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Integration of DFIG-Based Wind Farms Into
Series-Compensated Transmission Systems

Andres E. Leon, Member, IEEE

Abstract—Recent events have shown that doubly-fed induction
generator (DFIG) wind turbines close to series capacitors are
prone to subsynchronous oscillations (SSO). This paper analyzes
these subsynchronous interactions (SSI) and a countermeasure
to enable a reliable and secure integration of DFIG-based wind
farms into series-compensated transmission systems. A case study
based on a real power system is considered in this work. It has
several transmission lines (many of them series compensated),
various conventional and wind power plants, and a distributed
load. This system allows to study the SSI among various wind
farms and multiple subsynchronous modes, unlike previous stud-
ies which considered a single DFIG and one series-compensated
line (i.e., one subsynchronous mode). An analytical investigation
and development of fundamental concepts of the SSO are also dis-
cussed. A supplementary damping control (SDC) is designed to
enhance the operating range and to damp the SSO of these series-
compensated wind farms. A detailed analysis is carried out using
eigenvalues and nonlinear time-domain simulations to evaluate the
performance and robustness of the SDC. Besides the parameters
usually studied, such as wind speed, series compensation level,
control gains, the effects of conventional synchronous generation,
type of load model, and system demand level on the SSI are also
analyzed.

Index Terms—Argentinian power system, series capacitor,
sub-synchronous resonance, wind energy conversion systems.

I. INTRODUCTION

W IND FARMS located far from load centers frequently
require the update of the transmission infrastructure

to accommodate the additional power [1]. From an economic
point of view, in order to enhance the power transmission
capacity and stability margin, series capacitor compensation
of existing lines is usually preferred instead of building new
lines [2]. However, fixed series capacitors present the risk of
sub-synchronous interactions (SSI) [3] not only for the new
power plants, but also for existing generation and power elec-
tronic equipment [4]. The SSI phenomenon was first discussed
in 1937 [5] and received more attention in the 1970s, when
two shaft failures occurred in the Mohave plant [6]. The poten-
tial interaction between wind farms and series capacitors was
recognized a decade ago in [7]. Due to the increasing levels
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of wind generation, SSI events have been reported since 2009
in series-compensated doubly-fed induction generator (DFIG)-
based wind farms in the south of Texas [8]–[11], southwest
of Minnesota [12], [13], and north of China (Hebei province)
[14]. These events showed that the power-electronic control
system of the DFIG can present a negative resistance to the
grid at sub-synchronous frequencies [15]. This phenomenon
is called sub-synchronous control interaction (SSCI) [16]–[18]
and results in a lower damping or instability of sub-synchronous
oscillations (SSO), limiting therefore the penetration level of
DFIG wind farms in series-compensated corridors.

To reduce the SSO, several authors proposed to use flexible
ac transmission systems (FACTS), such as static var com-
pensator, thyristor-controlled series capacitor, gate-controlled
series capacitor or static synchronous compensator [19]–[25].
The main drawback of this approach is the cost of the FACTS
device and its protection equipment. Other researches preferred
to include a supplementary damping control (SDC) in the cur-
rent control loop of the grid-side converter (GSC) [26]–[32].
This scheme presents some practical constraints that limit its
effectiveness; for example, the GSC has a partial power rating
(between 25% and 30% of the generator rating), and its power
capability is mainly for the flow of the active power [33], [34].
In addition, the GSC currents have a controllability index of
the sub-synchronous modes lower than the rotor-side converter
(RSC) voltages (i.e., higher supplementary control action is
necessary when using the GSC currents as control inputs [35]).
Reference [36] proposed to mitigate the SSO reducing the gain
of the rotor current controller, introducing measurement filters,
and including an SDC in the RSC control loop. This method
has the disadvantage that both the gain reduction and the low-
pass filter action diminish the response time of the DFIG under
disturbances. In [34], the authors modified the DFIG control
structure by adding a derivative term and a low-pass filter with
phase compensation to the RSC control. Then, to achieve a
satisfactory performance for all the operating range, an addi-
tional SDC was also added to the GSC control. All these blocks
and supplementary loops make this approach complicated, with
several design stages. In [35], an SDC was designed using an
optimal state-feedback technique based on a reduced model of
the system. The main drawback of this procedure is that, when
applied to an electrical network with multiple sub-synchronous
modes, its performance can be sensitive to an accurate calcula-
tion of the reduced model. This can be solved by augmenting
the order of the reduced model, at the expense of increasing the
complexity of the control design.

Taking into account the above considerations, in practical
power systems it could be more appropriate to gain in simplicity
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Fig. 1. Case study based on the Argentinian power system. (a) geographical and single-line diagram, (b) wind farm equivalent model, and (c) block diagram of
the DFIG vector control and the implementation of the supplementary damping control (SDC).

and robustness using conventional control structures based on
lead-lag compensators. The modification of the DFIG con-
trol algorithm by including an SDC (i.e., updating the control
software) is a cost-effective solution, has a relatively quick
implementation, and avoids the installation of expensive equip-
ment such as FACTS or bypass filters [9]. In addition, if the
SDC acts on the rotor voltage, it also has the advantage of
directly aiming at the root of the SSCI problem, obtaining an
excellent damping performance and high controllability of the
sub-synchronous modes.

The power system used in previous works to study the SSI
in wind farms usually presents some simplifications: (1) the
electrical network consists of a single series-compensated line
connected to an infinite bus, (2) the network has only one
sub-synchronous mode, (3) a single DFIG is considered (or a
few clusters are connected to a common bus, as part of the
same wind farm), and (4) neither conventional power plants
nor load buses are modeled. This work is focused on studying
the SSI in electrical networks presenting both multiple series-
compensated lines (i.e., various sub-synchronous modes) and

multiple conventional and wind power plants, and on designing
a countermeasure to mitigate the SSCI. Analytical expressions
and development of fundamental concepts of the SSO are also
discussed.

The main contributions of the paper are: (1) a case study
based on a real power system is proposed to analyze the SSI
in networks with multiple series capacitors, wind farms located
in different places, conventional power plants, and the dynam-
ics of a distributed load; (2) to reduce the SSCI, an SDC
design methodology for DFIG wind turbines is validated in
these systems with various sub-synchronous modes and several
generating plants; (3) unlike previous works which studied sys-
tem parameters such as wind speed, series compensation level,
and control gains, the present work also analyzed the effect of
conventional synchronous generation, type of load model, and
system demand level on the SSO damping.

The paper is organized as follows. Section II introduces the
considered case study. A description of the resonance frequen-
cies in different network topologies is presented in Section III.
Section IV describes the SSI using eigenvalues and modal tools.
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Fig. 2. Different electrical network topologies of series-compensated transmission systems, the analytical expressions of their resonance frequencies, and graphical
representations of these frequencies as a function of the series compensation level.

In Section V, the control strategy to reduce the SSCI is devel-
oped. Small- and large-signal stability analyses are discussed
in Sections VI and VII, respectively. Finally, conclusions are
drawn in Section VIII.

II. CASE STUDY

The case study was adapted from the Argentinian power sys-
tem; it consists of 28 buses, 36 transmission lines, 12 series
capacitors, 11 load buses, 8 conventional power plants, and 6
DFIG wind farms [see Fig. 1(a)]. Nowadays, the North and
South corridors present a series compensation of 50%, and the
Patagonia corridor is not compensated. However, a high com-
pensation level for the last one is currently being analyzed
by the Argentinian transmission system operator (TSO). This
series capacitor compensation along with the large number of
DFIG wind farms projected in the Patagonia corridor increase
the risk of SSCI. The case study considered that both the series
compensation of this corridor and the wind farms in planning
stage had already been finished. This system allows to study
a network with several elements and multiple sub-synchronous
modes in a better way than the IEEE sub-synchronous reso-
nance (SSR) benchmark models and other test systems usually
considered in studies of series-compensated wind farms.

Synchronous generators were represented by detailed mod-
els [37] and were equipped with AVR, PSS, and governor
systems. Thermal power plants also included a torsional filter
[38]. The wind farm aggregated model consisted of the DFIG,
turbine aerodynamic model, back-to-back voltage-source con-
verters (average model), collector system, and pad-mounted
and substation transformers [see Fig. 1(b)]. The RSC outer con-
trol loop included the maximum power point tracking and ac
voltage control; the inner loop used a vector control to adjust
the machine currents, whereas the GSC regulated the dc-link

voltage. A schematic block diagram of the considered con-
trollers is shown in Fig. 1(c) (see [39] for further details of wind
turbine modeling and control).

To clarify the explanations and the presented results, and
considering that hydro units have mechanical parameters that
are less prone to SSR problems [3], the shaft of hydro genera-
tors was represented by a one-mass model. On the other hand,
the shaft of both thermal and wind generators was represented
by a multi-mass model. All mechanical systems and their reso-
nance frequencies are shown in Table ‘Multi-mass Mechanical
Systems’ inside Fig. 1. The transmission lines were modeled by
π-circuits. The parameters of the generators and electrical net-
work were taken from the reference guide of the Argentinian
TSO, and shown in the Appendix.

The system dynamics was obtained by combining the ordi-
nary differential equations of all the elements (e.g., syn-
chronous generators, transmission lines, DFIGs, controls, etc.)
involving 484 dynamic states. Then, after numerically calculat-
ing the equilibrium point and the Jacobian matrices, a modal
analysis was computed following the expressions given in [38].
The small-signal analysis and the nonlinear time-domain simu-
lations were performed using the MATLAB� 2014a software.

III. RESONANCES IN DIFFERENT NETWORK TOPOLOGIES

Figure 2 shows different topologies of series-compensated
transmission systems. The first column presents a single series-
compensated line, where fs is the fundamental frequency of
the system, X stands for the inductive reactance of the line,
and μX is the capacitive reactance. The compensation level
μ ∈ [0, 1] was defined as the ratio between the reactance of
the series capacitor and the transmission line. In this case,
the electrical resonance frequencies in the stationary reference
frame are fabc

er = ±fs
√
μ; that is, the network resonates for
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Fig. 3. Movement of the system eigenvalues when all the series compensations were varied from 1% to 80%. Electrical network modes (blue cross markers), shaft
torsional modes (dot markers with different colors), and eigenvalues of the system without DFIG wind farms; that is, a system fully integrated by conventional
generation (gray circle markers). (a) main view, and (b) and (c) zoom views.

both positive- and negative-sequence components at fs
√
μ Hz

(see solid and dashed lines in plots of Fig. 2). These frequen-
cies in a synchronously rotating reference frame fdq

er become
fs − fs

√
μ and fs + fs

√
μ, named sub- and super-synchronous

frequencies, respectively.
The second column presents a series-compensated network

in a T-connection. A second line C-D, whose connection point
can be chosen with the parameter a ∈ [0, 1], was added to the
first transmission line A-B. The inductive reactance of the new
line C-D is bX , and its compensation level is set by the param-
eter λ ∈ [0, 1]. In the T-connected series-compensated network,
the original resonance frequencies ±fs

√
μ of the line A-B are

still present, whereas a new pair of resonance frequencies arises
due to the inclusion of the line C-D. These new frequencies are
a function of various network parameters (see expression in the
second column of Fig. 2). In order to show this result in a two-
dimensional plot, it was assumed the following: the line C-D
is connected to the middle point of the line A-B (i.e., a = 0.5),
both lines have the same inductance (b = 1), and the line A-B
is compensated at 50% (μ = 0.5). At the bottom of the sec-
ond column, the resonance frequencies are shown as a function
of the parameter λ. Because the compensation level of the line
A-B (μ) is fixed, the original resonance frequencies are constant
(see red lines); on the other hand, the new pair of resonance fre-
quencies varies with the series compensation level of the line
C-D (see green lines). In this scenario, the electrical network
presents four resonance frequencies: two sub-synchronous and
two super-synchronous.

The third column of Fig. 2 introduces a more complex net-
work in a double-T topology. In this case, a new line was
connected to the middle point of the line C-D. For this net-
work, besides the aforementioned frequencies, a third pair of
resonance frequencies appears (see blue lines). Electrical net-
works with multiple series capacitors can present several sub-
synchronous resonance frequencies which might interact with
DFIG control systems and shaft torsional modes. These types

of networks require a thorough analysis and broad solutions to
mitigate the SSI phenomena.

IV. DESCRIPTION OF THE SSI

A. Eigenvalue Analysis

In this section, an eigenvalue analysis was used to character-
ize the SSI of the case study. Figure 3(a) shows the movement of
the eigenvalues when all the series compensations of the system
were varied from 1% to 80% [movement direction is indicated
with arrows, and zoom views are shown in Figs. 3(b) and (c)].
Although this variation is not carried out in practice, this test
was performed to better explain the SSI phenomena

Blue cross markers indicate the eigenvalues associated with
the electrical network, dot markers of different colors indicate
those associated with the mechanical systems (shaft torsional
modes) [see labels in Fig. 3(a)], and gray circle markers indi-
cate the eigenvalues of the system, in which all wind farms
were replaced by synchronous generators (i.e., a power sys-
tem fully integrated by conventional generation). In this way,
cases with and without DFIGs were compared at the same
power-flow operating point, and the impact of the DFIGs on
the small-signal stability was observed.

In Fig. 3(a), when the series compensation levels are close
to zero, as expected for non-compensated lines, the electrical
network modes are around 50 Hz in the synchronous reference
frame (i.e., the complement of 0 Hz in the stationary reference
frame). When the series compensations grow, some network
modes begin to fall, reducing their frequency (sub-synchronous
modes), whereas others begin to rise, increasing their fre-
quency (super-synchronous modes). When the first ones fall,
they can reduce their damping ratio (causing poorly damped
oscillations), cross the imaginary axis (losing their stability),
or interact with shaft torsional modes (resulting in the classical
torsional interaction (TI)-type SSR [3]).
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TABLE I
MODAL ANALYSIS

In the case with DFIGs, some sub-synchronous modes
(labeled SS#1, SS#2, and SS#3) move faster toward the right-
half plane than in the case without DFIGs (worse oscillatory
behavior), or even become unstable [compare blue cross mark-
ers with gray circle markers in Fig. 3(a)]. This damping reduc-
tion or instability of the sub-synchronous modes produced by
the inclusion of DFIG wind farms is caused by the SSCI. As
it will be shown in the next subsection, these sub-synchronous
modes correspond to the series-compensated corridors which
export a high percentage of wind power, or are near DFIG wind
farms.

When the sub-synchronous mode SS#1 falls, it pushes the
34.8-Hz torsional mode of the BBLA generator toward the
right-half plane [see Fig. 3(c)] causing, as a result, a TI-type
SSR. A similar interaction is also observed in the same figure,
between the sub-synchronous mode SS#2 and the 32.4-Hz tor-
sional mode of the ALUA generator. Therefore, the inclusion
of DFIG wind farms can also worsen the TI-type SSR in ther-
mal power plants [compare colored dot markers with gray circle
markers in Fig. 3(c)].

B. Modal Analysis

The wind farms which interacted with the sub-synchronous
modes were identified using the participation factors [2]. The
mode SS#1 was mainly affected by the dynamic states of
the wind farm TRES, the mode SS#2 by those of the wind
farm PMAE, and the mode SS#3 by those of the wind farms
SARA, DES1, and DES2 [see wind farms in Fig. 1(a)]. This
agreed with the modal analysis shown in Table I (calculated
at the nominal operating point of the system), where the res-
onance frequency fdq

er , damping ratio, and signals with the
higher observability and controllability index of the main sub-
synchronous modes are presented. Indeed, the best measure-
ments and control inputs were those from the wind farms which
mainly affected the corresponding sub-synchronous mode.

Participation factors also showed that the mode SS#1 was
associated with variables of the South corridor, and modes SS#2
and SS#3 with variables of the Patagonia corridor. Note the
analogy of the two sub-synchronous modes SS#2 and SS#3
with those of the network topology shown in the second column
of Fig. 2, where λ = 0 and buses A, B, C, and D are CHOELE
CHOEL, SANTA CRUZ NORTE, PUERTO MADRYN, and
FUTA, respectively.

C. Physical Interpretation of the SSCI

In a DFIG, the sub-synchronous frequencies fabc
er are usu-

ally lower than the electrical frequency corresponding to the

rotor speed fo; consequently, the slip at the sub-synchronous
frequency sssr = (fabc

er − fo)/f
abc
er is negative. As a result,

viewed from the stator terminals, the equivalent rotor resistance
Rssr

eq = R′
r/sssr is negative as well [40]. If Rssr

eq exceeds the
sum of the stator and network resistances, the system will have a
negative damping at the sub-synchronous frequency, and grow-
ing oscillations will arise. This phenomenon is called induction
generator effect (IGE), and only involves electrical dynamics
[1]. In the rotor current control loop of the DFIG, the propor-
tional gain of the PI controller can be interpreted as a resistance
term added to the rotor circuit (see [14], [15], [34] and [41]).
Therefore, this proportional gain increases the negative equiva-
lent resistance Rssr

eq , resulting in a lower damping or instability
of the SSO. This aggravation of the IGE produced by the rotor
current control loop is called SSCI, to differentiate it from the
traditional IGE [16].

V. CONTROL STRATEGY TO REDUCE THE SSCI

To mitigate the adverse effects of DFIG wind farms on
sub-synchronous modes, SDCs were added to the problem-
atic wind farms. Their control structure is the classical gain
with phase compensation widely used in power system applica-
tions [see yellow box in Fig. 1(c)]. A band-pass filter was also
included to prevent steady-state operation and to avoid inter-
actions with higher frequency modes. This SDC uses a local
measurement (decentralized approach); therefore, neither com-
munication links nor transmission time delays were involved.
Besides, it was integrated into the RSC vector control, becom-
ing more acceptable for system operators and manufacturers,
who are usually conservative to fully replace the well-known
control architectures.

This structure composed by lead-lag blocks is simpler, eas-
ier to tune, and more robust to uncertainties and changes in the
system than more complex model-based approaches (such as
linear-quadratic-gaussian controls, model predictive controls,
etc.), which are more dependent on an accurate knowledge of
the system.

A. Selection of the Measurement and Control Input

From the fourth column of Table I, the output active power of
the wind farm (pw) was chosen as measurement for the SDCs
[29] (current could also be considered [21]). As control input,
both d- and q-axis rotor voltages (vD and vQ) can be used to
damp the SSO (see fifth column of Table I). The q-axis rotor
voltage which acts on the reactive power control loop was cho-
sen in order to minimize the impact of the SDC on the wind
turbine mechanical system. For example, to damp the mode
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Fig. 4. Movement of the system eigenvalues when the series compensation of the Patagonia corridor was varied from 1% to 80%. System with the SDCs (red dot
markers), and without the SDCs (blue circle markers). (a) main view, and (b) zoom view.

Fig. 5. Eigenvalues corresponding to all the considered wind conditions for
three types of load behavior (i.e., constant Z, constant I and constant P load
models indicated by square, dot, and cross markers, respectively). Cases with
and without the SDCs are shown using red and blue markers, respectively.

SS#1, an SDC was added to the control system of the wind
farm TRES. This control measures the active power pTRESw , and
acts on the q-axis rotor voltage vTRESQ .

Although other signals with high controllability and observ-
ability could be used, these ones were chosen because they
damp the sub-synchronous modes without destabilizing other
system modes (e.g., electromechanical, torsional, and super-
synchronous modes), and present a good closed-loop transient
response.

B. Supplementary Damping Control (SDC) Design

The residue-based method was used to set the parame-
ters of the SDC. First, the residue Ri corresponding to the

Fig. 6. Eigenvalues of all the considered wind conditions for three levels of
system load (i.e., low, medium, and high demand indicated by square, dot, and
cross markers, respectively). Cases with and without the SDCs are shown using
red and blue markers, respectively.

target sub-synchronous eigenvalue σi + jωi was calculated.
This eigenvalue was shifted toward the left-half plane in the
180◦ direction to increase its damping ratio. Therefore, the
required phase compensation was φ = 180◦ − arg (Ri). Then,
the time constants of the lead-lag blocks were obtained from

α =
1− sin φ

m

1 + sin φ
m

, T2 =
1

ωi
√
α
, T1 = αT2 (1)

where m is the number of lead-lag blocks, usually m = 2 (see
further details in [42]).

In the case study, SDCs were included in the wind farms
TRES, PMAE, SARA, DES1, and DES2 to damp the crit-
ical sub-synchronous modes SS#1, SS#2 and SS#3. Each
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Fig. 7. Test considering a 100-ms three-phase fault at the bus PUERTO MADRYN. (a) output current of the wind farms, (b) DFIG rotor voltages, (c) current of
the lines from SANTA CRUZ NORTE to PUERTO MADRYN, PIEDRA DEL ÁGUILA to CHOELE CHOEL, and one of the lines from BAHÍA BLANCA to
OLAVARRÍA, (d) series capacitor voltage of the lines from SANTA CRUZ NORTE to PUERTO MADRYN, PUERTO MADRYN to CHOELE CHOEL, and one
of the lines from CHOELE CHOEL to BAHÍA BLANCA, and (e) output current of conventional power plants (per-unit values on a 100 MVA base).

SDC was tuned in a poorly damped condition of the target
sub-synchronous eigenvalue. From the SSCI point of view, this
condition is obtained for low wind speeds and high series com-
pensation levels [1]. In this way, good performance is provided
under severe conditions whereas, for high wind speeds and low
compensation levels, the SSCI is much less harmful (a similar
criterion was also considered in [34]). As it will be shown in the
next section, this control tuning presents high robustness for a
wide range of operating conditions.

VI. SMALL-SIGNAL STABILITY

In the following tests, the SDCs were tuned at a wind speed
of 5.5 m/s, series compensation of 60% in the Patagonia cor-
ridor and medium demand level of the load (modeled as a
constant-current source). The control parameters were kept
constant for all the studied operating points (see Table V).

Figure 4(a) shows the movement of the eigenvalues when
the series compensation of the Patagonia corridor was varied
from 1% to 80%. The series compensation of both the North
and South corridors was fixed in 50%. This test is useful to
evaluate the robustness of the SDC when the compensation

level seen from the wind farm bus varies under a contingency
condition (like in the Texas event [11]). In the case without
the SDCs, and analogously to what is shown in Fig. 3(a), the
higher the series compensation level, the lower the damping
ratios of the sub-synchronous modes. In fact, for high compen-
sation levels some sub-synchronous modes became unstable.
However, the inclusion of the SDCs was able to increase the
damping ratios of the critical modes SS#1, SS#2 and SS#3 [see
how they were moved toward the left in Fig. 4(b)]. Although
the SDCs were tuned for a series compensation of 60% in the
Patagonia corridor, they worked well for all the compensation
range. At the same time, the damping ratios of the torsional
modes in both wind and thermal power plants were not dete-
riorated by the action of the SDCs. Moreover, the 24.6-Hz
and 32.4-Hz torsional modes were less affected by the inter-
action with the sub-synchronous network modes (i.e., lower
TI-type SSR). On the other hand, TI phenomena were not evi-
denced in wind turbines, as explained in previous studies (see
[2], [34] and [43]), because their poorly damped mechanical
modes are generally at low frequencies, and very high series
compensation levels are required to reach these low resonance
modes.
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The robustness against different types of load behavior was
assessed by calculating the system eigenvalues for three load
models [i.e., constant impedance (Z), constant current (I) and
constant power (P)]. These models go from a soft dynamics
(constant-Z load) to a hard dynamics (constant-P load). The
wind speeds of the six wind farms were independently varied
between low and high wind conditions, creating 100 different
operating points randomly chosen. The results are shown in
Fig. 5. In the cases without the SDCs (blue markers), some
operating points were unstable (eigenvalues with positive real
part). On the other hand, all cases with the SDCs (red markers)
were stable, and the target eigenvalues had a more negative real
part (see arrows in the critical sub-synchronous modes); there-
fore, the SSO damping was improved for all wind conditions,
irrespectively of the load model.

Analogously to the previous test, Fig. 6 presents the sys-
tem eigenvalues but, instead of studying different types of load
behavior, different load power levels were considered (i.e., a
low, medium, and high demand level of the system load). In
this case, the inclusion of the SDCs also increased the damp-
ing ratios of the critical sub-synchronous modes in all wind
conditions for different load power levels.

When considering the SSO damping, the worst-case scenar-
ios were for the cases with a constant-P load model and a
low demand level (see Figs. 5 and 6). When the load demand
increased, more machines were dispatched in the conventional
power plants, whereas it was assumed that the power delivered
by the wind farms was kept constant, extracting the maximum
power available from the wind. Figure 6 shows that when the
demand level increased, the critical sub-synchronous modes
had a more negative real part (better SSO damping). That is, the
higher the power ratio between the conventional synchronous
generation and the wind generation, the higher the damping
ratio of the modes affected by the SSCI; consequently, the SSCI
phenomenon is less harmful.

VII. LARGE-SIGNAL STABILITY

Several nonlinear time-domain simulations were carried out
to evaluate the transient response of the system under diverse
operating conditions and different fault locations. Due to space
limitations, only the most representative results are included.

In a first test, a 100-ms three-phase fault was applied at the
bus PUERTO MADRYN. The system conditions were: a low
demand level, series compensation of 60% in the Patagonia cor-
ridor, and constant-I load model. Figure 7 shows two cases:
the system without and with the SDCs (first and second col-
umn, respectively). In the first case, after the disturbance, the
output currents of the wind farms presented poorly damped sub-
synchronous oscillations [see Fig. 7(a1)]. On the other hand,
when the SDCs were activated, these oscillations were quickly
damped [see Fig. 7(a2)]. It can also be seen that the voltage sig-
nal added by the SDC [control action vQs in Fig. 1(c)] slightly
modified the rotor voltage magnitude, which remained within
its allowed maximum limits [see Fig. 7(b2)]. The remaining 1.8
and 12 Hz oscillations in the rotor voltages are the wind turbine
torsional modes (already present without the SDCs) which have
longer settling times than the time window presented here. The

Fig. 8. Comparison of the power system response under a severe SSI condi-
tion, with and without the SDCs (red and blue lines, respectively). (a) output
current of the wind farm DES1, (b) active power of one of the lines from
CHOELE CHOEL to BAHÍA BLANCA, (c) series capacitor voltage of the
SANTA CRUZ NORTE sub-station, (d) hub/generator shaft torque of the wind
farm DES1, and (e) LP/IP shaft torque of the generator BBLA.

damping improvements of the sub-synchronous modes can also
be observed in other system variables, such as line currents,
series capacitor voltages, and generator currents [compare
Figs. 7(c1)-(e1) with Figs. 7(c2)-(e2)].

In a second test, a more severe condition was analyzed by
considering one of the unstable operating points obtained in
Fig. 6 for low wind conditions. This time the fault was applied
at the bus CHOELE CHOEL. Various electrical and mechanical
variables are presented in Fig. 8. The improvements of the oscil-
lation damping and stability are clear by comparing the cases
with and without the SDCs (red and blue lines, respectively).
Torsional stresses of both wind farms and synchronous genera-
tors were reduced when the SDCs were active, as seen from the
amplitude (excursion) of their shaft torques in Fig. 8(d) and (e),
respectively.

VIII. CONCLUSIONS

This paper analyzes the SSI in electrical networks
with both multiple series-compensated lines (i.e., multiple
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TABLE II
LINE DATA

� Parameters are in p.u. on a 100 MVA base.

sub-synchronous modes) and DFIG wind farms. With this aim,
a case study was considered based on a real power system pre-
senting several series capacitors, various conventional and wind
power plants, distributed loads, and multiple torsional modes.

From previous works, it is known that the SSCI is aggravated
for low wind speeds, high series compensation levels, and high
gains of the rotor current controller. From the obtained results,
it was found that the SSCI is also aggravated for loads with a
hard dynamics (i.e., a constant-P type behavior), and for low
demand levels of the system load. It was also noticed that the
presence of conventional synchronous generation attenuates the
SSCI. Therefore, it is expected that this interaction will be lower
in networks with coexistence of different types of generation
systems than in those scenarios with prevalence of (or only)
DFIG-based generation.

To reduce the adverse effects of SSCI and ensure a reliable
integration of DFIG wind farms into series-compensated trans-
mission systems, a supplementary damping control was also
investigated. Using a modal analysis, the optimal wind farms
and signals to perform the supplementary actions were identi-
fied. The results show that the considered control scheme can
significantly and robustly damp the sub-synchronous modes in
practical power systems under different operating conditions.

TABLE III
GENERATOR DATA

� Except where indicated, parameters are in p.u. on the generator base.

TABLE IV
LOAD DATA

TABLE V
SDC PARAMETERS

� SDCs have two lead-lag blocks (i.e., m = 2).

APPENDIX

The line, synchronous generator, and load data are shown in
Tables II, III, and IV, respectively; whereas the SDC parameters
are presented in Table V.
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