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Abstract—The application of droop control techniques without
inner current control loops to doubly-fed induction generator
(DFIG) based wind turbines does not allow to provide a stable
response at all operating points in terms of rotational speed and
active and reactive power. After modeling the system dynamics
and analyzing the causes of instability, this paper proposes a
control strategy that allows to stabilize the system response
at all possible operating points. Simulation results performed
in MATLAB/Simulink validate the proposed control strategy
proving its effectiveness.

Index Terms—Doubly-fed Induction Generator (DFIG), Droop
Control, Stability Analysis, Control strategy

I. INTRODUCTION

Synchronous generators (SG) of conventional fossil-fuel
power plants have been responsible for controlling the electric
power system from its origin. However, in the near future,
these generators are expected to be replaced by renewable
energies (RREE) such as wind power, which is called to
play a key role in this energy transition process towards a
renewable-based generation system.

DFIG based wind turbines are the dominant technology in
onshore wind farms [1]. As SGs are replaced by RREE, such
as DFIG based wind farms, grid stability may be compro-
mised, as grid-following (GFL) control strategies implemented
in most power converters do not contribute to system stability.
In recent years, research has focused on the development
of grid-forming (GFM) control strategies that allow power
converters to ensure a stable and safe operation of the power
system [2]–[4]. GFM grid-connected power converters behave
as voltage sources, imposing both the voltage amplitude and
frequency and regulating the output active and reactive power.
Among the existing GFM control strategies droop control
has been widely studied [5], [6]. In droop-controlled grid-
connected power converters two control loops are imple-
mented, an active power-frequency droop control loop (P-ω)
and a reactive power-voltage control loop (Q-V), which adjust
the phase angle and amplitude of the voltage imposed by the
converter, respectively.

Droop control has been mainly applied to grid-connected
power converters and, although it has also been applied to
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DFIG wind turbines, there is not much work done so far in this
regard. In almost all studies, in addition to droop control loops,
inner current and/or voltage loops are implemented [7]–[11].
However, these inner control loops can be eliminated, what
allows droop control to resemble the control of a SG [12]. In
addition, with no inner loops the control structure is simpler,
and the dynamic response and small-signal stability improve
[13]. In [14] a droop control without inner control loops is im-
plemented, and a small-signal model that accurately represents
the system stability and dynamic response is proposed. In the
same article, the proposed model shows that the conventional
droop control applied to a DFIG turbine can not provide a
stable response. As verified in this article, system dynamics
is influenced by both the rotational speed and the active and
reactive power level, and at certain operating points the system
response is unstable.

To stabilize the response of droop-controlled DFIG wind
turbines, it is necessary to modify the conventional droop
control strategy to adapt it to the particularities of DFIG
wind turbines. Therefore, in this paper, using the model
proposed in [14], the causes of instability are analyzed and
once understood, the solutions to stabilize the response and
improve the dynamics are proposed, thus enabling the droop
control without inner current loops of DFIG wind turbines
and providing them with grid-forming characteristics. The
proposed control solutions are validated in MATLAB/Simulink
proving their effectiveness.

II. SYSTEM DESCRIPTION AND STABILITY ANALYSIS

A. System Description

The system under study, illustrated in Fig. 1, represents a
grid-connected DFIG wind turbine. The rotor-side converter
(RSC) is directly connected to the rotor and controls the torque
and rotational speed. The grid-side converter (GSC) controls
its output current, iGSC , to regulate the DC-bus voltage, vDC ,
and it is connected to the stator terminals through the converter
inductor, LGSC . The GSC and RSC are connected through
the DC-link capacitor, CDC . The grid is modeled as an ideal
voltage source with a series inductance, Lg . The voltage vs
represents the stator voltage, and the currents is, ir, and ig
the stator, rotor, and grid currents, respectively.

© 2022 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/
republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted 
component of this work in other work.



Fig. 1. System under study.

The system is controlled in the synchronous reference frame
or dq axis. In the GSC a conventional GFL control is applied,
while in the RSC a droop control, with no inner current
and voltage control loops, is implemented. The droop control
scheme is given in Fig. 2. On the one hand, the Q-V control
loop adjusts the voltage amplitude imposed by the RSC. The PI
controller provides an increase in the rotor voltage magnitude,
∆Vr, which is added to the rotor reference voltage, Vr,ref ,
obtaining the rotor reference voltage on the d axis, Vrd,ref .
The q component of the rotor voltage reference is zero so that
the rotor voltage is oriented along that d axis of the rotating
dq reference frame. On the other hand, the P-ω control loop
regulates the frequency and phase of the rotor voltage. The P-ω
control loop provides a frequency increase, ∆ω, proportional
to the difference between the reference active power, Ps,ref ,
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Fig. 2. Droop control scheme.

and the measured active power, Ps,meas, and to the P-ω droop
coefficient, mp. The mp coefficient represents the rate between
the frequency deviation over nominal ∆f /fn and the power
increment over nominal ∆P /Pn. This frequency increase is
added to the reference frequency ωref (which is the grid
nominal frequency) to obtain the dq axis rotational speed, ω.
Then, through the integration of ω, the angle θ is obtained.
This angle determines the position of the dq rotating axis over
a stationary reference frame used for the application of Park
transformation of the stator variables. The angle θr required
for the application of Park transformation of the rotor variables
depends on the position of the rotor, θm, that is measured
by the DFIG shaft encoder. To obtain the instantaneous rotor
voltages, vr,ref , that will be modulated by the RSC, the inverse
Park transformation, [P−1(θr)], is applied. To calculate the
stator active and reactive powers the filtered measurements of
the stator voltages and currents in dq axis, vsdf , vsqf , isdf and
isqf , are used.

It should be noted that the GSC, due to the faster dynamics
of the current control, has little influence on small-signal
stability, so when analyzing system stability its analysis is
neglected as in [15].

B. Stability Analysis

For the implementation of the droop control strategy repre-
sented in Fig. 2, a preliminary stability analysis is performed
taking the system parameters summarized in Table I and
using the small-signal model proposed in [14]. The model
proposed in [14] is represented in block diagram form in
Fig. 3. This model is based on the Park’s vector approach
and models the DFIG and its interaction with the control,
accurately reproducing the system stability and dynamics. As
shown in Fig. 3, the control adjusts the amplitude, ∆Vrd,
frequency, ∆ω, and phase, ∆θ, of the rotor voltage according
to the active and reactive power errors, εP and εQ. The
plant (DFIG + Grid block) models the dynamics of the stator
currents and voltages, ∆Isdq and ∆Vsdq , which, after being
filtered by an analog low-pass filter, [LPAF (s)], are used
to model the dynamics of stator active and reactive powers
([PQ] block).



Fig. 3. Block diagram representation of the proposed model.
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Fig. 4. Closed-loop pole variation for the whole range of possible rotational
speeds.

Once the model has been implemented in MATLAB, the
closed-loop poles of the system across the operating speed
range of the machine have been obtained. The operation is
limited to a slip = ωr/ω0 = ±30%, where ω0 is the
grid nominal rotational speed and ωr is the rotor electrical
rotational speed defined as the difference between ω0 and
the mechanical rotational speed ωm. Therefore, the operating
speed ranges from 1050 to 1950 rpm, since the grid nominal
frequency, f0, is 50 Hz and the machine has two pole pairs.
In Fig. 4, the evolution of the closed-loop poles as a function
of the machine’s rotational speed, Ωm, is plotted. The poles
corresponding to rotational speeds below the synchronous
speed, Ωs, are represented in blue, and the poles corresponding
to speeds above the synchronous speed are shown in red.
This way, the stability range of the system under study is
determined. As can be seen in Fig. 4, the system is unstable
over the whole operating speed range of the machine except
from 1500 to 1512 rpm.

TABLE I
SYSTEM PARAMETERS (REFERRED TO THE STATOR)

Parameter Magnitude
Grid

SB = 2 MVA, U = 690 V , fg = 50 Hz

Line reactance (Lg) 0.1 p.u.
Line resistance (Rg) 0.015 p.u.

DFIG
SB = 2 MVA, U = 690 V , fgen = 50 Hz

Rotor resistance (Rr) 0.0018 Ω
Rotor leakage inductance (Llr) 76.3 µH
Stator resistance (Rs) 0.0032 Ω
Stator leakage inductance (Lls) 161 µH
Mutual inductance (Lm) 0.0025 H
Pole pairs (pp) 2

Power converter
Sampling frequency 5.7 kHz

Control parameters
P-f droop coefficient (mp) 0.05 p.u.
Q-V PI proportional gain (Kp) 0.33slip p.u.
Q-V PI integral time constant (Tn) 0.01
Cutoff frequency of low-pass analog filters (ωc) 2π1500 rad/s

References for simulations
Active power initial reference at 1050 rpm (Ps,ref,0) 0 MW
Active power final reference at 1050 rpm (Ps,ref,f ) 0.2 MW
Active power initial reference at 1470 rpm (Ps,ref,0) 0.8 MW
Active power final reference at 1470 rpm (Ps,ref,f ) 1 MW
Reactive power reference (Qs,ref ) 0 MVA
Angular frequency (ωref ) 2π50 rad/s
Voltage reference (Vr,ref ) 690slip V

To analyze the causes of instability the MIMO GBC theory
is applied [16]. According to this theory, the stability of any
MIMO system, as the 2x2 dynamic model obtained for a DFIG
wind turbine controlled in the synchronous reference frame,
can be analyzed through the Bode diagram of the open-loop
matrix eigenvalues. This criterion (MIMO GBC) stablishes
that the number of closed-loop unstable poles, Z, is equal
to the number of open-loop unstable poles, P , minus the total
number of ±m180 degrees crossings (m odd integer) with
positive magnitude counted in the Bode diagram of all the
system open-loop eigenvalues, C+ (crossings with increasing
phase), C− (with decreasing phase) and C0 (at 0 Hz)

Z = P + [2(C+ − C−) + C0]. (1)

The open-loop matrix eigenvalues, that correlate output
active and reactive powers, Ps,meas and Qs,meas, with power
errors, εP and εQ, are represented in Fig. 5 for rotational
speeds of 1050 and 1470 rpm. Thanks to the frequency-
domain analysis of the eigenvalues, two causes of instability
are identified.

On the one hand, as can be observed in Fig. 5 (a), at
1050 rpm, there are two poorly damped poles at 15 Hz. This
frequency coincides with the rotor electrical frequency, fr.
As previously mentioned, the grid nominal frequency, f0, is
50 Hz and at 1050 rpm the slip = 0.3 so the rotor electrical
frequency, fr = slipf0, is 15 Hz. However, it should be
noted that this frequency is referred to dq reference frame
and corresponds to an inverse sequence, that is, the frequency
is -15 Hz. Therefore, in a stationary reference frame with the



stator, αβs, these two poorly damped poles would be seen at
35 Hz since fαβs = fdq + f0 where fαβs is the frequency in
αβs and fdq is the frequency in dq. This frequency coincides
with the rotor mechanical frequency, fm. If the frequency of
the rotor voltage seen from a stationary reference frame is
equal to the rotor mechanical frequency, 35 Hz in this case, it
means that the rotor windings see a DC voltage, and therefore
the impedance of the machine is minimum. Consequently,
the rotor current is maximum, and the stator active power
is also maximum. Due to this pair of poles, there is a -180
degree crossing with positive magnitude and decreasing phase
(C− = 1), marked by the orange dot, in the phase diagram of
the eigenvalue λ2. So as the system has no open-loop unstable
poles (P = 0), according to (1) the closed-loop system has 2
unstable poles, Z = 2.

15 Hz

(a)

1 Hz

(b)

Fig. 5. Eigenvalues’ Bode diagram: (a) at Ωm=1050 rpm, and (b) at
Ωm=1470 rpm

On the other hand, as can be seen in Fig. 5 (b), at 1470 rpm,
these poles are damped, but the -180 degree crossing with
positive magnitude and decreasing phase (C− = 1), marked
by the orange dot, still occurs due to the phase loss of
the eigenvalue λ2, at low frequencies, and consequently, the
closed-loop system still has 2 unstable poles, Z = 2. Near
synchronism, that is, at low slips the rotor electrical frequency
is very low, almost a DC component, and therefore the leakage
reactance value drops and the machine shows a more resistive
behavior (phase closer to 0 or ±180 degrees, in this case closer
to -180 degrees).

This way, it is concluded that the instability is produced by
two causes; on the one hand, due to the low DC impedance at
rotational speeds far from synchronism, that is, at high slips,
and, on the other hand, due to the phase loss at low slips.
Therefore, it becomes evident that the conventional droop
control strategy must be modified to be applied to DFIG
wind turbines. The next section presents the proposed control
strategy.

III. PROPOSED DROOP CONTROL STRATEGY

As shown in the previous section, there are two causes of
instability; a low DC impedance at high slips, and a phase
decrease at low slips. In order to implement a conventional
droop control without inner current loops in a DFIG wind
turbine, two control solutions, depicted in red color in Fig. 6,
are proposed; on the one hand, the emulation of a virtual
resistor that increase the DC impedance solving the first cause
of instability and, on the other hand, a rotation that increase
the phase solving the second cause of instability.

A. Virtual Resistor Emulation

At high slips, as observed at 1050 rpm in Fig. 5 (a), there
are two poorly damped poles at the electrical frequency of
the rotor that destabilize the system. As mentioned, at this
frequency the impedance of the machine is minimum so a
solution to damp these poles is to increase the resistance value.
For this purpose, the control can be adapted to emulate a
virtual resistor [17].

The overall idea is to adjust the RSC voltage with respect
to the current. As depicted in red color in Fig. 6, the RSC
voltage reference is modified with respect to the stator current
measurements proportionally to the virtual resistor, [Rv]. The
addition of this virtual resistor would introduce a change of
the voltage reference in steady state. To deal with this issue,
a high-pass filter, HPF (s), is added. The cutoff frequency
of this high-pass filter is set one decade below the electrical
frequency of the rotor, ωc,HPF=|ωr|/10. Therefore, the cutoff
frequency of the filter will be variable, and, this way, the
virtual resistor will act in the frequency range where the two
poorly damped poles cause the instability.

As can be seen in Fig. 7 (a), introducing a virtual resistor at
1050 rpm, the poles causing instability are damped avoiding
the -180 degree crossing with positive magnitude, and thus the
system is stabilized.
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B. Phase Rotation

At low slips, as observed at 1470 rpm, these poles are
already damped, and, as can be seen in Fig. 7 (b) (continuous
lines), the virtual resistor does not allow to stabilize the
system. There is a -180 degree crossing with positive mag-
nitude at low frequency that introduces 2 unstable closed-loop
poles. Nevertheless, the crossing appears in the eigenvalue
λ2, while the eigenvalue λ1 has a sufficiently high phase
margin. Consequently, if a rotation is introduced in the open-
loop transfer matrix without changing the magnitude plot, the
phase of the eigenvalue λ2 can be increased and this -180
degree crossing can be avoided [18]. To modify the phase of
the open-loop matrix eigenvalues, as shown in red color in
Fig. 6, a rotation matrix, [Rot], with a rotation angle αR, is
applied to power errors,

(
εRotP

εRotQ

)
=

[
cos(αR) −sin(αR)
sin(αR) cos(αR)

](
εP
εQ

)
. (2)

As can be seen in Fig. 7 (b) (dashed lines), adding a 90
degree rotation at 1470 rpm, the phase of the eigenvalue λ2
increases avoiding the -180 degree crossing and stabilizing the
system.

C. Adjustment of the control optimal parameters

Once it has been demonstrated that the combination of both
control solutions, the virtual resistor and the phase rotation,
allows stabilizing the system response at different operating
speeds of the machine, for each operating point the value of
these control parameters must be adjusted. For this purpose,

an optimization process has been carried out. The objective
of this optimization process is to minimize the root mean
square error (RMSE) in the active and reactive power time
response of the system in order to obtain a fast and damped
time response. In other words, the active and reactive power
response is optimized. The objective function is defined in (3).

fobj = min(RMSEP +RMSEQ), (3)

where

RMSEP =

√√√√ N∑
k=1

(Ps(k)− Ps,ref (k))2/N), (4)

RMSEQ =

√√√√ N∑
k=1

(Qs(k)−Qs,ref (k))2/N), (5)

where (Ps(k) − Ps,ref (k)) and (Qs(k) − Qs,ref (k)) are the
deviations of the active and reactive power time response at
the sample k and N is the sample size.

Thus, for each rotational speed and for each active and
reactive power, the optimum virtual resistance and phase
rotation values, that allow getting a fast and damped time
response, have been obtained. In Fig. 8 the evolution of the
closed-loop poles as a function of the machine’s rotational
speed, Ωm, is plotted again, and as can be seen now, the system
is stable over the whole operating speed range of the machine.



(a)
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Fig. 7. Eigenvalues’ Bode diagram: (a) at Ωm=1050 rpm with a Rv = 0.5
pu, and (b) at Ωm=1470 rpm with a Rv = 0.5 pu and a 90 degree rotation

IV. SIMULATION RESULTS

To validate the proposed control solutions, a model is cre-
ated in MATLAB/Simulink using the Simscape Electrical
Library. The system parameters are the ones specified in
Table. I.

Fig. 9 shows the active power evolution at 1050 rpm,
Fig. 9 (a), and at 1470 rpm, Fig. 9 (b), as the proposed
control solutions are transiently disabled. At 1050 rpm, at
the beginning of the simulation, 4 s, with the virtual resistor
enabled, a step from 0 MW to 0.2 MW is introduced in the
reference active power, and the system response is stable, but
when the Rv , is disabled at 5 s, the system becomes unstable.
However, if the Rv is enabled at 5.1 s the system becomes

Ωm < Ωs
Ωm > Ωs

Fig. 8. Closed-loop pole variation for the whole range of possible rotational
speeds with the proposed control strategy.

stable again. This agrees with the stability analysis performed
and shown in Fig. 5 (a) and Fig. 7 (a). Similarly, at 1470 rpm,
with the virtual resistor and the phase rotation enabled, a step
from 0.8 MW to 1 MW is introduced in the reference active
power, and the system response is stable, as previously shown
in Fig. 7 (b). However, when both the Rv and phase rotation
are disabled at 5 s, the system becomes unstable. This agrees
with the stability analysis performed in Fig. 5 (b). In any case,
if the Rv and rotation are enabled at 5.1 s the system becomes
stable again. These results confirm the stability analysis and
the conclusions drawn from Fig. 5 and Fig. 7, and prove the
effectiveness of the proposed control strategy.

V. CONCLUSION

This paper analyzes the causes of instability of a DFIG wind
turbine in which a droop-control without inner current and
voltage control loops is implemented and proposes a control
strategy to stabilize its response. Two causes of instability are
identified; a low DC impedance at high slips, and a phase
loss at low slips. In order to solve these instability problems,
two control solutions are proposed; on the one hand, the
emulation of a virtual resistor that increases the DC impedance
solving the first cause of instability and, on the other hand, a
rotation that increases the phase solving the second cause of
instability. The combination of both control solutions allows
not only to stabilize the system response over the whole range
of rotational speeds and at all active and reactive power levels,
but also, by optimizing its adjustment, the active and reactive
power exhibit a fast and damped response.
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