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Abstract—The paper presents the control strategy of stator cur-
rent harmonic distortion performance improvement for doubly fed
induction generator (DFIG) using bandwidth-based repetitive con-
trol (BRC) under generalized harmonic grid voltage. The control
target is to eliminate the DFIG stator current 61 &= 1 harmonic
components; thus, sinusoidal stator output current can be injected
into the power grid. Considering that the frequency deviation al-
ways occurs in the practical grid, the BRC regulator is designed
on the basis of conventional repetitive control regulator with the
introduction of control bandwidth. The closed-loop operation sta-
bility considering different bandwidth and gain parameter is also
analyzed. Finally, the availability of the proposed BRC control
strategy under generalized harmonic grid voltage is verified by
experimental results.

Index Terms—Bandwidth-based repetitive control (BRC),
closed-loop operation stability, doubly fed induction generator
(DFIG), generalized harmonic grid voltage.

1. INTRODUCTION

HE harmonic distorted grid condition will severely dete-
T riorate the output power quality of the renewable energy
generation system. Especially for the doubly fed induction gen-
erator (DFIG)-based wind power generation system whose sta-
tor winding is directly connected to the power grid, the adverse
stator current distortion, instantaneous active and reactive power
pulsation and electromagnetic torque pulsation would occur as
a consequence [1]-[3].

Up to now, several control strategies of the DFIG system
under grid voltage distortion have been investigated in [3]-[9]
with vector-oriented control or direct power control strategy;
these works aimed at keeping stator or rotor current sinusoidal,
or smooth active and reactive output power, or smooth electro-
magnetic torque. However, only the low-order fifth and seventh
harmonic components of grid voltage were considered in the
previous works [3]-[9].

Nowadays, the renewable power generation system has been
widely applied in the weak grid, microgrid, or stand-alone power
grid. The nonlinear load would inject harmonic distorted cur-
rent into the grid, and the distorted current may include both
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low-order (fifth and seventh) and high-order harmonic (11th,
13th, 17th, 19th, etc.) components [10]. Since the microgrid or
weak grid would always have line impedance that cannot be
ignored, the harmonic distorted current would inevitably cause
the harmonic voltage distortion on the point of common cou-
pling (PCC), and the PCC voltage distortion will also contain the
low-order and high-order harmonic components [10]. As a con-
sequence, the DFIG operation and output power quality would
be severely jeopardized if no effective control strategy consider-
ing the grid voltage harmonic components is implemented, and
the grid voltage distortion condition would be further aggravated
as well.

The proportional-integral resonant (PIR) regulator [3]-[7],
[9] or vector proportional integral (VPI) resonant regulator [8]
tuned at 300, 600, 900 Hz, etc., in the synchronous rotating
frame, can be used to restrain the stator current harmonic com-
ponents. Nevertheless, when the high-order harmonic voltage is
taken into consideration for DFIG control, the complex control
scheme configuration with more resonant regulators working
in parallel has to be implemented, and large amount of DSP
computation time would be consumed. Furthermore, the proper
discretization method has to be carefully chosen to make sure
that the resonant frequency of PIR and VPI regulators in the
discrete domain would match precisely as that in the continuous
domain, and the delay compensation should also be carefully
considered [11]. Thus, the resonant regulator is inappropriate to
implement the effective suppression of the stator current low-
and high-order harmonic components simultaneously.

It has been reported that the repetitive control (RC) regula-
tor is able to mitigate the 6n 4 1 harmonic current components
[12]. Compared with the conventional resonant regulator, the
simple control structure and less DSP computation burden, as
well as the better steady-state performance of RC regulator can
be guaranteed [12]-[21]. The RC regulator for three-phase grid-
connected inverter was employed in [12] to eliminate the 6n £ 1
harmonic components of output current, in which Q(z) was pro-
posed to compensate the nonintegral ratio of sample frequency
to the 6m-order harmonic frequency. The RC strategy of DFIG
operating in stand-alone mode was investigated in [13] to miti-
gate the harmonic distortion or unbalance in the stator terminal
voltage. The dual mode-structure RC, which comprises two par-
alleled periodic signal generators, an odd harmonic one and an
even harmonic one, was proposed in [14] to improve the control
performance of RC with faster error convergence rate. A cas-
caded current—voltage control strategy for inverters using Hoo
repetitive controller was investigated in [15] to simultaneously
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improve the power quality of the load voltage and current ex-
changed with the grid. The advanced current control strategy for
distributed generations to transfer a sinusoidal current into the
utility grid under the distorted grid voltage and nonlinear local
load conditions was introduced in [16], and the PI controller and
RC is adopted in the synchronous reference frame. The design
of robust RC with time-varying sampling periods was reported
in [17] to design a low-order, stable, robust, and causal 1IR
repetitive compensator using an optimization method to achieve
fast convergence and high tracking accuracy. A generic digital
nk 4+ m-order harmonic repetitive control (nk + mRC) scheme
was presented in [18] for constant-voltage constant-frequency
pulse width modulation (PWM) converters to track/remove any
nk £ m-order harmonic frequencies efficiently. A multirate RC
scheme was developed and applied to constant-voltage constant
frequency PWM converter systems in [19]. The inherent rela-
tionship between RC and resonant control was comprehensively
developed in [20], in which the partial equivalence between RC
regulator and resonant regulator, the advantages and disadvan-
tages of multiresonant over RC is pointed out. A general parallel
structure RC scheme for multiphase dc—ac PWM converters to
cancel output total harmonic distortion more efficiently was de-
veloped in [21].

Meanwhile, the grid frequency is allowed to vary within the
range of 49.8 and 50.2 Hz in the practical situation [22]. Unfor-
tunately, the conventional RC regulator, which can be expressed
as the sum of series of ideal resonant regulators [20], has quite
precipitous magnitude response and phase response at the adja-
cent of the control frequency (300, 600, 900 Hz, etc.) due to the
absence of the resonant bandwidth parameter [11]. When the
grid frequency deviation happens, the resonant regulator usu-
ally employs the parameter of resonant bandwidth to enlarge the
magnitude response near the resonant frequency point [3]-[9];
thus, the stronger robustness of the resonant regulator against
grid frequency deviation can be guaranteed. Nevertheless, the
series of ideal resonant regulators included in the conventional
RC regulator do not have the resonant bandwidth parameter;
thus, the DFIG stator current harmonic suppression capability
based on conventional RC regulator would be severely deterio-
rated when grid frequency deviation happens. Therefore, for the
purpose of improving DFIG operation performance in practical
application, the control robustness of conventional RC regulator
against grid frequency deviation should be improved.

In order to improve the control robustness of conventional
RC regulator against grid frequency deviation, an improved RC
scheme with a special designed finite-impulse response (FIR)
filter was proposed in [23]; the FIR filter can be adjusted ac-
cording to the varied grid frequency and maintain its resonant
frequencies matching the grid fundamental and harmonic ones.
However, the design of the FIR filter is complicated since sev-
eral parameters of FIR filter need to be carefully selected under
grid frequency variation. Moreover, the introduction of FIR filter
would also increase the control system complexity.

Since the resonant bandwidths of PIR and VPI regulators are
always introduced to improve their control robustness against
grid frequency deviation [3]-[9], the similar bandwidth design
method can be employed on the basis of conventional RC reg-
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ulator, and its regulation capability would be improved when
the DFIG stator current harmonic components deviate from the
normal 300, 600, and 900 Hz. Compared with [23], the proposed
bandwidth-based RC (BRC) regulator has the advantage of sim-
ple structure and easy implementation; only one parameter of
bandwidth needs to be determined and flexibly adjusted under
the different situation of grid frequency deviation.

This paper investigates the BRC strategy for DFIG under the
generalized harmonic grid voltage to achieve the sinusoidal sta-
tor current injected into the power grid. This paper is organized
in following manner. In Section II, the mathematical model of
DFIG under the generalized harmonic voltage is briefly men-
tioned as a foundation. The proposed BRC strategy is described
in detail in Section III. In Section IV, the shortcoming of con-
ventional RC regulator, the design method of the proposed BRC
regulator, as well as the analysis of closed-loop stability con-
sidering different bandwidth and gain parameter, is discussed.
Finally, in Section V, the experimental system based on 1 kW
laboratory DFIG is developed to validate the availability of the
proposed BRC strategy.

II. MATHEMATICAL MODEL OF DFIG UNDER GENERALIZED
HARMONIC VOLTAGE

The mathematical modeling of DFIG under fifth and seventh
distorted grid voltage has been well established in [3], and the
similar deduction can be accomplished when the 6n + 1-order
harmonic components of grid voltage is considered.

When DFIG works under the generalized harmonic voltage,
the stator current would also contain both low- and high-order
harmonic sequences due to the stator’s winding direct connec-
tion to the power grid; thus, the stator current can be presented
as follows:

0
+ 7+ 2 : (6n—1)—  —j6no,
Isdq - Isdq+ + (Isdq((in—l)—e

n=1

(6n+1)+ j6no
+ Isdq(GnJrl)Jrej ! 1) (D

where [ is current; subscripts d, g represent d-axis and g-axis
components; subscripts s represent stator components of DFIG;
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 angular speed in the positive
direction; subscripts +, (6n—1)— and (6n + 1)+ represent the
fundamental and harmonic components, i.e., Sth, 7th, 11th, 13th,
17th, 19th, etc. 6, represents the phase angle of grid voltage
fundamental component.

Therefore, based on (1), it can be found out that, due to the har-
monic distorted grid voltage, the stator current of DFIG would
contain the harmonic components of 5—, 7+, 11—, 13+, 17—,
19+, etc., sequence in the stationary frame, these components
would behave as 6—, 6+, 12—, 12+, 18—, 18+, etc., times of grid
voltage fundamental frequency in the (dg)" synchronous frame.
In order to enhance the output power quality of DFIG under the
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strategy.

Block diagram of the proposed stator current harmonic suppression

harmonic distorted grid voltage, the control target is selected to
output the sinusoidal stator current into the power grid.

III. STATOR CURRENT HARMONIC SUPPRESSION STRATEGY

For the purpose of removing the stator harmonic current
components under the generalized harmonic voltage, the BRC
regulator is employed for DFIG control in this paper. Fig. 1
shows the control block diagram of the proposed stator current
harmonic suppression strategy, which is almost similar to the
control scheme in [9]. Since only the fifth- and seventh-order
harmonic components of grid voltage was considered in [9], the
resonant regulator is sufficient to deal with the stator current
fifth and seventh harmonic sequence. However, since more har-
monic sequences need to be considered in this paper, the RC
strategy is employed in the proposed control strategy for DFIG
under the generalized harmonic voltage. Furthermore, it can be
seen that no harmonic sequence extraction of grid voltage or
stator current is required; this would simplify the complexity of
the proposed control strategy and reduce the DSP computation
burden.

As can be seen from Fig. 1, the distorted grid voltage U,y
would be sampled and transformed to the synchronous (dg)™
frame as U;l o»and the phase-locked loop module integrated with
low-pass filter can be used to obtain the phase angle information
of voltage fundamental frequency component. The rotor speed
w, and position angle 6, can be obtained by the encoder output.
The stator current Ig,;,. and rotor current I,,},. are transformed
to (dg)* frame as I o and I ,» Tespectively, which would be
used in the two separate current closed-loop control. The two
current closed-loop control is elaborated as follows.

1) The PI regulator is used to control the fundamental com-
ponent of rotor current. The rotor current fundamental
component reference de’; + can be obtained according to
the output active and reactive power reference based on
maximum power point track (MPPT) and reactive power
compensation command [3]. Normally, MPPT in the wind
turbine system is used to generate the output power ref-
erence signals based on the wind speed, grid operation
requirement, etc. The rotor current reference correspond-
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ing to the power reference is sent to the converter; the error
of rotor current can be obtained by comparing the actual
rotor current . ;:1 q and reference Ifdz s and the PI current
controller is adopted to make sure that the DFIG actual
output power would follow precisely the power reference
generated by MPPT. Since the rotor current control is im-
plemented in (dg)" synchronous rotating frame, the rotor
current control error would always contain dc component
and 6n-order ac signal components. The dc component can
be restrained to zero by PI regulator, while the 6n-order
ac error signals can be automatically neglected due to the
limited ac signal tracking capability of the PI regulator.
Thus, it can be found out that the closed-loop PI control of
rotor current is unable to eliminate the stator current dis-
tortion; thus, the additional closed-loop control of stator
current with BRC regulator needs to be introduced.

2) The BRC regulator is used to directly suppress the har-
monic components of stator current. As shown in Fig. 1,
the reference of BRC regulator is set as zero (meaning no
harmonic components of stator current are expected to ex-
ist), and stator current feedback I, :1 q would include both
dc and 6n component of stator current. Due to that the
dc component in error signal would unfortunately inter-
fere the harmonic control capability of RC regulator [13],
an additional high-pass filter is used to remove the dc
component in the stator current feedback, as described in
Section IV-C. It should be noted that the aforementioned
process of stator current dc component removing with the
adoption of high-pass filter can be considered as the stator
current harmonic components extraction process. Several
harmonic extraction methods are available, for instance,
the multiple complex-coefficient filter is adopted in [3]
to extract the fundamental, fifth harmonic sequence, and
seventh harmonic sequence in the grid voltage. The de-
composing scheme based on multiple second-order gener-
alized integrators and a frequency-locked loop (MSOGI-
FLL) is introduced in [4] and [5] to extract the grid volt-
age negative, fifth and seventh harmonic components. The
band pass filter is also adopted to extract the fifth and sev-
enth harmonic components in [6]. All these harmonic ex-
traction methods are capable of extracting each harmonic
sequence quickly and accurately. However, in this paper,
the detailed information on each harmonic sequence of
stator current is not required, but only the sum of entire
harmonic sequences of stator current needs to be known;
thus, for the sake of control system simplicity, only the
high-pass filter is adopted to acquire the stator current
harmonic components.

Therefore, two closed-loop current control output, together
with the decoupling compensation item [3] as given in (2),
would finally produce the rotor control reference voltage Ultlfl.
The reference voltage is then transformed to the rotor stationary
frame, and the space vector modulation is used to obtain the
switching signals

By = (Rel, + jenoLo Iy, )

L (Ui = Relhg = joorty ) /Lo )
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where R, and R, are stator and rotor resistances, subscripts r
represent rotor components of DFIG, w; and w, are grid voltage
angular speed and rotor angular speed, L, L, are the stator and
rotor inductance, 0 = 1 — L2, /L, L, is the leakage inductance
coefficient, and L,,, is the mutual inductance.

IV. DESIGN AND ANALYSIS OF BRC REGULATOR

For the purpose of eliminating DFIG stator current harmonic
components under generalized harmonic grid voltage, as well as
considering the fact that the grid voltage frequency is allowed to
vary within the range of 49.8 and 50.2 Hz [22], the BRC regu-
lator is proposed to improve the closed-loop control robustness
against grid frequency deviation.

A. Shortcoming of the Conventional RC Regulator

According to [20], the conventional RC regulator in the con-
tinuous domain can be presented as follows:

678T0

Grcs (S) = krc (33)

where k.. is the gain parameter of conventional RC regulator,
T} is the period of fundamental control frequency, and T =
1/300s in this paper since the stator current distortion includes
harmonic components of 300, 600, 900 Hz, etc.

Moreover, based on the nature of exponential function, the
conventional RC regulator given in (3a) can also be written
as [20]

o0

2k 5
+ TO Z 52 _|_w721

n=1

ke ke 1
Grcs(s) = _7 + Tog

(3b)

where Tj is the period of fundamental control frequency, which
is the same as in (3a).

On the other hand, according to [12], the conventional RC
regulator in the discrete domain can be presented as

_ Qz)z "
Grcz (Z) _ krcw (43)
Q(z)= 1—-D)+ Dz (4b)

where D is equal to the fractional part of Ny/6, and Ny is
the ratio of the sampling frequency to the grid fundamental
frequency [12]. And the delay N is set to the integral part of
Ny /6. It has been proved in [12] that the block Q(2)z~" is
capable of maintaining the great RC performance when one-
sixth of the ratio Ny is noninteger.

It should be noted that both (3a), (3b), and (4a), (4b) can
be used to describe the RC regulator in the different domain
((3a) and (3b) in the continuous domain and (4a) and (4b) in the
discrete domain). Since the resonant regulator containing the
resonant bandwidth w,. [3]-[8] is always presented in the con-
tinuous domain, in order to more clearly and explicitly explain
the proposed method of introducing the bandwidth parameter
into the conventional RC regulator, the design procedure of BRC
regulator is first illustrated on the basis of conventional RC regu-
lator in the continuous domain in (3a) and (3b), and then would
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Fig. 2. Bode diagram of conventional RC regulator (ky. = 0.9, Q(z) =
2/3 4 1/3*271, and N = 33).

be transplanted to the RC regulator in the discrete domain in
(4a) and (4b).

Fig. 2 gives out the bode diagram of conventional RC reg-
ulator as given in (4a) and (4b) with the k.. = 0.9, Q(z) =
2/3+1/3*271, and N = 33 according to [12] due to the sam-
ple frequency of 10k Hz and the fundamental control frequency
of 300 Hz. It can be observed from (3a), (3b), (4a), (4b), and
Fig. 2 that:

1) The conventional RC regulator in both continuous domain
and discrete domain contains the abnormal PI part, namely
“—kyo/2 + kyo/Tys.” Since both the proportional parameter
(—kyc/2) and integral part (k../Tys) are only determined
by the RC gain parameter k., the parameters of pro-
portional part and integral part of RC regulator cannot be
tuned independently, while the parameters of proportional
part and integral part in the normal PI regulator can be ad-
justed independently. Additionally, both proportional part
and integral part in the normal PI regulator have positive
sign, while in RC regulator, the proportional part has neg-
ative sign “—” and the integral part has positive sign “+.”
Therefore, even high gain of 53 dB for the dc component
can be obtained, this abnormal PI part would unfortunately
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fail to regulate the stator current fundamental component,
but interfere the normal operation of DFIG stator current
regulation, which can be seen from Fig. 2(a).

2) Besides the abnormal PI part, the conventional RC regula-
tor also contains series of resonant regulators in ideal ex-
pression, which are responsible for suppressing the stator
current harmonic components because of the high magni-
tude response of 47, 35, and 28 dB at 300, 600, 900 Hz,
etc., as can be seen from Fig. 2(b). However, the equivalent
ideal resonant regulators lack the bandwidth parameters
in the denominator; thus, when the grid frequency devi-
ation of +0.2 Hz happens (that is 1.2 Hz for 300 Hz,
+2.4 Hz for 600 Hz, 3.6 Hz for 900 Hz), the gain would
drop from 47 to 30.9 dB for the 300 4+ 1.2 Hz, 35 dB to
24.5 dB for the 600 + 2.4 Hz, and 28 dB to 20.3 dB for
the 900 + 3.6 Hz. Therefore, the conventional RC regu-
lator’s robustness against grid frequency deviation would
be degraded if no bandwidth parameter is introduced.

B. Proposed BRC Regulator Design

In order to improve the stator harmonic current suppression
capability of DFIG, the robustness against grid frequency devi-
ation of RC regulator should be enhanced. Based on the con-
ventional RC regulator expression in the continuous domain as
given in (3b), the bandwidth parameter can be easily introduced,
which is similar as the introduction of bandwidth to the resonant
regulators. Besides, the abnormal PI part can also be removed.
Then, the BRC regulator with bandwidth parameter and without
abnormal PI part in the discrete domain can be obtained.

According to (3b), the resonant parts in the conventional RC
regulator can be extracted by removing the abnormal PI part as

Tb krc krc 1 - S
v <Grcs(3) + 7 - T()S) - "z_:l s2 + w?L :
&)
It can be found that series of resonant regulators are included
in (5), and each single resonant regulator tuned at 300, 600,
900 Hz, etc., would work independently among each other as
shown in Fig. 2(b), and large magnitude response can be ob-
tained at the interested control frequency, while at other fre-
quency spectrum, the magnitude is below 0 dB and no effective
control can be implemented.
Therefore, it can be found out that for each single resonant
regulator in (5), the bandwidth parameter w,. can be introduced
as

RESO =

s 1
= . (6a)
2 2 1
5+ Wwes + wj, - +w,
s2 +w?

Considering that each single resonant regulator in (5) would
work independently and do not interfere with each other (that
is high magnitude response around 30-50 dB at the interested
control frequency of 300, 600, and 900 Hz, while large atten-
uation of magnitude response below 0 dB at the noninterested
control frequency spectrum as shown in Fig. 2), then the follow-
ing equation can be obtained based on (6a) from the perspective
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of mathematical approximation (which can be explained as, the
sum of reciprocal of each single resonant regulator would be ap-
proximate to the reciprocal of sum of the resonant regulators):

=> —

n=1 S
2 2
s+ Wy,

Grcs,b(s) T

l Grcs,a (5)
1 1

> oo
82 4+ wes+ w?

n=1

+ we

Q

1
+w, RESO +we

x S

2 2
n=19 +"‘)n

1

T 2k 1
k

T Gois) +

(6b)

+ w(j
re _ kl’C 1
2 T() S

where w, is the bandwidth in the proposed BRC regulator, the
Gics_a(s) represents the expression before mathematical ap-
proximation, and the G,.s_;(s) represents the expression after
mathematical approximation, and the “~” is adopted to present
the mathematical approximation of “the sum of reciprocal of
each single resonant regulator would be approximate to the re-
ciprocal of sum of the resonant regulators.”

It should be noted that the accuracy of the proposed mathe-
matical approximation between Gi;_, (s) and Gics_p(s) can be
validated based on Fig. 3. As shown in Fig. 3(a), the magnitude
response of both Gy¢s_,(s) and G..s_;(s) would be the same
at the interested control frequency of 300, 600, and 900 Hz,
while only tiny difference can be observed at the noninterested
control frequency, which can be seen from Fig. 3(b), that is,
—50 dB of Gyes_a(s) and —70 dB at G5 5 (s) at 458 Hz. Be-
sides, the frequency response of both Gy¢s_(s) and Gcs_4($)
would also be the same at 300, 600, and 900 Hz, while tiny
difference of phase response can be found around 458 Hz as
shown in Fig. 3(b). Thus, it can be concluded that the proposed
mathematical approximation between Gycs_q (s) and Gies_p ()
in (6b) is sufficiently accurate to ensure the same magnitude and
phase response of these two expressions at the interested control
frequency; therefore, the satisfactory control performance using
the expression G, _; (s) after approximation can be guaranteed.

Therefore, the BRC regulator with bandwidth parameter in
the continuous domain can be approximately obtained based on
(6b) as

Epre
Gbrcs (S) = b
RESO © *
kbr(:
= 5 . — o
noem oo
1—esTo 2 Tys

where ki, is the gain parameter of BRC regulator to adjust the
magnitude response at the interested frequency.
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Fig.3. Bode diagram of expression before and after the mathematical approx-

imation in (6b), the Gycs_q (s) represents the expression before mathematical
approximation, and the G5 _ (s) represents the expression after mathematical
approximation (w. = 10 rad/s, the resonant gain parameter of both expression
is set 1000).

Based on the mathematical deduction in (5)—(7), the BRC
regulator in the continuous domain can be obtained; naturally,
the same mathematical deduction can be implemented in the
conventional RC regulator in the discrete domain as follow-
ing. By replacing the RC regulator in continuous domain with
the RC regulator expression (4a) and (4b) in discrete domain,
and replacing abnormal PI part in continuous domain with the
one in discrete domain (using the discretization method of bi-
linear), the BRC regulator in discrete domain can be finally
expressed as
kljblc ) (8)
+ we

Gbrcz(z): D)
Ty Q(z)z N 1 T, =z

1-Q(z)zN 2 Tyz-1

It can be observed from (8) that the abnormal PI part in the
conventional RC regulator can be removed in the BRC regulator,
and the bandwidth w, can be also introduced. However, these
modifications make the expression of BRC regulator Gy, (z)
more complicated than the conventional RC regulator. Since
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the stator current control error dc component can be eliminated
by the high-pass filter in the proposed control strategy shown
in Fig. 1, thus keeping the abnormal PI part would have no
negative influence on the control performance. Therefore, the
BRC regulator with abnormal PI part can be presented with
simpler expression as

GbrczPI(z) - D) 1

o k’r'chOQ(Z)Z_N (9)
C2(1-Q(2)z™) + w. Ty Q(2)z™N "

For the sake of simplicity in the following discussion, only
the BRC regulator with abnormal PI regulator G},,.p1(z) in (9)
would be mentioned. Moreover, it can also be found that when
w, = 0 rad/s, (9) is the same as the conventional RC regulator
in (4a).

It should be noted that the bandwidth w,. can be adjusted
flexibly. Fig. 4 gives out the bode diagram of conventional
RC regulator G,.,(z) in (4a) and (4b) and the proposed BRC
regulator G,ep1(2) in (9), with the parameters of Q(z) =
2/3+1/3*271, Ty =1/300 s and N = 33; kp;. = 250 when
w, = 0rad/s; kyye = 460 when w, = 2 rad/s; k.. = 820 when
w. = b rad/s; kp,. = 1300 when w, = 10 rad/s. The gain pa-
rameter k. in previous cases is determined on the basis of
equal magnitude response of 40 dB at 300 Hz when different
bandwidth parameter is employed.

As can be observed from Fig. 4(a), the conventional RC reg-
ulator would have the large gain of 53 dB for the dc component
due to the existence of abnormal PI part, while the proposed
BRC regulator with PI part in the case of bandwidth w, = 2, 5,
10 rad/s as given in (9) would also have the large gain of 40 dB
for the dc component. Due to the introduction of high-pass filter
in the stator current control loop as described in Fig. 1, the ab-
normal PI part would bring no negative influence to the control
performance. Moreover, it can also be found out from Fig. 4(a)
that the satisfactory magnitude response of high gain at the in-
terested frequency can be obtained for both conventional RC
regulator and the proposed BRC regulator.

Fig. 4(b) gives out the bode diagram of conventional RC
and proposed BRC regulators within the frequency spectrum
of 200-1000 Hz. As shown in Fig. 4(b), the large gain can
be obtained, i.e., 40 dB for conventional RC and BRC with
we = 2,5, 10 rad/s at 300 Hz; 28 dB for conventional RC and
32-36 dB of BRC with w. = 2, 5, 10 rad/s at 600 Hz; 21 dB
for conventional RC and 26-33 dB of BRC with w,. = 2, 5,
10 rad/s at 900 Hz. Besides, the same phase response of 0° at
300, 600, and 900 Hz for both conventional RC regulator and
proposed BRC regulator can be achieved. Therefore, it can be
concluded that the proposed BRC regulator would have better
control performance than the conventional RC regulator when
the grid works under normal frequency of 50 Hz due to the
higher magnitude response of BRC regulator at the interested
frequency.
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Fig. 4(c) gives out the bode diagram of conventional RC
and proposed BRC regulators within the frequency of 298-
302 Hz, when grid frequency deviation of 50 4+ 0.2 Hz (i.e.,
300 4+ 1.2 Hz) happens. As shown in Fig. 4(c), the conven-
tional RC regulator and proposed BRC regulator with different
bandwidth would have different response when the grid fre-
quency deviation happens. For the conventional RC regulator
(w, = 0 rad/s), the magnitude response would drop from 40
to 24 dB, which would deteriorate the stator current harmonic
suppression capability because of the larger steady-state con-
trol error, while the proposed BRC regulator with bandwidth

. = 2 rad/s would have the magnitude response drop from 40
to 29 dB, and similarly from 40 to 33 dB with w, = 5rad/s, from
40 to 37 dB with w, = 10 rad/s. Therefore, it can be found that
when the bandwidth w, is introduced to the conventional RC
regulator, the extent of magnitude response decreasing would
become much smaller, that is 16 dB when no bandwidth, 11 dB
when w, = 2 rad/s, 7 dB when w, = 5 rad/s, and 3 dB when
w,. = 10rad/s. Furthermore, the phase response at 300 Hz would
also deviate from 0° when the grid frequency deviation happens.
By comparing the four curves with different bandwidth, it can be
found that when larger bandwidth is selected, the much smaller
phase response changing can be observed, i.e., —55° to 55°
when w, = 10 rad/s, —65° to 65° when w, = 5 rad/s, —75° to
75° when w,. = 2 rad/s, and —80° to 80° when w,. = 0 rad/s.
As a result, the closed-loop control performance of stator cur-
rent harmonic suppression would be comparatively less deteri-
orated when the larger bandwidth parameter is employed. Thus,
it can be validated that the introduction of bandwidth in the pro-
posed RBC regulator would be helpful to improve its robustness
against grid frequency deviation from both the perspective of
magnitude response and phase response, and the proposed BRC
regulator would be more appropriate than the conventional RC
regulator in the practical grid situation when grid frequency
deviation occurs.

C. Closed-Loop Control Stability Analysis

Asreported in the previous works [18]-[21], the RC regulator-
based control system may always suffer the instability operation,
and even results in the failure of the DFIG control target. It is
critical to make sure that the proposed BRC stator current con-
trol would operate stably, so discussing the closed-loop control
stability with different bandwidth w, and different gain param-
eter ky,.. would be essential.

Fig. 5 shows the block diagram of proposed BRC-based DFIG
control system for the stator current harmonic suppression.
Since the BRC regulator is sensitive to the dc error compo-
nent as described in Fig. 4(a), the high-pass filter is introduced
to eliminate the dc error component in the stator feedback cur-
rent I, sdq> then the stator current harmonic component I
con51dered as the BRC regulator feedback.

According to [8], the DFIG transfer function from BRC reg-
ulator output to the stator current in the continuous domain can
be deduced as

HlS

~

m 1

G (8) = 7 "R o,

(10a)
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Fig. 5. Block diagram of the proposed BRC closed-loop control.

Based on (10a) and the discretization method of impulse
invariant, the DFIG transfer function in the discrete domain can
be presented as

T,L,, z

Gl t zZ) =
s ( ) oLsL, z — e TsR, /oL,

(10b)

where T is the sample period of le—4 s.

In order to avoid the BRC regulation on the fundamental
component of stator current, a high-pass filter with the cutoff
frequency of 10 Hz is introduced to remove the stator current
control error dc component before feeding back to the BRC
regulator

S S

Ghighpass () = s+a s + 207

(11a)

where a is the cutoff frequency of 207 rad/s.
The discretization method of bilinearization is employed to
obtain the high-pass filter in the discrete domain as

2z —2
G ighpass -
highp (Z) (2+QT;)Z o (2704Tg)
2z —2
= — 11b
2.006z — 1.994 (11b)

According to Fig. 4, it can be found out that the BRC regulator
would only introduced 0° for the 300, 600, and 900 Hz com-
ponents, thus having no negative influence on the stator current
control performance. Moreover, the high-pass filter would also
introduce negligible phase delay of 1.9°,0.95°, and 0.63° at 300,
600, and 900 Hz, respectively. Therefore, it can be concluded
that the major control delay is caused by the control subject
DFIG and the digital control delay of one sample period [24],
[25], and the phase leading unit should be accurately designed
to compensate these two delay units as
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Based on (9)—(12) and Fig. 5, the control system transfer
function can be deduced as

Isq ( )
C{: —lea ( ) = T 2
B 18
GbrcPI(Z)Gplant(Z)Zilalead(z)

1+ Ghrert (Z)Gplant (Z)Z_l Giead (Z)Ghighpass (Z) - (13)
Thus, according to (13), the transfer function of stator current
from the reference to the error can be presented as
According to (14) shown in the bottom of page, in order to
assure that the control system is stable, the following condition
should be satisfied:

1 kyre Tt .

T )Ghighpass (eijS )) Q(ejWTS ) < 1

Glea‘d(e]w (15)
where w = [207, 100007]. It means that as w increases, the
system will be stable if S(z) is confined within the unity circle.
Since the proposed high-pass filter has the cutoff frequency of
10 Hz, the BRC-based stator current closed-loop control would
not include the error component with the frequency lower than
10 Hz. Thus, the lower limit of the angular speed discussed
in (15) is 207 rad/s, and the upper limit would be the Nyquist
frequency of 5 kHz (10 0007 rad/s) due to the sample frequency
of 10 kHz.

Fig. 6 gives out the locus of the vector S(z) with different BRC
regulator bandwidth parameter w. = 2, 5, 10 rad/s and ky,. =
460, 820, and 1300, respectively. As can be observed from
Fig. 6, when certain k. is chosen, the different bandwidths
of 2, 5, and 10 rad/s would have almost the same performance
considering the closed-loop stability, as can be proved in Fig. 6.
Moreover, when different gain parameter &}, is implemented,
the locus curve would be much different, for instance, when
the ky,. = 460 is chosen, the closed-loop operation would have
overlarge stability margin due to its response within the range
of 0.6; while k.. = 820 is chosen, the closed-loop would have
appropriate margin of within the range of 0.8, and the larger k¢
would be helpful to suppress the control error. However, when
overlarge k. = 1300 is implemented, the locus goes out of the
unity circle, and instability operation would be a consequence.

Thus, it can be concluded from Fig. 6 that: 1) The bandwidth
parameter w,. would have negligible influence on the closed-
loop operation stability; thus, adjusting the bandwidth flexibly
according to different grid frequency deviation condition would

1 O'LSLT ~R, /oL )
aa(2) = = —e M lol) (12
Crena(2) Gplant(2)z70  TiLy, <Z ‘ (12)
I:éla( ) —1_ Ibdq(z)
L5 (2) It (2)

o 1 +GbrLPI( )Gpldnt( )

_1Gledd( ) (Ghighpass (Z) B 1)

1—|—Gb1cPI( ) plmt( )

1ud (Z)Ghighpass (Z)
(1 + GbI'CPI( ) plant( )Z 1CTYle“Ld( ) (Ghighpass (Z)

1)) (1 + (””T" — 1) Q(z)z’N) .

(e

- kblzﬂGplant (Z)ZilGlcad( )Ghighpass( )) Q(z)sz

(14)
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Fig. 7. Block diagram of the experiment system.

be applicable in the practical situation; 2) the closed-loop stabil-
ity is mainly determined by the gain parameter ky,., and larger
ki means better steady-state tracking accuracy, but also means
smaller stability margin. Therefore, an appropriate selection of
kpye with the compromise between closed-loop operation sta-
bility and steady-state tracking accuracy should be carefully
considered.

Furthermore, as proved in Fig. 6, the stable operation of BRC-
based stator current control is relatively easy to achieve in the
practical situation; thus, no low-pass filter or coefficient smaller
than 1.0, as adopted in [12]-[21] to improve the closed-loop
operation stability, is needed in this paper.

V. EXPERIMENTAL VALIDATION

A. Experimental Setup

Experiment system was developed on a laboratory prototype
of 1 kW DFIG system as shown in Fig. 7, in which the DFIG
is driven by a squirrel cage induction machine as the wind
turbine. The Chroma 61704 programmable three-phase voltage
source is set up to simulate the harmonic distorted power grid.
In the experiment, grid voltage Sth-, 7th-, 11th-, 13th-, 17th-,
and 19th-order harmonic components are set as 2.98%, 2.91%,
2.68%,2.57%,2.37%, and 2.18%, respectively. The rotor speed
is initially set to 800 r/min, while the synchronous speed is
1000 r/min.
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TABLE I
PARAMETERS OF EXPERIMENT DFIG SYSTEM

Rated power 1 kW DFIG mutual 90.1 mH
inductance L,
Grid voltage 110V DFIG stator 3.0 mH
(RMS of phase leakage
to phase) inductance L, 4
Stator/rotor turns 0.33 DFIG rotor 3.0 mH
ratio leakage
inductance L ,
Stator resistance 1.01 Q DFIG pole pairs 3
R
Rotor resistance 0.88 Q2 DC-link voltage 200 V
R, Ve
Sample 10k Hz Switching 10 kHz
frequency frequency

The grid-side converter working under harmonic distorted
grid voltage would produce dc-link voltage fluctuation of 300,
600, 900 Hz, etc.; this fluctuations would have same fluctuation
frequency as the stator current harmonic components in the syn-
chronous dg* frame (that is, 300, 600, 900, etc.). Therefore, the
proposed BRC strategy for the DFIG rotor-side converter can be
similarly implemented in the grid-side converter; that is, first,
in the outer control loop, the closed-loop dc-link voltage 300,
600, 900 Hz fluctuation RC control would produce the inner
control loop reference, which is the reference for the grid-side
converter current; then, in the inner control loop, the grid-side
converter current can be accurately regulated according to the
reference by the closed-loop grid-side converter current RC con-
trol. Finally, the dc-link voltage fluctuation of 300, 600, 900 Hz,
etc., can be well eliminated, and smooth dc-link voltage can be
guaranteed. However, in order to simplify the paper contents
and highlight the DFIG control performance with the proposed
BRC strategy, the control of grid-side converter is neglected
here, and the dc power supply is adopted in the experiment to re-
place the grid-side converter to provide stable dc-link voltage of
200 V.

The proposed BRC strategy is implemented on the TI DSP
TMS320F28335. The sampling frequency is 10 kHz, and the
IGBT switching frequency is 10 kHz. The experimental wave-
forms are acquired by a YOKOGAWA DL750 scope recorder;
the harmonic analysis is conducted by a FLUKE NORMA 5000
power analyzer. Parameters of the tested DFIG system are listed
in Table I. The photograph of experimental setup can be found
in Fig. 8.

B. Experimental Results

Fig. 9 shows the experimental result of DFIG under both
low- and high-order harmonic distorted grid voltage condition
with frequency of 50 Hz when BRC control of stator current is
disabled and the PI control of rotor current is enabled. Due to the
heavy grid voltage distortion with abundant low- and high-order
harmonic sequences, the severely distorted DFIG stator current
would occur as a consequence, i.e., harmonic components of
5.63% 5th, 4.14% Tth, 2.57% 11th, 1.99% 13th, 1.97% 17th, and
1.86% 19th sequence, as shown in Table II. Thus, it can be seen
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Fig. 8. Photograph of experiment setup.
e 1 i
rmal
- r - R
% '.__{Jn.u.s 'Lf,;h- ~ e ¥ b s ~ . o -
53 | FDH4 ; o
[ W o s
<
= <
~ < -
<
5 Y f}f"‘ CO00CCOOCCE00000
‘;E: Y 7N WAk AN AN \||;z. |
ok i ,U.,._\:\,}_ A ﬁ\;.__._\ AP
P=800W (800W/div) ~a
e S S P i |
o: OVar (S(J{)Vdr*dw] b b . el
T.=-0.8Nm (0. S\Imrdw]
e T i i b sl
:%tgﬁ%ﬁzzo 15!2:13: ﬁ?f. a.i.t_wu time(20ms/div) 20140620 10:36:28
Fig. 9. Experimental result of DFIG under generalized harmonic distorted

grid voltage condition with frequency of 50 Hz when BRC control of stator
current is disabled and the PI control of rotor current is enabled.

that DFIG operation performance would be severely jeopardized
if the harmonic suppression strategy is not implemented.

Fig. 10 shows the experimental result of DFIG performance
under the generalized harmonic distorted grid voltage condi-
tion with frequency of 50 Hz when BRC control is enabled
and bandwidth w, is chosen as 10 rad/s. As can be seen, once
the effective BRC regulator is enabled, the stator current har-
monic components can be efficiently suppressed to 0.81% 5th
sequence, 0.72% 7th sequence, 0.91% 11th sequence, 0.82%
13th sequence, 0.93% 17th sequence, and 0.77% 19th sequence,
as shown in Table II. Therefore, it can be proved that the pro-
posed BRC regulator with bandwidth of 10 rad/s would work
effectively under the normal grid voltage frequency of 50 Hz,
and the sinusoidal DFIG stator current can be achieved in the
steady-state performance due to the excellent BRC regulator
harmonic components suppression capability.

Fig. 11 shows the experimental result of DFIG under har-
monic distorted grid voltage condition with frequency of 49.8 Hz
when (a) conventional RC regulator or (b) BRC regulator with
bandwidth w, = 10 rad/s is proposed. As can be seen from
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TABLE II
EXPERIMENT RESULT ANALYSIS DATA

Grid BRC is 50 Hz, 49.8 Hz, 49.8 Hz,
voltage disabled BRC conven- BRC
we = tional we =
10 rad/s RC 10 rad/s
Sth 2.98% 5.63% 0.81% 1.29% 0.82%
harmonic
7th 291% 4.14% 0.72% 0.96% 0.70%
harmonic
11th 2.68% 2.57% 0.91% 1.40% 1.15%
harmonic
13th 2.57% 1.99% 0.82% 1.22% 0.91%
harmonic
17th 2.37% 1.97% 0.93% 1.15% 1.01%
harmonic
19th 2.18% 1.86% 0.77% 1.00% 0.88%
harmonic
i
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Fig. 10. Experimental result of DFIG under generalized harmonic distorted

grid voltage condition with frequency of 50 Hz when BRC control is enabled
and bandwidth w, — 10rad/s.

Table II, when conventional RC regulator is adopted in
Fig. 11(a), the stator current harmonic distortion would in-
clude 1.29% 5th, 0.96% 7th, 1.40% 11th, 1.22% 13th, 1.15%
17th, and 1.00% 19th sequence; while the BRC regulator with

. = 10 rad/s is adopted in Fig. 11(b), the stator current har-
monic distortion would include 0.82% 5th, 0.70% 7th, 1.15%
11th, 0.91% 13th, 1.01% 17th, and 0.88% 19th sequence. Thus,
it can be found out from Table II that, compared with the steady-
state performance under normal frequency 50 Hz, the steady-
state performance with conventional RC regulator and BRC
regulator under grid frequency deviation of 49.8 Hz would be-
come worse. Moreover, it can also be validated that due to the
introduction of bandwidth in the BRC regulator, the BRC reg-
ulator would have larger magnitude response at the deviated
control frequency; thus, the better stator current harmonic com-
ponents suppression of BRC regulator than that of conventional
RC regulator can be guaranteed.

Fig. 12 shows the experimental result of DFIG output active
power stepping under generalized harmonic distorted grid volt-
age condition with frequency of 49.8 Hz using BRC regulator
with bandwidth w,. = 10 rad/s. The effective control of rotor



SONG AND NIAN: SINUSOIDAL OUTPUT CURRENT IMPLEMENTATION OF DFIG USING REPETITIVE CONTROL

{
\
1

(Sf\fdiv} (3A/div) (222V/div)

P=800W (800W/div) <y

O =0Var (800 Van‘div)\

T, -{) SNm (0 SNm dw) -\

T Ziaroe 20 11:27:5) e ™ oo time(5ms/div) 201411419 10:16:50
(a)
— WS 2.
Hormal
_ g Tt Ueat .- =
S g #
9 ~ 52
) =
) BT e e
s o | E—— e
B e e ;
2
- . &
w \‘\\\_,,\/K‘ e e
P=800W {SUOWMW)‘
1 o=0var (800Varidiv) ~g
r= 0 ENm (0 SNmJ’dw) \
(i‘gﬁ:m/zs 126 prm o vt time(Sms/div) 201411419 10:18:48
(b)
Fig. 11.  Experimental result of DFIG under generalized harmonic distorted

grid voltage condition with frequency of 49.8 Hz when (a) conventional RC
regulator or (b) BRC regulator with bandwidth w. — 10 rad/s is proposed.

current PI closed-loop control is capable of achieving smooth
transient response of DFIG stator active power stepping around
80 ms. Moreover, the DFIG stator current is able to maintain
sinusoidal during the active power stepping process, and these
experimental results prove that the proposed BRC control of
stator current harmonic components can be implemented in the
practical situation.

Fig. 13 shows experimental result of DFIG transient response
under generalized distorted grid voltage state when BRC regu-
lator with bandwidth w. = 10 rad/s is enabled. The DFIG stator
current contains heavily distorted harmonic components when
BRC is disabled, while once the BRC regulator is enabled,
the stator current harmonic components can be successfully re-
strained within around 60 ms; these experimental results prove
that the proposed BRC regulator is applicable in the practical
situation.

VI. CONCLUSION

The paper presents the control strategy of stator current har-
monic distortion suppression for DFIG based on BRC regulator
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Fig. 13. Experimental result of DFIG transient response under generalized

distorted grid voltage state when BRC regulator with bandwidth w,. — 10rad/s
is enabled.

under generalized harmonic grid voltage. Compared with con-
ventional RC regulator, the proposed BRC regulator can widen
the effective control frequency spectrum by enlarging the mag-
nitude response near the control frequency with the introduc-
tion of bandwidth parameter; thus, the BRC regulator would
have stronger robustness against grid frequency deviation, and
the better steady-state stator current harmonic components sup-
pression can be assured. Furthermore, the closed-loop operation
stability of the BRC based control system is mainly determined
by the BRC regulator gain parameter, while bandwidth param-
eter would have negligible influence on the control stability.
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