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Abstract—Doubly fed induction generator (DFIG) still shares a
large part in today’s wind power market. It provides the benefits of
variable speed operation cost-effectively, and can control its active
and reactive power independently. Crowbar protection is often
adopted to protect the rotor-side voltage source converter (VSC)
from transient overcurrent during grid voltage dip. But under
unbalanced grid voltage condition, the severe problems are not the
transient overcurrent, but the electric torque pulsation and dc volt-
age ripple in the back-to-back VSCs. This paper develops dynamic
models in MATLAB/Simulink, validates it through experiments,
investigates the behavior of DFIG during unbalanced grid voltage
condition, and proposes new controllers in separated positive
and negative sequence. Methods to separate positive and negative
sequence components in real time are also developed, and their
responses to unsymmetrical voltage dip are compared. Simulation
results prove that the separated positive and negative sequence
controllers limit the torque pulsation and dc voltage ripple
effectively.

Index Terms—Control, doubly fed induction generator (DFIG),
operation, unbalanced.

I. INTRODUCTION

THE installed capacity of wind power in Europe reached
approximately 33,600 MW until the end of 2004. The de-

mand for connecting large-scale wind parks to the power grid
is still on the rise. The increasing size of wind turbine and wind
park resulted in new interconnection rules or grid codes. Today,
there is a need to control wind power, both in active and reactive
power, and to be able to stay connected with the grid when grid
faults happen. The doubly fed induction generator (DFIG) has
the largest world market share of wind turbine concepts since
the year 2002 [1], because of its ability to provide variable speed
operation and independent active and reactive power control in
a cost-effective way. As DFIG’s stator is directly connected with
ac grid, it has poor low-voltage ride through (LVRT) capability
due to the poorly damped flux oscillations during grid voltage
dip. Many studies have been conducted on the LVRT capability
of DFIG [3]–[6], [9], with most of them focused on the behav-
ior and protection of DFIG under symmetrical fault. During the
symmetrical fault, transient overcurrent in the rotor is identi-
fied as the most severe LVRT problem of the DFIG, because
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the rotor-side voltage source converter (VSC) is very sensitive
to thermal overload. Thus, the active crowbar protection is de-
signed to short-circuit the rotor under symmetrical grid voltage
dip, both to protect the rotor-side VSC and to damp out the oscil-
lations faster. In reality, however, unsymmetrical fault happens
much more frequently than symmetrical fault. Furthermore, it
is identified that the unbalanced voltages can occur in a weak
power grid even during normal operation [7], [8], [16], [17].
Under the unbalanced grid voltage, the most severe operation
problem of DFIG may not be the transient overcurrent, but
the large electric torque pulsation that causes wear and tear of
the gearbox, and large voltage ripple in the dc link of back-
to-back VSC that may decrease the lifetime of the dc capaci-
tance. Literatures [10], [11] define the instantaneous active and
reactive power that can be used to design and operate the grid-
connected VSC under unbalanced grid situations [12]–[15]. Lit-
eratures [16], [17], [19] on the control system of DFIG under
unbalanced grid voltage condition [16] used a feedforward loop
on the classical-field-oriented current (FOC) controller to limit
torque ripple, which was simple and robust. But its performance
depended on the filter. In [17], the grid VSC was controlled as a
STATCOM and supplied reactive power to compensate the un-
balanced grid voltage. Its performance depended on the current
ratings of grid VSC and impedance between generator termi-
nal and fault location. However, a theoretical analysis of DFIG
under unsymmetrical fault is still missing, and a systematic ap-
proach to limit both torque pulsation and dc voltage ripple is
required. In this paper, the behavior of DFIG under unbalanced
grid voltage is thoroughly analyzed, and a dual-sequence FOC
controller is proposed. The rotor VSC is controlled to limit
the torque pulsation, and the grid VSC is controlled to limit
the dc voltage ripple. A dynamic model of DFIG is made in
MATLAB/Simulink. Simulation results prove the effectiveness
of the proposed control system.

II. DFIG SYSTEM DESCRIPTION, MODELING,
AND VERIFICATION

A. System Description

Fig. 1 describes the DFIG system and the proposed con-
trollers. Rotor VSC and grid VSC are both controlled in positive
and negative sequences. According to symmetrical components
theory [2], during unbalanced voltage dip, the system can be
decoupled into positive, negative, and zero sequence. The pos-
itive and negative sequences are balanced three-phase systems,
which can be transferred to positive dq and negative dq system.
Their voltages and currents are dc values at steady state, thus a
simple PI controller can be used.
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Fig. 1. Simplified diagram of DFIG system with proposed controllers.

Following assumptions are required to fully decouple positive
and negative sequences.

1) DFIG’s stator and rotor windings are assumed to be sym-
metrical.

2) Grid VSC’s three-phase ac inductances and resistances are
symmetrical.

The reference stator currents and grid converter currents
are calculated according to instantaneous reactive power the-
ory [10], [11]. Here, only a three-phase three-wire system is
studied, where zero sequence is omitted. The choice is justified
by the following reasons.

1) The transformer is often Y/∆ connected.
2) The neutral point of stator winding of DFIG is not

grounded.
In the following sections, the simulation results of DFIG

under symmetrical and unsymmetrical voltage dips will be pre-
sented first, and then instantaneous reactive power theory will
be used to analyze the behavior of DFIG.

B. Symmetrical and Unsymmetrical Voltage Dip

Simulation results of DFIG under symmetrical and unsym-
metrical voltage dips are shown in Fig. 2.

Fig. 2(a) shows that under symmetrical voltage dip, the most
severe problem is the transient overcurrent in the rotor. This
overcurrent problem is generally protected by the so-called “ac-
tive crowbar protection,” which uses thyristor-controlled resis-
tor bank to short-circuit the rotor windings.

Fig. 2(b) shows that under unsymmetrical voltage dip, the
maximum rotor currents can be smaller, but have 100 Hz oscil-
lations, and cause large torque ripple and dc voltage ripple. It
is worth noting that the magnitude of rotor current oscillation
depends on the moment of voltage dip. The starting moment
of the voltage dip determines the initial conditions of the stator
currents, and thus determines the natural response of the sta-
tor currents. The natural response of stator currents has a large
influence on the transient rotor currents.

C. Modeling and Validation

The complete DFIG system is modeled in MATLAB/
Simulink. These models are developed in the synchronous

Fig. 2. Simulation results of DFIG under (a) symmetrical and (b) unsymmet-
rical voltage dips. Graphs from top to bottom are stator voltages, rotor currents,
electric torques, and dc voltages, respectively.

Fig. 3. Simulink model of DFIG system.

rotating dq reference frame in order to improve the simulation
speed, because the balanced three-phase voltage and current in
the synchronous rotating dq reference frame are dc values at
steady state. The Simulink model of DFIG system is shown in
Fig. 3.

Experimental data to verify the DFIG Simulink model was
provided by Chalmers University [18], and the Simulink model
will be used to prove the effect of the proposed new controller.
Both symmetrical and unsymmetrical voltage dips were applied
on the terminal of a 850 kW DFIG, as shown in Fig. 4. The
parameters of the DFIG are listed in Table I.

In Figs. 4 and 5, before 2.0 s, the DFIG was under normal
operation. Then, between 2.0 and 2.1 s, unsymmetrical voltage
dip was applied, which lasts about 0.1 s. Thereafter, symmet-
rical voltage dip was applied between 2.1 and 2.2 s, which
lasts about 0.1 s. Finally, after 2.2 s, DFIG’s terminal voltage
was recovered to normal value. The measured stator voltage
dips were applied on the terminal of DFIG in the simulink
model. Simulation result were compared with measurement in
Fig. 5, which shows good agreement between simulated and
measured active power of DFIG during both unsymmetrical
and symmetrical voltage dips.
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Fig. 4. Stator voltage dips of DFIG.

TABLE I
PARAMETERS OF THE 850-KW DFIG

Fig. 5. Compare measured and simulated active power of DFIG under un-
symmetrical and symmetrical voltage dip; solid green line—measurement and
dotted blue line—simulation.

III. REACTIVE POWER THEORY AND SIGNAL EXTRACTION

A. Instantaneous Reactive Power Theory

According to instantaneous reactive power theory [10], the
instantaneous power p and q in stationary αβ reference frame
are [

p

q

]
=

[
vα iα + vβ iβ

vβ iα − vα iβ

]
. (1)

Equation (1) is true for both balanced and unbalanced three-
phase three-line system. The stationary αβ reference frame can
be decoupled into positive and negative sequences as[

vα (t)
vβ (t)

]
=

[
v+

α (t) + v−
α (t)

v+
β (t) + v−

β (t)

]
. (2)

Using Equations (1) and (2) and Park’s transformation, the
instantaneous active and reactive power of positive and negative
dq sequences can be derived as[

p

q

]
=

[
p̄ + p̃

q̄ + q̃

]
=

[ (v+
d i+d + v+

q i+q + v−
d i−d + v−

q i−q )

(v+
q i+d − v+

d i+q + v−
q i−d − v−

d i−q )

]

+ sin(2θ)
[ (v+

d i−q − v+
q i−d + v−

q i+d − v−
d i+q )

(v+
d i−d + v+

q i−q + v−
d i+d + v−

q i+q )

]

+ cos(2θ)
[

v+
d i−d + v+

q i−q + v−
d i+d + v−

q i+q

v+
d i−q − v+

q i−d + v−
q i+d − v−

d i+q

]
. (3)

The terms of sin(2θ) and cos(2θ) in (3) are the oscillation
parts of instantaneous power p and q. The oscillation parts of
instantaneous active power p will cause dc voltage ripple and
electric torque pulsation, such as shown in simulation results of
DFIG in Fig. 2.

In order to limit the dc voltage ripple or torque pulsation under
unsymmetrical voltage dip, the terms of sin(2θ) and cos(2θ) of
instantaneous active power p in (3) have to be controlled to
zero. Rearranging (3), four independent equations can be used
to determine the four reference currents i+d , i+q , i−d , i−q , and the
currents can be controlled by voltages of VSC v+

d , v+
q , v−

d , v−
q

with simple PI controllers




p̄

q̄

p̃sin2θ

p̃cos 2θ


 =




Pref

Qref

0
0


 =




v+
d i+d + v+

q i+q + v−
d i−d + v−

q i−q

v+
q i+d − v+

d i+q + v−
q i−d − v−

d i−q

v+
d i−q − v+

q i−d + v−
q i+d − v−

d i+q

v+
d i−d + v+

q i−q + v−
d i+d + v−

q i+q


 .

(4)
p̃sin 2θ and p̃cos 2θ are the two oscillating terms of instanta-

neous active power p. In order to control them to zero, instanta-
neous voltage and current have to be separated to positive and
negative sequences in real time.

B. Real-Time Signal Processing

The proposed control method requires fast and accurate sep-
aration of positive and negative sequences. Two methods are
often used [12].

The first method is based on the fact that the negative se-
quence component appears as a second-order harmonic in the
synchronous rotating frame—positive dq, and the positive se-
quence component appears as a second-order harmonic in the
negative synchronous rotating frame—negative dq. The low-
pass filter can be used to bypass the dc values and suppress
the high-frequency oscillations. Thus, the positive and negative
sequences are separated in real time. The description of this
method is shown in Fig. 6.

The second method is the so-called “signal delay cancella-
tion” method (see Fig. 7). The abc system is first transformed
into stationary αβ reference frame using Clark’s transformation,
then it is delayed for T/4. The positive and negative sequences
can be calculated by adding or subtracting the present real-time
signal with the delayed signal. It is explained mathematically in
the following way.
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Fig. 6. Separate positive and negative sequences by low-pass filters.

Fig. 7. Separate positive and negative sequences by “signal delay cancellation”
method.

The abc system can be transformed into stationary αβ refer-
ence frame using Clark’s transformation, and can be expressed
in positive and negative sequences as[

vα (t)
vβ (t)

]
=

[
v+

α (t) + v−
α (t)

v+
β (t) + v−

β (t)

]

=
[

v+cos(ωt + φ+) + v−cos(−ωt + φ−)
v+ sin(ωt + φ+) + v−sin(−ωt + φ−)

]
. (5)

Delaying this signal for T/4[
vα

(
t − T

4

)
vβ

(
t − T

4

) ]
=

[
v+ sin(ωt + φ+) − v−sin(ωt + φ−)

−v+cos(ωt + φ+) + v−cos(−ωt + φ−)

]
.

(6)
From equations of αβ(t) (5) and αβ(t − T/4) (6), the positive

and negative sequences can be calculated


v+
α (t)

v+
β (t)

v−
α (t)

v−
β (t)


 =

1
2




1 0 0 −1
0 1 1 0
1 0 0 1
0 1 −1 0


 ·




vα (t)
vβ (t)

vα (t − T/4)
vβ (t − T/4)


 . (7)

The positive and negative sequences in stationary αβ ref-
erence frame can be further transformed into positive dq and
negative dq sequences using[

v+
d (t)

v+
q (t)

]
=

[
cosθ sinθ

−sinθ cosθ

]
·
[

v+
α (t)

v+
β (t)

]
[

v−
d (t)

v−
q (t)

]
=

[
cos(−θ) sin(−θ)
−sin(−θ) cos(−θ)

]
·
[

v−
α (t)

v−
β (t)

]
. (8)

At the moment of voltage dip and/or recovering, the “signal
delay cancellation” method will have large transients and also a
time delay of T/4. This method is summarized in Fig. 7.

The unbalanced voltages in the positive synchronous rotat-
ing dq reference frame, with and without applying those two
separation methods, are shown in Fig. 8.

Without the two separation methods, the unbalanced three-
phase voltage or current has second-order harmonics in the pos-
itive synchronous rotating dq reference frame. Both separation
methods have time delays before their outputs can reach steady

Fig. 8. Unbalanced voltages in positive dq reference frame with and without
using the two separation methods (a) vd and (b) vq.

states. The “signal delay cancellation” is much faster than the
“low-pass filter” method, but it has larger oscillation magnitudes
at the start and end period of voltage dip.

IV. DUAL SEQUENCES—POSITIVE AND NEGATIVE SEQUENCES

FIELD-ORIENTED CURRENT CONTROLLER

A. Control of Rotor VSC

Assuming the DFIG itself is symmetric, the voltage equations
of positive and negative dq sequences in generator convention
are listed as in (9).

In (9), ωs is the stator electrical angular velocity, and ωr is the
rotational speed of rotor times the number of pole pairs ωm ·p




v±
ds

v±
qs

v±
dr

v±
qr


 =




−Rsi
±
ds − (±ωsΨ±

qs) + dΨ±
d s

dt

−Rsi
±
qs + (±ωsΨ±

ds) + dΨ±
q s

dt

−Rri
±
dr − (±ωs − ωr )Ψ±

qr + dΨ±
d r

dt

−Rri
±
dr + (±ωs − ωr )Ψ±

dr + dΨ±
q r

dt


 . (9)

The positive and negative sequences are completely decou-
pled as shown in (9), thus the DFIG can be controlled in positive
and negative dq sequences independently.

The controller of rotor VSC is designed from (9), which uses
rotor voltages to control stator currents, and uses stator currents
to control active and reactive power as shown in Fig. 9.

In rotor VSC controller, the cross-coupling terms between d
and q are (±ωs − ωr )Ψ±

qr and (±ωs − ωr )Ψ±
dr . They are differ-

ent in positive and negative sequences. In order to completely
decouple d- and q-axes, these cross-coupling terms are feedfor-
warded and added with the outputs of PI controllers.

B. Control of Grid VSC

Assuming the smoothing ac inductance and resistance of grid
VSC is balanced, the voltage equations of positive and negative
dq sequences are[

v±
dc

v±
qc

]
=

[
v±

dg + Rci
±
dc + (±ωsLci

±
qc) + Lc

di±
d c

dt

v±
qg + Rci

±
qc − (±ωsLci

±
dc) + Lc

di±q c

dt

]
. (10)

Unlike the normal VSC under unbalanced voltage dip [12],
[13], the dc voltage ripple of DFIG is caused by both the rotor
VSC and grid VSC. Thus, the instantaneous active power of grid
VSC has to be controlled in coordination with the rotor VSC, in
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Fig. 9. Dual sequence current controller of rotor VSC.

order to eliminate the dc voltage ripple. A feedforward loop is
used to compensate rotor oscillation power p̃sin2θ and p̃cos2θ .

The reference currents of grid VSC are calculated from dc link
voltage, grid ac voltage, rotor oscillation power, and reference
reactive power Qref . The details of this controller can be seen
in Fig. 10.

In grid VSC controller, the cross-coupling terms between d
and q are (±ωsLci

±
qc ) and (±ωsLci

±
dc ). Similar to that in the

rotor VSC controller, they are feedforwarded and added with
outputs of PI controllers.

C. Simulation Results of Dual Sequences Controller

The effects of the proposed dual sequence FOC controllers
can be seen in Fig. 11.

The new controller of rotor VSC limits the torque pulsation
to less than 20% of the original value, and the grid VSC limits
the dc voltage ripple.

Effects of classical FOC and dual sequence FOC can be seen
clearly in Fig. 12.

When the dual sequence FOC is applied on the rotor VSC,
the stator power oscillation is limited, but the rotor power

Fig. 10. Dual sequence current controller of grid VSC.

Fig. 11. Compare the responses of DFIG under unsymmetrical voltage dip
from different controllers. (a) Single sequence FOC controller. (b) Dual se-
quence FOC controller. Graphs from top to bottom are electric torque Te and
dc voltage Vdc , respectively.
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Fig. 12. Compare the responses of DFIG under unsymmetrical voltage dip
from different controllers. Dotted line—classical single sequence FOC con-
troller and solid line—proposed dual sequence FOC controller. Graphs from
left to right and from top to bottom are electrical torque Te , dc voltage Vdc ,
stator power P s, and grid VSC power P conv, respectively.

oscillation increases a little bit. As the stator power often
dominates the total power of the generator, the total power
oscillation is still limited a lot.

When the grid VSC is controlled separately in positive and
negative sequences, and in coordination with the rotor VSC, the
dc voltage ripple is drastically limited to less than 10% of the
original value. The instantaneous active power of grid VSC is
intentionally to be controlled to have a second-order harmonic,
in order to compensate the rotor power oscillation p̃sin2θ and
p̃cos2θ .

Under unbalanced grid voltage condition, the classical con-
troller of rotor and grid VSC has to be tuned very fast to limit
torque pulsation and dc link voltage ripple and its stability mar-
gin will therefore decrease.

V. CONCLUSION AND RECOMMENDATION

The LVRT capability of DFIG under symmetrical voltage
dip has been thoroughly investigated in many researches, while
DFIG’s behavior under unsymmetrical voltage dip is seldom
studied. Instead of the large transient rotor current caused by
the symmetrical voltage dip, the large electric torque pulsation
and dc voltage ripple in back-to-back VSCs are identified as
the most severe problems of DFIG under unsymmetrical volt-
age dip. In this paper, the DFIG is proposed to be controlled in
dual sequence—positive and negative sequences independently.
In order to implement the separated positive and negative se-
quence controllers of DFIG, two methods to separate positive
and negative sequences in real time are compared. The “signal
delay cancellation” is much faster than the “low-pass filter,”
and is chosen in this study. Equations of instantaneous active p
and reactive power q, and voltage equations of DFIG and grid
VSC in positive dq and negative dq sequence are derived. The

complete DFIG system with the proposed controller is modeled
in MATLAB/Simulink. The simulation results prove that the
independent positive and negative sequence controllers of rotor
VSC and grid VSC effectively limit the electric torque pulsation
and dc voltage ripple.

In this paper, the control objective is focused on how to im-
prove the performance of DFIG itself under unsymmetrical volt-
age, integrated with a strong power grid. In future, the control
objective can be focused on how to use DFIG to improve grid
performance when it is connected with a weak power grid, such
as to limit the grid voltage unbalance, etc.
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