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ABSTRACT Doubly-fed induction generator (DFIG) wind turbines connected to capacitive
series-compensated transmission lines are prone to exhibit oscillatory behavior. The phenomena is
called sub-synchronous resonances (SSRs), as these oscillations occur at frequencies below the fundamental
component. This paper first develops a modeling methodology for DFIG wind turbines, based on
impedance matrices, that is applied to model a real wind farm where SSRs were reported. The stability
analysis performed shows how the interaction between the grid-side converter and the rotor-side converter
contribute to the instability of DFIG wind energy conversion systems connected to series compensated
grids. With this model, we propose a simple sub-synchronous resonance control strategy based on an
orthogonal proportional action applied to the rotor currents, and a variable gain in the PI controller adjusted
as a function of the DFIG rotational speed. This control strategy depends only on the rotor currents, which
are local and already measured variables in any DFIG wind turbine, and is implemented in the rotor side
converter, so it does not imply an additional cost at wind farm or wind turbine level and can be applied to any
DFIG wind energy conversion system (WECS). Additionally, it proves to be robust for any line impedance
series compensation level, and it does not need real-time information concerning the grid at which the
wind turbine is connected, or its parameters. A real case study is considered, where the sub-synchronous
resonance damping strategy presented in this work is able to stabilize the system for every possible line
impedance compensation level.

INDEX TERMS Doubly-fed induction generator (DFIG), sub-synchronous resonance (SSR), wind turbine,
resonance damping, frequency response.

I. INTRODUCTION
Wind farms are located in areas with high wind speeds, that
are frequently far from consumption centers. The existing
long transmission lines often include capacitors in series to
increase its transmission capacity and harvest wind power
with low voltage drops. Moreover, series compensation
avoids the additional cost of building new transmission
lines. However, the line series compensator interacts with
doubly-fed induction generator wind turbines, creating oscil-
lation problems that can lead to instability [1]. This insta-
bility appears when the net resistance at low frequencies
becomes negative, usually below the fundamental frequency,
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as it reflects the power converter control loops and the DFIG
rotational speed [2]. This phenomenon, in which the grid,
theDFIG generator and the power converters and their control
loops are involved, is referred to as sub-synchronous reso-
nance and can effectively limit grid integration of wind power
into the grid.

Several SSR events involving DFIG wind farms and
series compensated transmission lines have been reported in
Texas [3], [4], Minnesota [5] and China [6]. For this reason,
an important effort has been dedicated to modeling and ana-
lyzing SSR phenomena, for instance, to determine the nature
of SSRs and the influence of the system parameters.

Inherited from power system stability studies, the domi-
nant approach in the literature is based on the analysis of
the system closed–loop eigenvalues [1], [6]–[13]. In these
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FIGURE 1. DFIG wind turbine with an LCL filter connected to a series compensated grid.

studies, a linear small–signal state–space model is derived.
The eigenvalues of the resulting closed–loop state–space
matrix are the system closed–loop poles. Following this
methodology, participation factor studies and sensitivity anal-
ysis have concluded that the series compensation level, wind
speed (rotational speed), and control loop gains, strongly
influence the stability of DFIG wind turbines [1], [8]. Other
modeling methodologies, commonly used by power elec-
tronic engineers, such as the impedance [14], [15] and com-
plex vector modeling [16]–[18] have also been proposed
to analyze SSRs. The model developed in this paper is
based on transfer function matrices. Transfer function matri-
ces can be systematically rotated between different refer-
ence frames [19], and can be used to model symmetric and
non-symmetric MIMO systems without additional complex-
ity, compared to complex transfer functions [20], [21]. Addi-
tionally, independent models can be developed and combined
afterwards to build the complete model [22]. These models
have a circuit representation, an interesting approach for
power electronic engineers. Exploiting the benefits of trans-
fer function matrices, in this paper a systematic modeling
methodology is presented for DFIG wind turbines, which can
be easily adapted for different wind turbine topologies and
other case studies. This modeling methodology is combined
with the frequency response analysis and its various tools,
which have not been fully exploited, as the Bode diagram, for
instance, that can help to understand the system dynamics and
in the design of controllers and resonance damping control
strategies [23].

To mitigate SSRs, the solutions proposed in the litera-
ture are focused on Flexible Alternating Current Transmis-
sion System (FACTS) [9], [24], [25], existing high-voltage
direct-current (HVDC) links [26] and modifications of the
DFIG control [7], [10]–[13], [17], [18], [27], [28]. This
paper is focused in sub-synchronous resonance control strate-
gies (SSRCS) implemented in the DFIG control, as FACTS
imply an extra cost at wind farm or transmission level and
HVDC are not always present in wind farms.

DFIG wind turbines include two power converters,
the rotor side converter (RSC) and the grid side converter
(GSC), as represented in Fig. 1. The control loops of both
converters can be modified in order to damp SSRs and avoid
instability. Some authors have proposed SSRCS for the GSC
[7], [10], others for the RSC [11], [13], [17], [18] while others

have combined damping strategies for both the RSC and the
GSC [12], [27].

Concerning SSRCS implemented in the GSC, [7] and [10]
demonstrated that an action proportional (P) to the voltage
across the line compensation series capacitor, vCg, is an effec-
tive control signal for SSR damping, a finding shared by [12].
The voltage across the series capacitor is a remote signal,
so they proposed estimators. Nevertheless, the accuracy of
these estimators, and consequently the damping provided to
the SSRs, can be compromised when the line compensation
level varies or other generating units are connected to the
same transmission line.

Overall, the RSC control loop parameters have a greater
influence in the SSR phenomena, and thus, it is the pre-
ferred choice to damp sub-synchronous resonances, even if
the stability of other modes can be compromised [7], [10].
[17] proposed a SSRCS based on complex gains adjusted
using the Linear-Quadratic Regulator (LQR) theory. They
also introduce an observer to align the dq axis with the grid
voltage, vg, instead of the stator voltage, in order to reduce
oscillations at sub-synchronous frequencies. The accuracy
of this estimator relies on the grid impedance parameter
knowledge. [11] proposed a damping control strategy for the
RSC, based on an action dependent of the stator, iS , and rotor
currents, iR, and a state observer. The RSC damping strategy
proved to be superior to a controller implemented in the GSC
based on the modification of the reactive current reference.
Nevertheless, the observer depends on the grid impedance
parameters. As an alternative, a damping action can be imple-
mented through a gain with phase compensation applied to
the generated active power [13], filtered with a band-pass
(BP) filter to act only in the desired range of frequencies.
Even though the current dynamics are included in the active
power, this variable has additional frequency components as
a result of the interaction with the voltage. [18] presented a
SSRCS based on the emulation of a virtual resistor in series
with the stator winding and a virtual inductance in series
with the rotor winding. With this purpose, they combine a
proportional action filtered by a high-pass (HP) filter and a
derivative action.

Other authors combined the actions of the GSC and the
RSC to damp SSRs. [12] as mentioned previously, uses
the estimated series capacitor voltage in the GSC and an
additional derivative action in the RSC to emulate a virtual
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TABLE 1. State of the art control strategies to mitigate sub-synchronous resonances.

inductance in series with the rotor winding. Lastly, [27]
proposed the insertion of notch filters preferably in the
DC-voltage, vDC , control loop of the GSC or the inner cur-
rent control loop of the RSC. However, if the line compen-
sation level varies, the performance of the SSRCS can be
compromised.

Table 1 summarizes the already described state of the art
sub-synchronous resonance damping control strategies for
the RSC and the GSC. Even though an important number of
solutions exist, there are few that do not depend on remote
measurements, or their estimation, which rely on the grid
impedance knowledge. For this reason, this paper focuses
on a novel damping strategy, based solely in local variables,
robust, and applicable to any existing or new DFIG wind
turbine, that guarantees the stability for any line impedance
compensation level.

The control strategy proposed in this paper depends only
on local and existent current measurements; namely the
rotor currents, and programmed in the RSC. Accordingly,
its implementation does not imply an extra cost and is
applicable to any new or existing DFIG wind turbine. The
proposed control strategy is derived after a detailed stabil-
ity analysis, where the interaction between the GSC and
RSC control loops reveals to be a key aspect that has to
be considered to properly capture the unstable dynamics
involved in sub-synchronous resonance phenomena. The sys-
tem is modeled using transfer function matrices to cap-
ture cross-coupling dynamics, as DFIG wind turbines are
normally controlled in the synchronous reference frame
or d-q frame. Amodel for the phase-locked loop (PLL), using
transfer function matrices is also developed to evaluate the
PLL influence on the overall system stability. The stability of
the derived MIMO model is analyzed by means of the Bode
diagram and the MIMO Generalized Bode Criterion (MIMO
GBC) [23]. This stability criterion is based on the open-loop
frequency response analysis, different to the conventional
approach in SSR literature focused on the closed–loop system
eigenvalues.With the open-loop frequency response analysis,

the identification of the unstable dynamics becomes more
intuitive, specially for power electronic engineers who pro-
gram the control loops of the RSC and the GSC. Thus,
the identification of possible solutions and damping control
strategies becomes easier.

II. SYSTEM MODELING AND STABILITY ANALYSIS
A. SYSTEM DESCRIPTION AND MODEL
In a DFIG wind turbine, as the one represented in Fig. 1,
the RSC controls the torque and the rotational speed through
a current control loop, while the GSC controls its output
current to regulate the DC-bus voltage. Both GSC and RSC
can be considered as two power converters connected in
parallel to the grid, so both dynamics and control loops should
be simultaneously considered to properly study the system
stability.

In this subsection the plant physical model is obtained
for the DFIG wind energy conversion system. Independent
models for the DFIG, the harmonic LC filter and the grid
are obtained, which are later combined to build the com-
plete plant model that considers the influence of the GSC on
the RSC and vice-versa. The grid inductance, Lg in Fig. 1,
includes the grid and transformer leakage inductances.

DFIG wind turbines are normally controlled in the syn-
chronous reference frame or d-q axis, so all the elements
are modeled in this frame. Impedance matrices are used to
model the different components, as they are a straightforward
approach to model the cross-coupling terms between both
axis. Moreover, this modeling methodology can be used for
symmetric and non-symmetric systems [20], [23], as the ones
obtained when the power control loops and the PLL effect
cannot be neglected for the stability analysis.

In this paper 2 × 2 matrices are denoted between
brackets, while vectors are denoted by capital letters
with the subscript dq to indicate the reference frame in
which they are expressed. The subindex outside the matrix
brackets specifies the angular speed of the cross-coupling
terms.
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1) DFIG MODEL
With the notation presented, the equations of a doubly-fed
induction generator can be compactly expressed as:

VSdq = [ZLm ]ω0 IRdq + [ZRLS ]ω0 ISdq (1)

VRdq = [ZRLR ]ωR IRdq + [ZLm ]ωR ISdq, (2)

where the subscripts R and S specify whether the current, I or
voltage V, belong to the rotor or stator terminals. ω0 is the
rotational speed of the d-q axis, synchronized with the grid
voltage, and ωR = ω0 − ωm, ωm being the rotor electrical
rotational speed. The matrices [ZLm ]ω, [ZRLS ]ω0 and [ZRLR ]ωR
are provided by:

[ZLm ]ω =
[
Lms −Lmω
Lmω Lms

]
(3)

[ZRLS ]ω0 =
[
RS + LSs −LSω0
LSω0 RS + LSs

]
(4)

[ZRLR ]ωR =
[
RR + LRs −LRωR
LRωR RR + LRs

]
(5)

where RR and RS are the winding series resistance, Lm the
magnetizing inductance, LS equals the sum of Lm and the
stator leakage inductance and LR the sum of Lm and the rotor
leakage inductance. All the parameters in the DFIGmodel are
referred to the stator. Note as well that the impedance [ZLm ]ω
is evaluated at ωR and ω0 in (1) and (2). Both equations can
be rearranged, to express the currents as a function of the
voltages at the rotor and stator terminals

ISdq = [YISVR ]VRdq + [YISVS ]VSdq, (6)

IRdq = [YIRVR ]VRdq + [YIRVS ]VSdq (7)

where

[YISVR ] =
(
[ZLm ]ωR − [ZRLR ]ωR [ZLm ]

−1
ω0

[ZRLS ]ω0
)−1

, (8)

[YISVS ] = −[YISVR ][ZRLR ]ωR [ZLm ]
−1
ω0
, (9)

[YIRVR ] = [ZLm ]
−1
ω0

[ZRLS ]ω0 [YISVR ], (10)

and

[YIRVS ] = [ZLm ]
−1
ω0

(
[I2]− [ZRLS ]ω0 [YISVS ]

)
. (11)

[I2] is the order two identity matrix. According to Fig. 1,
the stator voltage equals the LC capacitor voltage

VSdq = VCfdq. (12)

2) HARMONIC LC FILTER MODEL
As represented in Fig. 1 the GSC is connected to the sta-
tor terminals through an inductor, LGSC , and to the grid by
parallel capacitors, Cf , to form an LC filter. The inductor is
modeled by a matrix impedance [ZRLG ]ω0 , as in (4), with a
series resistance RGSC and an inductance LGSC . The current
across the inductor, IGdq, is

IGdq = [ZRLG ]
−1
ω0

(
VGdq − VCfdq

)
, (13)

where VGdq is the voltage imposed by the GSC. The filter
capacitance, Cf , has a series damping resistance, Rd , and its
impedance, [ZCf ]ω0 , is given by

[ZCf ]ω0 =

Rd +
s

Cf (s2 + ω2
0)

ω0

Cf (s2 + ω2
0)

−
ω0

Cf (s2+ω2
0)

Rd+
s

Cf (s2+ω2
0)

 , (14)

and

VCfdq = [ZCf ]ω0 ICfdq. (15)

3) GRID MODEL
The grid voltage does not have an influence on the stability,
and consequently it is neglected in this analysis. In such way,
the grid current Igdq is related to VCfdq by

VCfdq = [Zg]ω0 Igdq, (16)

where

[Zg]ω0=

Rg+Lgs+
s

Cg(s2+ω2
0)
−Lgω0+

ω0

Cg(s2+ω2
0)

Lgω0 −
ω0

Cg(s2+ω2
0)

Rg+Lgs+
s

Cg(s2+ω2
0)


(17)

The grid impedance is formed by a series resistor, Rg,
the series compensation capacitance, Cg, and the grid equiv-
alent inductance, Lg. Lg models the leakage inductance of
the step-up transformer within the nacelle, park and distribu-
tion transformers, as well as the transmission line distributed
inductance. It should be noted that a wind farm is formed by
several equal wind turbines connected in parallel at the point
of common coupling (PCC), so the method presented in [29]
to aggregate generation units is used.

4) PLANT MODEL
(6), (7), (12), (13), (15) and (16) can be combined with

IGdq = ISdq + ICfdq + Igdq (18)

to derive the plant model that takes into consideration the
interaction between the GSC and RSC. The goal is to deter-
mine the relation between the currents to be controlled, IGdq
and IRdq, and the input voltages, VGdq and VRdq, given by

IGdq = [PIGVG ]VGdq + [PIGVR ]VRdq (19)

IRdq = [PIRVG ]VGdq + [PIRVR ]VRdq. (20)

The expressions for [PIGVG ], [PIGVR ], [PIRVG ] and [PIRVR ],
are provided in Appendix A by (30)-(33).

B. RSC AND GSC CONTROL
The RSC and the GSC are controlled as current sources,
assuming that the grid is a voltage source. The block diagram
of the current control loop of each power converter appears
in Fig. 2, showing that their dynamics are coupled. Both
converter output currents are controlled in the d-q frame
using a PI regulator. The measured currents are filtered by
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FIGURE 2. RSC and GSC current control loops.

a low pass-pass analog filter, LPAF = 1/(τ s + 1), while the
block Dconv models the delay of one sample time, introduced
by the computation in the DSP, and the effect of the zero
order hold, that represents the PWM power converter. A forth
order approximation is used for Dconv, in order to achieve an
accurate representation [22].

In a DFIG wind turbine controlled in the synchronous
reference frame, there are three different reference frames
where the control elements are defined. The grid-side con-
verter LPAF , as well as the ZOH and computational delay,
are defined in the stator stationary reference frame, αβs. The
rotor-side converter LPAF and the ZOH and computational
delay are defined in a stationary reference frame rotating
with the rotor windings at ωm, αβm. At last, both PI con-
trollers are defined in the synchronous reference frame or
d-q coordinates.

As previously mentioned, the system stability is analyzed
in the synchronous reference frame, synchronized with the
grid voltage frequency, ω0, so all the elements must be trans-
formed to this frame. The transformation presented in [19]
is used to rotate the transfer functions between the different
frames. For instance, lets consider the LPAF defined in a
stationary reference frame, its equivalent model in d-q axis
is a 2× 2 MIMO model

[LPAF]ω =
1
2

[
LPAF1(s) LPAF2(s)
−LPAF2(s) LPAF1(s)

]
, (21)

where LPAF1(s) = LPAF(s + jω) + LPAF(s − jω) and
LPAF2(s) = jLPAF(s + jω) − jLPAF(s − jω). The LPAF
in the GSC and the RSC have the same time constant, τ , but
the resulting models in d-q axis are different, as each element
is rotated with a different speed. For the GSC, as the LPAF
is defined in αβS , the rotation is made with ω0, [LPAF]ω0 .
In contrast, for the RSC, as the filter is defined in αβm, rotat-
ing atωm, the transformation is madewithωR, [LPAF]ωR . The
same rotation is applied to Dconv, resulting in two different
models for the GSC and the RSC, [Dconv]ω0 and [Dconv]ωR .

The last element in the current control loop is the PI
controller, which is defined in d-q axis as a diagonal matrix

[PI ] =

Kp
Tns+ 1
Tns

0

0 Kp
Tns+ 1
Tns

 . (22)

The difference between [PIR] and [PIG] in Fig. 2 are the PI
parameters, KpR and TnR for the RSC, and KpG and TnG for
the GSC.

C. PLL MODEL
Grid-connected power converters require a synchronization
with the grid voltage, normally made through a phase-locked
loop, PLL. As the grid voltage cannot be measured, the volt-
age at the PCC, vCf , is used instead. This way, the PLL
interacts with the current control loops, and can modify its
dynamics at low frequencies, with an influence on the sta-
bility [20], [30]. As SSRs are a low frequency phenomena,
the PLL has to be considered in the modeling procedure.

The PLL used in this paper is the one represented in Fig. 3.
The capacitor voltage expressed in the stationary reference
frame αβS is filtered by a SOGI filter to extract the grid fun-
damental frequency component [31]. The capacitor voltage
is aligned with the d axis, for this purpose a PI controller,
PIPLL , modifies the angular speed,ω0, to driveVq to zero. The
resulting angle, θ0, is fed to the Park transformation, [PT ].

FIGURE 3. Phase-locked loop used for grid synchronization.

In Fig. 3 [SOGI ] is a diagonal matrix whose terms are equal
to FSOGI = kωs/(s2 + kωs + ω2). This filter is applied
to the αβS components of the capacitor voltage, VCfαβS , so it
has to be rotated to d-q coordinates, obtaining a matrix as
in (21), with FSOGI1 = FSOGI (s + jω) + FSOGI (s − jω)
and FSOGI2 = jFSOGI (s+ jω)− jFSOGI (s− jω).

With the modeling procedure presented in [20], the effect
of the Park direct and inverse transformations used in the cur-
rent control loops is represented as a disturbance dependent
on the capacitor voltage. On the one hand, [PT ] is applied
to the GSC and the RSC currents. In the case of the rotor,
the angle for the Park transformation equals θ0−θm, θm being
the electrical angle measured by the rotor encoder. On the
other hand, the inverse Park transformation is applied to the
output of the PI voltage of both converters. The disturbances
added to the current control loops are represented in green
in Fig. 4. It can be seen that the plant includes two new blocks
in order to obtain the capacitor voltage. The rotor current is
multiplied by [ZRLS ]

−1
ω0

[ZLm ]ω0 and added to IGdq, the result
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FIGURE 4. RSC and GSC current control loops including the PLL model.

is multiplied by the impedance

[ZIVC ] =
(
[ZRLS ]

−1
ω0
+ [ZCf ]−1ω0 + [Zg]−1ω0

)−1
. (23)

The transfer matrices [HPLL] and [YPLL] in Fig. 4 are
obtained through the PLL and the Park transformation lin-
earization, and are equal to

[HPLL] =
[
0 −FTPLLVq
0 FTPLLVd

]
, (24)

[YPLL] =
[
0 −FTPLLIq
0 FTPLLId

]
, (25)

where

FTPLL ≈
PIPLLFSOGI1

s+ PIPLLFSOGI1VCfd
. (26)

VCfd , Vd , Vq, Id and Iq are the steady-state operating values
for the voltages and currents. It should be noted that the
matrices [YPLL] and [HPLL] are different for the RSC and the
GSC, as the steady-state currents, IGdq and IRdq, are different
in each converter, as well as the voltages imposed by each
control loop, VGdq and VRdq. In contrast, FTPLL is the same
as it only depends on the filter capacitor voltage in the d-axis,
as the q-axis projection equals zero.

D. STABILITY ANALYSIS
To analyze the system stability, the MIMO Generalized Bode
Criterion (MIMO GBC) is applied [23]. According to this
criterion

Z = P− [2(C+ − C−)+ C0], (27)

where Z is the number of closed-loop unstable poles and
P is the number of open-loop unstable poles. C+ and C−

are the ±m180 degrees crossings with positive magnitude
(m odd integer) counted in the Bode diagram of all the system
open–loop eigenvalues only at positive frequencies. C+ are
the eigenvalue’s positive crossings (with increasing phase),

C− the negative crossings (with decreasing phase) andC0 are
the crossings at 0 Hz.

As a case study to analyze the stability of DFIG wind
turbines connected to series compensated grids and develop
SSRCS, the parameters of a real SSR event reported in Texas
are used [11], which are summarized in Appendix B.

According to the case study under consideration and the
parameters provided, the short circuit ratio (SCR) at the PCC
considering the wind farm substation and distribution grid
impedance equals 5.5, without line impedance compensa-
tion. This is the case of a weak grid, and under weak grid
conditions, the PLL can become a source of instability [20],
[32]. Nevertheless, the PLL becomes a critical element for
extremeweak grids, with SCR below 3.5. To evaluate whether
the instability of DFIG wind turbines connected to series
compensated grids is introduced by the PLL or is inherent to
the current control loops, the stability analysis is performed
first without the PLL, in the next subsection, and is included
later to compare the results.

1) CURRENT CONTROL LOOP STABILITY WITHOUT THE PLL
The stability of the current control loops represented in Fig. 2
is first studied. The open-loop transfer matrix, [Hol], cor-
relating the current and the error presents the following
symmetry {

Id
Iq

}
=

[
Hol1 Hol2
−Hol2 Hol1

]{
εd
εq

}
, (28)

which is the same symmetry found in the plant, as well as the
current control loop matrices. The eigenvalues of symmetric
matrices have the following simple expression

λ1,2 = Hol1 ± jHol2. (29)

The open-loop transfermatrices [HGol] for theGSC current
control loop and [HRol] for the RSC one, are computed for
a slip equal to 0.25. This means that the rotational speed of
the DFIG is low, and under these circumstances the risk of
SSRs increases [1]. As a first step, the interaction between
the GSC and RSC control loops is neglected. This means that
the open-loop transfer matrix [HGol] is computed considering
VRdq = 0, and [HRol] computed for VGdq = 0. In Fig. 5 the
eigenvalues’ Bode diagram of [HRol], λR1,2, are represented
in blue, while the GSC ones, λG1,2, are represented in orange.
Fig. 5 (a) shows that there are no ±180 degree crossings
with positive magnitude in none of the eigenvalues (C+ =
C− = 0), neither for the GSC nor for the RSC. Moreover,
as there are no open loop unstable poles (P = 0), both current
controllers are stable when they do not interact with each
other.

However, as already explained in the modeling subsection,
both the RSC and GSC current control loops interact with
each other. [HGol] is recalculated, but this time consider-
ing the RSC closed-loop (with IRref dq = 0), and [HRol]
considering the GSC closed-loop (with IGref dq = 0). The
eigenvalues of the resulting transfer function matrices are
represented in Fig. 5 (b). In this case, λR1 and λG1 have

223364 VOLUME 8, 2020



J. Samanes et al.: Sub-Synchronous Resonance Damping Control Strategy for DFIG Wind Turbines

FIGURE 5. Eigenvalues’ Bode diagrams for the RSC and GSC current
control loops (a) neglecting, and (b) considering the interaction between
the GSC and RSC.

a C− crossing at 37 Hz, the equivalent SSR frequency in
d-q coordinates. This means that both current control loops
have two closed-loop unstable poles (Z = 2) according
to (27), as C0 = C+ = P = 0.
It can be concluded from this preliminary stability analysis,

that the interaction between the GSC and the RSC control
loops needs to be considered to properly characterize SSR
instabilities under series compensated grids, otherwise the
model can neglect the underlying problem. Another impor-
tant aspect is that the ±m180 degree crossings in the eigen-
values’ Bode diagram, for both the GSC and RSC, that lead
to the closed-loop instability, occur only in one of the two
eigenvalues.

The instability of DFIG wind turbines connected to series
compensated grids occurs as a result of the coupled dynamics
in [Hol], as the different response in both eigenvalues is due
to the component jHol2 in (29). A damping strategy can thus
be based on the modification of the cross-coupling between d
and q axis. It can also be concluded that DFIG wind turbines
connected to series compensated grids can become unstable
even if the PLL influence is not considered.

FIGURE 6. Eigenvalues’ Bode diagrams for the RSC and GSC current
control loops including the PLL.

2) INFLUENCE OF THE PLL ON THE CURRENT CONTROL
LOOP STABILITY
The open-loop transfer matrices, [HGol] and [HRol], are recal-
culated for the control loop in Fig. 4, considering the interac-
tion between the GSC and RSC and the PLL. According to
(24) and (25), the disturbance introduced by the phase-locked
loop depends on the steady-state converter currents and volt-
ages. For the analysis performed in this subsection, both con-
verters are operated at rated power, to increase the disturbance
effect [20]. The PLL parameters are provided in Appendix B.

The eigenvalues of the resulting open-loop transfer matri-
ces, λR1,2 and λG1,2, are computed again, and represented
in Fig. 6. It should be noted that the symmetry of [Hol] is
broken with the inclusion of the PLL, so the expression for
the eigenvalues becomes more complicated. The eigenvalue’s
Bode diagram including the PLL in Fig. 6 is almost identical
to the one presented in Fig. 5 (b). It can be concluded that
the PLL used in this paper, with slow dynamics and large
stability margins, for the weak grid considered, does not
have significant influence on the stability. The SSR instability
persist whether the PLL is included or not. In this way,
the previous analysis performed without the PLL and the
conclusion drawn do not change, and a damping strategy
is required to solve the SSR instability. If the wind farm is
connected to extremely weak grids, the techniques used in the
literature, such as the synchronization with a remote virtual
point [33], [34] could be used.

However, as SSRs appear as a result of the interaction
between the grid and DFIG impedance, and the GSC and
RSC current control loops, in the next section, the influence of
the PLL is neglected for simplicity. Thus, the control strategy
developed to damp sub-synchronous resonances is proposed
and tuned assuming a symmetric MIMO model.

III. SUB-SYNCHRONOUS RESONANCE CONTROL
STRATEGY
A. FUNDAMENTALS OF THE SOLUTION
The previous stability analysis demonstrated that the insta-
bility is reflected in only one eigenvalue. According to (29),
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FIGURE 7. Proposed control strategy for the RSC to damp
sub-synchronous resonances.

this happens when the cross-coupling terms in the open-loop
transfer matrix, Hol2, is different than 0 and in the case under
study it even has a greater magnitude than Hol1 at some
frequencies. For this reason, a sub-synchronous resonance
damping strategy can be based on a modification of the
cross-couplings between d-q axis, and thus, on the modifi-
cation of Hol2.

Cross-coupling terms appear in both the GSC and RSC,
however, the RSC current control loop parameters have a
greater influence on SSRs [7], [10]. The damping strategy is
implemented in the RSC current control loop, and is based
in already measured local variables, the rotor currents in
d-q axis, to avoid the cost of extra sensors in each wind
turbine. Fig. 7 represents the proposed control strategy to
damp SSR in red. The damping strategy uses the filtered rotor
currents and creates an orthogonal proportional voltage action
dependent on the absolute value of ωR, LR, and a gain, Kd ,
that is added to the existing PI control action. In Fig. 4 the
PI controllers represented are diagonal matrix, so only the
orthogonal proportional terms have been added in Fig. 7.
This damping control strategy is implemented in the exist-

ing power converter connected to the rotor, the RSC, and
does not require additional hardware. It requires low com-
putational burden and can be implemented in the digital
signal processor of any power converter. As shown in Fig. 7,
it simply requires the addition of an action proportional to
the measured rotor currents at the RSC PI output. The action
in the d-axis depends on the rotor current in the q-axis and
vice-versa.

In the next subsection, the control strategy is adjusted to
achieve a robust damping of SSRs for any line compensation
level and rotational speeds, two important parameters in the
stability of DFIG wind turbines under SSRs.

B. ADJUSTMENT OF THE SSRCS
The proposed sub-synchronous resonance control strategy,
based on the rotor current cross-couplings, has a stabilizing
effect on the current control loop. In Fig. 8 (a), the RSC and
GSC current control open-loop eigenvalues’ Bode diagrams
have been represented for aKd = 3, a slip = (ω0−ωm)/ω0 =

0.25, and an 80% line impedance compensation level. It can
be seen that the proposed control strategy, acting only in the

FIGURE 8. Eigenvalues’ Bode diagrams for (a) the RSC and GSC current
control loops for a Kd = 3, and (b) RSC eigenvalues for a Kd = 2 and
Kd = 6.

RSC, can stabilize both the GSC and RSC. The SSRCS intro-
duces a magnitude notch at the SSR in the GSC (compared
to Fig. 5 (b)), at a frequency around 45 Hz, avoiding the
C− crossing responsible of the closed-loop instability. In the
RSC, the SSRCS reduces the overall magnitude gain, but
has a greater effect at the SSR frequency, again, stabilizing
the RSC current control loop. It becomes evident from the
analysis performed in Fig. 8 (a) that the proposed SSRCS
stabilizes the GSC and RSC control loops simultaneously,
even though it is only applied in the later. For clarity, in the
following, only the RSC eigenvalues are represented to tune
the damping strategy.

The influence of the gain Kd on the stability is evalu-
ated in Fig. 8 (b), where the RSC current control open-loop
eigenvalues are represented for a Kd = 2 and a Kd = 6.
The SSR appears in λR1, around 40-50 Hz. It can be seen,
that as Kd increases, the magnitude becomes lower, but the
resonance peak is decreased even more. However, in the
other eigenvalue, λR2, a greater gain Kd shifts towards higher
frequencies a peak in the magnitude plot. It can be seen that
for a Kd = 6, the current control loop is on the verge of
instability at 140 Hz, where a crossing with 180 degrees occur
with a magnitude slightly below 0 dB. An increase in Kd will
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FIGURE 9. Eigenvalues’ Bode diagrams for the RSC and GSC current
control loops for two different slips at sub-synchronous speed (Kd = 3).

FIGURE 10. Evolution of KpR as a function of the slip.

lead to instability. Thus, there is a trade-off in the selection
of the SSRCS gain, a greater gain provides larger stability
margins at the sub-synchronous resonance frequency, but has
a destabilizing effect at higher frequencies.

Another important aspect in DFIG wind turbines is that
their dynamics are highly influenced by the rotational speed.
Fig. 9 shows how the rotational speed strongly influences the
stability of SSRs. The slip equals the ratio (ω0 − ωm)/ω0,
and it can be concluded that as ωm approaches ω0 (as the
slip becomes closer to 0), the current control loop changes its
dynamics, increasing the magnitude gain. This gain variabil-
ity creates a problemwith SSRs, as in Fig. 9 for a slip = 0.05,
λR1 has C− crossing with positive magnitude, and the system
becomes unstable. Nevertheless, as the slip is known, this
effect can be corrected, andKpR can be modified as a function
of the slip.

Taking into account the previous considerations, the pro-
posed SSRCS applies a proportional voltage action in the
current control-loop dependent on the cross-currents and
modifies the PI proportional gain as a function of the slip to
mitigate the variability of the system dynamics. The variation
of KpR as a function of the slip is represented in Fig.10.
Once the SSRCS has been explained and its influence on

the system dynamics characterized, the parameterKd must be
determined, as well as the limits for the variable PI gain;KpR0
and KpRm. The design procedure is as follows:

1) Selection of Kd as a trade-off between the stability at
the SSR and at higher frequencies.

FIGURE 11. Evolution of the poles as a function of the gain Kd .

2) Determination of KpR0 and KpRm to achieve a less
variable dynamic behavior, once the inner SSRCS is
included.

First, the optimal Kd value is selected for a slip = 0.25,
the lowest possible rotational speed, where SSRs are most
likely to occur [1]. To adjust Kd , different proportional gain
values are swept to find the optimal one. An analytical adjust-
ment is not a feasible approach, given the high order of
the model required to properly capture the system dynamics
(order 38). Different Kd values are swept to find the most
appropriate gain. In Fig. 11 the evolution of the closed-loop
poles is represented as the gain Kd varies from 0 (dark blue
poles) to 7 (light blue poles). This figure confirms the results
deduced from the Bode diagrams in Fig. 5 (b) and Fig. 8 (b).
Without a damping control strategy, the closed-loop system
becomes unstable, in fact for Kd < 1.5, the system is unsta-
ble. As Kd increases, the damping of the SSR poles becomes
greater, however, ifKd is increased beyond 6.2, unstable poles
at a higher frequency (around 150 Hz) are introduced by the
SSRCS. To find a compromise between these two trends,
a minimum damping of this higher resonant poles is set equal
to 0.25, which leads to Kd = 4 (poles in red). With this
gain the SSR poles (below 50 Hz) are close to the maximum
damping that the proposed strategy can guarantee, while the
higher frequency poles are also sufficiently damped. The
value of Kd will vary if a different case study with different
DFIG wind turbines is considered.

The next step is the adjustment of KpR0 and KpRm. Both
parameters are determined with the purpose of having an
almost constant cutoff frequency for every rotational speed.
If the RSC current control loop cut-off frequency is set to
10 Hz and is kept constant for every rotational speed, KpR0 =
0.02 and KpRm = 0.14.

C. SSRCS ROBUSTNESS ANALYSIS
Finally, the robustness of the proposed SSRCS is evaluated
for several line impedance compensation levels in Fig. 12:
(a) 0%, (b) 20%, (c) 50% and (d) 80%. The SSRCS is adjusted
as described in the previous section, with Kd = 4. For
each line impedance compensation level, the wind speed is
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FIGURE 12. Closed-loop poles for different slips (−0.25 < slip < 0.25) and four line impedance compensation levels: (a) 0%, (b) 20%,
(c) 50% and (d) 80%.

varied starting at the cut-in speed up to the cut-out speed.
This way, the rotational mechanical speed is varied from
the minimal value, slip = 0.25, to its maximum value,
slip = −0.25. The model used for the robustness analysis
includes the PLL. For every line impedance compensation
level, the system closed-loop poles are represented, and as
the rotational speed increases, the poles are depicted in lighter
blue color. It can be seen that the proposed control strategy is
able to stabilize the system for any line impedance compen-
sation level and rotational speed (wind speed), proving to be
robust.

IV. VALIDATION OF THE CONTROL STRATEGY
To validate the proposed model for the DFIG wind turbine
and the sub-synchronous resonance damping control strategy,
a model of a 2 MW DFIG wind turbine is built in MAT-
LAB/Simulink with the components from the Simscape Elec-
trical Library. The system parameters for the DFIG wind tur-
bines and the transmission line are specified in Appendix B.

A. MODEL VALIDATION
First of all, the linearized model developed previously, using
transfer function matrices, is validated with the Simulink
model. The model developed inMATLAB/Simulink includes

the PLL, the active and reactive power control loops as well as
the current reference computations.Moreover, it also includes
non-linear elements such as the converter IGBTs and the
space vector pulse-width modulation.

To validate the model for the DFIG wind turbine devel-
oped in this paper the current step response of the analytical
model is compared to the current step response of the MAT-
LAB/Simulink model for two different slips, a slip = 0.25
and −0.2. A 1 MW step is introduced in the grid by the RSC
and the GSC to validate both responses.

Fig. 13 shows the simulation results for an 80% line
impedance compensation level. There is an agreement
between both models, that exhibit almost identical current
step responses. The main difference is the switching ripple
present in the Simulink model. In this figure, the subscript S
stands for Simulink, whilem stands for the matrix impedance
model. These simulation results validate the proposed
model and modeling methodology for DFIG wind turbines.
Moreover, it proves that the novel SSRCS presented in this
paper, with Kd = 4 and the variable KpR, can effectively
stabilize the system for an 80% line compensation level and
different rotational speeds, a conclusion that agrees with the
results derived from the stability analysis and represented
in Fig. 11 and 12.
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FIGURE 13. Current controller step response comparison for an 80% line
compensation level and two different DFIG slips (a) slip = 0.25, and
(b) slip = −0.2.

The same simulation is repeated for a 20% line compen-
sation level and the same rotational speeds, the results are
represented in Fig. 14. Again, both models present a perfect
agreement and thus the matrix impedance model developed
and the stability shown in Fig. 12 (b) are validated. It can
be seen that for a 20% line impedance compensation level,
the switching ripple is lower, as the grid is more inductive.

Both simulations prove as well that the proposed con-
trol strategy proposed for the RSC can effectively damp
sub-synchronous resonance oscillations, as the system has a
stable response in both cases.

B. SUB-SYNCHRONOUS RESONANCE DAMPING
STRATEGY VALIDATION
To validate the performance of the proposed control strat-
egy for the RSC, a simulation is performed where the line
impedance compensation level is transiently modified, start-
ing at 80%, reduced to 50% and at last with no line compen-
sation. The simulation has been performed for a slip equal to
0.25.

In Fig. 15 the line series capacitor voltage, the line
active power and line currents are represented. The fig-
ure proves that the proposed SSRCS is able to perfectly
damp sub-synchronous resonances, regardless of the line

FIGURE 14. Current controller step response comparison for a 20% line
compensation level and two different DFIG slips (a) slip = 0.25, and
(b) slip = −0.2.

FIGURE 15. Simulation performed for a slip = 0.25 and three different
line impedance compensation levels.

impedance compensation level, a result that agrees with the
pole diagrams represented in Fig. 12.

In the stability analysis it was also demonstrated that the
DFIG wind turbine was unstable when connected to a series
compensated transmission line, with a compensation level
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FIGURE 16. Simulation performed for a slip = 0.25 and an 80%
compensation level, transiently disabling the SSRCS.

equal to 80% and a slip = 0.25. As concluded from Fig. 5,
the interaction between the GSC and the RSC has to be mod-
eled and studied, as otherwise such instability is not captured.
In order to validate this analysis, the DFIG wind turbine is
connected to the grid with the SSRCS adjusted in this paper
enabled, and it is disabled when the simulation time reaches
2.5 s. The same variables as in Fig. 15 are represented: the
line series capacitor voltage, the line active power and line
currents. It becomes evident from Fig. 16 that the system
without a damping strategy becomes unstable, and that both
the GSC and RSC and its interaction have to be modeled to
properly characterize the phenomena.

C. LARGE DISTURBANCE PERFORMANCE
Large disturbances can trigger sub-synchronous resonances,
for this reason, in this subsection the proposed damping
strategy is tested when a voltage sag occurs in the grid.

To simulate this circumstance, a three-phase-to-ground
fault on the series compensated line is forced at 2.5 s. The
simulation results are represented in Fig. 17 for two line
impedance compensation levels, an 80% in Fig. 17 (a) and
a 20% in Fig. 17 (b). In both cases, the DFIG wind turbine
is stable and SSRs are properly damped, as demonstrated by
the RSC and GSC current waveform.

The validation section confirms that the SSRCS can effec-
tively damp sub-synchronous resonances for different opera-
tion conditions, proving to be robust.

V. CONCLUSION
DFIG wind turbines connected to capacitive series-
compensated transmission lines are prone to SSR instability.
To characterize the system dynamics and the causes of insta-
bility, a model in the d-q reference frame is developed in this
paper based on 2×2 impedance matrices. A systematic mod-
eling approach is presented for DFIG wind turbines, where
different reference frames exist, and thus, the transformation

FIGURE 17. RSC and GSC current when a three-phase-to-ground fault
occurs in the transmission line for two line impedance compensation
levels: (a) 80%, and (b) 20%.

of the component models between these reference frames
becomes specially important. The system stability is analyzed
by means of the open-loop matrix eigenvalue Bode diagram,
amore intuitive tool to design controllers for power electronic
engineers than the closed-loop eigenvalues commonly used
to analyze SSRs. Through this stability analysis, we identify
that the interaction between the RSC and GSC control loops
are a source of instability in DFIG wind turbines connected
to series-compensated grids. It becomes evident that DFIG
WECS need a sub-synchronous resonance damping control
strategy (SSRCS) when connected to series compensated
transmission lines. For this reason, a novel control strategy
is presented that uses the DFIG rotor current and is imple-
mented in the existing power converter connected to the
rotor. Thus, as it is based in already measured variables and
implemented in the existing RSC, it does not imply an extra
cost and can be applied to any new or existing wind turbine.
Moreover, the SSRCS requires minimal modifications of
the control loops. The SSRCS is based on a proportional
action dependent of the rotor cross-currents obtained in d-q
coordinates. The strategy also implements a variable PI gain
dependent on the rotor speed. Both the theoretical analysis
and the simulation results for a real case study demonstrate
that the proposed control strategy for the RSC is able to
damp sub-synchronous resonances and stabilize a wind farm
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TABLE 2. System Parameters.

for any line impedance compensation level and wind turbine
operation point, and does not require real-time information
regarding the grid impedance and series compensation level,
proving to be an effective and robust strategy.

APPENDIX A
PLANT MODEL
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APPENDIX B
SYSTEM PARAMETERS
See Table 2.
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