened : O S SPTTTTN- SR SRRV specific sample time (0.0045), as shown in Figure 5c.
o i Buffer: The output of ZOH is saved by the buffer block, as
500 . I . : depicted in Figure 5d. The buffer’s output can be expressed as:
2.975 2.98 2.985 2.99 2.995 3
Time (sec) D12 eee eee i
Buffe Loutput = Vi ©)
FIGURE 3  Gate-controlled series capacitor waveforms when turn-off
angle = 120, (a) Line current, capacitor voltage, and pulses. (b) Capacitor where K = 8and represents the buffer size.

current. (c) GTO current.

Based on the turn-off angle, both the capacitor currents, GTO
current, and capacitor voltage ate determined.

3 | PROPOSED METHODOLOGY FOR
SSR DAMPING

Since the GCSC is so far from the wind farm location, the com-
munication link is needed to obtain the wind speed signal [7,
9], which affects the cost and the consumed time for mitigating
the SSR. The proposed method’s primary objective is to damp
the SSR phenomenon based on estimating both the frequency
and the maximum value of the voltage magnitude signal rather
than using the PI controller. Figure 4 shows the scheme of the
proposed method. In this study, the voltage magnitude signal
is used as an input signal.It should be noted that any signal
includes only one frequency when SSR occurs such as active
power signal can be used as an input signal [17]. The proposed
method can be described in three main parts as follows.

3.1 | Max. value estimation of the voltage
magnitude signal

DC blocker: The voltage magnitude signal passes through the
DC blocker for removing the DC component [17].

Switch: The DC blocker’s output is fed to the “Switch” block
to only pass the positive part 1+, as shown in Figure 5a

2D Max: This block identifies the max value of the buffetr’s
output for each output buffer size, as depicted in Figure 5e, and
can be written as:

I

max

V5 Y25 e e N

= max [—K ] O]

Lookup table: With increasing the compensation level
or decreasing the wind speed, the amplitude of oscillation
increases. Thus, the max value of the voltage magnitude sig-
nal increases. Based on the estimated max value of the voltage
magnitude signal, the turn-off angle is generated. The higher
the estimated max value of the voltage magnitude signal, the
higher the turn-off angle. Thereby, the effective reactance of
the GCSC decreases as shown in Figure 2, leading to decreas-
ing the total compensation level. The values in the lookup table
are determined based on the simulation tests.

3.2 | Frequency estimation of the voltage
magnitude signal

To assute that this oscillation is because of the SSR phe-
nomenon, the frequency of the voltage magnitude signal is also
estimated to avoid erroneous judgments.

Sign: The DC blocket’s output is fed to the “Sign” block to
convert the sinewave to a square wave as shown in Figure 6b

Compare to zero: It is used to only pass the positive square
wave as shown in Figure 6b.

Hit crossing: To avoid the zero crossings caused by the
noise, the “Hit crossing” block is utilized to define the posi-
tive zero crossing of the sinewave according to the hit crossing
offset (0.01).
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FIGURE 4 Proposed method scheme for sub-synchronous resonance damping.

FIGURE 5 Max. value estimation of the voltage (a)
magnitude signal. (a) Positive part of voltage

magnitude signal, (b) Max. Running Resettable, (c)
Zero order hold, (d) Buffer, and (¢) Max. value of
voltage magnitude signal.

1 1.05 1.1 1.15 1.2 1.25

Max. Running
Resettable(p.u)

ZOH (p.u)

e
-
T

X1.224 |

Y 0.1006 ‘

Ax1.o44 X1.08 §;1g§
Y 0.08771 Y 0.09276 .

Buffer (p.u)
o
&

0 1 1 1 1 1
1 1.05 14 1.15 1.2 1.25
T T (e) 1 T
2 01F ' . ‘
T = ' X1.152| X 1.224
(L) X 1.044 X 1.08
> 3
é k=2 0.05 Y 0.08771 Y 0.09276 | \ Y 0.1001 Y 0.1006 -1
2 0 T 1 1 1 L .
1 1.05 1.1 1.15 1.2 1.25
Time (sec)

85LB01 7 SUOWILLIOD AIIRID 3|ced | dde 8y} Aq pauenob a2 3o 1le YO 8SN JO S9INJ I0j Al TaUIIUQ AB]IM UO (SUOTPUOD-PUR-SLLBIALI0D" A3 |IM A Teq 1 jBul [Uo//Sciy) SUONIPUOD pue SWLB | 84} 885 *[£202/TT/2T] Uo Akeiqiauliuo A8|Im ‘(-oulende ) sqnopesy Aq 9./2T 26d1/6v0T 0T/10p/Wioo A8 i Akeiq1puljuo yoJeasa.iel//sdny Wolj pepeojumod ‘0T ‘€202 ‘vZrT2SLT



2642 ABDEEN ET AL.
(a) TABLE 1  Sub-synchronous resonance mode at different compensation
El levels and 9 m/s wind speed.
o
=7 Without Traditional Proposed
K% controller method [9] method
o
§ 35 —0.52 +j218 =52 +j217 =521 £j217
E- 45 1.23 +j198 —4.8 +j197 —4.81 £197
©
T 55 2.85 +j180 —3.5+j179 —3.52 179
5 005F 65 4.42 + j164 —2.1+j163 —2.12 £163
@
©0.025
o)
E o0

Periodic
time (
o
o
o o,

1 11 1.2 1.3 1.4 1.5
e
E §70 T T ©) T .
c =
&L o . . . . .
1 11 1.2 1.3 1.4 1.5
Time (sec)

FIGURE 6 Trequency estimation of the voltage magnitude signal. (a)
Voltage magnitude signal, (b) Half square wave, (c) Integrator, (d) Periodic
time, and (e) Estimated frequency.

Integrator: It is used to convert the positive square wave to a
sawtooth wave, as shown in Figure 6¢. The “Hit crossing” block
is used to reset the integrator at each positive zero crossing, as
shown in Figures 4 and Gc.

Sample and hold: It stores the data of the sawtooth wave in
a specific time to obtain the maximum value. It should be noted
that the output of the “S/H” block is the half-cycle time. Thus,
the output is multiplied by two to obtain the periodic time, as
shown in Figure 6d.

Edge detector: It is used to apply an impulse to the “S/H”
block when the value of the half-square wave changes from
1 to 0. This impulse is responsible for resetting the “S/H”
block.

Function: The frequency of the voltage magnitude signal can
be estimated according to the following equation, as shown in
Figure Ge:

1

Periodictime

f= ®)
where periodic time is the time between two positive or negative
ZEro crossings.

3.3 | Decision rule

If the estimated frequency of the voltage magnitude signal
is within the range of the SSR frequency (15% to 90% of
synchronous frequency [60 Hz]), the estimated turn-off angle
corresponding to the maximum value of the voltage magni-
tude signal is applied to the GCSC. On the other hand, if the
estimated frequency of the voltage magnitude signal is out of

the range of the SSR frequency, the steady-state turn-off angle
(1130) is applied to the GCSC. The steady-state turn-off angle
is chosen based on reference [12].

4 | POWERSYSTEM MODEL

The power system model is modified from the first Benchmark
model to analyse the performance of the proposed method for
alleviating the SSR phenomenon, as illustrated in Figure 7. This
model has been widely used in many research works for SSR
studies [3, 7-9, 17, 18]. In this system, a 100 MW DFIG-based
offshore wind farm is connected to the infinite bus through a
series-compensated transmission line. The 100 MW wind farm
is made up of 67 wind turbine units, where the power rating of
each unit is 1.5 MW. The DFIG has a rated voltage of 575 V
and a frequency of 60 Hz. The model parameters are tabulated
in reference [3].

5 | EIGENVALUE ANALYSIS

Eigenvalue consists of real and imaginary parts (1 = 0 + jw).
The real part refers to stability, where the system is stable (unsta-
ble) if the real part is negative (positive). The imaginary part
refers to the oscillation frequency (f = @/27) . The damping

ratio can be calculated in terms of the real and imaginary parts
—0

At different compensation levels and constant wind speed
(Table 1), it can be observed that without a controller, the
system is unstable for K = 45%, K = 55%,and K = 65%.
The higher the compensation level, the lower the system sta-
bility. Whereas the system is stable with the traditional and
proposed methods at different compensation levels. Compared
to the traditional method [9], the stability is improved slightly
when the proposed method is activated, especially at higher
compensation levels (K = 55%, and K = 65%).

At variable wind speeds and constant compensation level
(Table 2), it is clear that the stability is improved with increasing
the wind speed. Without a controller, the system is unstable for
V= 7%, V= 8%, and V, = 9Z . Although the stability
is improxfred with the traditional methoél, the system is still unsta-

of the eigenvalue =

ble for I/, = 7Z.The system is more stable when the proposed
method is in use at variable wind speeds, especially at lower wind
speeds.
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FIGURE 7 The study system.

TABLE 2  Sub-synchronous resonance mode at variable wind speeds and
50% compensation level.

Without Traditional Proposed
Vi controller method [9] method
7 4.4 +ij191 0.4 +j188 —5.5+j186
8 2.9 £j189 —2.2£j186 =59 +j184
9 2 +j188 —4.73 185 —4.74 + 183

6 | SIMULATION RESULTS AND
DISCUSSIONS

To prove the proposed method’s capability for damping the
SSR phenomenon, it is examined under various wind speeds,
compensation levels, and sub-synchronous control interaction
(SSCI). Furthermore, the presented method’s performance is
compared with the presented latest method [9] for SSR damp-
ing using GCSC to validate its effectiveness and robustness. The
dynamic responses of the active power 2., and the dc-link volt-
age 13 from the DFIG wind turbine are plotted. In this study,
the fixed series capacitor (Xp¢) represents 70% of the total com-
pensation level, whereas the GCSC capacitor (X)) represents
30% of the total compensation level.

6.1 | Various compensation levels
Before# = 15 s, the system is stable because of the lower com-
pensation level. Then, at # = 15 s, the compensation level is

increased to 45%, 55%, and 65%, as shown in Figures 8, 9,
and 10, respectively. All the obtained simulation results with
9 m/s wind speed.

These observations can be extracted from Figures 8—10:

1. The system is unstable without a controller. On the other
hand, the traditional method and the proposed method can
dampen the SSR, as shown in Figures 8—-10.

2. When the proposed method is in use, the SSR phenomenon
is completely damped after 1, 1.5, and 2 s for K= 45%, K=
55%, and K = 65%, respectively. In other words, the higher
the compensation level, the longer the SSR damping time.

-
Line Voltage

0.45

Without controller
Traditional method [9]
Proposed method

P, (p.u)

1152.6

1148.5 ] -
14.5 15 15.5 16 16.5 17 17.5 18

Time (sec)

FIGURE 8 Dynamic response of DFIG at a wind speed of 9 m/s and
compensation level of 45%. (a) active power, and (b) de—link voltage.

3. Although the traditional method [9] and the proposed
method can dampen the SSR in all studied cases, less
oscillation amplitude is achieved by the proposed method,
especially at higher compensation levels.

4. It can be noted that the eigenvalue analysis listed in Table 1
is consistent with the time-domain simulation.

5. Both the active power and dc-link voltage signals prove that
there is no effect on the DFIG controller by the proposed
method.

6.2 | Various wind speeds

As is well known, the system becomes more unstable as the
wind speed decreases [1]. In this subsection, the simulation
is carried out when the wind speed equals 7, 8, and 9 m/s
for a constant compensation level (K = 50%), as shown in
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Without controller
Traditional method [9]
Proposed method

b
1153 ( )
s

(2]

©
>
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1148.3
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FIGURE 9 Dynamic response of DFIG at a wind speed of 9 m/s and
compensation level of 55%. (a) active power, and (b) dc—link voltage.

Figures 11, 12, and 13, respectively. Initially, the system is sta-
ble. Then, at # = 15 s, K is increased to 50% in all studied
cases.

As shown in these figures:

1. Without a controller, the system lacks stability in all studied
cases. It can be observed that the lower the wind speed, the
lower the system stability.

2. Figure 11 shows that the traditional method cannot dampen
the SSR at the lowest wind speed (7 m/s). On the other
hand, the proposed method can dampen the SSR success-
fully.

3. Compared to the traditional method, the best performance
has been achieved by the proposed method, where the SSR
is damped faster at various wind speeds.

4. The simulation results by MATLAB/Simulink confirm the
eigenvalue analysis given in Table 2.

6.3 | SSCI

The interplay between DFIG controllers and series-
compensated transmission lines causes SSCI. To analyse
the performance of the proposed method with SSCI, a low
wind speed,7 m/s, and a three-phase-to-ground-fault are
applied at # = 15 s for 200 ms with high compensation levels
(.e., K = 60%, and K = 65%), as shown in Figures 14
and 15. The following notes can be concluded from Figutres 14
and 15.

0.9
——= Without controller
Traditional method [9]
Proposed method
3 0.39
e
]
o
-0.4
145 15 16 17 18 19
1154
—~1152 b
2
% L L L |
> 152 153 154 155
1150
1148 : :

145 15 16 17 18 19
Time (sec)

FIGURE 10 Dynamic response of DFIG at a wind speed of 9 m/s and
compensation level of 65%. (a) active power, and (b) de—link voltage.

(a)

0.4
== Without controller

Traditional method [9]
Proposed method

P, (p.u)

0.24

0.15
145 15 155 16 165 17 175 18 185 19

1153
1152
1151
1150

Vi V)

1149
1148

1147 ' : : :
145 15 155 16 165 17 175 18 185 19

Time (sec)

FIGURE 11 Dynamic response of DFIG at a wind speed of 7 m/s and
compensation level of 50%. (a) active power, and (b) de—link voltage.

1. Without a controller, the system is unstable in all studied
cases. It can be noted that the SSCI is more severe than
increasing compensation levels or decreasing wind speeds.

2. It can be observed that the oscillation’s amplitude is lower
and less time is needed for damping the SSR when the
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FIGURE 12 Dynamic response of DFIG at a wind speed of 8 m/s and
compensation level of 50%. (a) active power, and (b) de—link voltage.
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FIGURE 13  Dynamic response of DFIG at a wind speed of 9 m/s and
compensation level of 50%. (a) active power, and (b) de—link voltage.

proposed method is in use compared to the traditional
method.

3. The results prove the robustness and effectiveness of the
proposed method for damping the SSR under the worst
cases of SSCI, especially in comparison to the traditional
method.
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FIGURE 14 Dynamic response of DFIG (sub-synchronous control
interaction) at a wind speed of 7 m/s and compensation level of 60%. (a) active
power, and (b) de—link voltage.
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FIGURE 15 Dynamic response of DFIG (sub-synchronous control
interaction) at a wind speed of 7 m/s and compensation level of 65%. (a) active
power, and (b) de—link voltage.

7 | PERFORMANCE COMPARISON
BETWEEN THE GCSC AND
THYRISTOR-CONTROLLED SERIES
CAPACITOR BASED ON THE PROPOSED
METHOD

Here, the performance of the proposed method with GCSC,
and with TCSC is investigated at 8 m/s wind speed and 50%
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FIGURE 16 Performance comparison between the gate-controlled series
capacitor and thyristor-controlled series capacitor based on the proposed
method at 8 m/s wind speed and 50% compensation level. (a) active power,
and (b) dc—link voltage.

compensation level. Both the DFIG active power and the dc-
link voltage are plotted, as shown in Figure 16. The simulation
results prove that the performance of the proposed method
with GCSC is better than that of the TCSC, where the oscil-
lation is damped after around 0.4 s with GCSC whereas it is
damped after 1.5 s with TCSC.

8 | CONCLUSION

This paper proposed a simple, effective, and new approach for
generating the turn-off angle of the GCSC based on estimat-
ing the max value of the voltage magnitude signal. To assure
that this oscillation is because of the SSR phenomenon, the
frequency of the voltage magnitude signal is also estimated.
The generated turn-off angle is applied to the GCSC when the
frequency of the voltage magnitude signal is within the range
of SSR frequency. Otherwise, the steady-state turn-off angle
(11 30) is applied to the GCSC. The proposed method was tested
with the prevailing types in a series-compensated DFIG-based
wind farm (different wind speeds, different compensation lev-
els, and SSCI). Moreover, a performance comparison between
the GCSC and TCSC based on the proposed method was cat-
tied out for SSR damping. The results proved: (1) that the
system is more stable and less time is required to mitigate the
SSR when the proposed method is activated in all studied cases.
(2) The superiority of the GCSC over TCSC for SSR damp-
ing, where a shorter time is achieved with GCSC, compared to
TCSC. Furthermore, the proposed method is simple to imple-

ment in real-world wind farms because no remote signal (wind
speed) is required.
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