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Abstract—Several active damping strategies have been pro-
posed in the literature for grid-connected converters with LCL
filter but there are not specific strategies for DFIG wind turbines.
In this system, there is an interaction between the two converters
of the back-to-back conversion structure, which must be properly
modeled in order to design effective damping strategies for the
LCL filter resonant poles. This paper proposes a robust active
damping strategy for DFIG wind turbines with LCL filter that
considers the special features of this system. In this technique the
filter capacitor current is fed back through a lag compensator
that adjusts the delay of the feedback loop to emulate a virtual
impedance that has dominant resistive behavior in the range
of possible resonance frequencies. It is shown that a similar
damping of the LCL filter resonance is achieved when the strategy
is implemented in either of the two converters.

Index Terms—Doubly-fed induction generator (DFIG) wind
turbines, LCL filter resonance, active damping, stability analysis.

I. INTRODUCTION

Wind energy conversion systems with doubly-fed induc-
tion generators (DFIG) are a very common configuration in
onshore wind turbines, given the cost reduction of using a
back-to-back power converter that only works with a third of
the generated power [1]. LCL filters are a standard solution
to filter high-frequency harmonics caused by the pulse-width
modulation that also reduce the system cost compared to L
filters [2]. However, they introduce stability problems since
the LCL filter resonance interacts with the converter control.
Therefore, a damping technique is required to solve this
problem, preferably an active damping (AD) strategy since
they do not add any extra cost [3].

AD strategies can be classified in two main groups: single
loop and multiloop strategies. Single loop AD strategies intro-
duce a digital filter in the current control loop, normally a low
pass filter, a notch filter or a lead-lag compensator [4], [5].
They do not require additional sensors but they may be more
sensitive to variations in the grid inductance, since it modifies
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the resonance frequency. The value of the grid inductance
depends on the grid short circuit ratio (SCR), which can lead
to a wide range of possible resonance frequencies.

Multiloop AD strategies feed back an additional variable
to ensure stability [6]. The most common multiloop AD is
the filter capacitor current proportional feedback. Due to the
control delays, this method is equivalent to a virtual impedance
in parallel with the filter capacitor, which reduces the stability
region to fs/6, where fs is the sampling frequency [7]. To
extend this region, some techniques have been proposed such
as reducing the computation delay [7]. In [8] the critical
frequency is extended to 0.45fs by introducing a recursive
infinite impulse response digital filter in the feedback path.
[9] and [10] manage to extend the stability range up to almost
the Nyquist frequency using a quasi-integral element and a PI
function in the feedback path, respectively. However, the range
of possible resonance frequencies is bounded by the SCR
limits at the point of common coupling (PCC), so it can be
more interesting to maximize the damping in this range, rather
than extending the stability region as much as possible. This
is done by emulating a virtual impedance with high resistance
and low reactance in the resonance frequency range.

All the previous AD strategies are developed for a grid-
connected voltage source converter, however, there are sev-
eral characteristics in DFIG wind turbines that have to be
considered to adjust AD strategies. From Fig. 1, it can be
derived that the grid side converter (GSC) and the rotor side
converter (RSC) are connected in parallel to the grid, thus
their dynamics are coupled. Besides, the impedance of the
DFIG machine interacts with the impedance of the LCL filter,
modifying the resonance frequency range [11]. This interaction
must be considered to design effective AD strategies for DFIG
wind turbines.

In this paper a multiloop AD strategy is proposed. The ca-
pacitor current is fed back through a lag compensator, which is
tuned to emulate a virtual impedance with dominant resistance
component in the range of possible resonance frequencies, so
that the damping is maximized in this range and the strategy
is robust against grid inductance variations. The AD design
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Fig. 1. DFIG wind turbine with LCL filter connected to the grid.

takes into consideration the special characteristics of the DFIG
wind turbine. For that purpose, a complete system model is
developed that includes the interaction between the GSC and
the RSC control loops, as well as the interaction between the
LCL filter and the DFIG impedances. Finally, it is shown that
the system can be damped from either of the two converters,
obtaining a similar damping in the system resonant poles.

II. SYSTEM MODELING AND STABILITY ANALYSIS

The system under study is a DFIG wind turbine as the one
represented in Fig. 1. In this configuration, the stator is directly
connected to the grid, whereas a back-to-back power converter
is connected to the rotor windings. It is formed by two
converters, the grid side converter and the rotor side converter.
The RSC controls the torque and the rotational speed of the
generator, whereas the GSC controls the DC-bus voltage. The
GSC is connected to the stator through the inductor LGSC ,
which is the converter side inductor of the harmonic LCL filter.
The filter capacitor is Cf and the grid side inductor is formed
by Lt and Lg . Lt is the step up transformer leakage inductance
that connects the DFIG system to the medium voltage grid at
the point of common coupling, and Lg is the grid inductance.
The value of Lg depends on the grid short circuit ratio (SCR),
which is a measure of the grid strength. The GSC and the
RSC are controlled as current sources using a PI controller,
as represented in the block diagram of Fig. 2. Both converters
act on the same plant, which is formed by the DFIG machine
and the LCL filter, proving that there is an interaction between
both control loops. The AD feedback, in red, is explained in
detail in the next section.

A. Plant Model

All the elements must be modeled in the same reference
frame in order to analyze the system stability. Normally, DFIG
wind turbines are controlled in the synchronous reference
frame, dq, so all the components are modeled in this reference
frame. As a result, cross-coupling terms appear between the
variables in both axis. Therefore, all the components are
modeled using 2x2 impedance matrices, which are defined

between brackets in this paper. The angular speed of the cross-
coupling terms is indicated as a subscript outside the brackets.
Vectors are defined in capital letters with the subscript dq to
denote that they are expressed in the synchronous reference
frame.

1) Harmonic LCL Filter Model: The dynamics of the LCL
filter can be described by three equations. The grid voltage
is neglected because it does not influence the stability of the
system since it is a disturbance in the current control loop.

IGdq = [ZRLGSC
]−1
ω0

(VGdq − VCfdq) (1)

Igdq = [ZRLg
]−1
ω0
VCfdq (2)

VCfdq = [ZCf ]ω0(IGdq − Igdq − ISdq). (3)

VGdq and IGdq are the GSC output voltage and current,
VCfdq is the filter capacitor voltage, Igdq is the grid current and
ISdq is the stator current. [ZRLGSC

]ω0 , [ZRLg ]ω0 and [ZCf ]ω0

are the impedance matrices of the components of the LCL
filter. The inductors are modeled with a series resistance and
an inductance. For the converter side inductor, [ZRLGSC

]ω0
,

RGSC is the series resistance and LGSC is the inductance.
In the case of the grid side inductor, [ZRLg

]ω0
, the series

resistance is Rg and the inductance is Lt + Lg . The filter
capacitor impedance matrix, [ZCf ]ω0 , includes the capacitance
Cf . ω0 is the angular speed of the dq axis, which is equal to
the grid fundamental speed.

2) DFIG Model: In the model of the DFIG generator, the
subscripts S and R denote whether the voltage and the current
belong to the stator or rotor terminals, respectively. The stator
and rotor voltages, VSdq and VRdq , are expressed as a function
of the currents, ISdq and IRdq , as follows

VSdq = [ZLm
]ω0
IRdq + [ZRLS

]ω0
ISdq (4)



Fig. 2. Block diagram of the GSC and RSC current control loops.

VRdq = [ZRLR
]ωR

IRdq + [ZLm ]ωR
ISdq. (5)

[ZLm
]ω is the impedance matrix that models the magne-

tizing inductance, Lm. Note that the angular speed of the
cross-coupling terms, ω, is different in (4) and (5). ωR is the
difference between ω0 and the rotor electrical angular speed,
ωm. [ZRLS

]ω0
models the stator total inductance, LS , and the

stator windings series resistance, RS . LS equals the sum of
Lm and the stator leakage inductance. Similarly, [ZRLR

]ωR

models the rotor total inductance, LR, and its series resistance,
RR. LR also equals the sum of Lm and the rotor leakage
inductance. All the parameters and variables are referred to
the stator.

Finally, the stator voltage equals the filter capacitor voltage

VSdq = VCfdq. (6)

B. GSC and RSC Control Loop Model

The GSC and the RSC currents are filtered by a low pass
analog filter, LPAF (s) = 1/(τs + 1). Dconv(s) models the
delays within the control loop. There is a 1.5 sample periods
delay due to the DSP computational delay and the effect of
the PWM. The fourth order approximation given in [12] is
used to model this delay, so that an accurate representation is
obtained at high frequencies, where the LCL filter resonance
is located.

Each block of the current control loop in Fig. 2, defined
between brackets, is a 2x2 transfer function matrix in dq
axis. The transformation in [13] is used to rotate the transfer
functions from their corresponding stationary frame to the
synchronous frame. The angular speed at which each element
is rotated is denoted by the subscript outside the brackets of
each transfer function matrix. The elements of the GSC current
control loop are defined in the stator stationary reference
frame, αβs, thus, the rotation of these elements is made using

ω0. In contrast, the elements of the RSC current control loop
are defined in a stationary reference frame that rotates at the
rotor electrical angular speed, ωm. This reference frame is
denoted by αβm. In this case, the rotation of these elements
to the synchronous reference frame is made with ωR. For
this reason, there are different transfer function matrices for
LPAF (s) and Dconv(s) in the GSC and the RSC.

As seen in Fig. 2, each converter has a different PI con-
troller, [PIG] and [PIR], since their dynamics are different.
These transfer function matrices are diagonal matrices since
they are already defined in dq axis. The expression of the
diagonal terms is given by

PI(s) = Kp
Tns+ 1

Tns
(7)

The variables that are measured in the current control
loop must be transformed to the synchronous reference frame
by means of the Park transformation. A phase-locked loop
(PLL) is used for grid synchronization and it provides the
angle for this transformation. Since the grid voltage cannot be
measured, the filter capacitor voltage is used instead. Because
of this, there is an interaction between the PLL and the current
control loop that influences the dynamics of the system at low
frequencies [14]. However, this paper focuses on analyzing
the stability of the LCL filter resonance, which occurs at high
frequencies, therefore, the PLL is neglected in this model.

C. Stability Analysis
As a result of modeling the DFIG wind turbine in the syn-

chronous reference frame using 2x2 transfer function matrices,
a MIMO system is obtained. The stability of a MIMO system
can be analyzed using the MIMO Generalized Bode Criterion
(MIMO-GBC) [15], which is expressed as follows

Z = P − [2(C+ − C−) + C0]. (8)

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



of ±m180 degree crossings (m odd integer) with positive
magnitude and increasing phase at positive frequencies in the
Bode diagram of all the system open-loop eigenvalues. C− is
the number of crossings with decreasing phase, and C0 is the
number of crossings at 0 Hz.

The system stability is analyzed without applying any damp-
ing technique for the system parameters that appear in Table
I, which are typical parameters of high power DFIG wind
turbines. The slip is equal to -0.25, with slip = ωR

ω0
. First, we

want to analyze the stability of each converter independently,
controlling the complete plant, in order to determine whether,
in this case, the instability of the DFIG system is generated by
the interaction of both converters current control loops or it is
inherent to each of them. For that purpose, the GSC and the
RSC open-loop transfer function matrices, [HGol] and [HRol],
are calculated imposing VRdq = 0 when computing [HGol],
and VGdq = 0 to obtain [HRol]. Fig. 3 shows the eigenvalues
Bode diagram of [HGol] and [HRol] for a SCR of 10. A SCR
equal to 10 is chosen as an example to illustrate the stability
analysis but the same results are obtained for any SCR. For
the GSC eigenvalues there are two crossings at 0 Hz, one in
each eigenvalue, C0 = −2, and one crossing with 180 degrees
with positive magnitude and increasing phase, C+ = 1. There
are also two ±180 degree crossings with decreasing phase,
thus C− = 2. Since there are no open-loop unstable poles,
according to (8) there must be 4 unstable closed-loop poles.
In the case of the RSC, there are no crossings at 0 Hz, nor
crossings with increasing phase. However, there are also two
±180 degree crossings with decreasing phase so C− = 2.
There are no open-loop unstable poles, therefore there are
4 unstable closed-loop poles as well. It is proved that both
converters control loops are unstable separately.

However, in reality the GSC and the RSC are connected in
parallel to the grid through the inductor LGSC and the DFIG,
respectively. Therefore, there is an interaction between both

Fig. 3. Eigenvalues Bode diagram of the GSC and the RSC open-loop transfer
matrix neglecting the interaction between both converters for a SCR of 10.

Fig. 4. Eigenvalues Bode diagram of the GSC and the RSC open-loop transfer
matrix considering the interaction between both converters for a SCR of 10.

control loops that must be considered in the stability analysis.
For that purpose, the GSC open-loop transfer function matrix
is calculated imposing IRrefdq = 0. Similarly, [HRol] is
computed considering IGrefdq = 0. The eigenvalues Bode
diagram for a SCR of 10 are represented in Fig. 4. For the GSC
there is one crossing with 180 degrees with positive magnitude
and increasing phase, C+ = 1, which is compensated by two
crossings at 0 Hz, one in each eigenvalue, C0 = −2. However,
there are 4 unstable open-loop poles that are introduced when
closing the control loop of the other converter, the RSC,
as seen in the previous stability analysis of each current
control loop independently. Thus, the complete closed-loop
system has four unstable poles, Z = 4. The same result
is obtained by analyzing the eigenvalues of [HRol]. There
are no crossings with ±180 degrees but there are 4 open-

Fig. 5. Closed-loop poles of the system for three SCRs.



loop unstable poles, introduced when closing the GSC control
loop, that are translated to the closed-loop. Thus, the complete
DFIG system is unstable. This can be verified by analyzing
the closed-loop poles of the system represented in Fig. 5, for
three SCRs that cover the whole range of possible resonance
frequencies. In this figure only two poles appear because they
are complex conjugate poles, so they are symmetric with
respect to the real axis. It is proved that the system is unstable
for any SCR. The frequency of the unstable poles corresponds
to the equivalent resonance frequency of the LCL filter in dq
coordinates. Therefore, it is shown that a damping technique
is necessary to guarantee the stability of the system.

TABLE I
SYSTEM PARAMETERS

Parameter Magnitude
DFIG

S = 5 MVA, U = 690 V
Rotor resistance 0.009 p.u.
Rotor leakage inductance 0.15 p.u.
Stator resistance 0.009 p.u.
Stator leakage inductance 0.111 p.u.
Magnetizing inductance 5.708 p.u.

Power converter
Switching frequency 2.8 kHz
Sampling frequency 5.6 kHz
Converter side inductance 0.284 p.u.
Converter side resistance 0.004 p.u.
Filter capacitor 0.021 p.u.
Transformer inductance 0.174 p.u.
Transformer resistance 0.015 p.u.

Control parameters
GSC PI proportional gain 0.1135
GSC PI integral constant 0.0044
RSC PI proportional gain 0.3504
RSC PI integral constant 0.0156
Low-pass analog filter time constant 114.10−6

III. PROPOSED ACTIVE DAMPING STRATEGY

In this paper the capacitor current feedback is used to
actively damp the LCL filter resonance. However, the phase in
the feedback path is adjusted by means of a lag compensator to
achieve a dominant resistive behavior in the emulated virtual
impedance within the range of possible resonance frequencies.

[HAD], in red in Fig. 2, is the AD transfer function matrix,
which is defined in the synchronous reference frame. It is a di-
agonal matrix, whose diagonal terms are denoted by HAD1(s).
The AD should only modify the dynamics of the system in
the range of resonance frequencies, thus it is filtered. A low
pass analog filter, modeled in dq coordinates by [LPAF ]ω0

,
already exists in the AD feedback loop, therefore a high pass
digital filter is added in HAD1(s). The filter cutoff frequency
is set at half of the lower limit of the system resonance
frequency range, so that it properly attenuates the AD action
at low frequencies, without affecting it within the resonance
frequency range. If the real part of the emulated virtual
impedance is negative within the range of possible resonance
frequencies, the resonance will be amplified, destabilizing the
system. Besides, the real part of the virtual impedance is the
one that damps the resonant poles, whereas the imaginary

part modifies the resonance frequency and even introduces
new resonances. For that reason, in order to maximize the
damping, an impedance where the resistive component is dom-
inant, compared to the reactance, is needed in the resonance
frequency range. This is achieved by adjusting the delay in
the AD feedback loop with a lag compensator. kG and kR are
the proportional gains for each converter. The expression of
the AD transfer function, HAD1(s), is given by

HAD1(s) = HPDF (s)Lag(s). (9)

(10) is used to calculate the necessary phase lag that
the lag compensator must introduce at the central resonance
frequency, frc, so that the total phase lag of the inner AD
loop at frc equals π. frc = (frl + frh)/2, where frl and
frh are the lower and upper limits of the resonance frequency
range. This way, a pure resistor is emulated at frc, ensuring a
robust damping of the system resonant poles in the full range
of resonance frequencies.

ϕ(Lag(jωrc)) =

= π − ϕ(HPDF (jωrc)Dconv1(jωrc)LPAF1(jωrc))
(10)

In (10), Dconv1(s) and LPAF1(s) are the diagonal terms of
the transfer function matrices that model the low pass analog
filter and the digital control delay. The transfer function of a
lag compensator is given by

Lag(s) =
s
z + 1
s
p + 1

, (11)

where | z |>| p |. (12)-(14) are used to calculate the zero,
z, and the pole, p. ωrc = 2πfrc is the frequency of the
maximum phase lag, φ, which, in this case, is equal to the
desired phase lag calculated before using (10). The elements
of the capacitor current feedback loop are the same for both
converters, therefore the required phase lag is identical. In this
case, φ = −60.1 degrees at frc = 1094 Hz.

b =
1− sinφ
1 + sinφ

(12)

p =

√
ω2
rc

b
(13)

z = b · p (14)

Fig. 6 shows the cosine of the total phase lag of the inner
AD loop, which is related to the real part of the virtual
impedance that is emulated. When HAD1(s) = 1 (dashed line)
the lag is given by Dconv1(s) and LPAF1(s). After the AD
function, HAD1(s), is adjusted (continuous line), the real part
of the virtual impedance is centered in the resonance frequency
range, maximizing the damping in this interval. The emulated
virtual resistor is negative with this strategy, thus the inner AD
loop, represented in red in Fig. 2, becomes a capacitor current
positive feedback.



Fig. 6. Cosine of the phase lag of the inner AD loop against frequency before
adjusting the delay (dashed line) and after (continuous line).

A. Active Damping Implementation in the GSC

First, the proposed active damping strategy is only imple-
mented in the GSC. For that, the only element that needs to be
adjusted is the proportional gain kG. The closed-loop poles of
the system are represented in Fig. 7 for different values of kG
and a SCR of 10. The aim is to determine the optimal value of
kG that provides the greatest damping to the system resonant
poles. In this case, kG = 1.4, which results in the poles marked
in red in the figure. As it is observed in Fig. 7, when the gain
is too small (dark green poles), the resonant poles are not
damped enough. As the gain increases, so does the damping.
Nevertheless, once the optimal value has been reached, if the

Fig. 7. Closed-loop poles of the system for different values of kG when the
AD is only implemented in the GSC, for a SCR of 10.

Fig. 8. Closed-loop poles of the system with the AD implemented in the
GSC, for three SCR values.

gain continues to increase the system will eventually become
unstable (light green poles).

The closed-loop poles of the DFIG system once the AD
is adjusted for the GSC, are represented in Fig. 8, for three
SCRs. It is observed that the proposed active damping strategy
stabilizes the system resonant poles (circled in red) in a wide
range of resonance frequencies, proving to be a robust strategy.

B. Active Damping Implementation in the RSC

A similar approach is followed to tune the proportional gain
kR when the AD is only implemented in the RSC. By studying
the system closed-loop poles, the optimal value of the gain
that provides the greatest damping is determined, which is
kR = 4.1. The closed-loop poles of the system, with the AD
implemented in the RSC for three SCRs, are represented in

Fig. 9. Closed-loop poles of the system with the AD implemented in the
RSC, for three SCR values.



Fig. 10. Closed-loop poles of the system for three different control strategies
for a SCR equal to 10.

Fig. 9. As it is observed, the resonant poles, circled in red,
are stabilized in all the cases, proving that the AD strategy is
robust against grid impedance variations.

Fig. 10 shows the closed-loop poles of the system for three
different control strategies: without AD, with the proposed AD
applied in the GSC and with the AD applied in the RSC, for
a SCR of 10. Without an AD strategy the system is unstable,
whereas the damping obtained with the other two strategies
is ξ = 0.108 and ξ = 0.107, respectively. It is proved that
the system can be damped by the implementation of the AD
strategy in either of the two converters, obtaining a very similar
damping of the resonant poles in both cases. The damping is
not exactly the same because the plant seen from the GSC
differs from the one seen from the RSC.

The inner AD loop in each converter modifies the system
plant so that the complete DFIG system is stable, regardless
of the converter in which the strategy is implemented. This
way, the AD method can be applied in the converter that is
more convenient, which is usually the one that is further from
saturation.

IV. SIMULATION RESULTS

In order to validate the previous study, simulations are
performed in Matlab. The Simscape Electrical Library is used
to create a model of a DFIG wind turbine with the parameters
that are reported in Table I. The control of each converter
is programmed using two S-functions programmed in C, and
the modulation that is used is the space-vector PWM. The
simulations are carried out for a grid SCR of 10 and a slip of
-0.25.

The grid current is shown in Fig. 11. At the beginning, the
AD strategy is activated in the GSC and the system is stable.
At 1 s, the AD is disabled and the system becomes unstable.
A component at the LCL filter resonance frequency appears in
the grid current. When the AD is then activated in the RSC,
the system is stabilized again.
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Fig. 11. Grid current waveform when the proposed AD strategy is activated
and deactivated.

Fig. 12 shows the grid current harmonic content with the
AD implemented in the GSC and in the RSC. The harmonic
content is very similar using the two strategies as the system
resonant poles are similarly damped in both cases. These
simulation results validate the previous theoretical study, in
particular the results from Fig. 10.

V. CONCLUSION

This paper proposes a robust AD strategy using the filter
capacitor current for a DFIG wind turbine with LCL filter.
Despite the variety of AD strategies in the literature, they are
not specific for DFIG systems, where the GSC and the RSC
control loops, the DFIG and the LCL filter interact with each
other. In this paper this interaction is considered in the system
model. A lag compensator is used in the AD feedback loop
to adjust the delay so that the emulated virtual impedance is
predominantly a resistance in the range of possible resonance
frequencies, maximizing the damping in the full range. An
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equivalent damping in the resonant poles is achieved when
the AD is applied in the GSC or the RSC, which offers more
flexibility in the control strategy.
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