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Improved Grid Synchronization Control of Doubly
Fed Induction Generator Under Unbalanced

Grid Voltage
Si Zhe Chen, Norbert C. Cheung, Senior Member, IEEE, Yun Zhang, Miao Zhang, and Xiong Min Tang

Abstract—An improved grid synchronization control scheme of
the wind energy conversion system based on the doubly fed induc-
tion generator (DFIG) under unbalanced grid voltage is proposed
in this paper. In both the positive and negative sequence models,
respectively, the degrees of relevancy among rotor voltages, rotor
currents, and stator voltages are calculated using the relative gain
array (RGA) methodology. According to the analysis results of
RGA, the main controller is designed to control positive sequence
stator voltages directly with positive sequence rotor voltages, and
the auxiliary controller is designed to control negative sequence sta-
tor voltages directly with negative sequence rotor voltages. Hence,
the rotor current control loops are eliminated, which simplifies the
structure of the controller. Simulation and hardware experimental
results validate that the improved control scheme effectively con-
trols stator voltages of the DFIG to accurately follow unbalanced
grid voltage and, hence, avoids current, torque, and power impacts
to both the DFIG and the grid at the time of connecting.

Index Terms—Doubly fed induction generator (DFIG), grid
synchronization, unbalanced grid voltage, wind energy conversion
system.

NOMENCLATURE

F Variable representing voltage, current, and
flux.

ϕ+ , ϕ− Phase shift for positive and negative se-
quence components.

ug , us , ur Grid, stator, and rotor winding voltage.
ir Rotor winding current.
λs , λr Stator and rotor flux.
ωe , ωr , ωslip Synchronous, rotor, and slip speed.
θe , θr , θslip Angle of stator flux, rotor, and slip.
Rr Rotor winding resistance.
Lm , Lr Magnetizing and rotor self-inductance.
pn Number of pole pairs.
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Fig. 1. WECS based on the DFIG.

Δ Switching control.
Superscripts
+, − Positive and negative sequence synchronous

reference frames.
eq Equivalent control.
∗ Reference value for a controller.
Subscripts
+, − Positive and negative sequence components.
α, β Stationary α–β axis.
d, q Synchronous d–q axis.
g, s, r Grid, stator, and rotor.
0 Nominal value of the parameter.

I. INTRODUCTION

W IND energy generation becomes more and more pop-
ular, because of the gradual depletion of fossil energy

resources and the increasingly concern for environmental pol-
lution. The wind energy conversion system (WECS) based on
the doubly fed induction generator (DFIG), of which the topol-
ogy is shown in Fig. 1, is widely applied in high-power wind
energy generation. As shown in Fig. 1, the stator windings of
the DFIG are directly connected to the grid, and the rotor wind-
ings are connected to the grid through a back-to-back PWM
converter. The WECS based on the DFIG operates at variable
speed constant frequency mode, which provides a lot of advan-
tages including maximizing the captured wind power, reducing
mechanical stresses, and improving the power quality [1]. Fur-
thermore, the power electronics converter only needs to process
a portion of the generated energy, which reduces the rating and
cost of the converter [2]. Hence, the WECS based on the DFIG
is very suitable for high-power wind energy generation.

Two significant control issues of the DFIG are power de-
coupled control (or torque control) and grid synchronization
control.

0885-8969/$26.00 © 2011 IEEE
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Stator-flux-oriented control scheme and stator-voltage-
oriented control scheme have been proposed in [3] and [4], re-
spectively, to achieve power decoupled control of the DFIG. As
alternatives to aforementioned vector-oriented control schemes,
direct power control scheme and direct torque control scheme
have been proposed in [5] and [6], respectively, to reduce the
parameter dependence and simplify the control algorithms.

Besides power decoupled control, grid synchronization con-
trol is another important issue in the application of the WECS
based on the DFIG, which enables the DFIG to be connected
to the power grid with minimum impacts to both the WECS
and the grid. In [7], only the rotor current control loop is used
for grid synchronization. The lack of voltage feedback might
result in significant differences between stator and grid volt-
ages. Cascaded control schemes are designed in [8] and [9], in
which the inner loop controls rotor currents and the outer loop
controls stator voltages. Hence, the differences between stator
and grid voltages are eliminated. Stator voltages of the DFIG
are directly controlled by rotor voltages in [10], which elimi-
nate the rotor current control loop in cascaded control schemes.
Hence, the demand on the computation power and the number
of parameters for tuning can be reduced. A grid synchroniza-
tion control scheme using integral variable structure control is
proposed in [11], in which parametric uncertainties and external
disturbances are formally included into the design procedure of
a controller. Hence, the robustness of the system against para-
metric errors and external disturbances can be guaranteed.

The power decoupled and grid synchronization control
schemes mentioned earlier are all designed under balanced grid
voltage. However, WECS is usually located in rural areas with
weak grid connection, in which grid voltage unbalance may arise
even during normal operation. The unbalanced grid voltage may
be caused by unbalanced transmission line impedance, three-
phase unbalanced load, and single-phase high-power load [12].

Many improved power decoupled schemes have been pro-
posed in [13]–[16] to eliminate torque and power pulsations of
the DFIG caused by unbalanced grid voltage. A method pro-
posed in [17] reduces required negative sequence rotor voltage
by injecting additional negative sequence rotor current, which
enhances positive sequence power control capabilities of the
DFIG under unbalanced grid voltage. However, no research is
reported at present about the grid synchronization control of the
DFIG under unbalanced grid voltage, which is also important
for the protections of both the WECS and the grid. If the grid
voltage unbalance is not taken into account in grid synchroniza-
tion control of the DFIG, the differences between stator voltages
and grid voltages will become significant, which will cause large
current, torque, and power impact at the time of connecting.

In this paper, an improved grid synchronization control
scheme is proposed to control stator voltages of the DFIG to
accurately follow unbalanced grid voltages. Different from ex-
isting grid synchronization control schemes, stator voltages and
grid voltages are decomposed into positive and negative se-
quence components. Positive sequence stator voltages are con-
trolled by the main controller in the positive sequence syn-
chronous reference frame, and negative sequence stator volt-
ages are controlled by the auxiliary controller in the negative

sequence synchronous reference frame. Simulation and hard-
ware experimental results show that the stator voltages of the
DFIG are capable of following unbalanced grid voltages accu-
rately with the proposed control scheme, which avoids current,
torque, and power impacts to both the DFIG and the grid at the
time of connecting.

II. MATHEMATICAL MODEL OF DFIG UNDER UNBALANCED

GRID VOLTAGE

The integrated mathematical model and coordinate transfor-
mation relationship of the DFIG under unbalanced grid voltage
have been presented in [14]–[16]. In this section, the model of
the DFIG during grid synchronization will be briefly introduced.

If the neutral point of the DFIG is not connected to the grid, all
the unbalanced voltage, current, and flux vectors can be decom-
posed as the superposition of positive and negative sequence
components as follows:

�Fαβ (t) = �Fαβ+(t) + �Fαβ−(t)

= |�Fαβ+ |ej (ωe t+ϕ+ ) + |�Fαβ−|ej (−ωe t+ϕ−) . (1)

In the positive sequence synchronous reference frame, which
rotates at synchronous speed, the positive sequence model of
the DFIG during grid synchronization is

�u+
dqs+ =

d�λ
+
dqs+

dt
+ jωe

�λ
+
dqs+ (2)

�u+
dqr+ = Rr

�i+dqr+ +
d�λ

+
dqr+

dt
+ jωslip+�λ

+
dqr+ (3)

�λ
+
dqs+ = Lm

�i+dqr+ (4)

�λ
+
dqr+ = Lr

�i+dqr+ (5)

where ωslip+ = (ωe − pnωr ).
In the negative sequence synchronous reference frame, which

rotates at the same speed but in contrary direction with a positive
sequence synchronous reference frame, the negative model of
the DFIG during grid synchronization is

�u−
dqs− =

d�λ
−
dqs−
dt

− jωe
�λ

−
dqs− (6)

�u−
dqr− = Rr

�i−dqr− +
d�λ

−
dqr−
dt

+ jωslip−�λ
−
dqr− (7)

�λ
−
dqs− = Lm

�i−dqr− (8)

�λ
−
dqr− = Lr

�i−dqr− (9)

where ωslip− = (−ωe − pnωr ).
Since the grid voltage is the only quantity not affected by

the operation of the DFIG during grid synchronization, the syn-
chronous reference frame should be aligned to the grid voltage.
The q-axes of the positive and negative sequence synchronous
reference frames are aligned to the positive and negative
sequence components of grid voltage vector, respectively, and
hence the d-axes are orthogonal to respective components of
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grid voltage vector, which gives

u+
qg+ = |ug+ | u−

qg− = |ug−| u+
dg+ = u−

dg− = 0. (10)

The coordinate transformations among the stationary, posi-
tive sequence synchronous, and negative sequence synchronous
reference frames are

�F+
dq = �Fαβ e−j (ωe t+ϕ+ ) �F+

dq = �F−
dq e

−j2ωe te−j (ϕ+ −ϕ−)

�F−
dq = �Fαβ e−j (−ωe t+ϕ−) �F−

dq = �F+
dq e

j2ωe tej (ϕ+ −ϕ−) .

(11)

According to the model of the DFIG under unbalanced grid
voltage, two controllers are needed to regulate stator voltages
to achieve the same magnitude, frequency, and phase with un-
balanced grid voltages. The objective of the main controller is
to regulate the positive sequence stator direct and quadrature
voltages to track corresponding positive sequence grid voltages
in a positive sequence synchronous reference frame, respec-
tively. The objective of the auxiliary controller is to regulate the
negative sequence stator direct and quadrature voltages to track
corresponding negative sequence grid voltages in a negative
sequence synchronous reference frame, respectively.

III. MAIN CONTROLLER DESIGN

In order to choose appropriate input–output control pairs in
the DFIG under unbalanced grid voltage, the relative gain array
(RGA) methodology [18] will be used to calculate the degrees
of relevance among rotor voltages, rotor currents, and stator
voltages.

The RGA is calculated as the element-by-element product
of the system transfer matrix and the inverse of its transposed
matrix. An RGA element close to unity indicates that the input
and output variables constitute a suitable pair that forms the
formation of a control loop, while a small positive RGA element
shows a low correlation between the input and output variables
[10].

Substituting (4) into (2), and (5) into (3), and then separating
the results into real and imaginary parts, the Laplace equations
relating the positive sequence variables are[

u+
ds+

u+
qs+

]
=

[
Lm s −ωeLm

ωeLm Lm s

] [
i+dr+
i+qr+

]
(12)

[
u+

dr+
u+

qr+

]
=

[
Rr + Lrs −ωslip+Lr

ωslip+Lr Rr + Lrs

] [
i+dr+
i+qr+

]
. (13)

The RGA of the matrix in (12) is

[
Lm s −ωeLm

ωeLm Lm s

]
. ×

([
Lm s −ωeLm

ωeLm Lm s

]T
)−1

=
1

s2 + ω2
e

[
s2 ω2

e

ω2
e s2

]
(14)

where ‘.×’ means element-by-element multiplication.
Since the RGA is only used to analyze the DFIG model, it is

sufficient to be evaluated at zero frequency to give valid input–
output pairs at steady state [18], which means that the s terms

are zero. Since the values of the diagonal elements are zero
and the values of the off-diagonal elements are unit in (14), the
appropriate input–output control pairs in (12) should be direct
rotor current to quadrature stator voltage and quadrature rotor
current to direct stator voltage.

The RGA of the matrix in (13) is[
Rr + Lrs −ωslip+Lr

ωslip+Lr Rr + Lrs

]

· ×
([

Rr + Lrs −ωslip+Lr

ωslip+Lr Rr + Lrs

]T
)−1

=
1

(Rr + Lrs)2 + (ωslip+Lr )2

×
[

(Rr + Lrs)2 (ωslip+Lr )2

(ωslip+Lr )2 (Rr + Lrs)2

]
. (15)

If the DFIG operates at synchronous speed, values of the diago-
nal elements are unit and values of the off-diagonal elements are
zero in (15). Hence, the appropriate input–output control pairs
in (13) should be direct rotor voltage to direct rotor current and
quadrature rotor voltage to quadrature rotor current. The same
conclusion would be obtained if the DFIG operates at other
speeds in the vicinity of synchronous speed.

According to the aforementioned model analysis, the ap-
propriate input–output control relationship among positive se-
quence variables in a positive sequence synchronous reference
frame is {

u+
dr+ → i+dr+ → u+

qs+

u+
qr+ → i+qr+ → u+

ds+ .
(16)

According to the numeric results of (14) and (15), the diagonal
terms of the matrix in (12) and the off-diagonal terms of the
matrix in (13) can be regarded as disturbances. Basing on the
previous analysis results and using a similar deductive process
in [11], the positive sequence model of the DFIG in a positive
sequence synchronous reference frame is given as⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

du+
ds+

dt
= −ωeLm

Lr
u+

qr+ +
ωeLm Rr

Lr
i+qr+ + Lm

d2i+dr+

dt2

+ωeωslip+Lm i+dr+

du+
qs+

dt
=

ωeLm

Lr
u+

dr+ − ωeLm Rr

Lr
i+dr+ + Lm

d2i+qr+

dt2

+ωeωslip+Lm i+qr+ .
(17)

The grid synchronization control scheme of the DFIG using
integral variable structure control (IVSC), which has been de-
signed and demonstrated in [11], will be adopted as the main
controller in this improved control scheme. The robustness of
the IVSC scheme against parametric errors and external distur-
bances has been validated by computer simulation and hardware
experiment. In this section, the main controller based on IVSC
will be introduced briefly. For a detailed design process, the
reader can refer to [11].

The control objective of the main controller is to control pos-
itive sequence stator direct and quadrature voltages to track cor-
responding positive sequence grid voltages, respectively. Hence,
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state variables should be defined as errors between positive se-
quence grid and stator voltages

{
xd+ = u+

ds+ − u+∗
ds+ = u+

ds+ − u+
dg+

xq+ = u+∗
qs+ − u+

qs+ = u+
qg+ − u+

qs+ .
(18)

Based on the aforementioned state variables, sliding surfaces
of the system are designed as

{
sd+ = xd+ + c

∫ t

−∞ xd+(z)dzd+ = 0
sq+ = xq+ + c

∫ t

−∞ xq+(z)dzq+ = 0.
(19)

The outputs of the IVSC consist of equivalent controls and
switching controls as follows:{

u+
qr+ = ueq+

qr+ + Δu+
qr+

u+
dr+ = ueq+

dr+ + Δu+
dr+ .

(20)

Equivalent controls are used to control the nominal plant model,
and switching controls are added to ensure desired performance
despite parametric uncertainties and external disturbances.

By using the condition of the equivalent controls as ṡ = 0
[19], the equivalent controls are derived as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ueq+
qr+ = Rr0i

+
qr+ + ωslip+Lr0i

+
dr+ +

Lr0c

ωeLm0
xd+

− Lr0

ωeLm0

du+∗
ds+

dt

ueq+
dr+ = Rr0i

+
dr+ − ωslip+Lr0i

+
qr+ +

Lr0c

ωeLm0
xq+

+
Lr0

ωeLm0

du+∗
qs+

dt
.

(21)

The switching controls are given as{
Δu+

qr+ = Kd1+xd+sign(sd+xd+) + Kd2+sign(sd+)
Δu+

dr+ = Kq1+xq+sign(sq+xq+) + Kq2+sign(sq+).
(22)

The constants K in (22) are determined by the well-known
Lyapunov stability condition as{

sd+ ṡd+ < 0
sq+ ṡq+ < 0.

(23)

The differential terms of stator voltage reference values in (21)
will be infinite if the reference values of stator voltage are
abruptly changed; hence, the rising and falling rates of input
reference signals should be limited [11]. The switching actions
in (22) will result in a chattering phenomenon, which can be
conquered using a boundary layer solution by replacing sign
functions with saturation functions in a small vicinity of the
sliding surface [19].

IV. AUXILIARY CONTROLLER DESIGN

Substituting (8) into (6), and (9) into (7), and then separating
the results into real and imaginary parts, the Laplace equations
relating the negative sequence variables are[

u−
ds−

u−
qs−

]
=

[
Lm s ωeLm

−ωeLm Lm s

] [
i−dr−
i−qr−

]
(24)

[
u−

dr−
u−

qr−

]
=

[
Rr + Lrs −ωslip−Lr

ωslip−Lr Rr + Lrs

] [
i−dr−
i−qr−

]
. (25)

The RGA of the matrix in (24) is

[
Lm s ωeLm

−ωeLm Lm s

]
. ×

([
Lm s ωeLm

−ωeLm Lm s

]T
)−1

=
1

s2 + ω2
e

[
s2 ω2

e

ω2
e s2

]
. (26)

Since values of the diagonal elements are zero and values
of the off-diagonal elements are unit in (26), the appropriate
input–output control pairs in (24) should be direct rotor current
to quadrature stator voltage and quadrature rotor current to direct
stator voltage.

The RGA of the matrix in (25) is[
Rr + Lrs −ωslip−Lr

ωslip−Lr Rr + Lrs

]

· ×
([

Rr + Lrs −ωslip−Lr

ωslip−Lr Rr + Lrs

]T
)−1

=
1

(Rr + Lrs)2 + (ωslip−Lr )2

×
[

(Rr + Lrs)2 (ωslip−Lr )2

(ωslip−Lr )2 (Rr + Lrs)2

]
. (27)

If the DFIG operates at synchronous speed, values of the diago-
nal elements are 0.0009 and values of the off-diagonal elements
are 0.9991 in (27). Hence, the appropriate input–output control
pairs in (25) should be direct rotor voltage to quadrature rotor
current and quadrature rotor voltage to direct rotor current. The
same conclusion would be obtained if the DFIG operates at
other speeds in the vicinity of synchronous speed.

According to the aforementioned model analysis, the appro-
priate input–output control relationship among the negative se-
quence variables in a negative sequence reference frame is{

u−
qr− → i−dr− → u−

qs−
u−

dr− → i−qr− → u−
ds−.

(28)

Comparing (16) with (28), it is noticed that their input–output
control pairs among rotor voltages and rotor currents are differ-
ent. In a positive sequence model, direct rotor current is con-
trolled by direct rotor voltage and quadrature rotor current is
controlled by quadrature rotor voltage. However, in a negative
sequence model, direct rotor current is controlled by quadrature
rotor voltage and quadrature rotor current is controlled by direct
rotor voltage.

Referring to (15) and (27) can understand the reason. Since
the DFIG operates in the vicinity of synchronous speed, the
negative sequence slip speed is much larger than the positive
sequence slip speed. Hence, values of off-diagonal elements are
close to zero in (15) but close to unit in (27), which leads to
different weight of the cross-coupling terms in (13) and (25).

According to the numeric results of (26), the diagonal terms of
the matrix in (24) can be regarded as disturbances and neglected,
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Fig. 2. Block diagram of the improved grid synchronization control scheme of the DFIG under unbalanced grid voltage.

which gives[
u−

ds−
u−

qs−

]
=

[
0 ωeLm

−ωeLm 0

] [
i−dr−
i−qr−

]
. (29)

According to the numeric results of (27), the diagonal terms of
the matrix in (25) can be regarded as disturbances and neglected,
which gives[

u−
dr−

u−
qr−

]
=

[
0 −ωslip−Lr

ωslip−Lr 0

] [
i−dr−
i−qr−

]
. (30)

Substituting (30) into (29) and rearranging gives[
u−

ds−
u−

qs−

]
= − ωeLm

ωslip−Lr

[
u−

dr−
u−

qr−

]
. (31)

Because there are no transient terms in (31), only pure integral
controllers shown as (32) are adequate to achieve first-order
dynamic responses in a closed-loop system{

u−
dr− = Kd−

∫
(u−

dg− − u−
ds−)dt

u−
qr− = Kq−

∫
(u−

qg− − u−
qs−)dt.

(32)

V. SYSTEM IMPLEMENTATION

Integrating the main controller with the auxiliary controller
gets improved grid synchronization control scheme of the DFIG
under unbalanced grid voltage, the block diagram of which is
shown in Fig. 2.

The proposed control scheme requires fast and accurate de-
composition of positive and negative sequence components.
There are several optional methods. Xu [16] adopts filters to
bypass dc components and suppress double-frequency com-
ponents in positive and negative sequence synchronous rotat-
ing reference frames, respectively. Weng et al. [20] propose
a method based on cross-coupled phase-lock-loop filter to ex-
tract magnitude, frequency, and phase of positive and negative
sequence components. In [14], positive and negative sequence
components are calculated by adding or subtracting the present

real-time signal with the signal delayed for a quarter of period
in the stationary α–β reference frame. The extraction method
proposed in [14] is adopted in this research, and the extraction
algorithm is given as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Fα+(t) =
1
2

[
Fα (t) − Fβ

(
t − π

2ωe

)]

Fβ+(t) =
1
2

[
Fβ (t) + Fα

(
t − π

2ωe

)]

Fα−(t) =
1
2

[
Fα (t) + Fβ

(
t − π

2ωe

)]

Fβ−(t) =
1
2

[
Fβ (t) − Fα

(
t − π

2ωe

)]
.

(33)

In Fig. 2, the rotor phase angle θr is obtained using a rotary
encoder. Synchronous speed ωe is the derivation of θe+ , in
which θe+ is calculated using positive sequence grid voltage in
the stationary α–β reference frame.

VI. SIMULATION RESULTS

The improved grid synchronization control scheme of
the DFIG under unbalanced grid voltage is simulated with
MATLAB/Simulink. The rotor converter is modeled as a volt-
age source to simulate the state-averaged operation of the con-
verter for saving simulation time. The parameters of the DFIG
are shown in the Appendix. The changing rates of the posi-
tive sequence stator quadrature voltage and direct voltage ref-
erence value are limited at ±5000 and ±500 V/s, respectively.
The value of sliding surface coefficient c is chosen as 80. The
constants in (22) are chosen as Kd1+ = 0.04, Kd2+ = 37.23,
Kq 1+ = 0.04, and Kq 2+ = 28.87. The constants of the integral
controllers in (32) are chosen as Kd− = Kq− = 25.

A conventional cascaded PI control scheme is also simulated
for comparison, in which stator and grid voltages are not decom-
posed into positive and negative sequence components and the
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Fig. 3. Grid, stator direct, and quadrature voltages with a conventional control
scheme.

Fig. 4. Grid and stator line voltages with a conventional control scheme.

controller is designed only in the synchronous reference frame.
The inner loop controllers are tuned to have a close-loop time
constant of 0.002 s, and the outer loop controllers are tuned to
have a close-loop time constant of 0.02 s.

Magnitudes of A phase and B phase voltages are kept at the
rated value and the magnitude of C phase voltage is reduced
to provide a three-phase unbalanced grid voltage. The ratio of
negative sequence voltage to positive sequence voltage is 10%.

The grid voltage is applied at time equal to 0.02 s. Fig. 3 shows
the grid quadrature voltage, stator direct voltage, and quadrature
voltage of the DFIG in the synchronous reference frame when
a conventional control scheme is used. Fig. 4(a) shows grid and
stator line voltages between phase A and phase B, and Fig. 4(b)
shows grid and stator line voltages between phase B and phase
C. Fig. 5 shows the grid and stator voltage vectors at stationary
reference frame during steady state.

In Fig. 3, vectors of positive sequence voltage components,
which rotate at the same speed and same direction with a syn-
chronous reference frame, form dc components. Vectors of neg-
ative sequence voltage components, which rotate at the same
speed but in contrary direction with a synchronous reference
frame, form 100 Hz ripples. Figs. 3–5 show that the conven-
tional control scheme designed only in a synchronous reference

Fig. 5. Grid and stator voltage vectors at steady state with a conventional
control scheme.

Fig. 6. Grid, stator direct, and quadrature voltages with the improved control
scheme.

frame cannot control stator voltages to accurately follow unbal-
anced grid voltages, which will cause current, torque, and power
impact to both the DFIG and the grid at the time of connecting.

Figs. 6–8 show simulation results of the improved grid syn-
chronization control scheme. In Fig. 6(a), positive sequence sta-
tor voltages accurately follow positive sequence grid voltages
with the main controller in a positive sequence synchronous
reference frame. In Fig. 6(b), negative sequence stator voltages
follow negative sequence grid voltages with the auxiliary con-
troller in a negative sequence synchronous reference frame.

To simplify the control algorithm, many s terms, of which in-
fluences on grid synchronization control during steady state are
negligible according to RGA calculation results, are neglected
in the design of an auxiliary controller, and hence transient
responses of negative sequence stator voltages in Fig. 6 (b) are
not good enough. However, amplitudes of transient oscillations
in negative sequence stator voltages are very small with respect
to the amplitude of positive sequence stator voltage. Hence, the
influence of transient oscillations in negative sequence stator
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Fig. 7. Grid and stator line voltages with the improved control scheme.

Fig. 8. Grid and stator voltage vectors at steady state with the improved control
scheme.

voltage is hard to be observed in Fig. 7, and it will not degrade
the whole control performance.

Figs. 6–8 show that the improved control scheme can effec-
tively control stator voltages of the DFIG to accurately follow
unbalanced grid voltages, which will reduce the impact at the
time of connecting. The corresponding rotor speed is 1600 r/min
(supersynchronous). Similar simulation results are obtained for
other speeds within ±20% of the synchronous speed.

After stator voltages of the DFIG reached steady state, stator
windings are connected to the grid at 0.42 s, and then the integral
sliding mode direct torque control scheme proposed in [22] is
adopted to eliminate torque and power pulsations. Fig. 9 shows
stator and rotor A-phase current of both control schemes, and
Fig. 10 shows torque, reactive power, and active power. If a con-
ventional grid synchronization control scheme is used, transient
impacts of stator and rotor currents after connecting reach 4.35
and 20.74 A, respectively, and transient impacts of torque, re-
active power, and active power reach −13.12 Nm, −1.45 kVar,
and −1.69 kW, respectively. The transient rotor current exceeds
the rotor current ratings of the machine and the rotor converter.

Fig. 9. Comparison of current transients between two control schemes.

Fig. 10. Comparison of torque and power transients between two control
schemes.

Transient impacts of current, torque, and power are greatly re-
duced by the improved grid synchronization control scheme.
Hence, the improved scheme effectively protects power conver-
tor, generator, and mechanical parts, and causes very smaller
power impacts to the grid.

The improved control scheme is equally effective in voltage
unbalance caused by phase angle displacement. Magnitudes of
A, B, and C phase voltages are kept at the rated value, while
initial phase angles of A, B and C phase voltages are set at
0◦, −120◦, and −223◦, respectively, to produce 10% voltage
unbalance factor. Simulation results of the improved control
scheme under phase angle unbalance, with the rotor speed of
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Fig. 11. Grid, stator direct, and quadrature voltages under phase angle
unbalance.

Fig. 12. Grid and stator line voltages under phase angle unbalance.

1400 r/min (sub-synchronous), are shown in Figs. 11–13. The
simulation results are very similar for other speeds within±20%
of the synchronous speed.

Finally, sensitivity studies of the improved control scheme
on grid frequency are carried out. Since the synchronous speed
ωe used in the control algorithm is calculated from grid voltage
rather than fixed, the performance of a control scheme is not
influenced by grid frequency error. Figs. 14–17 show simulation
results when the grid frequency is 48 and 52 Hz, respectively.

VII. HARDWARE EXPERIMENTAL RESULTS

Fig. 18 shows the configuration of the hardware experimen-
tal system. The rotor shaft of the DFIG is mechanically coupled

Fig. 13. Grid and stator voltage vectors at steady state under phase angle
unbalance.

Fig. 14. Grid, stator direct, and quadrature voltages when the grid frequency
is 48 Hz.

Fig. 15. Grid and stator line voltages when the grid frequency is 48 Hz.
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Fig. 16. Grid, stator direct, and quadrature voltages when the grid frequency
is 52 Hz.

Fig. 17. Grid and stator line voltages when the grid frequency is 52 Hz.

with a separately excited dc motor. The rotor-side converter is an
integrated power module (IPM)-based inverter controlling the
voltage applied to the rotor winding of the DFIG. The dSpace
DS1103 is a prototyping card installed in a personal computer
(PC). It acquires grid line voltage, stator line voltages, rotor
currents, rotor position, and dc source voltage at a rate of 5 kHz,
and processes them with the control algorithm. The card then
generates 10-kHz SVPWM switching signal for the rotor-side
convertor control. The operating conditions and signals are dis-
played and stored in the PC in which the prototyping card is
installed.

In the experimental system, the magnitude of C-phase grid
voltage is reduced by an autotransformer to provide a three-
phase unbalanced grid voltage. The ratio of negative sequence

Fig. 18. Configuration of the experimental system.

to positive sequence voltage is 10%. The parameters of the
DFIG are shown in the Appendix. All controller constants and
variables in experiments are the same as those in simulations.

In an integrated grid-connected DIFG wind turbine, a rotor
converter is connected to the grid through a dc link and grid-side
convertor. The unbalanced grid voltage will cause dc voltage
ripples, which will influence the rotor convertor. Hence, the
dc voltage ripples should be eliminated by the grid-side PWM
convertor. In [21], a dual current control scheme for a PWM
converter under unbalanced grid voltage is proposed to eliminate
dc voltage ripples, and hence, constant dc voltage is achieved.
A grid-side convertor control scheme to eliminate dc voltage
ripples in a grid-connected DFIG under unbalanced grid voltage
is proposed in [14].

Since dc voltage ripples can be effectively eliminated by the
existing control scheme of grid-side convertor, this paper focus
on the control of a rotor convertor, and a bidirectional dc power
source is adopted to replace the grid-side converter in an ex-
perimental system. In addition, considering that the dc source
voltage may fluctuate, the duty cycles of a rotor converter are
calculated using the dc voltage measured by a voltage sensor.

The grid voltage is applied at time equal to 0.02 s. Fig. 19
shows the grid quadrature voltage, stator direct voltage, and
quadrature voltage of the DFIG in a synchronous reference
frame with a conventional control scheme. Fig. 20 shows grid
and stator line voltages. Fig. 21 shows grid and stator volt-
age vectors at stationary reference frame during steady state.
In Fig. 19, dc components are formed by the vectors of pos-
itive sequence voltage components, while 100 Hz ripples are
formed by the vectors of negative sequence voltage components.
Figs. 19–21 show that a conventional control scheme designed
only in a synchronous reference frame cannot control stator volt-
ages to accurately follow unbalanced grid voltages, which will
cause impacts to both the DFIG and the grid at connecting time.

The hardware experimental results of the improved grid
synchronization control scheme are shown in Figs. 22–24. In
Fig. 22, positive sequence stator voltages are controlled to ac-
curately follow positive sequence grid voltages in a positive
sequence synchronous reference frame by the main controller,
and negative sequence stator voltages are controlled to follow
negative sequence grid voltages in the negative sequence syn-
chronous reference frame by the auxiliary controller. Fig. 23
shows the grid and stator line voltages. Fig. 24 shows the grid
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Fig. 19. Experimental grid, stator direct, and quadrature voltages with a con-
ventional control scheme.

Fig. 20. Experimental grid and stator line voltages with a conventional control
scheme.

Fig. 21. Experimental grid and stator voltage vectors with a conventional
control scheme.

and stator voltage vectors at stationary reference frame during
steady state. Figs. 22–24 show that the improved control scheme
can effectively control stator voltages of the DFIG to accurately
follow unbalanced grid voltage, which will reduce the impacts
at the time of connecting. Although experimental results when
the rotor rotary speed is near 1400 r/min (subsynchronous) are

Fig. 22. Experimental grid, stator direct, and quadrature voltages with the
improved control scheme.

Fig. 23. Experimental grid and stator line voltages with the improved control
scheme.

shown, experimental results are very similar for other speeds
within ±20% of the synchronous speed.

After stator voltages of the DFIG reached steady state, stator
windings are directly connected to the grid through the contactor
between the stator and the grid at 0.5 s, and then the integral
sliding mode direct torque control scheme proposed in [22] is
adopted to eliminate torque and power pulsations. The current,
torque, and power transients of the improved control scheme
are shown in Figs. 25 and 26. It verifies that the improved
control scheme causes very small impacts to the grid and, hence,
minimizes the stress on the power convertor, generator, and
mechanical parts in the transient.
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Fig. 24. Experimental grid and stator voltage vectors with the improved
scheme.

Fig. 25. Experimental current transients with the improved scheme.

Fig. 26. Experimental torque and power transients with the improved scheme.

VIII. CONCLUSION

This paper proposes an improved grid synchronization con-
trol scheme of the DFIG under unbalanced grid voltage. The
improved control scheme includes a main controller and an aux-
iliary controller. The main controller controls positive sequence
stator voltages to follow positive sequence grid voltages, and the
auxiliary controller controls negative sequence stator voltages
to follow negative sequence grid voltages.

The degrees of relevance among rotor voltages, rotor cur-
rents, and stator voltages are calculated by the RGA method-
ology. According to the analysis results of the RGA, the direct
control relationships among stator voltages and rotor voltages
are developed, which eliminates the rotor current control loops
and simplifies the structure of the controller.

Simulation and hardware experimental results validate that
the improved control scheme effectively controls stator voltages
of the DFIG to accurately follow unbalanced grid voltage and,
hence, avoids current, torque, and power impacts to both the
DFIG and the grid at the time of connecting.

APPENDIX

Machine parameters:

1) Stator rated voltage: 380 V.
2) Stator rated current: 4.5 A.
3) Rotor rated voltage: 120 V.
4) Rotor rated current: 10 A.
5) Rated power: 1.8 kW.
6) Operating frequency: 50 Hz.
7) Synchronous speed: 1500 r/min.
8) Magnetizing inductance (referred to the stator): 0.2987 H.
9) Rotor leakage inductance (referred to the stator):

0.0186 H.
10) Stator leakage inductance: 0.0186 H.
11) Rotor winding resistance (referred to the stator):

5.8985 Ω.
12) Stator winding resistance: 2.6596 Ω.
13) Stator-to-rotor turn ratio: 3.1667.
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