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An Improved Repetitive Control of DFIG-DC System
for Torque Ripple Suppression

Chao Wu and Heng Nian , Senior Member, IEEE

Abstract—In order to obtain smooth torque and output power of
the doubly fed induction generator (DFIG) dc system in which an
uncontrollable rectifier is used to connect the stator winding and
dc grid, an improved repetitive control (RC) regulator is proposed
for the rotor-side converter to suppress the torque ripple in this
paper. The torque control of the DFIG is divided into the aver-
age torque control and the torque ripple control. For the average
torque control, a novel stator frequency estimation method is pro-
posed to acquire the frequency and angle of the stator flux linkage.
Then, the stator flux linkage orientation is applied for the decou-
pling control of the stator frequency and average torque. For the
torque ripple control, an improved RC regulator is designed and
directly employed for suppressing the torque ripple completely,
which can avoid the sequence decomposition and rotor harmonic
current calculation. The detailed design of the improved RC regu-
lator is presented considering the control bandwidth, the fractional
delay, and suppressing of the infinite dc gain. Finally, the proposed
control method is validated by the experiment results.

Index Terms—DC grid, doubly fed induction generator (DFIG),
repetitive control (RC), torque ripple suppression.

NOMENCLATURE

U Stator or rotor voltage.
I Stator or rotor current.
P Stator or rotor power.
ψ Stator or rotor flux linkage.
Ls, Lm ,Lr Stator, mutual, and rotor inductances, respec-

tively.
Rs,Rr Stator and rotor resistances, respectively.
np Number of pole pairs.
Te Electromagnetic torque.
Lsσ , Lrσ Stator and rotor leakage inductances, respec-

tively.
ωs, ωr Stator frequency and rotor speed, respectively.
ωs1 , ωsh Fundamental frequency and harmonic frequency,

respectively.
sl1 , slh Slip rates of the fundamental and harmonic cir-

cuit, respectively.
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GCRC Conventional RC regulator.
GBRC RC regulator with bandwidth.
GIRC Improved RC regulator.
kRC Gain of RC regulator.
Ghp High-pass regulator.

Subscripts
d, q Variables on a rotating reference frame.
s, r Stator and rotor quantities, respectively.

Superscripts
∗ Reference value.
Δ Rotor quantities relative to the Γ circuit.
∧ Estimated value.

I. INTRODUCTION

NOWADAYS, the number of offshore wind farms (OWFs)
based on the doubly fed induction generator (DFIG) is in-

creasing rapidly; these usually are distant from the onshore grid.
Conventional high voltage alternating current transmission is not
flexible and the capacity is limited due to large charging currents
of the cables [1]–[5]. One effective alternative is to apply the
high voltage direct current transmission for the large capacity
OWFs. Thus, it is of significant importance to investigate the
topology and control strategy for a DFIG-based wind turbine
connected to a dc grid.

The DFIG-DC system, based on a single derated pulse width
modulation (PWM) converter on the rotor side and a fully rated
uncontrolled rectifier on the stator side, has been extensively
investigated due to the reduced cost and simple configuration
of the power converter [6]–[13]. The rotor-side converter (RSC)
and the stator-side diode bridge are connected to the same dc
link, as can be seen in Fig. 1.

There are mainly two operation modes of this DFIG-DC sys-
tem in the existed literature [6]–[17]. The first one is applied
for the dc grid connected condition, in which the dc voltage is
constant and the DFIG works as a power source [6]–[14]. By
controlling the RSC, the DFIG can output power to the dc grid
through the stator-side diode bridge. The second one is oper-
ated as the stand-alone operation mode, in this condition, the dc
voltage is not constant and the primary objective is to control
the dc voltage [15]–[17]. In this paper, the dc grid connected
DFIG-DC system is investigated, thus the dc voltage is con-
stant in this paper and the control objective is to achieve smooth
and steady torque and power of DFIG in this condition. Some
control schemes specifically devoted to the DFIG-DC systems
connected to the dc grid have been recently studied in [6]–[14].
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Fig. 1. Configuration of a DFIG-DC system.

First, the basic operation and design issues of the DFIG-DC
system were initially studied in [6], which presented a decou-
pling control method to regulate the torque and the stator fre-
quency of DFIG. In [7]–[9], the stator voltage is used to cal-
culate the angle of the stator flux linkage for the orientation in
the control strategy, which needs the stator voltage sensor. In
[10] and [11], the sersorless operation of the DFIG-DC system
is investigated to avoid the rotor position sensor, in which the
stator voltage is applied in the phase-locked loop (PLL) for esti-
mating the stator frequency. In the above-mentioned literature,
only a fundamental frequency circuit is modeled to implement
the control of the average torque, and the torque ripple caused
by the harmonic components of voltage and current is ignored.
In order to reduce the torque ripple, a resonant controller was
added in the current loop to track the rotor current references
of six times frequency in [12], and a direct resonant control
strategy is applied for mitigating the torque ripple in [13], in
which only the sixth-order harmonic component is considered.
Furthermore, a torque ripple mitigation strategy based on a pre-
dictive estimation of the reciprocal of flux linkage is proposed in
[14], which avoids applying periodic control techniques. Thus,
the predictive delay compensation method is very robust against
stator frequency variations. However, since the stator voltage is
a step wave when the stator winding is connected to the diode
rectifier, the harmonic components are abundant in the stator
voltage, which would cause highly distorted stator and rotor
currents and cause torque and power ripple correspondingly.

In conclusion, the basic control of the stator frequency and the
average torque of the DFIG-DC system have been extensively
investigated in the literature. However, there are still some draw-
backs of the existed control strategies, which are as follows:

1) The stator voltage is highly distorted, which is not suitable
for the calculation of the stator frequency and the angle of
stator flux linkage. However, since the stator flux linkage is
an integration of the stator voltage, the stator flux linkage
is more appropriate for estimating the stator frequency
and orientation angle.

2) Only the torque ripple caused by 5th and 7th harmonics
are considered, however, the higher order harmonics such
as 11th, 13th, 17th, and 19th harmonics also should be
considered since the stator voltage is a step wave. Thus,
the suppression method of the torque ripple needs to be
improved. When considering higher order harmonic com-
ponents in the torque, such as 12th and 18th order, a large
number of paralleled resonant controllers should be em-

ployed, which might cause heavy parallel computation
burden and tuning complexity [14]. Based on the inter-
nal model principle, repetitive control (RC) can achieve
zero steady-state error tracking of any periodic harmonic
components due to the introduction of high gains at the
interested harmonic frequencies [15]–[18], which offers
accurate control solutions to suppress the torque ripple.

3) In order to reduce the torque ripple, the conventional
method is to calculate the rotor harmonic current refer-
ence and apply the resonant controllers tracking the rotor
harmonic current. The RC regulator is plugged in the ro-
tor current loop. In order to avoid calculating the rotor
harmonic current reference, the torque error is directly
applied as the input of the RC regulator, and the output of
RC regulator is considered as the corresponding harmonic
voltage reference, which is defined as the direct RC in this
paper.

In this paper, the torque control of the DFIG is divided into
the average torque control and the torque ripple control. For
the average torque control, a novel stator frequency estimation
method is proposed without using the distorted stator voltage.
Then, the angle of stator flux linkage is applied as the orientation
angle to achieve the accurate decoupling control of the stator
frequency and average torque based on proportional-integral
(PI) controller.

For the suppression of torque ripple, the direct RC is applied
to produce appropriate rotor harmonic voltage compensation. In
this way, the calculation of the rotor harmonic current references
can be avoided, which would prominently reduce the complexity
of the control strategy and improve the robustness against the
parameter deviations.

The rest of this paper is organized as follows. The system con-
figuration and mathematical model are outlined in Section II.
The control strategy of an RSC and the design of the improved
RC regulator are elaborated in detail in Section III. Furthermore,
the performance analysis of the proposed control strategy is pre-
sented in Section IV. Section V shows the experimental results.
Finally, the conclusion is made in Section VI.

II. SYSTEM LAYOUT AND MATHEMATICAL MODEL

A. System Layout

The DFIG system connected to the dc link is shown in Fig. 1,
in which the stator is connected to the dc link through the diode
rectifier and the rotor is connected through a PWM converter.
The reference direction of the stator and rotor currents is shown
in Fig. 1. Differently from the conventionally ac grid connected
DFIG, the grid-side converter can be avoided.

Fig. 2 shows the Γ equivalent circuit of DFIG in the steady
state. When the stator flux linkage orientation method is adopted,
the Γ equivalent circuit can be divided into the exciting circuit
and the power circuit. The exciting current flows through the
exciting circuit, which can generate the appropriate stator volt-
age for conducting the diode bridge. The active power current
flows through the power circuit, which can regulate the electro-
magnetic torque and the output power to the dc grid.
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Fig. 2. Equivalent circuit of a DFIG connected to dc link.

When the diode rectifier operates at the continuous conduc-
tion mode, the stator voltage is clamped to the three-step square
wave, which can be expressed by the Fourier transformation as
follows:

Usa(t) =
2
π
Udc

(
sinωt+

∞∑
n=1

(
sin (6n− 1)ωt

6n− 1

+
sin (6n+ 1)ωt

6n+ 1

))
. (1)

Due to the highly distorted stator voltage, the stator currents
and rotor currents are highly distorted, which would cause the
power and torque ripple. In the existed control strategy for re-
ducing torque ripple of DFIG-DC system, only the torque ripple
caused by fifth and seventh harmonic voltages are considered
[12], [13]. However, the high-order harmonics, such as eleventh,
thirteen, seventeen, and nineteen harmonics, also should be con-
sidered since the stator voltage is a step wave. In this paper,
the stator fundamental voltage and the harmonic voltages are all
considered. The fundamental voltage is considered in the funda-
mental current circuit and the harmonic voltages are considered
in the harmonic current circuit.

In the steady state, the stator and rotor voltages and flux
linkage in the stator reference frame can be expressed as

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
U sdq = RsIsdq + jωsψsdq

UΔ
r d q

sl = RΔ
r

sl I
Δ
rdq + jωsL

Δ
rσI

Δ
rdq + jωsψ

Δ
rdq

sl = ωs−ωr
ωs

, LΔ
rσ =

(
Ls

Lm

)2
Lr − Ls

(2)

{
ψsdq = LsIsdq + LmIrdq

ψrdq = LmIsdq + LrIrdq
(3)

RΔ
r =

(
Ls
Lm

)2

Rr , U
Δ
r =

Ls
Lm

U r , I
Δ
rdq =

Lm
Ls
Irdq (4)

where U is the voltage, Rs and Rr are stator and rotor re-
sistances, respectively, ωs is the stator frequency, ωr is rotor
angular speed, sl is the slip ratio, ψ is the flux, I is the current,
Ls = Lm + Lsσ and Lr = Lm + Lrσ are the self-inductances
of stator and rotor windings, respectively, Lsσ and Lrσ are sta-
tor and rotor leakage inductances, respectively, Lm is the mu-
tual inductance; subscripts s, r represent the stator and rotor,
respectively, subscripts d, q represent components at the d− q
axes, respectively, and superscript Δ represents rotor quantities
relative to the Γ equivalent circuit.

Fig. 3. Equivalent fundamental and harmonic circuit of a DFIG.

Fig. 4. Phasor diagram of a fundamental current circuit in the steady state.

B. Fundamental and Harmonic Equivalent Circuit

In order to analyze the influence of distorted stator voltage
on the operation performance of DFIG, the equivalent circuit
of DFIG is divided into fundamental current circuit and har-
monic current circuit [19]. The fundamental current circuit is
applied for the stator frequency control and average torque con-
trol, which guarantees the power tracking operation of DFIG
connected to dc link through a diode bridge on the stator. For
the harmonic current circuit, the rotor harmonic voltages are
also injected to the rotor side for suppressing the torque ripple.
The equivalent fundamental and harmonic circuit of the DFIG
is shown in Fig. 3, where sl1 = ωs 1 −ωr

ωs 1
and slh = ωs h −ωr

ωs h
Fig. 4 shows the phasor diagram of the fundamental current

circuit when the stator flux linkage orientation is applied.
As can be seen from (1), the distorted stator voltage of DFIG

in the dq reference frame can be expressed as

U+
sdq = U+

sdq+

+
∞∑
n=1

(
U

(6n−1)−
sdq(6n−1)−e

−j6nθ1 +U (6n+1)+
sdq(6n+1)+e

j6nθ1

)
. (5)

Then, the stator current of DFIG under the distorted stator
voltage can be expressed as

I+
sdq = I+

sdq+

+
∞∑
n=1

(
I

(6n−1)−
sdq(6n−1)−e

−j6nθ1 + I(6n+1)+
sdq(6n+1)+e

j6nθ1

)
(6)

where superscripts +, (6n− 1)−, and (6n+ 1)+ represent the
reference frames rotating at the fundamental angular speed in
the positive direction, at the angular speed of (6n− 1) times
of fundamental angular speed in the negative direction, and
at the angular speed of (6n+ 1) times of fundamental angu-
lar speed in the positive direction, respectively; subscripts +,
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(6n− 1)−, and (6n+ 1)+ represent the fundamental and har-
monic components, i.e., 5th, 7th, 11th, 13th, 17th, 19th, etc., and
θ1 represents the phase angle of stator fundamental flux linkage.

As can be seen from the stator voltage expression in (5), the
stator flux can be expressed as

ψ+
sdq = ψ+

sdq+ +
∞∑
n=1

(
ψ

(6n−1)−
sdq(6n−1)−e

−j6nθ1

+ψ(6n+1)+
sdq(6n+1)+e

j6nθ1

)
(7)

where

ψ
(6n−1)−
sdq(6n−1)− =

U
(6n−1)−
sdq(6n−1)−

−j(6n− 1)ω1
,ψ

(6n+1)+
sdq(6n+1)+ =

U
(6n+1)+
sdq(6n+1)+

j(6n+ 1)ω1

As can be seen from (7), the harmonic components in the
stator flux linkage are smaller than the stator voltage. Then,
the stator active power and the electromagnetic torque can be
expressed as

Ps =
3
2
Re
(
U+

sdqI
+
sdq

)
= Ps0 +

∞∑
n=1

Ps6n (8)

Pr =
3
2
Re
(
U+

rdqI
+
rdq

)
= Pr0 +

∞∑
n=1

Pr6n . (9)

The total power from the DFIG to the dc grid is the sum of
the stator power and the rotor power, which can be expressed as

Pt = Ps + Pr ≈ ωrTe. (10)

It can be seen that when the torque ripple is eliminated, the
ripple of the total output power can also be eliminated. Thus,
the suppression of torque ripple is not only beneficial for the
operation of the DFIG but also for the power transmission to the
dc grid.

Therefore, the main objective of the proposed control strategy
is to suppress the torque ripple completely. The torque can be
represented as

Te =
3
2
npRe

(
jψ+

sdq Î
+
sdq

)
=

3
2
npLm (IsdIrq − Isq Ird)

= Te0 +
∞∑
n=1

Te6n (11)

where Te0 is the average torque and sum of Te6n is the torque
ripple.

Combining (7) and (9), the torque ripple can be expressed by
the stator voltage and stator current

Te6n =
3np
2ωs1

Re⎡
⎢⎢⎢⎣
(
U+

sdq+ Î
(6n+1)+
sdq(6n+1)+ − U

( 6 n −1 )−
s d q ( 6 n −1 )−Î+

s d q +

6n−1

)
e−j6nθ1

+
(
U+

sdq+ Î
(6n−1)−
sdq(6n−1)− +

U
( 6 n + 1 )+
s d q ( 6 n + 1 )+ Î+

s d q +

6n+1

)
ej6nθ1

⎤
⎥⎥⎥⎦ .

(12)

Fig. 5. Control scheme of an RSC based on the improved RC regulator.

As seen from (12), the torque ripple contains many items that
are the product of the stator voltage and stator current at differ-
ent frequencies. It is complex to calculate the rotor harmonic
current reference from (12) to suppress the harmonic compo-
nents of the torque. Thus, the direct RC is applied to avoid the
calculation of the current references, which will be elaborated in
Section III.

III. CONTROL STRATEGY

In the DFIG-DC system, the dc voltage is supposed to be
constant since it is connected to the dc grid. Compared with
the traditional ac grid connected DFIG, the stator voltage is
not imposed by the ac grid, which leads to the stator frequency
that needs to be controlled additionally. Furthermore, the stator
voltage is distorted as three-step square wave when the rectifier
is continuously conducted, which would cause torque ripple
consisted of different harmonic components. Thus, the control
strategy in this paper is divided into the average torque control
and the torque ripple control.

For the average torque control, the most significant character-
istic of the topology is that the product of the stator fundamental
flux linkage and stator frequency is constant, which can be used
to control the frequency of the stator winding.

For the torque ripple control, the improved RC regulator is
employed to directly generate the rotor harmonic voltages to
suppress the torque ripple accurately.

The RSC control scheme for the torque and frequency regu-
lation is shown in Fig. 5. The regulation of the stator frequency
and average torque is the outer loop and the regulation of the
rotor current is the inner loop. The output of the stator frequency
regulation loop is the d-axis reference of rotor current. The out-
put of the average torque regulation loop is the q-axis reference
of rotor current. Since the torque is regulated by the q-axis rotor
voltage, the torque ripple can be directly regulated by applying
the improved RC regulator to generate q-axis rotor harmonic
voltages. The input of the RC regulator is the torque error and
the output is rotor harmonic voltage that is directly added to the
rotor voltage reference to suppress the torque ripple.
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Fig. 6. Waveforms of stator voltage and stator flux linkage.

Fig. 7. Block of the stator flux PLL.

A. Stator Frequency and Average Torque Control

Since the stator frequency is a controlled variable of the
DFIG-DC system, it is necessary to obtain the stator frequency
of the DFIG. In [7] and [8], the stator voltage is employed to cal-
culate the stator frequency directly based on the derivative of the
angle of the stator flux linkage. In order to reduce the pulsation
of the stator frequency, an enhanced PLL with a second-order
low-pass filter based on stator voltage was applied for estimat-
ing the stator frequency [11]. The stator voltage is necessary in
these methods. In this paper, a novel stator frequency estimating
method is proposed and the influence of distorted stator voltage
can be greatly reduced.

The novel stator frequency estimating method is proposed
based on the stator flux linkage. When the stator voltage is a
step wave, the waveforms of the stator voltage and stator flux
linkage are shown in Fig. 6. As can be seen from the expression
of stator flux linkage in (7), the harmonic components decrease
progressively with the increasing frequency. Thus, the total har-
monic distortion (THD) of the stator flux linkage is greatly
smaller than the THD of stator voltage, the stator flux linkage
is more appropriate for estimating the stator frequency. Instead
of directly calculating the stator frequency, the stator frequency
is indirectly obtained, and the stator flux linkage orientation is
achieved by controlling the q-axis stator flux linkage to be zero.
The block of the stator frequency estimating method and the
stator flux linkage orientation is shown in Fig. 7.

It is well known that the PLL is mainly consisted of three
parts, the phase discriminator (PD), loop filter (LF), and the
voltage-controlled oscillator (VCO). The block of the stator
frequency estimating method can be seen as the PLL of stator
flux linkage. Instead of calculating the stator flux linkage from
the voltage model, the current model is applied for calculating
the stator flux linkage in the d− q reference frame.

Fig. 8. Outer loop of the stator frequency and torque control.

The stator flux linkage in the d− q frame can be expressed
as

ψsd = LsIsd + LmIrd

ψsq = LmIsq + LrIrq . (13)

The output of the PD is the error between the actual angle
of the stator flux linkage and the estimated angel, which can be
expressed as

ξ =
Ls
Lm

Isq + Irq . (14)

A PI regulator is used as the LF. Unlike the conventional
PLL, the estimated stator frequency is not the output of the PI
regulator but the output of the integrator only. In this way, the
power step has little effect on the estimated stator frequency.
The estimated phase angle is the output of the VCO, which is
applied for the stator flux linkage orientation.

When the orientation angle error is regulated to be zero by
the PI controller at the steady state, the estimated phase angle is
the stator flux linkage angle and the estimated frequency is the
stator frequency. Thus, the PLL of stator flux linkage is effective
for estimating the stator frequency and orientation angle. The
performance is better than the conventional stator voltage PLL,
which will be validated by the experimental results presented in
Section V.

If the stator flux linkage orientation is adopted, the q-axis
stator flux linkage is zero and the amplitude of the stator flux
linkage is depended on the d-axis current of stator and rotor.
Moreover, the d-axis current of stator is almost zero because the
phase displacement between the fundamental harmonics of the
stator voltage and the stator current is generally small across
the diode rectifier [10]. Thus, the d-axis current of rotor can be
used to regulate the stator frequency, and the reference can be
obtained from the outer loop of stator frequency control. The
average torque is regulated by the q-axis current of current, and
the q-axis rotor current reference can be obtained from the outer
loop of torque control. The generation of the d-axis and q-axis
rotor current reference is shown in Fig. 8.

B. Design and Analysis of Improved RC Regulator

For the purpose of eliminating the torque ripple of DFIG un-
der the step wave stator voltage condition, the improved RC
regulator is proposed to suppress the torque ripple directly.
The fractional-order delay and the bandwidth of the repeti-
tive controller are solved by improving the structure of the RC
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appropriately. Furthermore, when the direct RC is applied, the
abnormal PI part is compensated by the high-pass filter that the
torque feedback in the harmonic control loop can be directly
used in this paper.

1) Bandwidth of RC Regulator: First, due to the distorted
stator voltage, the stator frequency will fluctuate around the av-
erage value. Thus, the bandwidth of the improved RC regulator
needs to be designed in order to take consideration of the stator
frequency deviation.

According to Marques and Iacchetti [14], the conventional
RC (CRC) regulator can be presented as follows:

GCRC (s) =
kRC e

−T0 s

1 − e−T0 s
(15)

where kRC is the gain parameter of CRC regulator, T0 is the pe-
riod of the fundamental control frequency, and T0 = 1/300 s in
this paper since the torque ripple includes harmonic components
of 300, 600, 900 Hz, etc.

Moreover, based on the nature of exponential function, the
conventional RC regulator given in (15) can also be written as

GCRC (s) = −kRC
2

+
kRC
T0s

+
2kRC
T0

∞∑
n=1

s

s2 + (nω0)
2 . (16)

From the aforementioned expression, it can be concluded that
a repetitive controller is equivalent to a parallel combination of
a negative proportional term, an integral element, and an infinite
number of resonant controllers connected in parallel at harmonic
frequencies. This implies that a repetitive controller contains lots
of resonant frequencies, whereas a PR controller contains only
one.

An ideal RC has infinite open-loop gain at resonant frequen-
cies and can make the control system track the reference signals
without steady-state error. However, it also results in poor sta-
bility inevitably and has poor robustness against the deviation of
resonant frequencies. To improve the stability and robustness, a
low-pass filter Q(s) or a constant Q less than 1 is added to the
internal model. When Q is a constant less than 1, the expression
of RC regulator with bandwidth becomes

GBRC (s) =
kRCQe

−T0 s

1 −Qe−T0 s
. (17)

Based on the nature of exponential function, (17) can be
rewritten as

GBRC (s) =
kRCQe

−T0 s

1 −Qe−T0 s

=−kRC
2

+
kRC

T0s+T0ωc
+

2kRC
T0

∞∑
n=1

s+ ωc

s2 + 2ωcs+ ω2
c + (nω0)

2

≈−kRC
2

+
kRC

T0s+ T0ωc
+

2kRC
T0

∞∑
n=1

s+ ωc

s2 + 2ωcs+ (nω0)
2 .

(18)

When ωc is far smaller than ω0 , the symbol of approximate
equal holds. ωc is the resonant bandwidth and ωc = −lnQ/T0 .
From (18), it can be seen that the integral element in (17)
becomes an inertial element, and resonant controllers become

quasi-resonant controllers. Therefore, it can be concluded that
the modified RC with Q corresponds to a parallel combination
of a negative proportional term, an inertial element, and a series
of quasi-resonant controllers connected in parallel at harmonic
frequencies.

2) Digital Implementation of RC Regulator: Since the RC
regulator is implemented in the digital controller, it is essential to
do an appropriate discretization of the RC regulator. Normally,
the RC regulator with bandwidth in the discrete domain can be
expressed as

GBRC (z) =
kRCQz

−N

1 −Qe−N
(19)

where N is the ratio of sampling frequency fs and the funda-
mental harmonic frequency f0 .

However, the sampling frequency is always 10 kHz and the
fundamental harmonic frequency is 300 Hz, thus, it is inevitable
that N is fractional, which cannot be directly implemented.
The nearest integral of N is applied to substitute N which
would cause high gains shift away from interested harmonic
frequencies. According to the fractional delay (FD) filters design
method [15], the FD z−N can be well approximated by FD
filters with integer orders. Assuming that z−N = z−Ni−F with
Ni = int[N ] being the integer part ofN andF = N −Ni (0 <
F < 1) being the fractional part of N , the FD z−F can be
approximated by a Lagrange interpolation polynomial FIR filter
as

z−F ≈
n∑

k=0

Akz
−k , k = 0, 1, . . . , n. (20)

The coefficient Ak can be obtained as

Ak =
n∏

i=0,i �=k

F − i

k − i
, k, i = 0, 1, . . . , n. (21)

Specifically, if n = 1 in (20), a linear interpolation polyno-
mial z−F ≈ (1 − F ) + Fz−1 is used to approximate the FD
part in [16]. However, in order to achieve a more accurate ex-
pression of the FD in the higher frequency, the bode diagram
of the Lagrange-interpolation-based FIR filter with the order
n = 1, 2, 3 is plotted in Fig. 9.

As can be seen from Fig. 9, the phase of the approximated FD
filter is the same for n = 1, 2, 3 when the frequency is less than
1000 Hz. The magnitude response is closer to 1 with higher or-
der. In this paper, the 300, 600, and 900 Hz are more concerned.
If n = 1, the magnitude is 0.996, 0.984 and 0.964 at 300, 600,
and 900 Hz, respectively. However, if n = 2, the magnitude
is still 0.997 at 900 Hz without any appreciable attenuation.
Thus, n = 2 is applied with a comprehensive consideration of
accuracy and computational complexity.

When n = 2, the FD filter is approximated as

z−1/3 ≈ 0.5556 + 0.5556z−1 − 0.1111z−2 = F (z) . (22)

In this way, the fractional repetitive controller with bandwidth
in the discrete domain can be expressed as

GBRC (z) =
kRCQz

−Ni F (z)
1 −Qe−Ni F (z)

. (23)
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Fig. 9. Bode diagram of Lagrange-interpolation-based FIR filter with n =
1, 2, 3.

3) Suppressing Infinite DC Gain of CRC: Since the torque
error also contains the average torque that is a dc component,
the infinite gain of dc in a CRC regulator should be avoided.
Then, a high-pass filter is added in the RC regulator to decrease
the gain of dc part. Thus, the improved RC can be expressed as

GIRC (z) =
kRCQz

−Ni F (z)Ghp (z)
1 −Qe−Ni F (z)

(24)

Ghp (s) =
s

s+ 300π
. (25)

The discretization method based on bilinearization is em-
ployed to obtain the high-pass filter in the discrete domain as

Ghp (z) =
0.955z − 0.955

z − 0.91
. (26)

The bode diagram of the CRC regulator and the improved RC
regulator is shown in Fig. 10. As can be seen from the figure,
compared with the CRC regulator, the improved RC regulator
eliminates the infinite dc gain, which is beneficial for the direct
resonant control. Furthermore, the phase response of the im-
proved RC leads that of the CRC by 180°, which is beneficial
for stability of the control system. At the resonant harmonic
frequencies, the gain of the improved RC does not reduce with
the increase in frequency. And the bandwidth of the improved
RC regulator is added to take account of the inaccuracy of the
stator frequency.

C. Suppression of Torque Ripple

As can be seen from torque expression (12), the torque rip-
ple consists of different harmonic frequency components. Thus,
an improved RC regulator is employed for the torque ripple
suppression. In this paper, the input of the improved RC regu-
lator is the error of the torque, and the output is directly added
to the rotor voltage reference. Thus, the sequential separations
and complicated calculation of rotor current references can be
avoided.

Fig. 10. Bode diagram of CRC and improved RC regulator.

The transfer function of the improved RC regulator in the
discrete domain can be expressed as

GIRC (z) =
kRCQz

−Ni F (z)Ghp (z)
1 −Qe−Ni F (z)

(27)

where kRC is the gain of the improved RC regulator.
The bandwidth ωc is applied to take account of the inaccu-

racy of the stator frequency, whose range is always designed
from 5 to 20 rad/s [12]. The fundamental harmonic period
T0 = 1/300, thus when ωc = 10 rad/s, Q = 0.9672 and when
ωc = 5 rad/s, Q = 0.9835.

Finally, the rotor voltage reference can be expressed as

U ∗
rdq = UP I

rdq −UR
rdq + jσLrωslIrdq (28)

whereUP I
rdq is the output of the PI controller,UR

rdq is the output
of the torque resonant compensator, jσωslLr Irdq is the cross-
coupling terms as feedforward item [12].
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Fig. 11. Block diagram of the closed-loop control based on the proposed
improved RC.

IV. SYSTEM ANALYSIS

A. Closed-Loop Control Stability Analysis

For the control loop of the stator frequency and average
torque, the stability of the fundamental rotor current control
has been validated in [13]. Thus, it is not repeated in this paper.
As reported in the previous works [15]–[18], the RC regulator
based control system may always suffer the instability opera-
tion, and even results in the failure of the DFIG control. It is
critical to make sure that the proposed improved RC regulator
would operate stably, so it is necessary to discuss the closed-
loop control stability with different bandwidths ωc and different
gain parameters kRC .

The control scheme of an RSC is shown in Fig. 5. The q-axis
rotor reference current is the output of the torque PI controller.
Since the torque PI controller is only in charge of the average
torque regulation and its bandwidth is adequately low, which
would not interact with the RC controller, the torque PI reg-
ulator is neglected when analyzing the torque ripple control
loop. Furthermore, the stator voltage is considered as the dis-
turbance term that is also ignored in the torque ripple control
loop. Thus, The block diagram of the closed-loop control system
based on an improved RC regulator is shown in Fig. 11, where
GP (s) = 1/(Rr + σLrs) and GP I (s) = (Kpis+Kii)/s are
the corresponding functions of Gp(z) and GP I (z) in the con-
tinuous domain, respectively, Gd(z) is the delay plant, and
GT = ψsd · Lm/Ls . The q-axis rotor current is applied for the
average torque control. Thus, the output of the improved RC
regulator is directly added to the q-axis rotor voltage reference.

As can be seen from the block diagram, the transfer function
of the torque ripple closed-loop can be expressed as

GTe (z) =
Te
T ∗
e

=
GIRC (z)Gd (z)GP (z)GT

1 +GP I (z)Gd (z)GP (z) +GIRC (z)Gd (z)GP (z)GT
.

(29)

The denominator of (33), which is the characteristic poly-
nomial of the overall improved RC-based closed-loop control
system, can be written as

Δ = 1 +GP I (z)GP (z)Gd(z) +GIRC (z)GP (z)GT Gd(z)

= (1 +GP I (z)GP (z)Gd(z)) (1 +GIRC (z)H(z)) (30)

where H(z) can be expressed as

H(z) =
GP (z)GT Gd(z)

1 +GP I (z)GP (z)Gd(z)
. (31)

Fig. 12. Locus of the vector S(z) with different bandwidths.

Assuming that the system is stable, the following inequality
should be satisfied[

1 − (1 − kRCGhp(z)H (z))Qz−Ni F (z)
] �= 0. (32)

Expression (32) can be guaranteed if

|S (z)| =
∣∣(1 − kRCGhp(z)H (z))Qz−Ni F (z)

∣∣ < 1. (33)

Fig. 12 shows the locus of the vector S(z) with different Q
and kRC , in which constantQ is introduced for the bandwidth of
the RC regulator. As can be seen from the figure, the decrease in
the value of the constant Q is beneficial for the system stability
and the increase in the gain kRC will lead to the instability
of the system. However, the constant Q cannot be too small
because it will attenuate the gain of the improved RC regulator
at the harmonic frequencies. Thus, the constant Q is 0.96 and
the kRC is chosen as 6 in the experimental system to guarantee
the system stability.

B. Effectiveness of Improved RC Regulator

In order to validate the effectiveness of direct RC method in
suppressing the torque ripple, the bode diagram of the transfer
function (29) is plotted as shown in Fig. 13.

As can be seen from the bode diagram, when kRC is equal
to 4, 6, and 8, respectively, the magnitude response at 300 Hz
are –0.14, –0.05, and 0 dB, respectively, and the phase response
are all 0°. Thus, the increase in the gain kRC is beneficial for
the steady performance but also will introduce resonance that
is harmful for the stability. In the experiments, kRC is designed
as 6, which is a tradeoff between the steady performance and
system stability.

V. EXPERIMENTAL RESULTS

In this part, the experimental results with the improved RC
regulator disabled and enabled are shown to validate the pro-
posed method. The schematic diagram of DFIG-based experi-
mental system is shown in Fig. 14. The DFIG was driven by
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Fig. 13. Bode diagram of GT e (s) with kRC variation.

Fig. 14. Schematic diagram of the experiment system.

TABLE I
PARAMETERS OF THE TESTED DFIG

Parameters Value Parameters Value

Rated power 1.0 kW Rated voltage 110 V
Rated frequency 50 Hz DC voltage 140 V
Stator/rotor turns ratio 0.33 Rs 1.01 Ω
Rr 0.88 Ω Lm 87.5 mH
Lσ s 5.6 mH Lσ r 5.6 mH

a squirrel cage induction motor with the control of general in-
verter. The control strategy of the 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 presented in Table I. All the waveforms are acquired
by a YOKOGAWA DL750 scope.

Fig. 15 shows the steady-state experimental results of the
DFIG system when the improved RC regulator is disabled.

Fig. 15. Experimental results of a DFIG with improved RC disabled.

TABLE II
HARMONIC COMPONENTS IN STATOR VOLTAGE

Harmonic Order 5th 7th 11th 13th 17th 19th

Content 18.20% 11.73% 5.78% 4.12% 1.98% 1.67%

Fig. 16. Experimental results of a DFIG with improved RC enabled.

In the experimental tests, the torque reference is –4.775 N�m
(–0.5 p.u.), and the stator power transferred to the dc voltage
source is 500 W. The rotor speed is 800 r/min and the stator
frequency is regulated to 50 Hz. The harmonic components of
the stator voltage are presented in Table II, which indicates that
high-order harmonic components are abundant in stator voltage.
It is necessary to employ the improved RC regulator to suppress
the torque ripple. The torque ripple is 0.45 N�m (9.4%). Fur-
thermore, the estimated frequency ω̂s is very stable at 50 Hz.
However, the frequency ωspll obtained from conventional PLL
is fluctuating around ±5 Hz.
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Fig. 17. Experimental results with the step response of a reference torque
variation with improved RC enabled.

Fig. 18. Experimental results of DFIG showing the response of rotor speed
variation with improved RC enabled.

Fig. 16 shows the steady-state experimental results of a DFIG
system when the improved RC regulator is enabled, in which
the operation condition is the same as Fig. 15. It can be seen that
the torque ripple reduces to 0.02 N�m (0.4%), which is greatly
suppressed. Thus, the improved RC regulator shows the satisfied
performance in reducing the torque ripple. Furthermore, the
stator frequency estimation is not influenced by the improved
RC regulator.

Fig. 17 shows the experimental result showing the step re-
sponse of a reference torque variation, in which the torque
changes from –0.5 to –5.5 N�m. It can be seen that the electro-
magnetic torque rises to the reference torque just about 20 ms
without any overshoot. During the step response of the electro-
magnetic torque, the estimated stator frequency is very stable
without any fluctuation. As can be seen from the test result, the
torque has a good dynamic response and the stator frequency is
quite stable during the torque changing period.

Fig. 18 shows the experimental results when the rotor speed
changes from 900 to 1100 r/min. The torque reference is set to

–4.78 N�m and the improved RC regulator is enabled under this
condition. The rotor current frequency changes from 5 to 0 Hz
and to 5 Hz again. During the rotor speed changing period, the
average value of torque is –4.8 N�m, which is approximately
the same as the torque reference, and the stator power is around
500 W. The estimated stator frequency is not influenced by the
rotor speed variation. The maximum torque ripple is 0.08 N�m
during the rotor speed variation, which is also acceptable. It can
be seen that the proposed control strategy can also achieve the
stable operation capability of a DFIG system with rotor speed
variation.

VI. CONCLUSION

In order to suppress the torque ripple of the DFIG-DC sys-
tem, an improved RC regulator is proposed to directly produce
appropriate harmonic voltages added to the rotor voltage ref-
erence. The torque control is divided into the average torque
control and the torque ripple control. The specific contribution
of this paper can be concluded as follows:

1) A novel PLL based on stator flux linkage is proposed
for the decoupling control of the stator frequency and
average torque. In this way, the distorted stator voltage
is not needed anymore and the voltage sensors can be
cancelled. As can be seen from the experimental results,
the stator frequency is very stable, which is not influenced
by the torque and rotor speed variation.

2) The high-order harmonic components in the torque rip-
ple are all considered and an improved RC regulator is
proposed to suppress the torque ripple completely.

3) The infinite dc gain of the conventional RC regulator is
attenuated by the improved RC regulator. Thus, the direct
resonant control can be applied for suppressing torque rip-
ple without sequential separations and the complex rotor
harmonic current calculations.
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