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Abstract: In this paper, subsynchronous resonance (SSR) instability was accurately analyzed in doubly fed induction
generator (DFIG)-based wind farms by the linearization of equations and modal analysis. In addition, the possibility of
high compensation for the transmission lines connected to DFIG-based wind farms was provided using a SSR prevention
controller (SSRPC). For this purpose, an SSRPC was connected to the output voltage of the grid side converter (GSC)
of the DFIG. The GSC output voltage was selected as the connection point of the SSRPC because it directly affects the
induction generator effect (IGE) and can be an inhibitor factor in its occurrence. Furthermore, using system dynamic
equations and the participation factor, it was shown that the effective factor on subsynchronous mode was the capacitor
series voltage of the line, considered an input signal to the SSRPC. To validate the performance of the proposed method,
a simulation was performed based on the IEEE SSR first benchmark model using the software MATLAB/Simulink.
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1. Introduction

Today, with the extensive growth of wind farms, the maximum transmission of their production power is a
major issue in power systems. Among the methods for increasing the transmission power of the lines, the use
of capacitive series compensation is the most economical. However, the compensation level of the transmission
lines connected to doubly fed induction generator (DFIG)-based wind farms is not sufficiently high. In this
regard, if the DFIG-based wind farm becomes in series with the capacitive series compensated transmission
line, the probability of the subsynchronous resonance (SSR) phenomenon occurring will increase due to the
high inductive properties of DFIGs. The SSR phenomenon occurs under the two following conditions: the
induction generator effect (IGE) and torsional interactions (TIs). TIs rarely occur in DFIG-based wind farms
due to the low shaft stiffness of the wind turbine, and the main reason for the occurrence of SSR is the IGE.
Owing to the possible occurrence of the SSR phenomenon in DFIG-based wind farms, the compensation level is
not high. In this respect, for the first time, the Texas Public Utility Commission used a transmission line with
50% compensation level to transmit the wind farm power in western Texas in 2005. In addition, in the south of
Minnesota, a transmission line with 60% compensation was used to transfer the electrical power of a 150-MW
DFIG-based wind farm. In 2009, a DFIG-based wind farm of the Texas Electric Reliability Association was
radially placed with a capacitive compensated transmission line, and the first SSR occurred in DFIG-based

wind farms [1-5].
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After 2009, studies began to focus on the SSR phenomenon and its mitigation in DFIG-based wind farms.
For instance, authors used the SVC to mitigate SSR in DFIG-based wind farms [6-9]. In another study [7], one
controller with a simple gain was utilized as the damping controller, and the line real power was considered as the
input signal to this controller. In Varma et al. [9], the impact of a static var compensator (SVC) and a thyristor-
controlled series capacitor (TCSC) was examined on SSR. Mohammadpour and Santi [10] presented the ability
of a TCSC to damp the IGE. Moreover, other authors [10, 12] used a gate-controlled series capacitor (GCSC)
to mitigate the SSR in DFIG-based wind farms. A controller called an SSR damping controller (SSRDC) was
used to control the GCSC. In addition, the impact of static series synchronous compensation (SSSC) on SSR
mitigation was studied [13, 14]. Moreover, the use of STATCOM for SSR mitigation in SEIG-based wind farms

was further considered in other studies [11, 14-17], where various controllers were hired for this equipment.

The use of FACTS devices and their controllers possibly causes subsynchronous control interactions
(SSCIs). Furthermore, FACTS devices are cost effective and produce harmonics. In contrast, DFIG converters,
while functioning similarly, do not have the problems of FACTS devices. For these reasons, DFIG converters are
preferable for mitigating SSR. In previous research [18, 19], the GSC of DFIG-based wind farms was employed
to mitigate SSR. In these articles, SSR was mitigated using the reference voltages of the GSC. Zhao et al. [20]
used a rotor side converter (RSC) to control active power and mitigate the SSR in DFIG-based wind farms.
Furthermore, in Mohammadpour and Santi [21], both GSC and RSC converters were employed to mitigate SSR.

However, in these studies, the maximum power point tracking (MPPT) conditions were not maintained.

In other work [22-25], methods were presented to mitigate the SSCI as a new type of SSR. In addition,
other authors [26-28] studied the SSR in DFIG-based wind farms. Chen et al. [29] proposed a piecewise
probabilistic collocation method to assess the probabilistic stability of SSR. Other methods have been further
devised to mitigate SSR. For instance, in Xie et al. [30], the series capacitor was removed at the time of SSR
occurrence. Elsewhere [31, 32|, the blocking filter (BF) set at the natural frequency of the generator turbine
shaft was utilized to mitigate the TI type of SSR. However, this filter is not suitable for SSR mitigation in
DFIG-based wind farms. In other research [31-34], the authors used a bypass filter parallel to a line series
capacitor, with the filter set at the main frequency of the system. This series filter is suitable for mitigating
SSR due to IGE in DFIG-based wind farms. Additionally, in a costly method a subsynchronous frequency relay
and a damper winding were used to mitigate SSR [31, 32, 35, 36]. Bongiorno and Petersson [37] indicated that

SSR could be avoided by selecting different compensation levels, which is an impossible task.

To enhance the power transfer capacity of the line, the compensation level has to be increased. In
addition, at high compensation levels, SSR instability is likely to occur. To prevent this phenomenon, this
paper presents its accurate analysis using the full equations of a standard system. Furthermore, a method
using the SSRPC and GSC output voltage was employed to increase the capacitive series compensation level
of the lines connected to DFIG-based wind farms. For this purpose, a SSR prevention controller (SSRPC) was
proposed and connected to the output voltage of the GSC. Furthermore, the GSC output voltage was selected
as input signal to the SSRPC because it has a direct effect on the line current and can be a deterrent factor
in IGE. Moreover, GSC output voltage was selected owing to the maintenance of MPPT conditions, which has
not been mentioned in previous work. Using this method, MPPT was maintained since the output voltage of
the GSC has no direct effect on the turbine speed, power, or torque. Additionally, the dynamic equations of
the system were fully described; with the linearization of the equations and modal analysis, the SSR mode was

detected and the system instability conditions were investigated. Selection of the input signal to the proposed
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controller was based on the participation coefficient, a highly effective method for detecting the state variable
that is more effective on SSR mode. The IEEE SSR first benchmark model was employed to simulate and show
the accuracy of the results in the software MATLAB/Simulink. The results showed that this study provided
the possibility of high compensation in the line connected to DFIG-based wind farms, particularly wind farms

in areas with low wind speed.

2. Modeling of the system

Figure 1 shows the IEEE SSR first benchmark model. The system includes a wind farm connected to a capacitive
series compensated line, and the line end is an infinite bus. Because the parameters of a wind farm are equivalent
to those of a DFIG, the DFIGs of a wind farm can be modeled by an equivalent DFIG [38—41]. In this regard,
only the power of the wind farm is equal to the DFIGs’ total power. For instance, a wind farm composed
of 50 DFIGs with 2-MW power can be modeled as a 100-MW generator [42]. With this selection, MPPT is

maintained, which has not been considered previously.
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Figure 1. IEEE SSR first benchmark model.

To analyze this system dynamically, it is necessary to study its differential and algebraic equations.

2.1. Induction generator equations in qdO-frame

Differential equations of the induction generator are shown in Egs. (1)—(4) [43].

Ygs = Wp-Vgs — Wo-Riigs — w.has (1)
Das = WpVds — Wy Re-ids + w.as (2)
@QT = Wy.Vgr — Wp-Rrigr — (W — wy). W4y (3)
Yar = Wy Vgr — W Riiar + (W — wr) gy (4)

The algebraic equations of the induction generators are also shown as follows [43]:

. Xor Xum
lgs = fr-qu - 7-¢qr (5)
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. _ er XM

las = as — D ar (6)
. X X

igr = _#.qu + 5 Y (7)
. o XJVI Xss
ldr = D -1;[}(15 + D -1/}(11”7 (8)

where Vg5, Vds, Vqr, and g, are flux linkages per second of stator and in the qd0-frame, respectively. vgs, vqs,
Ugr, and vg, are the stator’s and rotor’s voltages in the qd0O-frame, respectively. i4s, t4s, 2qr, and iq, are the
stator’s and rotor’s currents in the qd0-frame, respectively. wy, is base frequency and is equal to the synchronous
frequency. w is the qd0-frame rotating speed and is equal to the base frequency in the present paper. R, and
R, are the stator’s resistance and the rotor’s resistance, respectively. X;s, Xj., and Xj; are stator leakage
reactance, rotor leakage reactance, and magnetic reactance, respectively. Moreover, X5 = X;s + Xy and

X, = Xj + Xar. All of these parameters are in the per-unit system (pu).

2.2. Rotor shaft equations

In order to study SSR, the wind turbine shaft is modeled with two masses. One of the masses is related to
a turbine shaft with low speed and another mass is related to a generator rotor shaft with high speed. Their

differential equations are shown as follows [42]:

. —Dy— Dy, Di, 1 1
e S R e A Wy LR S 9
wt om, o, T am, et g, wind )
. Dy —Dy — Dy 1 1
.= 2tg A —— T, — —— T, 10
“r=om, 0t T, T am, T o, (10)
Tg = Kig.w.wy — Kig.w.wr, (11)

where w;, w,, and T, are the wind turbine speed, the rotor speed, and the torque between two masses,
respectively. Tying and T, are the wind torque and the generator’s electrical torque, respectively. All of these
parameters are in pu. The electric torque is also calculated from Eq. (12). To obtain the MPPT, the reference
electric torque is determined by a lookup table (Table 1). In this table, in order to extract the maximum power
of the turbine, there are optimal rotor speed, wind power, and wind torque for each wind speed. Based on this

table, for each wind speed, the reference value of electric torque is selected and applied to the RSC controller.

T, = 0.5X s (igs-idr — ids-iqr) (12)

2.3. DFIG converter controllers and DC-link capacitor

The DFIG consists of two converters as shown in Figure 1: the grid side converter (GSC) and the rotor side
converter (RSC). The DFIG converters adjust the generator terminal and the rotor voltages. To control these
converters, the controllers shown in Figures 2a and 2b were used. Previous reports [44, 45] stated that the

torque and the g-axis component of the rotor voltage are related. The reactive power and the d-axis component
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of the rotor voltage are also related. On the other hand, the torque is proportional to the g-axis component of

the rotor current and the reactive power is proportional to the d-component of the rotor current. Accordingly,
the RSC controller is designed. The basis of the design of the GSC controller is the same. The reference torque
was selected and applied to the RSC controller based on the wind speed and the lookup table. Additionally,

the dynamic of the DC-link capacitor between the DFIG converters was modeled as a first-order equation by

Egs. (13)-(15) [42].

dVpc

C.Vpc.

(P + Py)

P. = 0.5('Uqr.iqr + 'Udr~id7~)

Py = 0.5(0gg-igg + Vdg-idg),

(15)

where P, and P, are the RSC and the GSC output active powers, respectively, and ¢ is the DC-link capacitor.

Figure 2c shows the power distribution between the RSC, the GSC, and the DC-link capacitor.

Table 1. MPPT lookup table.

Vi (m/s) 7 8 9 10 |11 |12
wr-(pu) 0.75 | 0.85 | 0.95 | 1.05 | 1.15 | 1.25
Pyina(pu) 0.32 | 0.49 | 0.69 | 0.95 | 1.25 | 1.6

Tywind=Pwind/w, | 0.43 | 0.58 | 0.73 | 0.90 | 1.09 | 1.28

The stator output reactive power is calculated by Eq. (16).

Qs = O.5(Uq5.ids — vds.iqs)

(16)

The GSC output is connected to the generator stator output terminal by a transformer. Egs. (17)—(20) are
obtained by Kirchhoff’s voltage law (KVL) and Kirchhoft’s current law (KCL). These equations present the

algebraic equations between the GSC output and the stator output terminal.

where vg, andvg, are the output voltage of the GSC in the gqdO-frame, respectively.

Vgg = Vgs + Xig-tdg

Udg = Vds — th.iqg

lqg = lgs + IqL

tdg = tds + Lar,

(17)

(18)

(19)

(20)

iqg and vgg are the

output current of the GSC in the qdO-frame, respectively. I,; and Ig; are the line currents in the qd0-frame,

respectively. Xy, is the transformer impedance.
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Figure 2. DFIG converter controllers.
2.4. Differential equations of the capacitive series-compensated line
The differential equations of the transmission line and its capacitors are presented as follows [42]:

. Ry, Wy Whp Wy
IqL = —E.Wb.IqL - w.IdL - E.Uqc + E.qu - XiLEqB (21)

. R wp wp wp
Ly =wl,, — —.wplyr, — — Vge + — g5 — —.E, 22
dL = W.dqr X, Wy-ldr X, Vde + X, Vd X, dB (22)
@qc = wb.XC.IqL — W.Vdc (23)
Vage = wWp.Xedgr, + W.Vge, (24)

where vy, and v4. are the series capacitor voltages in qdO-frame, respectively. I,; and I4; are the line
currents in the qd0-frame, respectively. vgs, v4s, Eqp, and E4p are the stator and the infinite bus voltages in

the qd0-frame, respectively. All of these parameters except w and w;, are in pu.
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3. SSR. definition

The SSR phenomenon is the condition in which the wind plant exchanges in one or more natural frequencies
with the electric network. In a power system with the capacitive series compensation, the network has a natural
frequency that is calculated as follows: f, = fs\/m , where f,, and fs are the natural frequency (Hz) and
the synchronous frequency (Hz), respectively. Xy is the line reactance, in pu, and X, is the series capacitor
reactance of the line. It is the percentage of the line reactance, which is called the compensation percentage (K
%). According to f,, slip s, is introduced as follows [12, 42, 46, 47]:

:fn_fr
fo 7

Sn (25)
where f,. is the rotor electrical frequency (Hz). As the f,, is lower than the f,., then the s, is negative. There-
fore, the rotor equivalent resistance is negative in the subsynchronous frequency. In other words, Ry ¢q = Ry/sp
is negative. If the amplitude of this resistance increases from the total resistances of the network and generator
armature, then the total resistance of the system (R,ys ) will be negative at the subsynchronous frequency.
Thus, according to Eq. (26), the second part of the total current of the system will have an exponential function
with positive power. Therefore, the line current increases exponentially and this phenomenon is called the IGE.

In addition, a component with the resonant frequency (f,) appears in the stator current and complemen-
tary frequency (fs — fn) of this component appears in the rotor current. The TI happens when the torsional
mode frequency between the rotor masses is close and coincides with this complementary frequency. Since the
rotor shaft stiffness of the wind turbines is low, their torsional mode frequency is also low. For this reason, the
SSR rarely occurs due to the T1I in the wind power plants, because the torsional mode frequency in wind power
plants is about 1-3 Hz. Therefore, the TI occurs when the resonant frequency is between 57 and 59 Hz, which

requires a very high compensation level. Thus, its probability is very low [42].

i = A.sin(2nfs.t) + e (U B, sin(2m f.t + 6) (26)

To detect the SSR mode, the system has to be dynamically analyzed. In addition, the instability conditions of
this mode should be studied. Using the modal analysis and computing the participation factors, the effective
input signal was then detected in the proposed controller. It should be noted that the participation factor
represents a criterion of the relative participation of the state variable i in the kth mode and is defined as (27)
[48, 49].

P = vik-uki, (27)
where v;; and uy; are the element-i of the k' mode right eigenvector and the element-i of the k** mode left

eigenvector, respectively.

4. System dynamics analysis

To analyze the system dynamically, the system equations need to be linearized around the operating point.

With the linearization of the system differential equations, Eqgs. (28)—(39) are obtained.

Ad}qs = wWp. Avgs — Wy R Aigs — w. Aty (28)

A’(Lds = wp.Avgs — wp.Rs. Nigs + w.Aqu (29)
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A¢qr = OJb.A’UqT — OJb.RT.AiqT — (OJ - Wro)-Awdr + '(/)dro~Awr (30)
A’(/.}dr = wb.Avdr — wb-Rr~Aidr + (w — wm).Az/JqT — wqm.AwT (31)
. —Dy — Dy D; 1 1
Aoy = —L 8 Ay, —4 Aw, — —.AT —— AT, 2
e 2H, “ttom, o, e T opy, B wind (82)
. Dy -D Dy 1 1
Aw, g A g I Aw, + — AT, — — AT,
“r om0 T T om, “rtom, ST o, (33)
ATg = Kig.w.Awy — Kyg.w. Aw, (34)
Adp = — B o AL = w A — <2 Ave + 2 Avge — A (35)
qL — XL W qL . dL XL . qc XL . qs XL . qB
Alyp, = w.AI It wp ALy — <2 Aw “b Avgy — 2 AE (36)
dL — W. qL — X b dL X, de + X, . ds X, . dB
Avge = wp. Xe ALy, — w.Avg, (37)
Avge = wp. X Algp, + UJ.AUQC (38)
. 1 P”'O + P o
' —VDao UDCo

Furthermore, with the linearization of the system algebraic equations, Egs. (40)—(51) are obtained:

. X X

A'qu = T~Aqu =X A'(/)qr (40)
AZ.ds = %-Alpds - XZM A¢dr (41)

X Xss
Aig = TM.A% + 5 Aty (42)

. X XSS
Aldr = =l A1;[}ds AqZ)dr (43)
Avgg = Avgs + Xig.Aigg (44)
Avdg = A’Uds - th.Aiqg (45)
Nigy = Nigs + Al,L (46)
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Aigy = Aigs + Algr (47)
AT, = 0~5XM-(iqso~Aidr + 7;dr0~Aiqs - idso.Aiqr — iqro.Aids) (48)
AP, = O.5(Uqro.Aiqr + iqro.A’Uqr + Varo-DNigr + idro-Avdr) (49)
APg = 0.5(’Uqgo.Aiqg + iqgo.Avqg + Udgo.A’idg + idgo.AUdg> (50)
AQs = 0.5(Vgs0-Alds + idso-AVgs — Vdso-Digs — igso-Ads), (51)
where if the following vectors are defined:
AT - AV Aigs
Awd ﬁwt A AIdL A Aid A Avq
A = |, AQ = o, AL = A= |70 Ay = K
V= Ady 2 L= | Avge I R [AvdJ
Awdr - g A'Uclc Aidr
- . ATyind
Ay, ~ [Avgg Ay B wen
Av, = |:Avds:| , Avg = | Avgy|” Al = Aigy|” Au= | AE;p

AFE4p
To analyze the modal, it is necessary to eliminate the algebraic relations to obtain the system state matrix.
For this purpose, the RSC voltage vector (Av,) and the GSC voltage vector (Av,) are selected as the system

control inputs, and the stator voltage vector (Avg) is deleted. Therefore, (52) is obtained.
AX = Ay AX + Boon AV + E.Au, (52)

where AX is the vector of state variables and contains the vectors Avy, AQ, Aly, and Avpe. AV is the
control inputs vector and contains Av, and Avg. Agys, Boon, and E are the system state matrix, the system
control inputs matrix, and the system input matrix, respectively. By obtaining the system poles using the

matrix Agys, the SSR mode is obtained with a frequency lower than the synchronous frequency.

5. SSR prevention controller (SSRPC)

The SSR. prevention controller (SSRPC) is connected to the d-axis output voltage of the GSC. The reason behind
selecting the GSC output voltage is to prevent the IGE and maintain MPPT. According to the line current
equations, the stator voltage directly affects the line current. In addition, the stator voltage is controlled by v4q4
of the GSC. Therefore, vqy can be a deterrent factor in the IGE that does not directly affect MPPT parameters
such as the turbine speed, power, or torque. Because in this part of the GSC there is no feedback from the
turbine speed, power, or torque, there will not be any significant changes in MPPT conditions. Nevertheless,
the SSRPC does not apply to the reference voltage (v%) or the reference current (Ijl‘g) since by applying SSRPC
to the stator reference voltage (vg) or the GSC controller reference current (Ij,), a change is generated in the
reference value of the stator voltage or current, significantly increasing the steady state values of the stator
voltage and the line current. However, by applying the SSRPC to Awgg, their steady state values do not

increase. Figure 3 shows the connection point SSRPC. This controller includes a PI controller and a filter.
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Figure 3. Connecting point of the SSRPC.

6. Case study and simulation results

The software MATLAB/Simulink and the IEEE SSR first benchmark model (Figure 1) were used. This system
has fifty 2-MW DFIGs, assumed to be equivalent to a 100-MW DFIG. It is connected to an infinite bus through
a capacitive series compensated transmission line, and its parameters are given elsewhere [7, 28]. The system’s
poles were calculated at a compensation level of 20% and a wind speed of 7 m/s using the system state matrix,
shown in Table 2. As observed, modes 6 and 7 had a frequency of 36.51 Hz, which is the same as that of
SSR modes. Since all relations were transformed into the qdO-frame rotating with the synchronous speed, the
SSR mode frequency was equal to fs — f,,. Therefore, the subsynchronous resonance frequency was 23.49 Hz.
Figure 4 shows the effect of the compensation level on the SSR mode. In this figure, the poles of the system are
represented by (*), and the poles of the SSR mode are displayed with (o) regarding different compensation levels.
This figure shows that by increasing the compensation level the SSR mode became unstable because according
to the slip relation (S,), with the increase in the compensation level, the resonant frequency increased, and
the amplitude of (S,) became smaller. As the S,, is negative, the rotor’s resistance amplitude increases, and
the system moves toward instability. According to Figure 4, at a wind speed of 7 m/s, the compensation levels
of 60%, 70%, and 80% for this system resulted in the instability of the SSR mode. Since the SSR in DFIG
wind farms is caused by the IGE, the dynamics of the shaft, the RSC controller, and the GSC controller can

be disabled to obtain the SSR mode.
Table 3 shows the participation factors of the state variables in the system deferent modes. The modes

of A¢ and A7 are SSR modes. According to this table, the voltage of the line series capacitor had the highest
participation in SSR modes. Its participation factor is a value of 0.26. For this reason, this variable was
considered as the input signal for the SSRPC. According to Figure 4, to increase the line transmission power,
the maximum compensation level of this system was approximately 50% at a wind speed of 7 m/s. In the present
paper, using the proposed controller, the maximum compensation level of the line significantly increased. To
confirm the proposed method, it was primarily assumed that the system had a compensation level of 20% at
a wind speed of 7 m/s and was stable in normal operations. At 100 s, the compensation level increased to
70%. Figure 5a shows the rotor speed oscillations due to the increase in the compensation level from 20%
to 70%. According to this figure, since SSR occurred at 100 s, the system without the SSRPC was unstable.
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Table 2. System poles at wind speed of 7 m/s and compensation level of 20%.

Mode number | Poles
1 0
2,3 -16.58+1210i
4,5 _7.5+514.8i
6,7 -5.77+229.4i
8 0
9,10 -5.86+94.45i
11,12 -0.5+6.14i
1500 ' All Poles a'nd SSR MOfie of Systen}
*
1000 20% 40% 7
60% 80%
£ 500 | N io i ]
P © o 0Q
0O *
éﬁ 500 *w ° e 0od
_ - ' f SZ% 70% |
-1000 - 30% i
*
-1500 . . , |
-20 -15 -10 5 0 5

Figure 4. SSR modes and other poles at wind speed of 7 m/s and deferent compensation levels

However, using the SSRPC, the system was stable. This figure shows the SSRPC creating dynamic stability of
the DFIG wind farm and providing the possibility of a high compensation level. In addition, the most important
point is that the rotor speed moved back to the initial value prior to increasing the compensation (at a wind
speed of 7 m/s, the reference wind speed value is 0.75). These results mean that the signal selected for the
proposed controller and its applying location were correctly selected. Figure 5b presents the most important
result, which is associated with the electric torque oscillations. The good results pertaining to this figure show
that the SSRPC was able to damp the electrical torque oscillations and return the electrical torque to the value
prior to the increase in the compensation (at a wind speed of 7 m/s, the reference torque value is 0.43). In
other words, the MPPT condition was preserved for the wind speed of 7 m/s, which is of great importance. The
reason for such importance is that the location to apply the SSRPC and the input signal do not directly affect
MPPT parameters such as the turbine speed, power, and torque. The SSRPC only prevents the IGE through
controlling the line current with the help of the stator voltage and the GSC output voltage. Figure 6a indicates
electrical power oscillations that were damped using the SSRPC. In addition, Figure 6b shows the increase in
the line current during the SSR occurrence caused by the IGE. The line current increased and oscillated owing
to the increase in the compensation level, and the system became unstable. However, using the SSRPC, the
current oscillations were damped and its increase was prevented. Therefore, the proposed controller was able
to prevent the instability caused by the IGE using an effective factor in SSR mode, which is the line series
capacitor voltage.

Additionally, Figure 7a shows the stator voltage oscillations. According to this figure, by applying the

proposed controller to the GSC output voltage, the stator voltage oscillations were well controlled and damped.
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Table 3. Participation factors of state variables on system modes.

State variable | Mode

M| A &A3 | M&As | g & A7 | Ag Ao & Ao | A1 & A2
Ygs 0 | 0.35 0.11 0.05 0 0.003 0
Vs 0 | 0.35 0.11 0.05 0 0.003 0
Yar 0 | 0.002 0.0006 0.001 0.0002 | 0.5 0.0006
Var 0 | 0.002 0.0006 0.001 0.0002 | 0.5 0.0007
w 0 |0 0 0 0.83 0 0.42
Wy 0 |0 0 0 0.17 0.001 0.5
T, 0 |0 0 0 0 0.0001 0
11 0 | 0.15 0.16 0.2 0 0.002 0
Iy, 0 | 0.15 0.16 0 0.002 0
Vge 0 | 0.007 0.24 0 0.0004 0
Vde 0 | 0.007 0.24 0 0.0004 0
Vbe 1 0 0 0 0 0
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Figure 5. System oscillations at wind speed of 7 m/s and with increasing compensation level from 20% to 70%; (a)
rotor speed, (b) electrical torque.

Figure 7b further indicates the DC-link capacitor voltage. According to this figure, by SSRPC, the DC-link

capacitor voltage was stable and had slight oscillations.

7. Discussion

¢ A high level of compensation in the lines connected to DFIG-based wind farms has been the most important

goal of this article. For this purpose, in critical condition with the critical wind speeds (7 m/s), 70%

compensation was performed using a proposed method. The simulations and proposed methods of the

articles in the literature are for compensation levels less than 65%. For example, in Mohammadpour and

Santi [2], the maximum compensation level was 65%, and in Mohammadpour et al. [19], the maximum

compensation level was 55%.
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Figure 6. System oscillations at wind speed of 7 m/s and with increasing compensation level from 20% to 70%; (a)
electrical power, (b) line current.
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Figure 7. System oscillations at wind speed of 7 m/s and with increasing compensation level from 20% to 70%; (a)
stator voltage, (b) DC-link capacitor voltage.

e Moreover, the proposed method in the present paper is simpler than other mitigation techniques and does
not require complex mathematical methods. Our study did not use additional expensive devices such as
FACTS devices.

¢ The exact and complete step-step linearization of the differential and algebraic equations is also presented
in this paper.

8. Conclusion

This study provided the possibility of a high compensation level for the power transmission lines of DFIG
wind farms by SSRPC. Using the analysis of the equations, an effective and logical method was proposed; this
method prevented the SSR phenomenon at the high-compensation level of the transmission line. The SSRPC
was proposed for application to the GSC output voltage. The objective of such a proposition is based on
the direct effect on the IGE and maintenance of MPPT. In addition, based on the modal analysis and the
participation factors, the input signal was introduced to the proposed controller. According to the participation

factors, the series capacitor voltage of the line had the highest participation in the SSR modes. Thus, it is used
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as the input signal to the proposed controller. To investigate the performance of the proposed method, the IEEE

SSR first benchmark model was simulated by use of the dynamic equations in MATLAB/Simulink to which

the proposed method was applied. The simulation results showed that the proposed method was correct and

highly effective. According to these results, application of the SSRPC to the GSC output voltage significantly

increased the capacitive series compensation level and maintained MPPT. Moreover, this method enhanced

the damping and reduced the amplitude of the oscillations. Therefore, the proposed method prevented SSR

instability at high compensation levels and, importantly, did not change MPPT conditions.
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