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Enhanced Compensation Filter to Mitigate
Subsynchronous Oscillations in Series-Compensated

DFIG-Based Wind Farms

Andres E. Leon

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

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

1. INTRODUCTION

HE development of large-scale wind and solar projects and
T the growing energy demand require that the power trans-
mission capacity of the system be correspondingly increased.
The transmission infrastructure also needs to be updated to cope
with renewable energy sources located far from the main load
centers [1]. Series compensation of existing lines using fixed
capacitors is one of the most cost-effective solutions to increase
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transmission capacity. In this context, the construction of wind
farms near series-compensated transmission lines is more and
more frequent [2].

A series-compensated transmission line has a resonance fre-
quency for both positive and negative sequence components. In a
synchronous reference frame, these resonances are seen as sub-
synchronous and supersynchronous modes. Because the doubly-
fed induction generator (DFIG) and its controller exhibit a neg-
ative resistance at subsynchronous frequencies, the damping of
the subsynchronous mode is reduced by the presence of a nearby
DFIG-based wind farm [3]. In the literature, the interaction be-
tween the wind turbine control system and a series-compensated
transmission system has been called subsynchronous control
interaction (SSCI) [4]-[6], and it has received considerable
attention in the last years since subsynchronous oscillations
(SSOs) were observed in series-compensated DFIG-based wind
farms (see a review of the SSCI events occurred in real systems
in [7]-[9D).

Different approaches have been proposed to mitigate SSCI.
The use of bypass filters and flexible ac transmission systems
is examined in [10]. The main drawback of implementing these
approaches is the high cost of the required equipment. To reduce
costs, a shunt converter with reduced rating operating only at the
subsynchronous frequency is presented in [11]. Modifications in
the DFIG control system have also been considered; for example,
the reduction of the current control bandwidth and the inclusion
of notch filters are analyzed in [1] and [12], respectively. In the
first case, attention has to be paid not to excessively reduce the
dynamic response of the DFIG under disturbances, deteriorating
the fault ride-through capability; in the second case, the notch
filter needs to accurately extract the subsynchronous frequency
to operate properly.

Another approach consists of including a supplementary
damping control (SDC) in the DFIG control system. SDCs
can use local or remote measurements [13]; they act on the
grid-side converter (GSC) [13]-[16], rotor-side converter (RSC)
[17]-[21], or both converters [22]-[24]; and they are imple-
mented in a centralized manner (park level) or decentralized
manner (distributed in each wind turbine) [23]. All of them have
advantages and disadvantages in terms of complexity, tuning
procedure, and damping capacity; for example, controls based
on remote measurements must deal with communication delays,
whereas centralized schemes must coordinate the individual
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wind turbines. SDC designs are mainly based on lead-lag com-
pensators (see [10] and [15]-[18]), but other approaches using a
high-pass filter with proportional control [13], linear quadratic
regulator (LQR) [21]-[23], and nonlinear control [19] can also
be found in the literature. To reduce the dependence of the
controller parameters on the network model and the system op-
erating point, the SDC is usually designed for the worst-case sce-
nario [22]-[24] (i.e., the operating point with lower SSO damp-
ing). SDCs designed using optimization algorithms and based on
gain scheduling techniques are also implemented to improve the
control performance for different operating points (see [11], [17]
and [25]). A detailed comparison of different SSCI mitigation
techniques can be found in [10]. On the other hand, the motion-
induction amplification (MIA) concept is considered in [26] to
compensate SSCI. This concept can be interpreted as the rep-
resentation of the machine slip in the Laplace domain (see [27]
and [28]). It allows understanding the root of the SSCI problem
by studying how elements of the rotor are seen from the stator
terminals and enables an SSCI countermeasure with a lower
dependence on the network parameters and the system operating
point.

In [26], a compensation filter with a damping term is added to
the rotor current controller to mitigate SSCI. This filter impacts
on the rotor voltage dynamics, and the damping ratio of the
introduced eigenvalues needs to be chosen to avoid excessive
oscillations and overshoots in the rotor voltage. In our work, it
is shown that one of the closed-loop filter eigenvalues cannot be
properly damped by a compensation filter with a single damping
term; therefore, we enhanced the filter by introducing a second
damping parameter that directly damps this critical eigenvalue,
improving the system response during the SSCI mitigation. A
proportional-integral (PI)-like controller with cross-decoupling
terms obtained with the LQR method is also designed to optimize
the use of the control signal (i.e., the rotor voltage).

The contribution of this paper is an enhancement of the
control strategy recently proposed in [26] to mitigate SSOs in
series-compensated DFIG-based wind farms. Unlike the previ-
ous work, we propose a compensation filter with double damp-
ing terms to improve the damping and increase the flexibility
to adjust the required control action. This additional degree
of freedom allows reducing oscillations and overshoots in the
rotor voltage when using the compensation filter, improving its
practical implementation. Eigenvalue (modal) analysis is used to
assess the impact of the filter parameters on the system dynamics
and provide guidelines to select their values. The strategy uses
local measurements to reduce communication delays, and it is
added to the DFIG control system (i.e., a software modification)
to avoid the costs of additional hardware and equipment. The
effectiveness of the proposed approach is validated with a prac-
tical multi-machine power system with several wind farms and
multiple series-compensated lines.

II. MOTION-INDUCTION AMPLIFICATION CONCEPT

In this section, the MIA concept is briefly described for the
sake of completeness (see [26] for further details). The DFIG
model in complex notation and in the o stationary reference
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Fig. 1. Equivalent electric circuit of the DFIG and the MIA concept.

frame is first considered

vs = —Ryis — s (1)
vp = —Ryip + jwpthy — gy )
s = Ly (is +ir) + Lisis 3)
$r = Ly (is + i) + Liyiy )

where voltage, current, and flux signals are denoted by v =
Vg + JVa, © = 18 + Jia, and ¥ = g + j1),, respectively, and
the subscripts s and r stand for stator and rotor quantities [the
rest of the parameters are shown in Fig. 1(a)].

The motional EMF generated by the rotation of the rotor
FE,, = jw,1, and the induced EMF generated by the variation
of the flux F; = —1/-%« are identified in Fig. 1(b); resistances are
not shown for simplicity. A two-port network with input voltage
FE,. = E,, + F; and output voltage F; can be defined as shown
in Fig. 1(c). The gain (or amplification) from the input £, to the
output E; is given by

L L; —,

G=—= = - 5
ET Em + E’ jwrwr - % ( )

and applying the Laplace transform yields
G(s) S _ S ©6)

B jwrwr - Swr B S _jwr'
The transfer function G/(s) is key to understand and compensate
the poorly damped SSOs observed in series-compensated DFIG-
based wind farms.

Bode plots of G(s) for two values of rotor speed are shown in
Fig. 2. In both cases, a negative gain (i.e., a 180° phase shift) is
observed in the frequency range from 0O to w;,., and hence in the
typical frequency range of network subsynchronous resonances.
This result can also be verified by replacing the operator s by
Jjwin (6) obtaining G(jw) = —“—, which takes negative values

w—w;’
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Fig. 2. Bode plots of G(s) for w, = 0.7 pu and w,» = 1.3 pu (solid yellow

line and dot-dashed purple line, respectively).
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Fig. 3. Ideal compensation of the MIA effect.

in the frequency range w € (0,w,). Therefore, elements on the
rotor side such as the rotor resistance and the proportional gain of
the rotor current controller are seen as negative from the stator
terminals [3], consequently reducing the SSO damping of the
system. Fig. 2 also shows that the gain of G(s) is higher in the
subsynchronous frequency range for the case with a lower rotor
speed, which agrees with previous studies indicating that the
SSO damping is further reduced at low rotor speeds [27].

To compensate the MIA effect, the inverse of the transfer
function (6) can be multiplied at the output of the rotor current
controller as shown in Fig. 3. This ideal compensation is given
by
=Gl =" (7)

vi(s) s

where an auxiliary rotor voltage v} is defined. Because the
transfer function (7) affects the dynamics of the DFIG control
system, a damping term must be added to reduce any adverse
interaction. In [26], this damping term is included only in the
numerator (the zero) of the transfer function (7). In our work,
we show that by including damping terms in both the numerator
and the denominator, a higher flexibility to mitigate SSOs and
control the rotor voltage response is achieved.

III. CONTROL STRATEGY TO MITIGATE SSOS

A. Compensation Filter

The following transfer function based on (7) with double
damping terms o, and o, is proposed to compensate the MIA

Sk Kk - ek
PI-like controller U = lgr T Iy
comp. filter S B
K, eqn. (9) U = tgr + Jldr
S PRI W e O
s+ )‘p Vy = vqr -+ j’l)dT
‘j Ty = Tgr + jxdr
.
(@)

compensation filter
eqns. (10)-(12)

Vdr

Vqr

(b)

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

effect

vy ()
7 (s)

S — jwp + 0,
s+o,

= Hop(s) = ®)

v*
The transfer function (8) works as a filter at the output of the
rotor current controller, hereinafter called compensation filter.
This filter in the a3 stationary reference frame is converted to
the dq synchronous reference frame to be compatible with the
rotor current controller also designed in dq coordinates. This
can be done using the transformation v,g = el0s Ugq Or simply
replacing the operator s by s + jw; in (8), yielding
S+ A,

e O

S+0z+j(ws_wr)
s+ 0o, + jws

U:<S) = Haq(s) =

v (s)
where A, = 0, + j(ws — w,) and A, = 0, + jws. Note that the
compensation filter uses the measurement of the rotor speed w,
to adapt its behavior to different operating conditions of the
DFIG, and it does not depend on the network and machine
parameters. The transfer function (9) in complex notation can
be written in scalar notation as follows

var(s) | _ [ Fp(s)  Fe(s) vy,.(8)
[ws)} - [Fc<s> Fp<s>] [vfxs)} 1o
where
_ (s+0.)(s+ Up) + ws (ws — wr)
Fp(s) = (S+Up)2+w§ (1D
(s+0p) (wWs —wy) — (s +02) ws
F(s) = CTo Tl .12
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DFIG control system
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 o, and o, will be discussed in
Section I'V-B.

B. Rotor Current Controller

The DFIG model in the dq synchronous reference frame is
given by

Vs = —Ryiy — jwsihs — s (13)
vr = =Ryt = (ws — wy) Yp— ¢y (14)
Ps = Ly (is + 1) FLisis (15)
$r = Luy (is +i,) + Liiy (16)

where voltage, current, and flux signals are denoted by v = v, +
Jvd, 1 = iq + jiq, and ¢ = 1, + japg, respectively. Using (13)-
(16), the rotor current dynamics can be expressed as follows

K Lm. .
erir = *Rrir - jwsLaZ‘r + jwrwr +— (vs + Rsls> — Up
—~— L
MIA

(17)
where the MIA term appears explicitly, and the total leakage
factor o =1 — L?n [(Lm + Lls)(Lm + Llr)] and the parame-
ter L, = (L., + Ly,-)o are used. Because the MIA term is com-

pensated by the compensation filter, the rotor current dynamics

(17) can be rewritten as follows

iy = ai, +bvi +d (18)
where the auxiliary voltage v is now the control input, d =

Lu_(y, + Ryiy) is a disturbance, and a = —£= — jw, and

LoL. T Lo
b= _%~ The system (18) is extended with the integral of the
current error to guarantee a zero steady-state error. The integrator

dynamics is given by &, = 7,, — 4)x; when combining it with (18),

it results
. . 0 4
Xe = Acxe + Bev, — K (19)
with extended state vector x, = [, x, |7 and matrices
a0 b
AE_ |:1 O:| ) BE_ {0:| N (20)

Then, the following state-feedback controller is implemented

vi = —KX,. (21)

An optimal quadratic technique (LQR) is chosen to design the
control gain matrix K. This technique minimizes the control
efforts and allows a systematic design (see [29] for details of
this technique). For the particular case of the matrices (20), the
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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 matrix

K = K, K; + jK:] (22)
resulting in the control law
U: = —Kp (ir — Z:) — ([(z +jKic) Xy (23)

where x, = x4 + jxg, is the previously defined integrator
state. The controller (23) has a structure similar to the one of
a PI controller, but it uses a complex integral gain. PI structures
are simple to implement and robust to parametric variations.
Block diagrams of the proposed control strategy to mitigate
SSOs considering both complex and scalar notations are shown
in Fig. 4.

IV. INTRODUCTORY CASE STUDY

First, a DFIG-based wind farm connected to the grid through
a series-compensated transmission line is analyzed to introduce
the main concepts. Different control approaches are considered
(see Fig. 5): a conventional vector control [30] (BASE case;
switch sw in position 1 and switch swp disconnected), a vector
control with an SDC based on lead-lag compensators [18] (SDC
case; switch swy in position 1 and switch swp connected), and
the proposed compensation filter with double damping terms
(DDF case; switch swy in position 2 and switch swp dis-
connected). For comparison purposes, the approach introduced
in [26] using a compensation filter with a single damping term
(SDF case) is implemented by setting the parameter o, to zero.

Nonlinear time-domain simulations and eigenvalue analysis
are performed in MATLAB using the approach described in [31].

A. Small-Signal (Modal) Analysis

Fig. 6 shows the system eigenvalues for the BASE, SDC, and
DDF cases; the main eigenvalues (modes) are labeled using the
participation factors. In this test, the DFIG is operating at the
maximum power, and the transmission line has a compensation
level of 70%. The parameters of the DDF case are selected as
described in Section IV-B. In the BASE case, a poorly damped
subsynchronous mode is observed (eigenvalue indicated with a

70r »c 1
60 1
5C
50F —— g
N
jas)
== - 1C 4
« 40 —
)
£ 30
20b| + - =20012d 6C _
o, = 100124 o
10f Crad
<o, =022 . ¢ ac g, P, #3?

-100 90 -80 -70 -60 -50 -40 -30 -20 -10 O
Real

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

701 1
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Mxxxxxxxxxxxxxxxxxxxxxxx
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£ 40t 1C 1
& opm————
Q -
&
s 30 1
E

ad
20| « op =257° 4

op =121 \ic
.o, =121
10+ N .

— (rad
=0 ic o>
I I I L | e~ | L L
-100 90 -80 -70 -60 -50 -40 -30 -20 -10 0

Real

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

red dot and labeled as 1A in Fig. 6). In the SDC and DDF cases,
this critical mode is moved toward the left, increasing its damp-
ing ratio. A higher negative real part (i.e., higher damping ratio)
is achieved in the DDF case for this subsynchronous mode
(eigenvalue 1C).

B. Selection of Compensation Filter Parameters

Fig. 7 shows the eigenvalues of the introductory case study
covering operating points from low to high wind speeds with
the transmission line compensated at 70%; three cases of the
parameter o, are shown, considering o, = 0. A low value of
parameter o, is desired so that the transfer function (8) is close
to the transfer function (7), which allows a better MIA compen-
sation and increases the DFIG damping in the subsynchronous
frequency range (i.e., higher damping of the mode 1C). On the
other hand, as the parameter o is lowered, the compensation
filter interacts with the DFIG control system degrading the
stability of the mode 6C (see the arrow on the mode 6C in
Fig. 7). Therefore, the selection of the parameter o, is a trade-off
between avoiding the interaction of the compensation filter with
the DFIG control system and reducing the SSOs (i.e., between
having a stable mode 6C and increasing the damping of the mode
1C). In Fig. 7, this trade-off is seen in the movement in opposite
directions of the modes 1C and 6C.

Fig. 8 shows the eigenvalues of the introductory case study for
the same operating conditions of Fig. 7, but now three cases of the
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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 o, are shown, considering o, = 100. Similarly to the
previous analysis, the parameter o, has to be as low as possible to
obtain a close match between the transfer functions (7) and (8).
However, as the parameter o, is lowered, the compensation filter
interacts with the electrical network decreasing the damping of
the mode 5C (see the arrow on the mode 5C in Fig. 8). In addition,
as it will be shown in time-domain tests, a poorly damped mode
5C causes considerable rotor voltage oscillations. Again, the
selection of the parameter o, is a trade-off between avoiding the
interaction of the compensation filter with the electrical network
and reducing SSOs (i.e., between preventing a poorly damped
mode 5C and increasing the damping of the mode 1C). In Fig. 8,
this trade-off is seen in the movement in opposite directions of
the modes 1C and 5C.

Note that the parameter o, is not effective to damp the mode
5C, whereas the parameter o, is able to significantly increase
the damping ratio of this mode. Thus, the parameter o, is chosen
first to damp the mode 6C to a desired damping ratio; then, the
parameter o, is chosen to damp the mode 5C, which improves
the rotor voltage response.

In following sections, it will be shown that both a good
trade-off and a high performance are obtained by using the
values o, = 100and o), = 25; the parameters of the rotor current
controllerare K, =0.126, K; =2.94, and K;. = 6.81, obtained
by the LQR method [29] with weighting matrices Q = [ 0.015
70.325; —350.325 55]and R = 1 using the MATLAB Control
Toolbox. In the controller design, the DFIG model in per-unit
values on the machine base is used, so that the control parameters
are independent of the DFIG rating, simplifying the control
implementation in multi-machine systems with different DFIG
rated power.

C. Performance Assessment

Fig. 9 shows the performance comparison of the ana-
lyzed cases over a wide range of operating conditions. The
system eigenvalues are calculated for 1000 operating points
corresponding to a wind power from low to high wind speeds,

a series compensation level of the transmission line from 25%
to 85%, and a voltage of the network bus from 0.85 pu to 1.15
pu. In the BASE case, several operating points have an unstable
subsynchronous mode (see the modes 1A with a positive real
part), whereas in the DDF case, the subsynchronous modes are
moved toward the left, increasing their damping [see the modes
1C in Fig. 9(a)]; the rest of the eigenvalues also remain well
damped for all the operating points, including the key modes
5C and 6C analyzed in the previous section. The SDF case has
operating points with the mode 5C very close to the imaginary
axis (predicting poorly damped oscillations), whereas in the
DDF case, these modes have a more negative real part (i.e.,
higher damping ratio) [compare the location of the modes 5C in
Fig. 9(b)]. As described in Fig. 8, the damping of the mode 1C
is slightly reduced in the DDF case compared to the SDF case.
This aspect and the impact of the mode 5C on the rotor voltage
response are analyzed in the following test.

To obtain the time-domain response of the different control
approaches, a 100-ms three-phase fault is applied at the high-
voltage side of the substation transformer. Fig. 10 shows the
DFIG rotor current for four operating conditions. In agreement
with the eigenvalue analysis, the BASE case is prone to poorly
damped or even unstable oscillations, particularly for a low
output power (low wind condition) and high series compensation
levels, whereas the DDF case has a well-damped response for
all the scenarios. Fig. 11 shows the response of the SDF and
DDF cases. The SSO damping improvement is almost the same
in both cases, and the small damping reduction of the mode
1C in the DDF case is practically not distinguished [compare
rotor currents in Fig. 11(a)]. On the other hand, in the SDF case,
a poorly damped oscillation is observed in the rotor voltage
[see Fig. 11(b)]. The frequency of this voltage oscillation is
associated with the one of the mode 5C. This oscillation is
reduced in the DDF case due to the higher damping of the mode
5C achieved by the introduction of the parameter o,,. The impact
of the mode 5C on the rotor voltage dynamics and the advantage
of the compensation filter with double damping terms are more
evident in the following multi-machine case study.
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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%.

0.35
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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 STUDY

In this section, the control strategy is verified in a practi-
cal case study based on the Argentinian power system (see
Fig. 12). The system has 79 buses, 94 transmission lines, 7
DFIG-based wind farms (represented as shown in Fig. 5), and
23 synchronous generators equipped with automatic voltage
regulator, power system stabilizer, and turbine-governor system.
Thermal generators connected to series-compensated lines have
a multi-mass shaft model. Transmission lines and electrical
machines are represented by detailed electromagnetic models
used in subsynchronous resonance studies (modeling details of
the different components can be found in [30] and [32]).

A. Small-Signal Stability Analysis

The proposed control strategy (DDF case) is implemented
in all the wind farms of Fig. 12 using the parameters given
in Section IV-B. Fig. 13 shows the system eigenvalues of the
BASE and DDF cases for 1000 operating points corresponding

QO thermal power plant
A hydro power plant
@ wind power plant

= series capacitor

— 500 kV ac overhead line
— 330 kV ac overhead line
X fault

= (N-1) line outage

Patagonia
corridor

Rated power of wind farms

WF DES #1 (375 MW)
WF PMA #2 (560 MW)
WEF KKA #3 (400 MW)
WF TRE #4 (400 MW)
WF GAS #5 (600 MW)
WEF MAL #6 (400 MW)
WF CER #7 (780 MW)

S

> 0100 200km

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
wind speeds in each wind farm. The case study has three critical
subsynchronous modes labeled as 1A’, 1A”, and 1A" for the
BASE case and 1C/, 1C”, and 1C"” for the DDF case (see
zoom in Fig. 13). In the DDF case, the three subsynchronous
modes are moved toward the left, significantly increasing the
damping ratio. The SSO damping improvement occurs for all
the operating points, even for the unstable points observed in
the BASE case. Other key modes such as the modes 5C and
6C are well damped and located in areas very close to the
ones shown in the introductory case study, indicating a good
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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.
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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 and
the one performed in this more realistic system.

Fig. 14 shows the eigenvalues of the previous test for the SDF
and DDF cases. In the DDF case, it is observed a significant
increase of the negative real part (damping ratio) of the modes
5C and a slight damping reduction of the modes 1C (see the large
green arrow and the small red arrows in Fig. 14). The damping
ratio of the mode 5C is critical to achieve a well-damped rotor
voltage response (see Section V-D).

B. Robustness Evaluation

In Fig. 15, the eigenvalue test of Section V-A is repeated for
eight different scenarios. Scenario 1 represents the nominal case.
Scenarios 2, 3, and 4 correspond to N — 1 line outages (see the
lines indicated with black squares in Fig. 12). The out-of-service
condition of one of the synchronous generators near the wind

farm #4 and the one near the wind farm #2 is given in scenarios 5
and 6, respectively. Scenarios 7 and 8 represent cases where
one-half of the wind turbines in the wind farm #5 and one-third
of the wind turbines in the wind farm #6 are not in operation.
Note that the area where the subsynchronous modes 1C are
located is moved toward the left by the SSCI countermeasure,
consequently increasing the SSO damping (compare the location
of the dashed line squares for the BASE and DDF cases in
Fig. 15). This result is observed for all the scenarios, thus
confirming the robustness of the control strategy.

C. Time-Domain Tests

In Fig. 16, the system is operating with the Patagonia corridor
compensated at 35%; at 0.1 s, the compensation level is increased
to 70% by connecting series capacitor banks, reaching one of
the critical points where the BASE case is unstable (see zoom
in Fig. 13). As expected, in the BASE case, ac-bus voltages
and rotor voltages show growing SSOs after the capacitor con-
nection. On the other hand, these voltages are quickly damped
by the action of the compensation filter in the SDF and DDF
cases. These two cases have a similar performance in terms of
SSO damping, but there are differences in the additional control
effort required by the SSO damping action. This topic will be
analyzed in the next section.

D. Magnitude of the Rotor Voltage

The maximum voltage that the rotor-side converter is able to
synthesize without reaching the overmodulation region is given
by
max — _Nsvac_

\/§N TVN
Considering the DFIG parameters: stator/rotor turns ratio
N /N, = 0.333, dc-link voltage vg. = 1300 V, and nominal

RMS line-to-line voltage Vi = 690 V, the maximum magnitude
of the rotor voltage is 0.44 pu (in dq coordinates).

(24)
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System eigenvalues calculated for 1000 operating points corresponding to different wind power dispatches. Scenarios considering different contingencies
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Fig.16. Testincreasing 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. 17
(see the fault location in Fig. 12). The fault is cleared by tripping
the faulted line. A larger overshoot and oscillation of rotor
voltages are seen in the SDF case compared to the DDF case
[see Fig. 17(a)]. As described in Section IV, the increase of the
parameter o, reduces the rotor voltage oscillations (associated
with the mode 5C) and diminishes the SSO damping (associated
with the mode 1C). However, the increase in the damping of
the mode 5C has a significant improvement in the rotor voltage
response [compare the SDF and DDF cases in Fig. 17(a)],
whereas the slightly lower damping of the subsynchronous mode
1C is barely noted in the rest of the system variables [e.g.,
see rotor currents in Fig. 17(b)]; thus, the selected o, value
achieves a good trade-off. Both the SDF and DDF approaches

@ [v;] [pu]

() [ir| [pu]

f———
disturbance
L L

0 0.1 0.2 0.3 0.4 0.5 0.6
Time [s]

(¢) Thub/gen [pu]
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— BASE case [
~ SDF case
| — DDF case
1 ! ! !
3

Time [s]

(d) TLP/IP [pu]

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 double
damping terms provides the designer the freedom to improve
the rotor voltage dynamics. Finally, mechanical variables are
compared by showing shaft torques of a wind turbine and a
synchronous generator [see Figs. 17(c) and (d)]. Almost the
same response is seen in the SDF and DDF cases (light-blue
and blue lines, respectively), with an improvement over the
BASE case (gray line). No mechanical stability problems are
observed.

VI. CONCLUSION

An enhanced compensation filter based on the MIA concept
was proposed to mitigate SSOs in DFIG-based wind farms. The
additional degree of freedom of the filter allows adjusting the
rotor voltage and prevents the converter overmodulation due to
the SSO damping action. The proposed control strategy acts
locally on the electrical machine reducing its negative damping
in the subsynchronous frequency range and dealing directly with
the root of the SSO problem. Therefore, the control strategy has
a low dependence on the network parameters and the system
operating point. The SSO mitigation strategy was validated
with a practical case study based on the Argentinian power
system and evaluated in a wide range of operating conditions
by extensive eigenvalue analysis and nonlinear time-domain
simulations. The obtained results show that the DFIG control
system can be updated to avoid poorly damped SSOs when
DFIG-based wind farms are integrated into series-compensated
transmission systems.
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