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Enhanced Compensation Filter to Mitigate
Subsynchronous Oscillations in Series-Compensated

DFIG-Based Wind Farms
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Abstract—This paper presents a control strategy to mitigate5
subsynchronous oscillations (SSOs) in doubly-fed induction gener-6
ator (DFIG)-based wind farms integrated into series-compensated7
transmission systems. The strategy has two parts: in the first one, a8
compensation filter based on the motion-induction amplification9
concept is proposed to increase the damping of the DFIG ma-10
chine in the subsynchronous frequency range; in the second one,11
a proportional-integral (PI)-like controller is designed using an12
optimal quadratic technique to minimize the control effort and the13
additional rotor voltage required by the SSO damping action. The14
SSO mitigation strategy acts locally on the DFIG control system15
reducing the negative resistance the rotating machine presents to16
the grid at subsynchronous frequencies; this approach reduces the17
control dependence on the topology and resonance frequencies of18
the network. The control strategy is validated with a case study19
based on the Argentinian power system and evaluated in a wide20
range of operating conditions, showing that the DFIG control sys-21
tem can be enhanced to mitigate poorly damped SSOs and increase22
the penetration level of wind power in the system.23

Index Terms—Resonance mitigation, series capacitor, series24
compensation, subsynchronous resonance (SSR), wind energy25
conversion systems (WECS), wind power integration.26

I. INTRODUCTION27

THE development of large-scale wind and solar projects and28

the growing energy demand require that the power trans-29

mission capacity of the system be correspondingly increased.30

The transmission infrastructure also needs to be updated to cope31

with renewable energy sources located far from the main load32

centers [1]. Series compensation of existing lines using fixed33

capacitors is one of the most cost-effective solutions to increase34
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transmission capacity. In this context, the construction of wind 35

farms near series-compensated transmission lines is more and 36

more frequent [2]. 37

A series-compensated transmission line has a resonance fre- 38

quency for both positive and negative sequence components. In a 39

synchronous reference frame, these resonances are seen as sub- 40

synchronous and supersynchronous modes. Because the doubly- 41

fed induction generator (DFIG) and its controller exhibit a neg- 42

ative resistance at subsynchronous frequencies, the damping of 43

the subsynchronous mode is reduced by the presence of a nearby 44

DFIG-based wind farm [3]. In the literature, the interaction be- 45

tween the wind turbine control system and a series-compensated 46

transmission system has been called subsynchronous control 47

interaction (SSCI) [4]–[6], and it has received considerable 48

attention in the last years since subsynchronous oscillations 49

(SSOs) were observed in series-compensated DFIG-based wind 50

farms (see a review of the SSCI events occurred in real systems 51

in [7]–[9]). 52

Different approaches have been proposed to mitigate SSCI. 53

The use of bypass filters and flexible ac transmission systems 54

is examined in [10]. The main drawback of implementing these 55

approaches is the high cost of the required equipment. To reduce 56

costs, a shunt converter with reduced rating operating only at the 57

subsynchronous frequency is presented in [11]. Modifications in 58

the DFIG control system have also been considered; for example, 59

the reduction of the current control bandwidth and the inclusion 60

of notch filters are analyzed in [1] and [12], respectively. In the 61

first case, attention has to be paid not to excessively reduce the 62

dynamic response of the DFIG under disturbances, deteriorating 63

the fault ride-through capability; in the second case, the notch 64

filter needs to accurately extract the subsynchronous frequency 65

to operate properly. 66

Another approach consists of including a supplementary 67

damping control (SDC) in the DFIG control system. SDCs 68

can use local or remote measurements [13]; they act on the 69

grid-side converter (GSC) [13]–[16], rotor-side converter (RSC) 70

[17]–[21], or both converters [22]–[24]; and they are imple- 71

mented in a centralized manner (park level) or decentralized 72

manner (distributed in each wind turbine) [23]. All of them have 73

advantages and disadvantages in terms of complexity, tuning 74

procedure, and damping capacity; for example, controls based 75

on remote measurements must deal with communication delays, 76

whereas centralized schemes must coordinate the individual 77
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wind turbines. SDC designs are mainly based on lead-lag com-78

pensators (see [10] and [15]–[18]), but other approaches using a79

high-pass filter with proportional control [13], linear quadratic80

regulator (LQR) [21]–[23], and nonlinear control [19] can also81

be found in the literature. To reduce the dependence of the82

controller parameters on the network model and the system op-83

erating point, the SDC is usually designed for the worst-case sce-84

nario [22]–[24] (i.e., the operating point with lower SSO damp-85

ing). SDCs designed using optimization algorithms and based on86

gain scheduling techniques are also implemented to improve the87

control performance for different operating points (see [11], [17]88

and [25]). A detailed comparison of different SSCI mitigation89

techniques can be found in [10]. On the other hand, the motion-90

induction amplification (MIA) concept is considered in [26] to91

compensate SSCI. This concept can be interpreted as the rep-92

resentation of the machine slip in the Laplace domain (see [27]93

and [28]). It allows understanding the root of the SSCI problem94

by studying how elements of the rotor are seen from the stator95

terminals and enables an SSCI countermeasure with a lower96

dependence on the network parameters and the system operating97

point.98

In [26], a compensation filter with a damping term is added to99

the rotor current controller to mitigate SSCI. This filter impacts100

on the rotor voltage dynamics, and the damping ratio of the101

introduced eigenvalues needs to be chosen to avoid excessive102

oscillations and overshoots in the rotor voltage. In our work, it103

is shown that one of the closed-loop filter eigenvalues cannot be104

properly damped by a compensation filter with a single damping105

term; therefore, we enhanced the filter by introducing a second106

damping parameter that directly damps this critical eigenvalue,107

improving the system response during the SSCI mitigation. A108

proportional-integral (PI)-like controller with cross-decoupling109

terms obtained with the LQR method is also designed to optimize110

the use of the control signal (i.e., the rotor voltage).111

The contribution of this paper is an enhancement of the112

control strategy recently proposed in [26] to mitigate SSOs in113

series-compensated DFIG-based wind farms. Unlike the previ-114

ous work, we propose a compensation filter with double damp-115

ing terms to improve the damping and increase the flexibility116

to adjust the required control action. This additional degree117

of freedom allows reducing oscillations and overshoots in the118

rotor voltage when using the compensation filter, improving its119

practical implementation. Eigenvalue (modal) analysis is used to120

assess the impact of the filter parameters on the system dynamics121

and provide guidelines to select their values. The strategy uses122

local measurements to reduce communication delays, and it is123

added to the DFIG control system (i.e., a software modification)124

to avoid the costs of additional hardware and equipment. The125

effectiveness of the proposed approach is validated with a prac-126

tical multi-machine power system with several wind farms and127

multiple series-compensated lines.128

II. MOTION-INDUCTION AMPLIFICATION CONCEPT129

In this section, the MIA concept is briefly described for the130

sake of completeness (see [26] for further details). The DFIG131

model in complex notation and in the αβ stationary reference132

Fig. 1. Equivalent electric circuit of the DFIG and the MIA concept.

frame is first considered 133

vs = −Rsis − ψ̇s (1)

vr = −Rrir + jωrψr − ψ̇r (2)

ψs = Lm (is + ir) + Llsis (3)

ψr = Lm (is + ir) + Llrir (4)

where voltage, current, and flux signals are denoted by v = 134

vβ + jvα, i = iβ + jiα, and ψ = ψβ + jψα, respectively, and 135

the subscripts s and r stand for stator and rotor quantities [the 136

rest of the parameters are shown in Fig. 1(a)]. 137

The motional EMF generated by the rotation of the rotor 138

Em = jωrψr and the induced EMF generated by the variation 139

of the flux Ei = −ψ̇r are identified in Fig. 1(b); resistances are 140

not shown for simplicity. A two-port network with input voltage 141

Er = Em + Ei and output voltage Ei can be defined as shown 142

in Fig. 1(c). The gain (or amplification) from the inputEr to the 143

output Ei is given by 144

G =
Ei

Er
=

Ei

Em + Ei
=

−ψ̇r

jωrψr − ψ̇r

(5)

and applying the Laplace transform yields 145

G(s) =
−sψr

jωrψr − sψr
=

s

s− jωr
. (6)

The transfer functionG(s) is key to understand and compensate 146

the poorly damped SSOs observed in series-compensated DFIG- 147

based wind farms. 148

Bode plots ofG(s) for two values of rotor speed are shown in 149

Fig. 2. In both cases, a negative gain (i.e., a 180◦ phase shift) is 150

observed in the frequency range from 0 to ωr, and hence in the 151

typical frequency range of network subsynchronous resonances. 152

This result can also be verified by replacing the operator s by 153

jω in (6) obtainingG(jω) = ω
ω−ωr

, which takes negative values 154
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Fig. 2. Bode plots of G(s) for ωr = 0.7 pu and ωr = 1.3 pu (solid yellow
line and dot-dashed purple line, respectively).

Fig. 3. Ideal compensation of the MIA effect.

in the frequency range ω ∈ (0, ωr). Therefore, elements on the155

rotor side such as the rotor resistance and the proportional gain of156

the rotor current controller are seen as negative from the stator157

terminals [3], consequently reducing the SSO damping of the158

system. Fig. 2 also shows that the gain of G(s) is higher in the159

subsynchronous frequency range for the case with a lower rotor160

speed, which agrees with previous studies indicating that the161

SSO damping is further reduced at low rotor speeds [27].162

To compensate the MIA effect, the inverse of the transfer163

function (6) can be multiplied at the output of the rotor current164

controller as shown in Fig. 3. This ideal compensation is given165

by166

vr(s)

v∗r(s)
= G−1(s) =

s− jωr

s
(7)

where an auxiliary rotor voltage v∗r is defined. Because the167

transfer function (7) affects the dynamics of the DFIG control168

system, a damping term must be added to reduce any adverse169

interaction. In [26], this damping term is included only in the170

numerator (the zero) of the transfer function (7). In our work,171

we show that by including damping terms in both the numerator172

and the denominator, a higher flexibility to mitigate SSOs and173

control the rotor voltage response is achieved.174

III. CONTROL STRATEGY TO MITIGATE SSOS175

A. Compensation Filter176

The following transfer function based on (7) with double177

damping terms σz and σp is proposed to compensate the MIA178

Fig. 4. Block diagram of the proposed SSO mitigation strategy. (a) Complex
notation and (b) scalar notation.

effect 179

vr(s)

v∗r(s)
= Hαβ(s) =

s− jωr + σz
s+ σp

. (8)

The transfer function (8) works as a filter at the output of the 180

rotor current controller, hereinafter called compensation filter. 181

This filter in the αβ stationary reference frame is converted to 182

the dq synchronous reference frame to be compatible with the 183

rotor current controller also designed in dq coordinates. This 184

can be done using the transformation vαβ = ejθsvdq or simply 185

replacing the operator s by s+ jωs in (8), yielding 186

vr(s)

v∗r(s)
= Hdq(s) =

s+ σz + j (ωs − ωr)

s+ σp + jωs
=
s+ λz

s+ λp
(9)

where λz = σz + j(ωs − ωr) and λp = σp + jωs. Note that the 187

compensation filter uses the measurement of the rotor speed ωr 188

to adapt its behavior to different operating conditions of the 189

DFIG, and it does not depend on the network and machine 190

parameters. The transfer function (9) in complex notation can 191

be written in scalar notation as follows 192[
vdr(s)
vqr(s)

]
=

[
Fp(s) Fc(s)
−Fc(s) Fp(s)

] [
v∗dr(s)
v∗qr(s)

]
(10)

where 193

Fp(s) =
(s+ σz) (s+ σp) + ωs (ωs − ωr)

(s+ σp)
2 + ω2

s

(11)

Fc(s) =
(s+ σp) (ωs − ωr)− (s+ σz)ωs

(s+ σp)
2 + ω2

s

. (12)
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Fig. 5. Introductory case study based on a DFIG-based wind farm connected to the grid through a series-compensated transmission line (at the top) and block
diagram of the DFIG control system with the considered control modification (at the bottom).

The selection of parameters σz and σp will be discussed in194

Section IV-B.195

B. Rotor Current Controller196

The DFIG model in the dq synchronous reference frame is197

given by198

vs = −Rsis − jωsψs − ψ̇s (13)

vr = −Rrir − j (ωs − ωr)ψr − ψ̇r (14)

ψs = Lm (is + ir) + Llsis (15)

ψr = Lm (is + ir) + Llrir (16)

where voltage, current, and flux signals are denoted by v = vq +199

jvd, i = iq + jid, andψ = ψq + jψd, respectively. Using (13)–200

(16), the rotor current dynamics can be expressed as follows201

Lσ i̇r = −Rrir − jωsLσir + jωrψr︸ ︷︷ ︸
MIA

+
Lm

Ls
(vs +Rsis)− vr

(17)
where the MIA term appears explicitly, and the total leakage202

factor σ = 1− L2
m/[(Lm + Lls)(Lm + Llr)] and the parame-203

terLσ = (Lm + Llr)σ are used. Because the MIA term is com-204

pensated by the compensation filter, the rotor current dynamics205

(17) can be rewritten as follows 206

i̇r = air + bv∗r + d (18)

where the auxiliary voltage v∗r is now the control input, d = 207
Lm

LσLs
(vs +Rsis) is a disturbance, and a = −Rr

Lσ
− jωs and 208

b = − 1
Lσ

. The system (18) is extended with the integral of the 209

current error to guarantee a zero steady-state error. The integrator 210

dynamics is given by ẋr = ir − i�r ; when combining it with (18), 211

it results 212

ẋe = Aexe +Bev
∗
r −

[
0
1

]
i�r (19)

with extended state vector xe = [ ir xr ]
T and matrices 213

Ae =

[
a 0
1 0

]
, Be =

[
b
0

]
. (20)

Then, the following state-feedback controller is implemented 214

v∗r = −Kxe. (21)

An optimal quadratic technique (LQR) is chosen to design the 215

control gain matrix K. This technique minimizes the control 216

efforts and allows a systematic design (see [29] for details of 217

this technique). For the particular case of the matrices (20), the 218
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Fig. 6. System eigenvalues and location of the critical subsynchronous mode
for different control approaches. Eigenvalue classification: {1A, 1B, 1C}: sub-
synchronous mode; {2A, 2B, 2C}: supersynchronous mode; {3A, 3B, 3C}:
mode of the rotor current control loop; {4A, 4B, 4C}: phase-locked loop (PLL)
mode; 5B: mode of the SDC filter; 5C and 6C: first and second modes of the
compensation filter.

solution of the LQR problem gives the gain matrix219

K =
[
Kp Ki + jKic

]
(22)

resulting in the control law220

v∗r = −Kp (ir − i�r)− (Ki + jKic)xr (23)

where xr = xqr + jxdr is the previously defined integrator221

state. The controller (23) has a structure similar to the one of222

a PI controller, but it uses a complex integral gain. PI structures223

are simple to implement and robust to parametric variations.224

Block diagrams of the proposed control strategy to mitigate225

SSOs considering both complex and scalar notations are shown226

in Fig. 4.227

IV. INTRODUCTORY CASE STUDY228

First, a DFIG-based wind farm connected to the grid through229

a series-compensated transmission line is analyzed to introduce230

the main concepts. Different control approaches are considered231

(see Fig. 5): a conventional vector control [30] (BASE case;232

switch swA in position 1 and switch swB disconnected), a vector233

control with an SDC based on lead-lag compensators [18] (SDC234

case; switch swA in position 1 and switch swB connected), and235

the proposed compensation filter with double damping terms236

(DDF case; switch swA in position 2 and switch swB dis-237

connected). For comparison purposes, the approach introduced238

in [26] using a compensation filter with a single damping term239

(SDF case) is implemented by setting the parameter σp to zero.240

Nonlinear time-domain simulations and eigenvalue analysis241

are performed in MATLAB using the approach described in [31].242

A. Small-Signal (Modal) Analysis243

Fig. 6 shows the system eigenvalues for the BASE, SDC, and244

DDF cases; the main eigenvalues (modes) are labeled using the245

participation factors. In this test, the DFIG is operating at the246

maximum power, and the transmission line has a compensation247

level of 70%. The parameters of the DDF case are selected as248

described in Section IV-B. In the BASE case, a poorly damped249

subsynchronous mode is observed (eigenvalue indicated with a250

Fig. 7. Eigenvalues of the introductory case study for three values of σz , with
σp = 0. Effect of the parameter σz on the modes 1C and 6C.

Fig. 8. Eigenvalues of the introductory case study for three values of σp, with
σz = 100. Effect of the parameter σp on the modes 1C and 5C.

red dot and labeled as 1A in Fig. 6). In the SDC and DDF cases, 251

this critical mode is moved toward the left, increasing its damp- 252

ing ratio. A higher negative real part (i.e., higher damping ratio) 253

is achieved in the DDF case for this subsynchronous mode 254

(eigenvalue 1C). 255

B. Selection of Compensation Filter Parameters 256

Fig. 7 shows the eigenvalues of the introductory case study 257

covering operating points from low to high wind speeds with 258

the transmission line compensated at 70%; three cases of the 259

parameter σz are shown, considering σp = 0. A low value of 260

parameter σz is desired so that the transfer function (8) is close 261

to the transfer function (7), which allows a better MIA compen- 262

sation and increases the DFIG damping in the subsynchronous 263

frequency range (i.e., higher damping of the mode 1C). On the 264

other hand, as the parameter σz is lowered, the compensation 265

filter interacts with the DFIG control system degrading the 266

stability of the mode 6C (see the arrow on the mode 6C in 267

Fig. 7). Therefore, the selection of the parameter σz is a trade-off 268

between avoiding the interaction of the compensation filter with 269

the DFIG control system and reducing the SSOs (i.e., between 270

having a stable mode 6C and increasing the damping of the mode 271

1C). In Fig. 7, this trade-off is seen in the movement in opposite 272

directions of the modes 1C and 6C. 273

Fig. 8 shows the eigenvalues of the introductory case study for 274

the same operating conditions of Fig. 7, but now three cases of the 275
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Fig. 9. System eigenvalues calculated for 1000 operating points corresponding to different wind powers, series compensation levels, and voltages of the network
bus. (a) BASE, SDC, and DDF cases are shown with red dots, green asterisks, and blue crosses, respectively. (b) SDF and DDF cases are shown with light-blue
circles and blue crosses, respectively.

parameter σp are shown, considering σz = 100. Similarly to the276

previous analysis, the parameterσp has to be as low as possible to277

obtain a close match between the transfer functions (7) and (8).278

However, as the parameterσp is lowered, the compensation filter279

interacts with the electrical network decreasing the damping of280

the mode 5C (see the arrow on the mode 5C in Fig. 8). In addition,281

as it will be shown in time-domain tests, a poorly damped mode282

5C causes considerable rotor voltage oscillations. Again, the283

selection of the parameter σp is a trade-off between avoiding the284

interaction of the compensation filter with the electrical network285

and reducing SSOs (i.e., between preventing a poorly damped286

mode 5C and increasing the damping of the mode 1C). In Fig. 8,287

this trade-off is seen in the movement in opposite directions of288

the modes 1C and 5C.289

Note that the parameter σz is not effective to damp the mode290

5C, whereas the parameter σp is able to significantly increase291

the damping ratio of this mode. Thus, the parameter σz is chosen292

first to damp the mode 6C to a desired damping ratio; then, the293

parameter σp is chosen to damp the mode 5C, which improves294

the rotor voltage response.295

In following sections, it will be shown that both a good296

trade-off and a high performance are obtained by using the297

valuesσz = 100 andσp = 25; the parameters of the rotor current298

controller areKp = 0.126,Ki = 2.94, andKic = 6.81, obtained299

by the LQR method [29] with weighting matrices Q = [ 0.015300

j 0.325; −j 0.325 55 ] and R = 1 using the MATLAB Control301

Toolbox. In the controller design, the DFIG model in per-unit302

values on the machine base is used, so that the control parameters303

are independent of the DFIG rating, simplifying the control304

implementation in multi-machine systems with different DFIG305

rated power.306

C. Performance Assessment307

Fig. 9 shows the performance comparison of the ana-308

lyzed cases over a wide range of operating conditions. The309

system eigenvalues are calculated for 1000 operating points310

corresponding to a wind power from low to high wind speeds,311

a series compensation level of the transmission line from 25% 312

to 85%, and a voltage of the network bus from 0.85 pu to 1.15 313

pu. In the BASE case, several operating points have an unstable 314

subsynchronous mode (see the modes 1A with a positive real 315

part), whereas in the DDF case, the subsynchronous modes are 316

moved toward the left, increasing their damping [see the modes 317

1C in Fig. 9(a)]; the rest of the eigenvalues also remain well 318

damped for all the operating points, including the key modes 319

5C and 6C analyzed in the previous section. The SDF case has 320

operating points with the mode 5C very close to the imaginary 321

axis (predicting poorly damped oscillations), whereas in the 322

DDF case, these modes have a more negative real part (i.e., 323

higher damping ratio) [compare the location of the modes 5C in 324

Fig. 9(b)]. As described in Fig. 8, the damping of the mode 1C 325

is slightly reduced in the DDF case compared to the SDF case. 326

This aspect and the impact of the mode 5C on the rotor voltage 327

response are analyzed in the following test. 328

To obtain the time-domain response of the different control 329

approaches, a 100-ms three-phase fault is applied at the high- 330

voltage side of the substation transformer. Fig. 10 shows the 331

DFIG rotor current for four operating conditions. In agreement 332

with the eigenvalue analysis, the BASE case is prone to poorly 333

damped or even unstable oscillations, particularly for a low 334

output power (low wind condition) and high series compensation 335

levels, whereas the DDF case has a well-damped response for 336

all the scenarios. Fig. 11 shows the response of the SDF and 337

DDF cases. The SSO damping improvement is almost the same 338

in both cases, and the small damping reduction of the mode 339

1C in the DDF case is practically not distinguished [compare 340

rotor currents in Fig. 11(a)]. On the other hand, in the SDF case, 341

a poorly damped oscillation is observed in the rotor voltage 342

[see Fig. 11(b)]. The frequency of this voltage oscillation is 343

associated with the one of the mode 5C. This oscillation is 344

reduced in the DDF case due to the higher damping of the mode 345

5C achieved by the introduction of the parameter σp. The impact 346

of the mode 5C on the rotor voltage dynamics and the advantage 347

of the compensation filter with double damping terms are more 348

evident in the following multi-machine case study. 349
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Fig. 10. Rotor current response to a network fault. BASE, SDC, and DDF
cases are shown with red, green, and blue lines, respectively. In subplots (a) and
(b), the wind farm operates at the maximum power; in subplots (c) and (d), it
operates at the minimum power. In subplots (a) and (c), the transmission line is
compensated at 35%; in subplots (b) and (d), it is compensated at 70%.

Fig. 11. System response to a network fault. SDF and DDF cases are shown
with light-blue and blue lines, respectively. The wind farm operates at the
minimum power, and the transmission line is compensated at 70%.

V. MULTI-MACHINE CASE STUDY350

In this section, the control strategy is verified in a practi-351

cal case study based on the Argentinian power system (see352

Fig. 12). The system has 79 buses, 94 transmission lines, 7353

DFIG-based wind farms (represented as shown in Fig. 5), and354

23 synchronous generators equipped with automatic voltage355

regulator, power system stabilizer, and turbine-governor system.356

Thermal generators connected to series-compensated lines have357

a multi-mass shaft model. Transmission lines and electrical358

machines are represented by detailed electromagnetic models359

used in subsynchronous resonance studies (modeling details of360

the different components can be found in [30] and [32]).361

A. Small-Signal Stability Analysis362

The proposed control strategy (DDF case) is implemented363

in all the wind farms of Fig. 12 using the parameters given364

in Section IV-B. Fig. 13 shows the system eigenvalues of the365

BASE and DDF cases for 1000 operating points corresponding366

Fig. 12. Single-line diagram of the multi-machine case study based on a future
scenario of the Argentinian power system.

to different wind power dispatches covering from low to high 367

wind speeds in each wind farm. The case study has three critical 368

subsynchronous modes labeled as 1A′, 1A′′, and 1A′′′ for the 369

BASE case and 1C′, 1C′′, and 1C′′′ for the DDF case (see 370

zoom in Fig. 13). In the DDF case, the three subsynchronous 371

modes are moved toward the left, significantly increasing the 372

damping ratio. The SSO damping improvement occurs for all 373

the operating points, even for the unstable points observed in 374

the BASE case. Other key modes such as the modes 5C and 375

6C are well damped and located in areas very close to the 376

ones shown in the introductory case study, indicating a good 377
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Fig. 13. System eigenvalues calculated for 1000 operating points corresponding to different wind power dispatches. BASE and DDF cases are shown with red
dots and blue crosses, respectively. Eigenvalues denoted by D indicate the torsional modes of synchronous generator shafts.

Fig. 14. System eigenvalues calculated for 1000 operating points correspond-
ing to different wind power dispatches. SDF and DDF cases are shown with
light-blue circles and blue crosses, respectively.

correlation between the analysis performed in Section IV and378

the one performed in this more realistic system.379

Fig. 14 shows the eigenvalues of the previous test for the SDF380

and DDF cases. In the DDF case, it is observed a significant381

increase of the negative real part (damping ratio) of the modes382

5C and a slight damping reduction of the modes 1C (see the large383

green arrow and the small red arrows in Fig. 14). The damping384

ratio of the mode 5C is critical to achieve a well-damped rotor385

voltage response (see Section V-D).386

B. Robustness Evaluation387

In Fig. 15, the eigenvalue test of Section V-A is repeated for388

eight different scenarios. Scenario 1 represents the nominal case.389

Scenarios 2, 3, and 4 correspond to N− 1 line outages (see the390

lines indicated with black squares in Fig. 12). The out-of-service391

condition of one of the synchronous generators near the wind392

farm #4 and the one near the wind farm #2 is given in scenarios 5 393

and 6, respectively. Scenarios 7 and 8 represent cases where 394

one-half of the wind turbines in the wind farm #5 and one-third 395

of the wind turbines in the wind farm #6 are not in operation. 396

Note that the area where the subsynchronous modes 1C are 397

located is moved toward the left by the SSCI countermeasure, 398

consequently increasing the SSO damping (compare the location 399

of the dashed line squares for the BASE and DDF cases in 400

Fig. 15). This result is observed for all the scenarios, thus 401

confirming the robustness of the control strategy. 402

C. Time-Domain Tests 403

In Fig. 16, the system is operating with the Patagonia corridor 404

compensated at 35%; at 0.1 s, the compensation level is increased 405

to 70% by connecting series capacitor banks, reaching one of 406

the critical points where the BASE case is unstable (see zoom 407

in Fig. 13). As expected, in the BASE case, ac-bus voltages 408

and rotor voltages show growing SSOs after the capacitor con- 409

nection. On the other hand, these voltages are quickly damped 410

by the action of the compensation filter in the SDF and DDF 411

cases. These two cases have a similar performance in terms of 412

SSO damping, but there are differences in the additional control 413

effort required by the SSO damping action. This topic will be 414

analyzed in the next section. 415

D. Magnitude of the Rotor Voltage 416

The maximum voltage that the rotor-side converter is able to 417

synthesize without reaching the overmodulation region is given 418

by 419

|vr|max =
Nsvdc√
2NrVN

. (24)

Considering the DFIG parameters: stator/rotor turns ratio 420

Ns/Nr = 0.333, dc-link voltage vdc = 1300 V, and nominal 421

RMS line-to-line voltage VN = 690 V, the maximum magnitude 422

of the rotor voltage is 0.44 pu (in dq coordinates). 423
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Fig. 15. System eigenvalues calculated for 1000 operating points corresponding to different wind power dispatches. Scenarios considering different contingencies
are shown with different colors. DDF and BASE cases are shown in the first and second column, respectively.

Fig. 16. Test increasing the series compensation level of the Patagonia corridor
from 35% to 70%. BASE, SDF, and DDF cases are shown with gray, light-blue,
and blue lines, respectively. (a) voltages of the ac buses of the Patagonia corridor
and (b) DFIG rotor voltages.

The system response to a three-phase fault is shown in Fig. 17424

(see the fault location in Fig. 12). The fault is cleared by tripping425

the faulted line. A larger overshoot and oscillation of rotor426

voltages are seen in the SDF case compared to the DDF case427

[see Fig. 17(a)]. As described in Section IV, the increase of the428

parameter σp reduces the rotor voltage oscillations (associated429

with the mode 5C) and diminishes the SSO damping (associated430

with the mode 1C). However, the increase in the damping of431

the mode 5C has a significant improvement in the rotor voltage432

response [compare the SDF and DDF cases in Fig. 17(a)],433

whereas the slightly lower damping of the subsynchronous mode434

1C is barely noted in the rest of the system variables [e.g.,435

see rotor currents in Fig. 17(b)]; thus, the selected σp value436

achieves a good trade-off. Both the SDF and DDF approaches437

Fig. 17. System response to a network fault. (a) rotor voltages, (b) rotor
currents, (c) hub/generator shaft torque of the WF #2, and (d) LP/IP shaft torque
of the synchronous generator near WF #2.
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are able to mitigate SSCI, but the compensation filter with double438

damping terms provides the designer the freedom to improve439

the rotor voltage dynamics. Finally, mechanical variables are440

compared by showing shaft torques of a wind turbine and a441

synchronous generator [see Figs. 17(c) and (d)]. Almost the442

same response is seen in the SDF and DDF cases (light-blue443

and blue lines, respectively), with an improvement over the444

BASE case (gray line). No mechanical stability problems are445

observed.446

VI. CONCLUSION447

An enhanced compensation filter based on the MIA concept448

was proposed to mitigate SSOs in DFIG-based wind farms. The449

additional degree of freedom of the filter allows adjusting the450

rotor voltage and prevents the converter overmodulation due to451

the SSO damping action. The proposed control strategy acts452

locally on the electrical machine reducing its negative damping453

in the subsynchronous frequency range and dealing directly with454

the root of the SSO problem. Therefore, the control strategy has455

a low dependence on the network parameters and the system456

operating point. The SSO mitigation strategy was validated457

with a practical case study based on the Argentinian power458

system and evaluated in a wide range of operating conditions459

by extensive eigenvalue analysis and nonlinear time-domain460

simulations. The obtained results show that the DFIG control461

system can be updated to avoid poorly damped SSOs when462

DFIG-based wind farms are integrated into series-compensated463

transmission systems.464
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