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Adaptive Repetitive Control of DFIG-DC System
Considering Stator Frequency Variation

Chao Wu , Heng Nian , Senior Member, IEEE, Bo Pang , and Peng Cheng

Abstract—This paper presents an adaptive repetitive control
method for torque ripple suppression of the doubly fed induction
generator (DFIG) system connected to a dc grid considering the
stator frequency variation. Since the stator of DFIG is connected to
the the diode bridge directly, the stator frequency should be con-
trolled additionally. A novel frequency-locked loop (FLL) based
on a second-order generalized integrator (SOGI) is proposed for
acquiring stator frequency. The stator fundamental voltage is ob-
tained by the adaptive multi-SOGI. Thus, the low-pass filter can
be avoided, which can improve the bandwidth of the control loop.
Furthermore, the orientation angle can be acquired by the stator
fundamental voltage vector directly, which can avoid the param-
eter dependence on stator and rotor inductances. Since the stator
frequency will be controlled to change in a certain range for effi-
ciency optimization, an adaptive repetitive controller (RC) is added
to the rotor current control loop for torque ripple suppression con-
sidering the stator frequency variation. Based on a mathematical
model of the DFIG control system, the transfer function of the
frequency control loop and the torque control loop are derived for
analyzing the control performance and parameter design. Finally,
the proposed control method is validated through the experiment
results.

Index Terms—Doubly fed induction generator (DFIG),
frequency-locked loop (FLL), second-order generalized integrator
(SOGI), torque ripple suppression.

I. INTRODUCTION

U P TO now, wind energy utilization has become one of
the most predominant renewable power generation. Due

to the advantages such as flexible regulation of active and re-
active power and lower requirement for converter capacity, the
doubly fed induction generator (DFIG) has been broadly ap-
plied for wind turbine [1], [2]. In order to implement the stable
operation and effective energy conversion of the DFIG-based
wind turbine, there are two alternative grid connection topology
options for wind farms connecting to the grid, namely, alternat-
ing current (ac) and direct current (dc) grid connection. The ac
grid connection is always used for the on-shore wind farm. Due
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Fig. 1. DFIG connected to a dc link through a diode rectifier.

to the long distance and large capacity of power transmission,
the high-voltage direct current (HVDC) connection is a supe-
rior way for the offshore wind farm [3]. Thus, it is significant
for investigating the DFIG-DC topology and the corresponding
control strategy.

Currently, a DFIG-DC topology, as shown in Fig. 1, has been
widely studied. In this topology, the DFIG is connected to the
dc grid just by one converter on the rotor side and one diode
bridge on the stator side. In this way, the cost is reduced and
the configuration is simper compared with the traditional ac-
grid-connected DFIG system for the dc transmission [4]–[6].
However, due to the stator-side diode bridge, the control strategy
applied in the ac grid mode is not suitable in this DFIG-DC
topology.

There are several researches devoting in studying control
strategies of the DFIG-DC topology [7]–[17]. Marques and
Iacchetti have done some work in studying this topology [7]–
[13]. First, the basic operation and design issues on the DFIG-
DC system were initially studied in [7], which presented a de-
coupling control method to regulate the average torque and
stator frequency. In [8] and [9], the stator voltage is used to cal-
culate the angle of the stator flux linkage for the orientation in
the control strategy, which is based on the integration of stator
electromotive force (EMF). In [10] and [11], the sensorless op-
eration of the DFIG-DC system is investigated to avoid the rotor
position sensor. The stator voltage is applied in the phase-locked
loop (PLL) for estimating the stator frequency. Since the stator
voltage is highly distorted, a low-pass filter is used to reduce
the frequency ripple, which will reduce the dynamic response
of the frequency estimation block. In [12], a field-weakening
method is proposed for the efficiency optimization of the DFIG-
DC system, in which the stator frequency variation over a wide
range should be ensured. Considering that the stator voltage is
highly distorted, a resonant controller or a repetitive controller
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(RC) was added in the control loop to suppress the torque ripple
[13]–[15]. However, the existed resonant control or repetitive
control for torque ripple only aimed at the fixed stator frequency
and the stator frequency variation is not considered. In [16], a
predictive delay compensation method is proposed for mini-
mization of torque ripple, which copes with the stator frequency
variation. However, the torque ripple minimization ability de-
pends on the accuracy of advance time. In [17], a predictive
torque and rotor flux control method is proposed to mitigate the
torque ripple. Torque ripple can be effectively mitigated at a
constant and variable stator frequency since the predictive con-
trol can be thought as an infinite bandwidth control. However,
the performance of this method is highly dependent on the DFIG
parameters.

In order to reduce the joule losses of the DFIG system and
increase the wind power transmission efficiency, the stator flux
amplitude of DFIG should be adjusted to decrease the copper
losses of the rotor according to the output power level. Since the
product of the stator flux amplitude and the stator frequency is
constant, the stator frequency should be controlled to be variable
according to the output power change for system efficiency op-
timization [12]. Furthermore, the torque ripple will deteriorate
the fatigue strength and decrease the life time of mechanical
components, which is also needed to be suppressed. Therefore,
the problems for the DFIG-DC system in the existed literature
can be concluded as follows:

1) The parameter dependence is high when estimating the
stator frequency or achieving the stator flux orientation.

2) The stator frequency variation is not considered when
designing the resonant controller or RC for torque ripple
suppression.

3) The stator voltage or stator flux PLL is slow in acquiring
the stator frequency which will deteriorate the adaptive
repetitive control performance.

In order to achieve an adaptive RC when the stator frequency
varies, the stator frequency is set as an input of the RC. Thus, the
stator frequency should be observed quickly and smoothly. In
this paper, for improving the dynamic performance of acquiring
the stator frequency and reducing the stator frequency ripple, a
novel stator frequency estimation method is proposed based on
SOGI-FLL [18], [19]. For suppressing the torque ripple even
with various stator frequency, an adaptive RC is applied in the
control loop by accurately handling the fractional order delay
[20]–[22]. In conclusion, based on the existed control strategy
in the DFIG-DC system, there are three improvements that can
be achieved in this paper.

1) The stator voltage PLL is substituted by the stator funda-
mental voltage FLL, which not only improves the dynamic
performance of frequency estimation but also reduces the
steady-state frequency ripple.

2) The orientation angle is directly obtained by the stator
fundamental voltage vector, which avoids the parameter
dependency on the stator and rotor inductance.

3) The efficiency optimization is achieved by weakening the
stator flux, which corresponds to the increase of the stator
frequency. An adaptive RC is presented for suppressing
the torque ripple considering the increase of the stator
frequency.

Fig. 2. DFIG equivalent circuit on the d–q reference frame.

This paper is organized as follows. The system layout and
the mathematical model are outlined in Section II. The control
strategy of RSC is elaborated in detail in Section III. Further-
more, the performance analysis of the proposed control strategy
is presented in Section IV. Section V shows the experimental
results, and the conclusion is made in Section VI.

II. SYSTEM LAYOUT AND MATHEMATICAL MODEL

A. System Layout

The DFIG connected to the dc link is shown in Fig. 1, in
which the stator and the rotor are connected to the dc link
through a diode rectifier and a pulsewidth-modulated (PWM)
converter, respectively. Differently from the conventional DFIG
system with the ac grid connection, the grid-side converter is
avoided. Considering dc voltage is usually stable in dc grid,
the voltage of the dc link is assumed to be constant in this
paper.

When the diode rectifier operates on the continuous operation
mode, the stator voltage is clamped to the three-step square wave
[13]. The stator phase voltage can be expressed as

Usa(t) =
2Udc
π

(
sinω1t+

∞∑
n=1

(
sin (6n− 1)ω1t

6n− 1

+
sin (6n+ 1)ω1t

6n+ 1

))
(1)

whereUdc is the dc voltage andω1 is the stator angular frequency.
As seen in (1), the fundamental voltage of the stator is fixed if

the dc voltage is constant. It can be described as the product of
stator frequency and stator flux, which can also be used for the
regulation of the stator frequency and the orientation of stator
flux [8], [9].

B. Mathematical Model

As can be seen in Fig. 1, the stator voltage is highly distorted
due to the diode rectifier on the stator. Thus, the traditional
voltage-oriented control (VOC) strategy based on PLL is not
suitable for this topology. To achieve the vector control of DFIG
in this topology, the stator flux orientation is adopted in this
paper. The equivalent circuit of DFIG in the synchronized d–q
reference frame is shown in Fig. 2, and the reference direction
of the voltage and current is shown in Fig. 1.

According to Fig. 2, the stator and rotor voltages and flux
linkage in the dq reference frame rotating at the synchronous
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angular speed can be expressed as{
U s = RsIs + dψs

dt + jω1ψs

U r = RrIr + dψr

dt + jωslψr

(2)

{
ψsdq = LsIsdq + LmIrdq

ψrdq = LmIsdq + LrIrdq
(3)

where U is the voltage; ψ is the flux; I is the current; Rs and
Rr are the stator and rotor resistances, respectively; ω1 is the
synchronous speed, which is equal to the stator angular fre-
quency; ωr is the rotor angular speed; and ωsl = ω1 –ωr is the
slip angular speed; Ls = Lm + Lσs and Lr = Lm + Lσr are
the self-inductances of the stator and rotor windings; Lσs , Lσr ,
and Lm are the stator and the rotor leakage inductances and
the mutual inductance, respectively; subscripts s, r represent the
stator and the rotor, respectively; subscripts d and q represent
the components at the d–q axis, respectively.

If the inverter losses are assumed to be proportional to the
rotor current, which can be expressed as Pinv0Ir , the total joule
losses PJ of the DFIG-DC system is given as

PJ = RsI
2
s +RrI

2
rd +RrI

2
rq + Pinv0Ir . (4)

As can be seen from (4), when the output power of DFIG
system is low, reducing the magnetization current will reduce
the joule losses and improve the system efficiency. Since the
detailed model of the DFIG-DC system efficiency optimization
have been demonstrated in [12], it is not repeated in this paper.
In conclusion, the field-weakening control should be applied
at low output power for efficiency optimization and the corre-
sponding result is the stator frequency variation. Thus, the stator
frequency is controlled to be variable according to output power
for reducing system losses.

Since the voltage drop on the stator resistance is very small in
DFIG, the stator flux linkage can be expressed by the integrator
of the stator voltage. Thus, based on the stator voltage expression
(1), the stator flux vector in the dq reference frame can be
expressed as

ψsdq =
2Udc
πω1

(
1 +

∞∑
n=1

ej (±6nω1 t)

(1 ± 6n)2

)
. (5)

Since the stator voltage is highly distorted in DFIG-DC
system, the stator current and the rotor current are also distorted
if no corresponding control solutions are adopted. Thus, the
stator current can also be expressed by sum of fundamental
components and harmonics as

Isdq =Isdq1 +
∞∑
n=1

(
Isdq(6n−1)e

−j6nω1 t + Isdq(6n+1)e
j6nω1 t

)
.

(6)
The torque can be represented by the stator flux linkage and

stator current as

Te =Re
(
jψsdq Îsdq

)
=Re

(
jLmIrdq Îsdq

)
=Te0 +

∞∑
n=1

Te6n

(7)

Fig. 3. RSC control scheme for torque and frequency regulation.

where ˆ represents the conjugate, Te0 represents the average
torque, and Te6n represents the torque ripple of 6nth-order fun-
damental frequency.

Combining (5), (6), and (7), the torque ripple can be expressed
by the stator fundamental and harmonic currents as

∞∑
n=1

Te6n =
∞∑
n=1

2Udc

π
Re

⎡
⎣
(
Îsdq(6n+1) − Îs d q 1

(6n−1)2

)
e−j6nω1 t

+
(
Îsdq(6n−1) + Îs d q 1

(6n+1)2

)
ej6nω1 t

⎤
⎦.
(8)

As seen from (8), the torque ripple contains many items,
which consist of the stator fundamental current, positive har-
monic currents, and negative harmonic currents. The torque
ripple is abundant, which is harmful for the mechanical compo-
nents of DFIG. Thus, an adaptive repetitive control method is
applied to suppress the torque ripple, which will be elaborated
in the Section III.

III. ADAPTIVE CONTROL STRATEGY OF RSC

Since the dc voltage is constant, the DFIG is controlled to
work in the MPPT mode. Thus, it is essential to propose a con-
trol strategy for the DFIG to track the torque reference accurately
and suppress the torque ripple effectively. In order to track the
torque reference accurately, orientation control is necessary for
the decoupling control of the torque and flux. The stator funda-
mental voltage is obtained by the multi-SOGI block. The stator
fundamental voltage is applied in the FLL block for acquiring
the stator frequency, and the stator fundamental voltage vector is
directly applied for acquiring the orientation angle. The torque
ripple is suppressed by applying the adaptive RC directly into
the current control loop.

The RSC control scheme for the torque control is shown in
Fig. 3, which mainly consists of a multi-SOGI block, an FLL
block, and an adaptive RC. The output of the adaptive RC is
directly added to the q-axis rotor voltage reference to accurately
suppress the torque ripple when the stator frequency changes.
The multi-SOGI block, FLL block, and adaptive RC block will
be elaborated in detail in the following three sections.

A. Angle of the Stator Fundamental Flux

It should be noted that the highly distorted stator voltage is
not suitable for orientation. The stator flux is the integrator of
stator voltage, which has little harmonics compared to the stator
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Fig. 4. Fundamental flux estimator based on multi-SOGI blocks.
(a) Multi-SOGI blocks and (b) SOGI block with hth-order fundamental fre-
quency.

voltage and is more appropriate for orientation. In [8] and [9],
the stator flux vector is acquired by the integrator link or the
inertial link for obtaining the orientation angle. However, the
pure integrator is difficult to be applied practically because of
the dc offset and initial value. If the inertial link is applied for
acquiring the stator flux, the sampling dc offset also exists, which
will cause the fundamental frequency pulsation in the angle and
frequency. Furthermore, the magnitude and phase error at the
fundamental frequency will deteriorate the decoupling control
performance, which should be compensated additionally [18].
In this part, the stator fundamental voltage is acquired based
on adaptive multi-SOGI block for orientation, which can avoid
acquiring the stator flux.

As can be seen from Fig. 4(a), the SOGI1 block is used to
acquire the stator fundamental voltage, the SOGI0 block is used
to acquire the dc offset of stator voltage, and the SOGIh block
is used to acquire the harmonic components of stator voltage.
As can be seen from the SOGIh block in Fig. 4(b), the transfer
function can be expressed as

GSOGIh (s) =
khω̂1s

s2 + h2 ω̂2
1
. (9)

As can be seen from the expression of SOGIh , each SOGI is
a resonant controller and the resonant frequency is hω̂1 , where
ω̂1 is the estimated stator frequency. It should be pointed out
that the resonant controller turns to be an integrator when h is
equal to zero.

Thus, the transfer function from the input stator voltage to the
stator fundamental voltage can be expressed as

A(s) =
usα1

usα
=

GSOGI1 (s)
1 +

∑
h=0,1,... GSOGIh (s)

. (10)

Since the harmonics in stator voltage are mainly 5th-, 7th-,
11th-, 13th-, 17th-, and 19th-order fundamental frequency, the
value of h in the multi-SOGI block are set as 0, 1, 5, 7, 11, 13,
17, and 19 correspondingly. Thus, the bode diagram of A(s),
pure integrator, and first-order low-pass filter can be plotted as
shown in Fig. 5.

As can be seen from Fig. 5, the sampling dc offset is not
restrained by the pure integrator or first-order low-pass filter.
Furthermore, there exists 9° phase error in the first-order low-
pass filter, which will deteriorate the decoupling control per-
formance. However, unity magnitude response with zero phase
shift for the fundamental frequency is achieved by the multi-
SOGI block. Furthermore, the magnitude response for the dc
and harmonic frequencies are all highly attenuated, which shows

Fig. 5. Bode diagram of A(s), pure integrator, and first-order low-pass filter.

a good filtering ability for the distorted stator voltage. Thus, the
stator fundamental voltage and flux are obtained by the adaptive
multi-SOGI block, which can avoid the pure integrator block
and filter out the harmonics. Thus, the angle of the stator flux
can be expressed as

θs = arctan (usβ1/usα1) − π

2
. (11)

The angle of stator flux is used as orientation angle, which
can achieve the decoupling control of the stator frequency and
torque.

B. Stator Frequency Estimation

There are several methods for estimating the stator frequency
by PLL or FLL in the existed literature [10], [11], [17], [18].
Due to the highly distorted stator voltage, a low-pass filter is
applied in PLL for reducing the stator frequency ripples [10],
[11]. However, certain low-order harmonics, such as the 5th
and 7th order, are very close to the fundamental frequency.
Thus, these low-order harmonics lead to substantial ripples at the
estimated stator frequency, which is not suitable for the adaptive
repetitive control. In this part, the SOGI-FLL block is applied
for estimating the stator frequency and the stator fundamental
voltage is used as the input, which can avoid the harmonics and
keep the better dynamic performance in just acquiring the stator
frequency compared with the conventional PLL.

Fig. 6 shows the scheme diagram of the frequency estimation
method based on an SOGI, which works as a phase discrimi-
nator. In Fig. 6, U s1 is the stator fundamental voltage vector,
which is chosen as the input of the SOGI, while vector V s1 is
defined as the output, and θ is the phase difference betweenU s1
andV s1 . ω1 is the actual stator frequency, and ω̂1 represents the
estimated frequency, which is also set as the resonant frequency
of the SOGI. kie is the gain of the integrator and ωbase is the fre-
quency base. Since the input voltageU s1 has been transformed
to the unit form, the voltage amplitude compensation is not nec-
essary and the loop gain is not sensitive to the voltage amplitude.
In order to demonstrate the frequency estimation mechanism,



3306 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 4, APRIL 2019

Fig. 6. Scheme diagram of the SOGI-FLL.

Fig. 7. Bode diagram of SOGI resonant at 50 Hz with different k.

Fig. 7 shows the bode diagram of the SOGI with the resonant
frequency of ω̂1 .

It can be seen in Fig. 7 that θ is equal to 00 when ω1 = ω̂1 ,
which indicates that the cross product of vectors U s1 and V s1
is zero when the estimated frequency is equal to the actual
stator frequency. When the estimated frequency deviates from
the stator frequency, for example, if θ > 00 , it means ω1 < ω̂1 ,
and ω̂1 should decrease correspondingly. Thus, the negative sign
is added behind the cross product. Besides, at the adjacent of
ω̂1 , the relation between the frequency estimation error Δω1
and Δθ behave as linear correlation, which can be written as

Δθ = −kfΔω1 (12)

where kf represents the linear factor, which is the inverse ratio
with k. The detailed analysis and design of kf will be demon-
strated in the next section.

In this study, Δθ can be derived from the cross product
between U s1 and V s1

U s1 × V s1 = |U s1 | |V s1 | sin(Δθ) ≈ |U s1 | |V s1 |Δθ. (13)

Once ω̂1 converges to ω1 ,U s1 × V s1 will decrease to zero.
For simplicity, U s1 × V s1 can be directly chosen as the in-
put error of the integrator, which is employed to remove the
steady-state error. It should be pointed out that the PI regulator

Fig. 8. Block diagram of the frequency-adaptive RC.

is substituted by the pure integrator for better filtering capabil-
ity. ωbase is added as a frequency feedforward term for better
dynamic response when the DFIG system starts.

C. Adaptive RC

As mentioned earlier, the stator frequency is not imposed
by the grid, which needs to be controlled additionally. Normally,
the stator frequency is controlled to be the rated value when the
output power is high. However, when the output power is low, the
stator frequency can be controlled higher than the rated value to
reduce the stator flux linkage for efficiency optimization [12].
In this way, the stator frequency variation over a wide range
should be guaranteed. As can be seen from (8), the frequency of
the torque ripple corresponds with the stator frequency. Thus,
in order to suppress the torque ripple completely, a frequency-
adaptive RC should be designed considering the stator frequency
variation. The order N (the ratio of the sampling frequency to
the stator frequency) would often be fractional with a mutative
stator frequency and fixed sampling rate fs . According to the
fractional delay filters design method [21], the fractional delay
(FD) z−N can be well approximated by FD filters with integer
orders. Assuming that z−N = z−Ni−F , withNi = int[N ] being
the integer part of N and F = N − Ni (0 < F < 1) being
the fractional part of N, the fractional delay z−N can be ap-
proximated by a Lagrange interpolation polynomial FIR filter
as

z−F ≈
n∑

k=0

Akz
−k (14)

where k = 0, 1, . . . ,n, and the coefficient Ak can be obtained
as

Ak =
n∏
i=0
i �=k

F − i

k − i
, k, i = 0, 1, . . . , n. (15)

The FD filters with different n have been investigated in [15].
Since the maximum considerable torque ripple frequency is less
than 1000 Hz, thus n = 2 is enough for the accuracy of the FD
filter in this paper. The transfer function of the adaptive RC used
in this paper can be expressed as

GARC (z) = kr
z−Ni

∑n
k=0 Akz

−kQ (z)
1 − z−Ni

∑n
k=0 Akz−kQ (z)

Gf (z) (16)

where kr is the gain of the RC, Q(z) is a low-pass filter, and
Gf (z) is a feed-forward phase compensator. The block diagram
of frequency-adaptive RC is shown as Fig. 8. This RC provides
a general approach for tracking or elimination of any periodic
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signal with arbitrary fundamental frequency. Since the resonant
frequency of RC corresponds with the stator frequency, there
is no need to consider the bandwidth of RC anymore. Thus,
Q(z) = 0.2z + 0.8 + 0.1z−1 , which is a low-pass filter to en-
hance the system robustness [21].

Finally, the rotor voltage reference can be expressed as

U *
rdq = UP I

rdq +URC
rdq + jσLrωslIrdq (17)

whereUPI
rdq is the output of the PI controller,URC

rdq is the output of
the adaptive RC, and jσωslLr Irdq is the cross-coupling terms
as feed-forward item [13].

IV. CONTROL PERFORMANCE ANALYSIS

In this section, based on the transfer function, the parameters
of PI controllers and SOGI-FLL are designed for optimizing
system performance. Furthermore, the control performance of
torque ripple is also analyzed for validating the effectiveness of
adaptive RC. Since the control of stator frequency and torque is
decoupled, these two control loops can be analyzed separately.
For the stator frequency control, the forward path is the d-axis
rotor current control and the feedback is the SOGI-FLL for
estimating the stator frequency. Thus, for analyzing the control
performance of the stator frequency, the transfer function of the
SOGI-FLL should be acquired first.

A. Parameter Design of the SOGI-FLL

The mathematical model of the proposed SOGI-FLL is
derived in this section for the parameters design. To simplify
the modeling process, the adaptive multi-SOGI block, which
is applied for extracting the stator fundamental voltage is not
considered.

For the SOGI block, the phase response of the SOGI can be
expressed as

θSOGI (ω) =

⎧⎨
⎩

90◦ − arctan
(

kω̂1 ω
ω̂ 2

1 −ω 2

)
, ω < ω̂1

arctan
(

kω̂1 ω
ω̂ 2

1 −ω 2

)
− 90◦, ω > ω̂1 .

(18)

When the stator frequency is very equal to the resonant fre-
quency ω̂1 , the relationship between the frequency and the phase
angle can be expressed as

Δθ
Δω

= lim
ω→ω̂1

−kω̂1
(
ω2 + ω̂2

1
)

(ω2 − ω̂2
1 )2 + (kω̂1ω)2 =

−2
kω̂1

. (19)

When the stator voltage is expressed in per unit, the cross
product of U and V in (13) can be expressed as

U × V = − 2
kω̂1

Δω = −kfΔω. (20)

As can be seen from (20), kf is the inverse ratio with k,
which corresponds with Fig. 7. Combining (13), (19), and (20),
the block diagram of SOGI-FLL can be expressed as shown in
Fig. 9.

Thus, the transfer function of the SOGI-FLL can be expressed
as

GFLL (s) =
kf kieωbase

s+ kf kieωbase
. (21)

Fig. 9. Block diagram of SOGI-FLL.

Fig. 10. Step response of SOGI-FLL.

Thus, the dynamic performance of the SOGI-FLL block
depends on the SOGI parameter k and the integrator coef-
ficient kie . The SOGI parameter k is always set as 1.414
for the quick dynamic performance of SOGI [18]. With a
high value of the integrator coefficient kie , the stator fre-
quency can be obtained quickly. The transfer function of the
SOGI-FLL block is a first-order inertia block, which is sim-
pler than the conventional PLL with low-pass filter and eas-
ier for parameter design. The step response of the SOGI-FLL
with different kie is shown in Fig. 10. As can be seen from
Fig. 10, with higher kie , higher bandwidth of the SOGI-FLL
block can be acquired. When kie is equal to 707, the stator
frequency can be acquired in 5 ms. Since the input voltage of
SOGI-FLL is in per unit, kie is also in per unit. All the con-
trolled variables and parameters are all in per unit in this paper.
However, if the bandwidth of the FLL block is too high, it may
cause the system instability or oscillation [18]. Thus, for ensur-
ing the system stability and frequency response of SOGI-FLL in
millisecond level, the integrator coefficient kie is valued as 707.

B. Performance of Frequency Control Loop

Since the stator current is active current, the exciting current
is completely supplied by the d-axis rotor current. Thus, the
stator flux linkage can be expressed as

ψs = LmIrd . (22)

The stator frequency can be expressed as

ω1 =
esq
ψs

=
usq − rsIrq

ψs
. (23)
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Fig. 11. Block diagram of the frequency control loop.

Fig. 12. Step response of the stator frequency.

The relationship between the stator frequency and the sta-
tor flux linkage is nonlinear. Assuming that the steady operat-
ing point is ω10 = (usq0 − rsIrq0)/ψs0 , the linear small signal
model can be obtained as

Δω1 =
Δesq
ψs0

− ω10

ψs0
Δψs (24)

where

Δesq = Δusq − rsΔIrq . (25)

Combining (21) and (22)–(25), the simplified frequency con-
trol loop can be expressed as shown in Fig. 11, where Gfpi(s)
represents the outer frequency PI controller and the inner cur-
rent control loop is equivalent to a first-order system Gc(s) for
simplicity.

According to Fig. 11, the open-loop transfer function of a
stator frequency can be expressed as

Gopen (s) =
Lmω10

ψs0
Gfpi (s)Gc (s)GFLL (s) . (26)

In order to get a quick and steady stator frequency response,
the closed-loop transfer function is always designed to be a first-
order system. Since the sampling frequency is 10 kHz in this
paper, the bandwidth of the inner loop is designed as 400 rad/s.
Thus, the stator frequency response with different PI parameters
of Gfpi(s) is shown in Fig. 12. As can be seen from Fig. 12, if
the bandwidth of the outer loop is high, there exists a frequency
overshoot. Thus, the bandwidth of the stator frequency loop is
designed as 40 rad/s. For reducing the system order, the PI pa-
rameters of Gfpi(s) should correspond with the inner control

Fig. 13. Block diagram of the torque control loop.

loop according to the zero–pole cancellation theory. The pro-
portional parameter and the integrator coefficient of Gf pi(s) are
0.1 and 40, which are both in per unit.

C. Performance of Torque Control Loop

According to the RSC control scheme in Fig. 3, the block
diagram of torque control loop can be expressed as shown in
Fig. 13. Although the performance of RC in suppressing torque
ripple has been demonstrated in [15], the torque outer loop
is ignored in [15] and is considered in this paper. In order to
validate the effectiveness of torque ripple suppression ability of
RC just added in the q-axis, the relationship between the torque
ripple and the harmonic currents is deduced. For the simplicity
of the torque ripple expression, only the torque ripple of the
sixth-order frequency harmonic is considered.

The stator flux containing harmonics in the synchronous dq
frame can be expressed as

ψsdq = (ψsd1 + ψsd6) + j (ψsq1 + ψsq6) (27)

where ψsd1 and ψsq1 are the fundamental components,
which are dc quantities, and ψsd6 and ψsq6 are the harmonic
components, which are ac components with the sixth-order
fundamental frequency.

The rotor current containing harmonics in the synchronous
dq frame can be expressed as

Irdq = (Ird1 + Ird6) + j (Irq1 + Irq6) (28)

where Ird1 and Irq1 are the fundamental components, which are
dc quantities, and, Ird6 and Irq6 are the harmonic components,
which are ac components with the sixth-order fundamental
frequency.

In this way, the torque can be expressed as

Te = −Lm
Ls

((ψsd1Irq1) + (ψsd1Irq6 + ψsd6Irq1 − ψsq6Ird1)

+ (ψsd6Irq6 − ψsq6Irq6)) . (29)

As can be seen from the torque expression, the second term in
(29) is the sixth-order harmonic components. Thus, the torque
ripple of the sixth-order fundamental frequency can be ex-
pressed as

Te6 = −Lm
Ls

(ψsd1Irq6) − Lm
Ls

(ψsd6Irq1 − ψsq6Ird1) . (30)

As can be seen from the expression, the second term in (30)
consists of the stator harmonic flux and the rotor fundamental
current, which are constant if the stator voltage and working
point are fixed. In this way, the second term can be seen as
a disturbance term. Thus, the torque ripple can be controlled
to zero just by regulating the q-axis rotor harmonic current.
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Fig. 14. Block diagram of the simplified torque control loop.

Fig. 15. Bode diagram of the torque control loop.

Therefore, the torque ripple can be eliminated completely even
just by adding an RC on the torque loop (q-axis).

Since adaptive RC is expressed in the discrete Z domain,
the torque and current PI controllers are both expressed in the
Z domain. Where Gtpi(z) represents the torque PI controller,
Gcpi(z) represents the current PI controller, and Gp(z) repre-
sents the transfer function of DFIG GT = ψs0 · Lm/Ls.

Since the bandwidth of the inner current control loop is higher
than the outer torque loop, the inner current loop can be seemed
as unit block and the simplified torque control loop can be
expressed as shown in Fig. 14.

According to Fig. 14, the transfer function from the torque
reference to the output torque can be expressed as

GTe (z) =
Te
T ∗
e

=
(Gtpi(z) +GARC (z)GP (z))GT

1 + (Gtpi(z) +GARC (z)GP (z))GT
.

(31)
The bode diagram of the transfer function (31) with and with-

out adaptive RC is shown in Fig. 15.
As can be shown in Fig. 15, when the adaptive RC is not

added, the torque control loop has no control ability at the har-
monic frequencies. However, the response of the harmonic fre-
quencies are all unit responses when the adaptive RC is added,
which indicate the ability of suppressing torque ripple. The de-
tailed parameter design of RC has been demonstrated in [15],
which is not repeated in this paper.

V. EXPERIMENTAL RESULTS

In order to validate the control strategy proposed in
Section III, a DFIG-DC experimental system is developed.

Fig. 16. Schematic diagram of the experiment system.

Fig. 17. Experimental setup of the DFIG-DC system.

TABLE I
PARAMETERS OF DFIG

The schematic diagram of the experimental system is shown
in Fig. 16. The photograph of experimental setup is shown
in Fig. 17. The DFIG was driven by a squirrel-cage induction
motor with the control of a general inverter. The control strategy
of RSC is implemented on the TI TMS320F28335 DSP, and the
switching frequency is 10 kHz with a sampling frequency of 10
kHz. The parameters of the DFIG are shown in Table I. The pole
pairs of DFIG is 3, and the synchronous speed is 1000 r/min
when the stator frequency is controlled to be 50 Hz. All the
waveforms are acquired by a YOKOGAWA DL750 scope.

Fig. 18 shows the comparison results of three stator frequency
estimation methods on the condition of the stator frequency
variation from 50 to 55 Hz, in which ωsFLL represents the stator
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Fig. 18. Comparison results of the three frequency estimation methods.

Fig. 19. Experimental results of DFIG with adaptive RC disabled.

frequency obtained from the SOGI-FLL block, ωscal represents
the stator frequency obtained from the derivative of the stator
flux linkage angle [14], and ωspll represents the stator frequency
obtained from the low-bandwidth PLL block [11]. As can
be seen from Fig. 18, ωscal not only contains the sixth-order
harmonics but also contains 50 Hz harmonics, which is caused
by the dc offset in the sampled stator voltage. ωspll contains no
harmonics while has a slow dynamic response within 600 ms
when the stator frequency varies. However, ωsFLL not only
contains no harmonic but also has a good dynamic response
within 75 ms, which is necessary for the adaptive repetitive
control.

Fig. 19 shows the steady-state experimental results of the
DFIG system when the adaptive RC is disabled. In the experi-
mental tests, the torque reference is −7.64 N·m (−0.8 pu) and
the stator power transferred to the dc voltage source is 800 W.
The rotor speed is 800 r/min and the stator frequency is regu-
lated to 50 Hz. As can be seen from the torque waveform, the

Fig. 20. Experimental results of DFIG with adaptive RC enabled.

maximum torque ripple is 0.55 N·m (7.2%). It is necessary to
employ the adaptive RC to suppress the torque ripple.

Fig. 20 shows the steady-state experimental results of the
DFIG system when the adaptive RC is enabled, in which the op-
eration condition is the same as Fig. 19. It can be seen that the
torque ripple reduces to 0.05 N·m (0.6%), which is greatly sup-
pressed. Thus, the adaptive RC shows the satisfied performance
in reducing the torque ripple. Furthermore, the stator frequency
estimation is not influenced by the adaptive RC. The stator har-
monic current contents with and without the adaptive RC are
shown in Table II. As can be seen from Table II, when suppress-
ing the torque ripple, the (6n−1)th-order harmonic current is
decreased and the (6n + 1)th−order harmonic is increased;
thus, the total harmonic distortion (THD) of the stator current is
not increased. In this way, the reduction of torque ripple has no
influence on the power loss of system.

Fig. 21 shows the dynamic experimental results of the DFIG
system when the stator frequency varies from 50 to 60 Hz with
the adaptive RC enabled. As can be seen from Fig. 21, the torque
ripple becomes larger when the stator frequency varies due to
the slow dynamic response of the RC. When the stator frequency
reaches to 60 Hz in steady state, the adaptive RC is effective
in suppressing the torque ripple, which validates the proposed
adaptive strategy.

Fig. 22 shows the experimental results of the DFIG system
with adaptive RC enabled when the rotor speed varies from 800
to 1200 r/min. In the experimental tests, the torque reference is
−4.78 N·m (−0.5 pu) and the stator power transferred to the dc
voltage source is 500 W. The stator frequency is regulated to
50 Hz. The rotor power waveform is added in this figure, and the
reference direction of the rotor power is from the dc link to the
rotor inverter. Thus, when the rotor speed changes from 800 to
1200 r/min, the rotor powers changes form positive to negative.
As can be seen from the torque waveform, the torque ripple is
always 0.04 N·m (0.8%), which is not affected by the changes
of the rotor speed. Therefore, the proposed control strategy can
well suppress the torque ripple for both the subsynchronous and
supersynchronous operation mode.
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TABLE II
STATOR HARMONIC CURRENT CONTENTS WITH OR WITHOUT ADAPTIVE RC

Fig. 21. Experimental results of DFIG with stator frequency variation.

Fig. 22. Experimental results of DFIG with rotor speed varying from 800 to
1200 r/min.

VI. CONCLUSION

The adaptive repetitive control of DFIF-DC system for torque
ripple suppression is proposed in this paper considering the sys-
tem efficiency optimization. Grounded on the proposed method,
three main contributions can be achieved as follows.

1) The multi-SOGI block is applied for acquiring the sta-
tor fundamental voltage, which can eliminate the effect
of dc offset and harmonics in the stator voltage. Further-
more, the SOGI-FLL block is proposed for acquiring the

stator frequency to avoid the fundamental frequency and
harmonic frequency ripples.

2) The stator fundamental voltage vector is directly applied
for acquiring the orientation angle, which can reduce the
parameter dependency on the stator and rotor inductance.

3) The adaptive RC is used for suppressing the torque ripple
considering the stator frequency variation for improving
system efficiency.
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