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A Sliding-Mode Direct Power Control Strategy for
DFIG Under Both Balanced and Unbalanced Grid

Conditions Using Extended Active Power
Dan Sun , Member, IEEE, Xiaohe Wang, Heng Nian , Senior Member, IEEE, and Z. Q. Zhu , Fellow, IEEE

Abstract—This paper proposes a sliding-mode direct power con-
trol (SMDPC) strategy for doubly fed induction generator (DFIG)
under both balanced and unbalanced grid conditions using ex-
tended active power. When the traditional power theory is used
under unbalanced grid condition, the control strategies usually
need to be modified and become more complicated. Therefore, an
extended active power is proposed in this paper, which is effective
under both balanced and unbalanced grid conditions with a simple
control strategy. Based on the extended active power, elaborated
analysis of the mathematical model of DFIG is obtained. Further-
more, an SMDPC strategy using the extended active power is pro-
posed, which can obtain sinusoidal stator currents and restrain
electromagnetic torque ripples under unbalanced grid condition
without the need of decomposition process and phase-locked loop
(PLL). Comparative experimental studies of the SMDPC using
the extended and traditional active powers for DFIG are con-
ducted to validate the effectiveness of the proposed strategy under
both balanced and unbalanced grid conditions. In addition, the
dynamic performance and robustness of the proposed SMDPC are
also proved to be satisfying by the experimental results.

Index Terms—Doubly fed induction generator (DFIG), ex-
tended active power, sliding-mode control (SMC), unbalanced grid
condition.

NOMENCLATURE

ψs, ψr Stator, rotor flux linkage phasors.
Us, Ur Stator, rotor voltage phasors.
Is, Ir Stator, rotor current phasors.
Ps , Qs Stator output active, reactive powers.
Rs , Rr Stator, rotor resistances.
Ls , Lr , Lm Stator, rotor self-inductances and mutual

inductance.
Lls , Llr Stator, rotor leakage inductances.
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ω1 , ωr , ωslip Synchronous, rotor and slip angular
frequencies.

I. INTRODUCTION

THANKS to the attractive features of variable-speed oper-
ation, four-quadrant running capability, and lower power

loss compared with other solutions, doubly fed induction gen-
erator (DFIG) has become the most popular form in present
wind power generation systems [1], [2]. The mainstream control
strategies for DFIG are vector control (VC) and direct power
control (DPC). VC can achieve excellent steady-state perfor-
mance by decomposing the currents into active and reactive
components and regulate them separately using PI controllers.
However, it cannot guarantee a satisfying dynamic performance
because of the lag effect of integrators. In addition, the con-
trol system is complicated and the phase-locked loop (PLL) is
needed to change the system into synchronous reference frame
[3], [4]. Therefore, DPC has been proposed as an alternative
approach. Traditional lookup-table-based direct power control
(LUT-DPC) shows advantages of fast dynamic response and
simple structure. However, large power ripples exist because
of the hysteresis comparator, and the switching frequency is
variable [5], [6].

As an effective nonlinear control strategy, the sliding-mode
control (SMC) strategy has received much attention [7]–[10].
In [7], the SMC strategy is first applied to electrical drive sys-
tems. Due to the features of disturbance rejection and simple
implementation, it shows great perspective in industrial appli-
cations. Further studies combine SMC techniques with the DPC
strategies, and a sliding-mode direct power control (SMDPC)
strategy is proposed for the power converter [8], [9]. The fast
dynamic response is inherited from the traditional LUT-DPC,
and the steady-state performance is also satisfying. In addi-
tion, the robustness of the control system is pretty good. Hu
et al. [10] propose an SMDPC strategy for DFIG, and the ef-
fectiveness is verified by simulation results. However, the con-
trol strategies analyzed earlier are all based on balanced grid
condition. Because of the direct connection between the DFIG
stator and the grid, the DFIG system is quite sensitive to grid
disturbances [11]–[23]. Therefore, the DFIG might be discon-
nected from the network to protect themselves under unbal-
anced grid condition, which is not allowed by the modern grid
codes [11].

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Various control strategies are proposed for DFIG under un-
balanced grid condition. In [12] and [13], two sets of PI con-
trollers are used to control the positive and negative current
components, respectively. It can achieve a good steady-state
performance. However, the positive and negative components
decomposition significantly increases the computational bur-
dens of the control system. Resonant controllers have been
widely used in the control strategy under unbalanced grid con-
dition due to the control effect on the variables of specific
frequency. Current control strategies based on a proportional–
resonant (PR) controller and a proportional–integral–resonant
(PIR) controller are proposed in [14] and [15], respectively.
Different control targets can be achieved by giving differ-
ent reference values of positive and negative sequence current
components. The experimental results indicate that both can
work well under unbalanced grid condition. However, the cur-
rent reference is still calculated based on the decomposition
process.

Power compensation strategy is proposed as an improved
method for DPC under unbalanced grid condition, which can
achieve various control targets by adding different compensa-
tions to the reference power [16], [17]. However, the positive
and negative components are still needed to calculate the com-
pensation power. A PI-based control strategy with a resonant
compensator is proposed in [18] and [19]. The specific control
targets are used as the reference values for the resonant com-
pensator rather than the negative sequence current components.
Thus, the decomposition process can be eliminated. However,
the control system is based on the synchronous reference frame
and the rotating coordinate transformation is still needed, which
will also increase the computational burdens. In addition, the
control performance depends on the parameter turning of the PI
controller and resonant controller.

The control strategies analyzed earlier are all based on the
traditional power theory. The control system is complicated,
and the decomposition process and rotating coordinate transfor-
mation significantly increase the computational burdens, which
require a higher CPU capability. An extended reactive power
is proposed for ac/dc converter in [20]. The control system is
based on the frame of VC and the current reference calculation
still requires the positive and negative components of grid
voltages and currents. In order to avoid this disadvantage, the
extended reactive power is combined with DPC strategies and
applied to the ac/dc converter under unbalanced grid condition
[21]–[23]. Experimental results verify that the strategies
can restrain the active power ripples and obtain sinusoidal
stator currents without the need of decomposition process.
However, using the extended reactive power cannot restrain
the electromagnetic torque ripples for DFIG under unbal-
anced grid condition, which is very harmful to wind turbine
systems.

The main contribution of this paper is to propose an SMDPC
strategy for DFIG using extended active power, which can obtain
sinusoidal stator currents and restrain electromagnetic torque
ripples under unbalanced grid condition without the need of
decomposition process and PLL block. Therefore, the control
system is simple and the computational burdens of CPU can

Fig. 1. Topology of the DFIG for wind power generation.

be reduced. The rest of this paper is organized as follows. In
Section II, the extended active power is proposed and the new
control target is selected based on the analysis of power com-
ponents. In addition, an elaborated analysis of the mathematical
model of DFIG is made based on the extended active power
to obtain the proper formulae for SMDPC strategy. Then, in
Section III, the SMDPC using extended active power is applied
to DFIG. Comparative experimental studies of the SMDPC us-
ing the extended and traditional active powers are conducted to
confirm the effectiveness of the proposed strategy under both
balanced and unbalanced grid conditions in Section IV. Finally,
the conclusion is made in Section V.

II. MODEL OF DFIG UNDER UNBALANCED GRID CONDITION

USING EXTENDED ACTIVE POWER

Topology of the DFIG for wind power generation is illus-
trated in Fig. 1, where isa , isb , and isc are the stator currents;
usa , usb , andusc are the stator voltages; ira , irb , and irc are
the rotor currents; ura , urb , andurc are the rotor voltages; and
Udc is the dc-bus voltage. The direction of the voltage is in
consistent with the current.

The traditional power can be expressed as
⎧
⎪⎪⎨

⎪⎪⎩

Ps =
3
2
Re(I∗sαβU sαβ )

Qs =
3
2
Im(I∗sαβU sαβ )

(1)

where “∗” denotes the conjugate of complex phasors.
When the traditional power is selected as the control target

under unbalanced grid condition, there will be third sequence
harmonic components in stator currents, and the electromagnetic
torque will contain oscillating components at twice the grid
frequency, which is very harmful to the power grid as well as
the generator itself [17]. Therefore, the control strategy needs to
be more complicated when the traditional power is used under
unbalanced grid condition.

An extended active power is proposed in this paper, which
can be expressed as

P new
s = −3

2
Im(I∗sαβU

′
sαβ ) (2)

where U ′
sαβ lags Usαβ by a quarter of the fundamental period.

Under unbalanced grid condition, the positive and negative
sequence components of voltage and current in the stationary
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reference frame can be expressed as

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

usα+ = |U s+ | cos(ω1t+ θu+),

usβ+ = |U s+ | sin(ω1t+ θu+)

usα− = |U s−| cos(−ω1t+ θu−),

usβ− = |U s−| sin(−ω1t+ θu−)

(3)

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

isα+ = |Is+ | cos(ω1t+ θi+),

isβ+ = |Is+ | sin(ω1t+ θi+)

isα− = |Is−| cos(−ω1t+ θi−),

isβ− = |Is−| sin(−ω1t+ θi−)

(4)

where |U s+ |, |U s−|, |Is+ |, |Is−| are the amplitudes of posi-
tive and negative sequence components of the voltage and cur-
rent phasors, θu+ , θu−, θi+ , θi− are the initial phase angles of
positive and negative sequence components of the voltage and
current phasors, respectively.

And the delayed stator voltages can be expressed as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

u′sα+ = |U s+ | cos(ω1t+ θu+ − π/2)

= |U s+ | sin(ω1t+ θu+) = usβ+

u′sβ+ = |U s+ | sin(ω1t+ θu+ − π/2)

= − |U s+ | cos(ω1t+ θu+) = −usα+

u′sα− = |U s−| cos(−ω1t+ θu− + π/2)

= − |U s−| sin(−ω1t+ θu−) = −usβ−
u′sβ− = |U s−| sin(−ω1t+ θu− + π/2)

= |U s−| cos(−ω1t+ θu−) = usα−

. (5)

It can be seen from (1), (2), and (5) that the extended active
power is the same as the traditional one when there are only
positive voltage components, which means when the extended
active power is applied, the control strategy can still work well
under balanced gird condition.

The extended active power, traditional reactive power and
electromagnetic torque under unbalanced grid condition are
complicated and have oscillating components, which can be
expressed as

⎧
⎪⎨

⎪⎩

P new
s = P new

s0 + P new
si2 + P new

su2

Qs = Qs0 +Qsi2 +Qsu2

Ts = Ts0 + Tsi2 + Tsu2

(6)

where Pnew
s0 , Qs0 , and Te0 are the average components of the

extended active power, traditional reactive power, and electro-
magnetic torque, respectively; P new

si2 , Qsi2 , and Tei2 are the
oscillating components at twice the grid frequency caused
by negative sequence current and positive sequence voltage;
P new

su2 , Qsu2 , and Teu2 are the oscillating components at twice
the grid frequency caused by negative sequence voltage and
positive sequence current, respectively.

For a clear illustration, the values of the power ripples can be
represented as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

P new
si2 =

3
2

(
u′sα+ isβ− − u′sβ+ isα−

)

=
3
2

(usβ+ isβ− + usα+ isα−)

=
3
2
|Us+ | |Is−| cos(2ω1t+ θu+ − θi−)

P new
su2 =

3
2

(
u′sα−isβ+ − u′sβ−isα+

)

= −3
2

(usβ−isβ+ + usα−isα+)

= −3
2
|Us−| |Is+ | cos(2ω1t+ θi+ − θu−)

(7)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Qsi2 =
3
2

(usβ+ isα− − usα+ isβ−)

=
3
2
|Us+ | |Is−| sin(2ω1t+ θu+ − θi−)

Qsu2 =
3
2

(usβ−isα+ − usα−isβ+)

= −3
2
|Us−| |Is+ | sin(2ω1t+ θi+ − θu−)

. (8)

Ignoring the influence of stator resistance, the ripples of elec-
tromagnetic torque can be expressed as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Tei2 =
3

2ω1
(usα+ isα− + usβ+ isβ−)

=
3

2ω1
|Us+ | |Is−| cos(2ω1t+ θu+ − θi−)

Teu2 = − 3
2ω1

(usα−isα+ + usβ−isβ+)

= − 3
2ω1

|Us−| |Is+ | cos(2ω1t+ θi+ − θu−)

. (9)

It can be concluded from (7) and (9) that
⎧
⎪⎪⎨

⎪⎪⎩

Tei2 =
P new
si2

ω1

Teu2 =
P new
su2

ω1

. (10)

According to (10), the ripples of the extended active power
and electromagnetic torque can be eliminated at the same time.
Therefore, the control objective of the extended active power
can be set as follows:

P new
si2 + P new

su2 = 0 (11)

According to (7) and (11), equations (12) can be obtained as
{
|Us+‖Is−| = |Us−‖Is+ |
cos(2ω1t+ θu+ − θi−) = cos(2ω1t+ θi+ − θu−)

(12)

Thus, the initial phase angles of the voltage and current pha-
sors will meet the following equation:

θu+ − θi− = θi+ − θu− (13)

It can be seen from (8), (12) and (13) that the reactive power
ripples will also be eliminated under this condition. Therefore,
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Fig. 2. Equivalent circuit of DFIG in stationary reference frame.

equations (14) can be set as the control target to eliminate the
power ripples and electromagnetic torque ripples

{
P new
si2 + P new

su2 = 0

Qsi2 +Qsu2 = 0
. (14)

The flux of DFIG in stationary αβ reference frame can be
expressed as

{
ψsαβ = LsIsαβ + LmIrαβ

ψrαβ = LrIrαβ + LmIsαβ
. (15)

Equation (15) can be transformed as
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ψsαβ = Lm

(

1 − LrLs
L2
m

)

Irαβ +
Ls
Lm

ψrαβ

ψrαβ = Lm

(

1 − LrLs
L2
m

)

Isαβ +
Lr
Lm

ψsαβ

. (16)

We can set

σ′ = (LrLs
/
L2
m − 1) = σLrLs

/
L2
m (17)

where σ is the magnetic leakage factor, i.e.

σ = 1 − L2
m

/
LsLr . (18)

According to (16) and (17), the following can be obtained:
⎧
⎪⎪⎨

⎪⎪⎩

ψsαβ = −σ′LmIrαβ +
Ls
Lm

ψrαβ

ψrαβ = −σ′LmIsαβ +
Lr
Lm

ψsαβ

. (19)

And the stator and rotor voltages can be expressed as
⎧
⎪⎪⎨

⎪⎪⎩

U sαβ = RsIsαβ +
dψsαβ

dt

U rαβ = RrIrαβ +
dψrαβ

dt
− jωrψrαβ

. (20)

The equivalent circuit of DFIG in stationary reference frame
is shown in Fig. 2.

According to (2), the derivative of power can be expressed as
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

dP new
s

dt
= −3

2
Im

(
dI∗sαβ
dt

U ′
sαβ + I∗sαβ

dU ′
sαβ

dt

)

dQs

dt
=

3
2
Im

(
dI∗sαβ
dt

U sαβ + I∗sαβ
dU sαβ

dt

) . (21)

Substituting (15) into (20) and ignoring the influence of sta-
tor and rotor resistance, the derivative of stator current can be
calculated as

dIsαβ
dt

= − 1
σ′Lm

×
[

U rαβ − Lr
Lm

U sαβ + jωr

(

−σ′LmIsαβ +
Lr
Lm

ψsαβ

)]

.

(22)

The original and delayed stator voltages under unbalanced
grid condition can be expressed as

Usαβ = Usαβ+ + Usαβ−

= |U s+ | e
j (ω 1 t+ θ u + )

+ |U s−| e−j (ω 1 t+ θ u −)
(23)

U′
sαβ = U′

sαβ+ + U′
sαβ−

= |U s+ | e
j (ω 1 t+ θ u + −π / 2 )

+ |U s−| ej (−ω 1 t+ θ u −+ π / 2 )

= −j |U s+ | e
j (ω 1 t+ θ u + )

+ j |U s−| ej (−ω 1 t+ θ u −)

= −jUsαβ+ + jUsαβ−. (24)

In stationary reference frame, the derivative of stator voltage
can be expressed as

dU sαβ

dt
= jω1 |U s+ | ej (ω1 t+θu + ) − jω1 |U s−| ej (−ω1 t+θu −)

= jω1U sαβ+ − jω1U sαβ− = −ω1U
′
sαβ (25)

dU ′
sαβ

dt
= (−j)jω1U sαβ+ + j(−jω1U sαβ−)

= ω1U sαβ+ + ω1U sαβ− = ω1U sαβ . (26)

Substituting (22), (25), and (26) into (21), the derivative of
power can be obtained as
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

dP new
s

dt
=− 3Lr

2σ′L2
m

Im(U ∗
sαβU

′
sαβ )+

3
2σ′Lm

Im(U ∗
rαβU

′
sαβ )

+
3Lrωr
2σ′L2

m

Im(ψ∗
sαβU

′
sαβ ) − 3ωr

2
Re(I∗sαβU

′
sαβ ) − ω1Qs

dQs

dt
= − 3

2σ′Lm
Im(U ∗

rαβU sαβ ) − 3Lrωr
2σ′L2

m

Im(ψ∗
sαβU sαβ )

+ωrPs + ω1P
new
s

.

(27)
It can also be expressed in the matrix form, i.e.

d

dt

[
P new
s

Qs

]

= − 3
2σ′Lm

[−u′sβ u′sα
usβ −usα

] [
urα
urβ

]

+
3Lr

2σ′L2
m

[
usβu

′
sα − usαu

′
sβ

0

]

− 3Lrωr
2σ′L2

m

[
ψsβu

′
sα − ψsαu

′
sβ

ψsαusβ − ψsβusα

]

+
[−ω1Qs − 3/2ωr (u′sα isα + u′sβ isβ )
ω1P

new
s +3/2ωr (usα isα + usβ isβ )

]

.

(28)
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III. SMDPC FOR DFIG USING EXTENDED ACTIVE POWER

The control target for the proposed SMDPC system is to
make the extended active power and traditional reactive power
follow their reference values. In order to minimize the steady-
state error and retain the good dynamic performance, the integral
form sliding surface can be selected [8]. Thus, the sliding surface
is set as

S =
[
S1 S2

]T
(29)

{
S1 = ep +Kp

∫ t

0 ep(τ)dτ

S2 = eq +Kq

∫ t

0 eq (τ)dτ
(30)

where Kp and Kq are the integral parameters of the extended
active power and traditional reactive power, respectively. ep and
eq are the tracking errors of the extended active power and
traditional reactive power, respectively, i.e.

{
ep= P new

sref − P new
s

eq = Qsref −Qs

. (31)

In order to drive the state orbit to the sliding surface, a Lya-
punov function is defined as

W =
1
2
ST S=

1
2
(S2

1 + S2
2 ) ≥ 0. (32)

The derivative of W can be calculated as

dW

dt
= = S1

dS1

dt
+ S2

dS2

dt
= ST

dS

dt
. (33)

According to (30) and (31), the following can be obtained:

dS

dt
=

d

dt

[
S1
S2

]

= − d

dt

[
P new
s

Qs

]

+
[
Kpep
Kqeq

]

(34)

Taking (28) into (34), the following equation can be calcu-
lated:

dS

dt
= G + DU (35)

where

G = − 3Lr
2σ′L2

m

[
usβu

′
sα − usαu

′
sβ

0

]

+
3Lrωr
2σ′L2

m

[
ψsβu

′
sα − ψsαu

′
sβ

ψsαusβ − ψsβusα

]

−
[−ω1Qs − 3/2ωr (u′sα isα + u′sβ isβ )
ω1P

new
s +3/2ωr (usα isα + usβ isβ )

]

+
[
Kpep
Kqeq

]

D =
3

2σ′Lm

[−u′sβ u′sα
usβ −usα

]

U=
[
urα
urβ

]

According to (33) and (35), the following can be obtained:

dW

dt
= ST (G + DU) . (36)

For the purpose of dW/dt ≤ 0, the switching control law can
be designed as follows:

U= −D−1
{

G+
[
Kps 0
0 Kqs

] [
sgn(S1)
sgn(S2)

]}

(37)

whereKps andKqs are the parameters of switching control laws
for the extended active power and traditional reactive power,
respectively. sgn(S1) and sgn(S2) are the switching functions
for the extended active power and traditional reactive power,
respectively.

Therefore

dW

dt
= − [

S1 S2
]
[
Kps 0
0 Kqs

] [
sgn(S1)
sgn(S2)

]

≤ 0. (38)

It can be seen that W is a positive-definite function and the
derivative of W is a negative-definite function, which implies that
S1 and S2 go to zero asymptotically. According to Lyapunov
stability theorem, the stability of the proposed SMDPC strategy
can be guaranteed.

The robustness of the proposed SMDPC can be proved as
follow. In the practical application, the control performance of
the DFIG system will be affected by the parameter variation, ex-
ternal disturbance and so on. The disturbance mentioned earlier
can be represented asN , i.e.

N =
[
N1 N2

]T
(39)

where N1 and N2 represent the influence to the extended active
power and traditional reactive power, respectively.

Thus, the following equation can be obtained:

dS

dt
= G + DU+N. (40)

Taking (37) and (40) into (33), the derivative of W can be
rewritten as

dW

dt
= − [

S1 S2
]
[
Kpssgn(S1) −N1
Kqssgn(S2) −N2

]

. (41)

IfKps andKqs are big enough to fulfill (42), the derivative of
W can be guaranteed as a negative value. According to Lyapunov
stability theorem, the robustness of the proposed SMDPC is
pretty good when the parameters are selected properly

{
Kps ≥ |N1 |
Kqs ≥ |N2 |

. (42)

As the traditional switching control law would introduce the
chattering problem into the control system, a boundary layer
around the sliding surface proposed in [8] is adopted in this
paper to solve the problem, where the switching functions can
be rewritten as

sgn(Sj ) =

⎧
⎪⎨

⎪⎩

1, Sj > λj
Sj
λj
, |Sj | ≤ λj

−1, Sj < −λj

(43)

where λj is the width of the boundary layer and j = 1, 2.
The control block diagram of the proposed SMDPC strategy

for DFIG is shown in Fig. 3. First, the measured stator voltage
U sabc and current Isabc are transformed into U sαβ , and Isαβ ,
and the U sαβ is lagged by a quarter of the fundamental period
to obtain U ′

sαβ . Then, the stator flux is estimated using stator
voltage, and the extended active power and traditional reactive
power are calculated according to (1) and (2). In addition, the
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Fig. 3. Control block diagram of the proposed SMDPC for DFIG.

Fig. 4. Experimental platform.

reference value and the real value of powers as well as stator
voltage, flux and current are used as the input of the SMC-based
power controller. Thus, the reference rotor voltage can be
deduced and transformed into rotor reference frame. Finally, the
switching signal is produced according to U r using SVPWM
unit. It can be seen the control system is very simple and there
is no need of decomposition process of positive and negative
sequence components and PLL block in the proposed strategy.

IV. EXPERIMENTAL STUDIES

A. Experimental Setup

Experimental studies are conducted to validate the effective-
ness of the SMDPC strategy using the proposed extended ac-
tive power. The experimental platform is set up as shown in
Fig. 4. The wind turbine is emulated by a dc motor, and a
TMS320F2812 DSP is employed as the microprocessor. The
unbalanced grid voltage is emulated by making one phase of the
voltage drop to 50% using a transformer. The dc-bus voltage is

TABLE I
PARAMETERS OF DFIG

System Parameters Value

Grid voltage 220 V (line voltage)
Rated power 2000 W
Rated frequency 50 Hz
Poles 4
Stator resistance 1.9188 Ω
Stator leakage inductance 0.00744 H
Rotor resistance 2.5712 Ω
Rotor leakage inductance 0.00744 H
Mutual inductance 0.234 H
Stator/rotor turns ratio 1.9485
DC-bus voltage 120 V

Fig. 5. Steady-state performance of different control strategies under balanced
grid condition. (a) Traditional SMDPC. (b) Novel SMDPC.

assumed to be controlled as a constant value by the grid-side
converter, since we concentrate on the control strategy of the
DFIG in this paper. Parameters of the DFIG system are listed in
Table I.

Comparative experimental studies are conducted for the
SMDPC using the extended and traditional active powers under
both balanced and unbalanced grid conditions. The sampling
frequency and switching frequency are both set to 10 kHz. All
the experimental results are shown in Figs. 5–14. The rotor is
running at 40 Hz in all the experimental studies. In order to sim-
plify the analysis, we use novel SMDPC to denote SMDPC using
the extended active power and traditional SMDPC to designate
SMDPC using the traditional active power in the following
sections.
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Fig. 6. Harmonic spectrum analyses of stator current for different control
strategies under balanced grid condition. (a) Traditional SMDPC. (b) Novel
SMDPC.

Fig. 7. Power step response of different control strategies under balanced grid
condition. (a) Traditional SMDPC. (b) Novel SMDPC.

B. Experimental Results

Fig. 5 shows the steady-state performance of the traditional
and novel SMDPCs when the DFIG sends 1000 W active
power and 500 Var reactive power to the power grid under
balanced grid condition. The total harmonic distortion (THD)
analyses of stator current for different control strategies are
shown in Fig. 6. It can be observed that the steady-state per-
formances of the two control strategies are similar. And the

Fig. 8. Control performance of different control strategies when varying ref-
erence of power is given under balanced grid condition. (a) Traditional SMDPC.
(b) Novel SMDPC.

stator current THD of the novel SMDPC is 5.21%, a little
lower than 6.43% of the traditional one. This is because the
grid voltage is produced by the transformer in our lab, which
is not ideal. There are still some harmonics, which will influ-
ence the stator currents. As analyzed in Section II, the novel
SMDPC can restrain the current harmonics while the traditional
one cannot. Therefore, the novel SMDPC can achieve a better
current control performance than the traditional one under this
condition.

Fig. 7 compares the dynamic power step responses of the
traditional and novel SMDPCs under balanced grid condition.
The active power reference changes from 0 to −1000 W, and
the reactive power is controlled to be 0 Var. It can be seen that
the step response time is very short, which means the dynamic
performance of both control strategies are pretty good.

Fig. 8 shows the control performances of the traditional and
novel SMDPCs when a sine variation of the power reference is
given under balanced grid condition. The reference active and
reactive powers are shown in blue and red, respectively. And the
actual active and reactive powers are shown in red and green,
respectively. It can be seen when the power reference changes,
both strategies can follow the reference power very well, which
proves the transient performances of the two strategies are also
satisfying.

Steady-state performance for the traditional and novel SMD-
PCs under unbalanced grid condition is shown in Fig. 9. The
DFIG sends 1000 W active power and 500 Var reactive power
to the power grid. The harmonic spectrum analyses of stator
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Fig. 9. Steady-state performance of different control strategies under unbal-
anced grid condition. (a) Traditional SMDPC. (b) Novel SMDPC.

Fig. 10. Harmonic spectrum analyses of stator current for different control
strategies under unbalanced grid condition. (a) Traditional SMDPC. (b) Novel
SMDPC.

and rotor currents are shown in Figs. 10 and 11, respectively. It
can be seen when the traditional SMDPC is applied to DFIG,
the electromagnetic torque contains ripples at twice the grid fre-
quency, and the stator current contains a lot of third sequence
harmonic components. The fundamental frequency of rotor cur-
rent is 10 Hz because the rotor is running at 40 Hz. There are

Fig. 11. Harmonic spectrum analyses of rotor current for different control
strategies under unbalanced grid condition. (a) Traditional SMDPC. (b) Novel
SMDPC.

Fig. 12. Power step response of different control strategies under unbalanced
grid condition. (a) Traditional SMDPC. (b) Novel SMDPC.

11th (110 Hz) and 9th (−90 Hz) sequence harmonic compo-
nents in rotor currents. Thus, it can be deduced that there are
third sequence harmonic components (150 Hz) and negative
sequence harmonic components (−50 Hz) in stator currents,
which coincides with the analysis in Section II.

As for the novel SMDPC, the electromagnetic torque ripples
are effectively restrained and the current is sinusoidal. The stator
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Fig. 13. Control performance of different control strategies when varying
reference of power is given under unbalanced grid condition. (a) Traditional
SMDPC. (b) Novel SMDPC.

current harmonics are much lower and the third sequence har-
monic current components are restrained effectively. Thus, the
11th sequence harmonic components are also restrained in rotor
currents. It can be observed that there are still 9th sequence har-
monic components in rotor currents, which means the negative
sequence components still exist in stator currents. The active
power contains ripples because the extended active power is
selected as the control target to obtain sinusoidal stator currents.

Fig. 12 shows the dynamic power step responses for the tra-
ditional and novel SMDPCs under unbalanced gird condition.
The power reference is the same as Fig. 7. It can be seen that the
step response time is still very short, which means the dynamic
performance of the two control strategies are still good under
unbalanced gird condition. In addition, the stator current is still
sinusoidal when the power step occurs for the novel SMDPC.

Fig. 13 shows the control performances of the two strategies
when a sine variation of the power reference is given under un-
balanced grid condition. It can be seen that the stator currents,
reactive power and electromagnetic torque of the novel SMDPC
are still similar as that in Fig. 8(b). Although the active power
contains ripples because the extended active power is selected
as the control target, its average value still follows the reference
power. Therefore, we can conclude that the novel SMDPC can
still restrain the stator current harmonics and electromagnetic
torque ripples when the power reference is changing, and its
transient performance is still satisfying. As for the traditional

Fig. 14. Steady-state performance of the novel SMDPC when parameter Lm
varies. (a) Lm

′ = 2Lm . (b) Lm
′ = 0.5Lm .

SMDPC, it can follow the reference power better under un-
balanced grid condition. However, the electromagnetic torque
contains large ripples and the stator currents are distorted com-
pared with Fig. 8(a), which is very harmful to the power gird
and the wind turbine.

The robustness of the novel SMDPC is experimentally
validated in Fig. 14 by varying the mutual inductance Lm .
In Fig. 14(a), the mutual inductance value is set to 0.468 H
in the program, which is twice of the actual mutual inductance.
In Fig. 14(b), its value is set to 0.117 H, which is only half of the
actual mutual inductance. It can be seen from the experimental
results that the control performance under those conditions is
nearly the same as Fig 9(b), which means that the robustness of
the proposed control strategy is pretty good.

V. CONCLUSION

An SMDPC strategy for DFIG using extended active power
has been proposed in this paper under both balanced and unbal-
anced grid conditions. Comparative experimental studies based
on the SMDPC using the extended and traditional active powers
have been conducted to validate the effectiveness of the pro-
posed SMDPC. The results indicate that the proposed SMDPC
can achieve similar control performance as the traditional one
under balanced grid condition, and it can obtain sinusoidal sta-
tor currents and restrain electromagnetic torque ripples under
unbalanced grid condition without the need of decomposition
process and PLL block. The experimental results also verify
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that the dynamic performance of the proposed strategy is sat-
isfactory. In addition, the robustness of the control system is
validated by experimental results under unbalanced grid condi-
tion. Therefore, it can be concluded that the proposed SMDPC
strategy can work well under both balanced and unbalanced grid
conditions with a simple control system and reduced computa-
tional burdens.
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