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Modularized Control Strategy and Performance
Analysis of DFIG System Under Unbalanced
and Harmonic Grid Voltage
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Abstract—The paper presents a modularized control strategy
of doubly fed induction generator (DFIG) system, including the
grid-side converter (GSC) and rotor-side converter (RSC), under
unbalanced and harmonic grid voltage. The sequence decompo-
sition process and complicated control reference calculation can
be avoided in the proposed control strategy. From the perspec-
tive of power grid friendly operation, the control targets of DFIG
system in this paper are chosen as: 1) smooth active and reactive
power injected into the power grid; 2) balanced and sinusoidal
current injected into the power grid. The RSC and GSC can work
as two independent modules and the communication between RSC
and GSC can be removed. Furthermore, the third harmonic cur-
rent component, dc-link voltage fluctuation, and electromagnetic
torque pulsation under the different control targets are theoreti-
cally analyzed. Finally, the availability of the proposed modularized
control strategy of DFIG system under unbalanced and distorted
grid voltage is verified by experiment results.

Index Terms—Balanced and sinusoidal current, doubly fed in-
duction generator (DFIG) system, modularized control, smooth
active and reactive power, unbalanced and harmonic grid voltage.

1. INTRODUCTION

IND power generation based on the doubly fed induc-
W tion generator (DFIG) has gained increasing popularity
due to its advantages of smaller converters rating around 30%
of the generator rating, variable speed, and four-quadrant ac-
tive and reactive power operation capabilities. Several control
strategies have been investigated to improve the power genera-
tion performance of DFIG under the ideal grid voltage, i.e., the
vector oriented control (VOC) [1], direct power control (DPC)
[2], etc. However, the grid voltage may always contain negative
and harmonic component in practical situation [3], [4], and the
DFIG system operation performance would be jeopardized if
the unbalanced and distorted components in the grid voltage are
not taken into consideration.

Up to now, several effective control strategies of the rotor-side
converter (RSC) and the grid-side converter (GSC) in DFIG sys-
tem under grid voltage unbalance, or harmonically distortion, or
unbalanced and harmonic distortion condition, have been inves-
tigated based on VOC [5]-[11] and DPC [12]-[16]. The several
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control targets were selected to improve the DFIG operation per-
formance under the nonideal grid conditions, for instance, bal-
anced stator output current, smooth stator output active/reactive
power, smooth electromagnetic torque, etc. In [5], [8], [9], and
[12] the coordinated control of both GSC and RSC under the
nonideal grid voltage conditions has been proposed. Generally,
in the coordinated control, RSC was controlled to obtain the
smooth DFIG electromagnetic torque and GSC was controlled
to ensure the overall smooth active power injected by both the
RSC and GSC into the power grid [5], [8], [12]. While Yao
et al. [9] employed the series GSC (SGSC) to the conventional
DFIG system topology, the nonideal grid voltage condition can
be well compensated by the SGSC and the DFIG can operate
under normal grid voltage condition all the time.

However, the previous works also contain certain drawbacks

that would be unbeneficial for the practical applications:

1) In order to achieve the specific control targets under the
nonideal grid condition, the fundamental, negative, and
harmonic components of grid voltage have to be extracted
[5]-[13]. The extraction procedure would employ many
notch filters and low-pass filters; as a result, the phase
delay and control error would be inevitable.

2) In order to implement the different control targets by
employing VOC [5]-[11] or DPC [12]-[13] strategy, the
control reference calculation of rotor current in VOC or
active/reactive power in DPC is always complicated and
time consuming. Furthermore, DFIG parameters devia-
tion, as well as the fundamental, negative, and harmonic
component change of grid voltage would also deteriorate
the reference calculation accuracy and control target im-
plementation.

3) In order to achieve the smooth active power output of
DFIG system to the grid, the conventional control strat-
egy, similar as [5], would allow the existence of active
power pulsation in the RSC, while the GSC is controlled
to generate the opposite active power pulsation of same
quantity as RSC, so as to maintain the overall smooth ac-
tive power output of DFIG system. However, in order to
realize that the GSC needs to communicate all the time
with the RSC to acquire the accurate information of active
power pulsation in the RSC, this would inevitably increase
the DFIG system complexity and reduce the operation re-
liability.

Liu et al. [17] proposed the stator harmonic current elimina-

tion technique by applying the closed-loop resonant controller
for the stator current in RSC control. Since the stator harmonic
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current is directly regulated by the resonant controller, the com-
plicated rotor current reference calculation and harmonic com-
ponents extraction can be avoided. However, the control target
of RSC is single and only the sinusoidal stator current can be
implemented, while the voltage unbalance and GSC control are
neglected.

This paper proposes the modularized control strategy of DFIG
system under unbalanced and distorted grid voltage to avoid the
communication between RSC and GSC, and the grid voltage
fundamental, negative, and harmonic components extraction, as
well as complicated reference calculation, can also be avoided.
From the perspective of power grid friendly operation of DFIG
system, the control targets of DFIG system are chosen as: 1)
smooth active and reactive power of RSC and GSC into the
power grid; 2) balanced and sinusoidal current of RSC and GSC
injected into the power grid. Indeed, the DFIG electromagnetic
torque ripple deserves much attention for the purpose of safe
and reliable operation of mechanic components. However, it
has been reported in [10] that the achieving of balanced and
sinusoidal stator current would inevitably cause the electromag-
netic torque ripple of 100 and 300 Hz, which means these two
control targets are contradictory. In this paper, the authors tend
to focus more on the wind power quality, rather than the reliable
operation of mechanic components; therefore, the control tar-
gets of this paper are chosen as, balanced and sinusoidal stator
current, or the smooth active and reactive power. The control
target of eliminating the DFIG electromagnetic torque ripple
can be investigated in the future work.

This paper is organized as follows: in Section II, the math-
ematical model of a DFIG system under negative, fifth, and
seventh harmonically distorted grids is briefly mentioned. The
proposed modularized control strategy is described in detail in
Section III. The occurrence of third harmonic current compo-
nent under control Target I, the dc-link voltage fluctuation, and
electromagnetic torque pulsation under both control targets are
also theoretically analyzed in Section I'V. The VPI regulator’s
robustness against DFIG parameters deviation is also analyzed
in Section IV. Finally, in Section V, the experimental system
on 1 kW laboratory DFIG system is developed to validate the
availability of the modularized control strategy of DFIG system.

II. MATHEMATICAL MODEL OF DFIG RSC AND GSC UNDER
UNBALANCED AND DISTORTED GRID VOLTAGE

Since the fifth and the seventh harmonic components are the
major harmonic components in grid voltage [14], only these two
harmonic components are taken into consideration in this paper.
The mathematical model of DFIG system under unbalanced and
harmonic grid voltage has been well established in [5] and is
described briefly as follows.

The stator current can be presented as [5]

I+ e—]291 +I 6—3691 +I

J601
sdq — €

+ —
Isdq+ + Isdq sdqb— sdq7+

where Iis the current; subscripts d, g represent components at the
d, q axis; subscript s represents stator components of DFIG; su-
perscripts +, —, 5—, and 7+ represent the (dg)", (dq)~, (dq)S’,
and (dg)’* reference frames rotating at the angular speed of

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 9, SEPTEMBER 2015

4wy, —w1, —Swy, and +7wy ; subscripts +, —, 5—, and 7+ rep-
resent the fundamental, negative, fifth, and seventh harmonic
components; 61 represents the phase angle of grid voltage fun-
damental component; and w; represents the angular speed of
grid voltage fundamental component.

Similarly, the grid voltage can be presented as

/601

(@)

_U+

+
U sdq+

- —j26, —j664 7+
sdq + Usdq € + Usdq5 € + U

sdqT7+
where U is the voltage.

Then, based on (1) and (2), the stator output active and reactive
power of DFIG can be presented as [5]

P, +7Q, = (Ujdﬁ +U,,,_ e i201 4 Usdq5 o661
UZ:qu7+ el )
>(<(dequ _A,_Is—dq el201 Ii) a5 1601
+IZ$q7+ o +Isdqi+€j_291) 3)
where T :dq is the conjugated vector of Il sdg» Ps and Qg are

the stator active and reactive power. When the control target of
smooth active and reactive power is selected, the third harmonic
component would exist in stator current, while the stator current
negative component would be zero, the detailed explanation can
be found in Section I'V-A.

It can be found out from (3) that the active and reactive power
under unbalanced and distorted grid voltage would contain dc
average component, 100 and 300 Hz pulsation components,
which are produced by the interaction between fundamental
and negative harmonic components. Furthermore, the 200 and
400 Hz power pulsation components can also be produced by the
interaction between negative and harmonic components; they
can be neglected in the control strategy due to the tiny amplitude.

The mathematic model of GSC current, active and reactive
power can be similarly expressed as

I;dq - Igd‘H +If1dq—e s +quq5_e 760,
i 4)
Pg +]Qg - (U(qu+ + U; e —j20, + Ugdq) o —j66,
+ Ugdq7+ej69' )
*(I{]dq+ +1,, 63291 + Igdq07€j(i¢91
+Igdq7+ e I60 +Igdq3+ *1201) )

where the subscript g represents the GSC component.

It should be noted that the U, in (3) and U}, in (5)
identically represent the grid voltage. When the control target of
smooth active and reactive power is achieved, the third harmonic
component would exist in the grid current, while the grid current
negative component would be zero; the detail explanation can
be found in Section I'V-A.
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Fig. 1.

Therefore, based on the aforementioned discussion, it can be
found out that when DFIG system works on the unbalanced and
distorted grid, the unbalanced and harmonic current, as well as
output active and reactive power pulsation, will be injected into
the power grid, which is detrimental for the wind energy quality
and unfavorable for the stable and reliable operation of power
grid. It is of great importance to improve the injected wind
energy quality in terms of either balanced and sinusoidal three-
phase current or smooth active and reactive power outputted
from DFIG system.

III. PROPOSED MODULARIZED CONTROL STRATEGY
A. Detailed Description

The modularized control strategy and block diagram for RSC
and GSC is shown in Fig. 1. As shown in Fig. 1, RSC and GSC
can work independently as two separate modules without the
need for communication. The overall control targets for DFIG
system can be defined as:

1) Target I: Smooth active and reactive power injected into

the power grid.

2) Target II: Balanced and sinusoidal current injected into

the power grid.

1) RSC Control Strategy: In the RSC control strategy, the
stator active and reactive power P; and (), of DFIG can be
calculated according to the stator voltage U::i , and stator current
I :dq as shown in (3). The grid voltage phase angle 6; can be
obtained by the PLL module based on the resonant regulator
tuned at 100 and 300 Hz [12]. The rotor position 6, can be
obtained from the encoder. The closed-loop control of rotor
current ::1(1 can be implemented based on PI regulator to control
the DFIG average output power, and the rotor current reference
I fd’; + can be obtained according to the power reference from
the maximum power point track (MPPT) [11].

When the alternative control targets, i.e., smooth active and
reactive power output or balanced and sinusoidal stator current,
are chosen, the closed-loop control with vector proportional
integral (VPI) regulator tuned at 100 and 300 Hz would be

Three Phase
Power Grid
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|
|
|
|
|
|
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Block diagram of the proposed modularized control strategy of DFIG system.

employed to directly regulate the negative and harmonic com-
ponents of stator current, or the 100 and 300 Hz pulsation of
stator output active and reactive power.

The output of PI regulator and VPI regulator that are added to-
gether with the decoupling compensation item [5] would finally
achieve the rotor control voltage reference U:rdfl, which would
be used as the space vector pulse width modulation (SVPWM)
module input to generate the IGBT switch signal for RSC.

2) GSC Control Strategy: In the GSC control strategy, the
active and reactive power P, and (), can be calculated according
to the grid voltage U:’dq and current I jd ;- The grid voltage
phase angle 0; can be obtained by the PLL module based on
the resonant regulator tuned at 100 and 300 Hz [12]. Since
the major function of GSC is to provide stable dc-link voltage
Vae [5], [8], [12], the closed-loop control of dc-link voltage is
implemented based on PI regulator, and the output is considered
as the d-axis current reference I ;Ld* - The I ** and the g-axis

gd+
current reference I ;d* . (which is normally set 0 to achieve unity
power factor operation) would be used as the PI regulator input
of current control loop to regulate the fundamental component
of grid current.

When the alternative control targets, i.e., smooth GSC ac-
tive and reactive power output or balanced and sinusoidal GSC
current, are chosen, the closed-loop control with VPI regulator
tuned at 100 and 300 Hz would be employed to directly regulate
the GSC current negative and harmonic components, or the 100
and 300 Hz pulsation of GSC output active and reactive power.
Then, the switch signal implementation process for GSC is the
same as the control of RSC.

B. Advantage of Modularized Control Strategy

Based on the earlier description and control block diagram
shown in Fig. 1, it can be found out that, when the DFIG system
operates under the unbalanced and harmonic voltage, the advan-
tages of the modularized control strategy over the conventional
coordinated control strategy [5], [8], [12] can be concluded as
follows:



4834

1) Inorder to achieve the two alternative control targets, both
RSC and GSC are able to operate independently and no
communication is required; thus, the DFIG system control
complexity can be simplified.

2) The negative and harmonic components extraction of grid
voltage, stator current for RSC, or grid current for GSC
can be avoided, and the complicated control reference cal-
culation is also avoided. Thus, the RSC and GSC control
complexity can be reduced.

3) The control reference calculation for both RSC and GSC
with control Targets I and II is no longer needed in the
proposed control strategy, then the DFIG system param-
eters is not involved in the control reference calculation;
thus, the possibility of DFIG system parameters deviation
to influence the control accuracy can be eliminated.

C. Limitation of Modularized Control Strategy

However, there are also limitations of the proposed modular-

ized control strategy:

1) when the control Targets I and II are achieved, the elec-
tromagnetic torque 100 and 300 Hz pulsation would be
produced, and the DFIG bearing and gear-box would be
damaged as a consequence;

2) the dc-link voltage 100 and 300 Hz fluctuations would
be generated when the control Targets I and II are im-
plemented; therefore, for the safe operation of RSC and
GSC, the dc-link capacitor needs to be increased;

3) the third harmonic component of stator current and GSC
current would be produced when the control Target I
is achieved; this is explained in detail in Section IV-A.
Therefore, the current injected into the power grid may be
further polluted.

D. VPI Regulator

For the purpose of achieving the alternative control targets
with the proposed modularized control strategy, it is important to
implement the accurate control of 100 and 300 Hz components.
The VPI regulator [18]-[20], based on pole—zero cancellation
to avoid the unexpected gain peak, can be used to eliminate the
DFIG stator current or active and reactive power 100 and 300 Hz
components control error (GSC three-phase current or active
and reactive power 100 and 300 Hz) due to the adequate closed-
loop phase margin and accurate ac signal tracking capability
[14], [18]-[20]

-Kvpr252 + Ki7‘28
2 4+ weas + (2w1)2

Kpr632 + Kir(is
52 + wegs + (6w;)”

(6)

Cvpr =

where w9 and w..g are the resonant bandwidth of 100 and 300 Hz
components to widen the resonant frequency and improve the
VPI regulator robustness against grid frequency variation; w
is the angular speed of grid voltage fundamental component;
K5 and K;,2, K, and K;,¢ are the proportional and inte-
gral coefficients of VPI 100 and 300 Hz components, respec-
tively, and Ko = K90 R, /oL, K¢ = Kpr¢ R, /oL, should
be followed based on the rule of pole—zero cancellation for RSC
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control,and K;,9 = K2Ry /Ly, Kip6 = Kpr¢Ry/L, for GSC
control [19], [20].

IV. PERFORMANCE ANALYSIS ON MODULARIZED
CONTROL STRATEGY

The two control targets can enhance the power quality out-
putted by the overall DFIG system. However, there is still
some detrimental influence on the operation reliability of DFIG
system. The following focuses on the performance analy-
sis of DFIG system with the proposed modularized control
strategy.

A. Analysis on Third Harmonic Current Under Target 1

It was mentioned in [13] that, when the stator active and
reactive power 100 Hz pulsation of DFIG are simultaneously
removed, the third harmonic component in stator current would
be generated as a consequence. However, only the qualitative
analysis on the third harmonic current component was reported.
Considering that the third harmonic current component would
further pollute the power grid, it is essentially necessary to
quantitatively investigate the third harmonic current component
when the control Target I is achieved from the perspective of
the safe and reliable operation of power grid.

It needs to point out that the third harmonic current component
is produced to eliminate the active and reactive power 100 Hz
pulsation caused by the grid voltage unbalance and is irrelevant
to the grid voltage harmonic distorted components; therefore,
the following discussion on the third harmonic current compo-
nent would involve the negative sequence component of grid
voltage only.

In the RSC control, the 100 Hz active and reactive power
pulsations are mainly caused by the interaction between grid

voltage negative component U _, _ and the stator current fun-

+
sdq+>

grid voltage fundamental component U

sdq—
as well as the interaction between

+
sdq+

current negative component I');  and third harmonic com-
ponents [13]. It should be pointed out that, since VPI regu-
lator tuned at 100 Hz in synchronous frame would generate
the =100 Hz ac signals output due to VPI regulation capa-
bility for both 4100 and —100 Hz ac error signal, the VPI
regulator output would behave as —50 and +150 Hz ac sig-
nals in the stationary frame, which would finally result in the
negative and third harmonic components in DFIG stator cur-
rent, respectively. Importantly, the third harmonic component
of DFIG stator current or the GSC three-phase current for elim-
inating fluctuations in active/reactive power output is differ-
ent from the commonly known one (which is zero sequence
with the three-phase current having the same phase angle); it
is the positive sequence of 150 Hz. Thus, the three phases
of the third harmonic current would have the phase angle of
300 7t + 0° for Phase A, 300 wt—120° for Phase B, and 300
mt—240° for Phase C. As aresult, the third harmonic component
of DFIG stator current or the GSC three-phase current is able
to flow.

damental component I
and the stator
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According to (3), 100 Hz pulsation component of stator active
and reactive power can be expressed as

3 ,
. _ — ot —j20
Ps100 + 7Qs100 = —5 (Usdq,Isdﬁe J=0
7291 + 3+ 7(]‘291
e+ U L€ )

3 <(/€1 + kg + k5) COSs 291 + (kg — k4 + k(,) sin 291 >

+ —
+ Usdq-&-Isdqf

2 +75 (ko+ky+ke)cos20y + j (ks — kg — ks ) sin 26,
(7a)
where
3
Pi100_cos = —5 (k1 + ks + k5)
3
Pii1oo_sin = 3 (ko — ks + k)
3
Qs100_cos = —3 (ko + kg + k¢)
3
Qs100_sin = —5 (ks — k1 — k5) (7b)
where
ki = Ué;if‘[.stl-&- + U;17];t1+
ko = UQFI;H - U;d7];1+
b= ULy UG Ly
k= Ugu Iy = Ul Iy
3 3
ks = UIJJJH + U<>’+(1+Isq+3+
ke = U.:;1+I§(E+ - U:;HIS;H' (7o)

Thus, based on (7b) and (7c¢), it can be seen that, in order to
achieve smooth stator output active and reactive power, these
equations need to be satisfied, k3 = k4 =0 ky + k5 =0, and
ko 4+ kg = 0. Thus, the following conclusion can be obtained:

1) According to k3 = ky = 0, it can be deduced that the
negative component of stator current is null, i.e., I, — =
0, which means no stator current negative components
would be injected into the power grid under the control
strategy I of smooth active and reactive power.
According to k1 + k; = 0, it can be found out that the
d-axis component ?62:3 . of the third harmonic current is
only related to the unbalanced voltage components and
fundamental components of stator current (U:; - should
be 0 since d is aligned with the fundamental component

2)

of grid voltage)
- 7t - 7t
I3+ _ Usdflsd+ + UG(]—I.S’(]+ 8
sd3+ = ¥ : (82)
Usd+

Similarly, according to ko + kg = 0, the g-axis component of
third harmonic current can be presented as

- 7+ e
UWI*ISCH- - US(I—L€Q+

+
Usd+

I3+ _

L= (8b)
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Based on (8a) and (8b), it can be concluded that, when the
control target of smooth active and reactive power is achieved,
the stator current third harmonic component would be produced
and is relevant to the negative voltage component and the fun-
damental current component. The grid may be further polluted
due to the injection of the third harmonic current into the power
grid.

The third harmonic component I o |
be deduced similarly and expressed as

of GSC current can

- 7+ - 7t
JES - _Usdfl.qd++Us«1—ng+
gd3+ U+
sd+
- 7+ - 7t

- Usqflngr _Usdflqur 9
9q3+ U+ . ( )

sd+

Therefore, based on (8a) and (8b) and (9), the overall third
harmonic current components outputted from DFIG system can
be presented as

3 3 3
[alJ'l_d3+ = IsJE’Hr + Ig;—3+ (10&)
- + - + +
o - <Usdf (I.sd+ + I;—dJr) + Uh”]— (Isq+ + I.llf]-‘r))
Ui
3 3 3
Iaﬁq3+ = Isq+3+ + ng+3+
- + + - + +
B Usqf (Isd+ + Igd+) - Usd— (ISQ+ + ng+)
Usis

(10b)

It can be seen that, the overall third harmonic current com-
ponent of DFIG system is determined by the unbalanced com-
ponent of grid voltage U, , the fundamental component of

grid voltage U, .,

and the fundamental component of GSC current

the fundamental component of DFIG stator

current I o
I;d 4+ - As the grid voltage unbalance condition becomes severe,
the third harmonic current would also be aggravated. Similarly,
the increasing of DFIG system active and reactive power would

also enhance the third harmonic current.

B. DC-Link Voltage Fluctuation Under Target I and Target 11

In the DFIG system, the dc-link voltage is first established by
the GSC and then is regarded as the stable dc power supply for
the RSC to implement the safe and reliable operation of DFIG
system. Under the control Targets I and II, 100 and 300 Hz
fluctuation of dc-link voltage would occur inevitably. The dc-
link voltage fluctuation will deteriorate the lifetime of dc-link
capacitor, and the overlarge dc-link voltage fluctuation would
cause the danger of IGBT overvoltage and even damage the
entire hardware equipment. Therefore, from the perspective of
the safe and reliable operation of DFIG system, it would be
essentially meaningful to analyze the dc-link voltage fluctuation
under unbalanced and distorted grid voltage condition with the
control Targets I and II.

According to [5], the dc-link voltage would be influenced by
the DFIG electromagnetic power, DFIG stator active power, and
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GSC active power

d V;l c
dt

where V. represents the dc-link voltage, C is dc-link capacitor,
F,, P;, and P, are the electromagnetic power, DFIG stator active
power, and GSC active power, respectively.

It should also be noted that the instantaneous active power
pulsation in the GSC inductance L, is not null, but due to
its significant small value compared with the P, P, and P,
in (11), the following discussion would ignore the instantaneous
active power pulsation in the GSC inductance L.

The power positive direction in this discussion is defined
as flowing from power grid to the DFIG system; therefore,
in (11), P, is always positive due to the electromagnetic power
from wind turbine to the DFIG, P; is always negative due to the
generator characteristic of DFIG, and P, is positive under sub-
synchronous state, or negative under supersynchronous state.

Based on (11), it can be seen that the dc-link voltage is deter-
mined by the three active power components, thus these active
power pulsation needs to be investigated first.

1) Active Power Pulsation Under Control Target I: As de-
scribed in Section IV-A, when control Target I is achieved, no
stator and grid current negative components would be produced.
Therefore, the 100 Hz electromagnetic power pulsation can be
presented as [17]

C

Vvdc:Pe""_Ps"'_Pg (1)

PP,IQ = gere {j <¢:dq+1i;q3+ + ¢;iq—deq+> 67‘7261]
(12)
where w;, is rotor electric angular speed, W is flux, which can be
presented as

1 .
:dq+ = w1 (U;H - JUstH)
1 R
V= (U taUL). Y

Based on (8a) and (8b) and (13), (12) can be rewritten as

3w, :

Pef2 = w—wl (—A; cos26; — Ag sin 264) (14a)

Av=Ugy Il +Ug Llyys A=Ug I — Uy T,
(14b)

Similarly, the 300 Hz electromagnetic power pulsation can
be presented as

A5— ) »
+ j601 7+ + 66,
1’[)561(1"!‘15(1(15*6 +rl’bsdq7+I,sdq+€

+¢:—dq+ Izjrﬂﬁ- 67]661 +¢§Jq5—I:(1q+ 67]661
15)
The fifth and seventh harmonic components of stator current
under control Target I can be expressed as [10]

3
Pl = iw,.Re J

T+ o+ T+ ot
i - _Usd7+Isd+ _Us’q7+Isq+
sdb— T U+
sd+
T+ o+ T+ o+
J— Usq7+‘[.sd+ 7Usd7+‘rsq+
sqb— U+
sd+
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I7+ _ _U:(];,Ier - :qgf‘[;rk
sd7+
’ U
5— 7+ 5— 7+
I7+ o Usq57‘[sd+ B Uvsdf)*‘[Squ 16
sqT+ U+ . ( )
sd+
Then, (15) can be rewritten as
3w 6 6
Pl = ,;( —2As — 2 A5 ) cos 66
6= 90, ( 50T 7 ‘)COS !
6 6 .
+ (2 A+ 24 5111691) (17a)
Az = Us5dis—1‘:1+ + UE(IB—I;1+
Ay = Uy ISy, — Ul I,
7 7
A5 = Us(;L7+Ie+d+ + Usq+7+Is+q+
A= Ulh Ty Uk T, (17b)

As can be observed from (14a) and (14b) and (17a) and
(17b), when the control Target I is achieved, the electromagnetic
power would contain 100 and 300 Hz pulsation components PZ,
and PL;, while the DFIG stator power and GSC power Ps and
P, would both be smooth without pulsation, i.e., Ps» = Py =
P, = P;s = 0; thus, according to (11), the 100 and 300 Hz
fluctuation of dc-link voltage under control Target I can be
expressed as

Wies AV ijes
dt dt
2) Power Pulsation Under Control Target II: When control

Target II is achieved, the balanced and sinusoidal stator and

grid current would be ensured in the DFIG stator winding and

GSC. Thus, the 100 Hz electromagnetic power pulsation can be

presented as

C

Vi,=P,y C Ve = Pl (18)

3 . _ —j
PEIQI = §ere |:J (¢sdq—‘[:dq+) € ]291:|
3w, .
- (—A; cos26; — Ay sin26;) (19)
2L<J1

where A; and A, can be found in (14b).
According to [8], the DFIG stator active power and GSC
active power would also contain the 100 Hz pulsation

Pl = 7% (A; cos 26, + Ag sin 260;) (20)
Pl _ 3 (U;FI;‘H + U,;q,IgtH> cos 26, @
P 2 (Ut~ Us Ly ) sin20r |

Based on the 100 Hz electromagnetic power pulsation in (19),
100 Hz DFIG stator power pulsation in (20), 100 Hz GSC power
pulsation in (21), it can be found out that
3 (wr +wr)

Pl + Py + Py = — 2w

(A1 COS 291 + AQ sin 291)

3 _ _
_5( (Usdf‘[;d-&- + U9q7I;Lq+

+ (U* I

) cos 20,

sq—"gd+

- U;if]g*“) sin 291) (22)
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The 300 Hz electromagnetic power pulsation under control
Target II can be presented as

3 5 " ; ot
PeIGI = §w7‘Re <.7 ('lﬁsdq57€ 700 + ¢zd+q7+e]691> Isdq+>
3w, /1 1 . 1
= o <?A5 cos 66; — ?AG sin 66, — 5A3 cos 66,
1
— - Agsin 691). (23)

The 300 Hz DFIG stator active power pulsation can be ex-
pressed as [10]

3
Pfg =—3 (A5 cos 66 — Ag sin 601 + Az cos 66 + Ay sin 66 ) .
24)

Similarly, the 300 Hz GSC active power pulsation can be
expressed as

5— 7+ 5— 7+ T+ 7+
(US(157I0(1+ + U, I(}q+ + U I

S$q5—"1 sd7+ " gd+
T+ o+
pir_ s —I—Usq”IgH) cos 661
96 — 2 5— 7+ 5— 7+ T+ o+
+<Usq57‘[gd+ - Usd57‘[gq+ - Usq7+Igd+

+ UJJHI;(H) sin 660,
(25)
Based on (23), (24), and (25), the 300 Hz power pulsation
under control Target I can be expressed as

Pl + Pl{ + P){

eb
w Wy
~—1)4 601 — [ —
3 (7&)1 ) 5 COS 1 (

2 r r .
(X +1 | Az cos 66, — w +1) Ay sin66;
Buwr Buwq

(UELZ.S_I.;CJ++U57 It]++U7+ It

— 1) A6 sin 691

sqb—"g sd7+"gd+
T+ 7+
3 | TUsgrsLyq+) cos 60,
2 5— 1+ 5— 1+ T+ 1+
+(U9q5—lgd+ - Usdf)fng-!— - U9q7+Igd+

—ﬁ—UZ(;Jr I, . ) sin 66,
(26)
Therefore, it can be found out that the power pulsation of
100 Hz under Target I in (14a) and (14b) and under Target II
in (22) is different, while the power pulsation of 300 Hz under
Target I in (17a) and (17b) and under Target II in (26) is also
different.

However, it is reported in [1] that GSC provides the slip rate

(s = (w1 — wy)/wy) percentage of DFIG output active power
I (27)

+ +
gd+ — _SlIsdJr

where s; is the slip rate, and the “—” indicates that the GSC
power flows from grid to DFIG system under subsynchronous
state (s; > 0), or from DFIG system to grid under supersyn-
chronous state (s; < 0).

Then, under the special circumstance that both the RSC and
GSC output zero reactive power, i.e., I:CH =0, I;ﬁ =0, and
according to (27), the active power pulsation of 100 Hz under
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Target II in (22) can be transformed into the same as the active
power pulsation of 100 Hz under Target I in (14a) and (14b).
Similarly, the active power pulsation of 300 Hz under Target II
in (26) can also be transformed into the same as the active power
pulsation of 300 Hz under Target I in (17a) and (17b).

3) DC-Link Voltage Fluctuation Analysis: Undoubtedly, the
active power pulsation of 100 and 300 Hz under Targets I and
IT would both result in the dc-link voltage fluctuation, and for
the sake of discussion simplicity, only the case of special cir-
cumstance (i.e., :; L. =0, I;q 4+ = 0) would be analyzed here,
where both the 100 and 300 Hz power pulsation under control
Targets I and II are the same; thus, the corresponding 100 and
300 Hz dc-link voltage fluctuation would be the same no matter
which control target is selected under this special circumstance.

The dc-link voltage can be expressed including the dc com-
ponent, 100 and 300 Hz fluctuation components as follows:

Vie = Vaeo + Viea cos €08 291 + Viea sin sin 291

+Vie6 cos €08 601 + Ve sin sin 66,
= V;h:() + Vchm sin (291 + @2) + ‘/;lcﬁm sin (601 + QO())
(28a)

where V.o represents the dc component, Vij.2cos, Vicosin repre-
sents the 100 Hz cosine and sine fluctuation component, Vi gcos,
Vicesin represents the 300 Hz cosine and sine fluctuation com-
ponent, Vicom, Vicem represents the overall 100 and 300 Hz
fluctuation component, which can be calculated according to
the trigonometric function as

‘/dc2m - \/(Vd62 cos)2 + (Vd(32 Sin)2

V;lcﬁm - \/(‘/d(:(i cos)2 + (‘/11(16 sin)Q- (28b)

Based on (28a) and (28b), the dc-link voltage fluctuation in
(11) can be rewritten as

dVdc

Cdt

V:ic = C(le V:ian COS (291 + 3472)

+ 6(*}1 V;icﬁm Cos (601 + @G))
*(‘/d(:O + Vdc?m sin (291 + 802)

+ Viaeom sin (601 + 4106) ) (29)

According to the 100 Hz power pulsation under control Tar-
gets I and II as given in (14a) and (14b) and (22), the 100 Hz
dc-link voltage fluctuation in (29) can be presented as

2‘4)1 CVch Vdc?m sin (291 + 902)
3wy

= o A% + Ag sin (291 + QO:;) .

(30)

Thus, the 100 Hz dc-link voltage fluctuation can be obtained
as

3w, /AT + A3

. (31a)
2 (w )2 CVyeo

V:ich =
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The 300 Hz dc-link voltage fluctuation can be deduced simi-
larly on the basis of (17a) and (17b) and (26) and shown as

Vdcﬁm

4(w1)” CVieo

(31b)

Finally, (31a) and (31b) give out the 100 and 300 Hz dc-link
voltage fluctuation under the special circumstance using the
modularized control strategy. It can be concluded from (31a)
and (31b) that:

1) DC-link voltage fluctuation would become more severe
when the rotor speed w, accelerates from subsynchronous
state to the supersynchronous state.

2) DC component Vj.( in dc-link voltage would also influ-
ence the 100 and 300 Hz fluctuation component, and larger
Vico would be helpful in reducing the voltage fluctuation.

3) The 100 Hz fluctuation caused by grid voltage unbalance
would be comparatively larger than the 300 Hz fluctua-
tion; therefore, the grid voltage unbalance rather than the
harmonic distortion should deserve more attention in the
practical situation.

4) When the grid voltage negative component U

sdq—> har-

monic components Uf;@_ and U™ and the stator

sdqT+°

current fundamental component T jd ot increase, the corre-
sponding dc-link voltage fluctuation would also increase.

5) According to (31a) and (31b), a proper dc-link capacitor
can be designed to satisfy the dc-link voltage fluctuation
criterion for the reliable operation of DFIG system under

the nonideal grid voltage condition.

C. Electromagnetic Torque Pulsation Under Target I
and Target I1

When DFIG operates under the unbalanced and harmonic
voltage, the smooth electromagnetic torque is usually set as the
important control target for the reliable working of the mechanic
parts, i.e., the gear-box and DFIG rotor shaft and bearing. Since
the balanced and sinusoidal current, or smooth output power, is
achieved for DFIG in this paper, 100 and 300 Hz fluctuation of
electromagnetic torque will occur inevitably.

As deduced in Section I'V-B, the 100 and 300 Hz fluctuation
of electromagnetic power under control Targets I and II has been
given in (14a) and (14b), (17a) and (17b), (19), and (23). And
the electromagnetic torque can be presented as

P
T, =

= (32)
Py

where 7} is electromagnetic torque and p is the DFIG pole pairs.

Therefore, based on (14a) and (14b), (17a) and (17b), and
(32), 100 and 300 Hz pulsation of the electromagnetic torque
under control Target I can be expressed as

TIQ = 3 (—A; cos26; — Ay sin26;)

e (333)
pw1
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Wy \/(*(6/5)143 — (6/7)A5)2 4 (—(6/5)Aq + (6/7)A6)2 Target IL.

3 6 6
TBIG = 2po,)1 ( <—5A3 - 7A5> COS 691

4 (—6A4 4 3A6> sin691).

- (33b)

Similarly, based on (19), (23), and (32), 100 and 300 Hz
pulsation of the electromagnetic torque under control Target II
can be expressed as

3
TeIQI = 5 (—A; cos 20, — Ag sin 20;) (34a)
pwi
3 1 1
T _ A+ A 60
“6 2pw1(< 53+7 S)COS !
1 1 .
—+ <—5A4 — 7A6> Sln601). (34b)

According to the electromagnetic torque pulsation expres-
sion shown in (33) and (34), the following conclusion can be
obtained:

1) Based on A;—Ag shown in (14b) and (17b), as the grid
voltage unbalance and distortion become severe, the larger
electromagnetic torque pulsation will occur.

2) It can be found out that the 100 Hz electromagnetic torque
pulsation under control Target II is half as that under con-
trol Target I. Moreover, the 300 Hz electromagnetic torque
pulsation under control Target I1 is also much smaller than
that under control Target I; therefore, it can be verified that
the overall electromagnetic torque pulsation under control
Target II would be much smaller than that under control
Target I.

D. VPI Regulator’s Robustness Against DFIG
Parameter Deviation

In the practical application, the DFIG parameter deviation
may occur due to the temperature changing, skin effect or
flux saturation, thus discussing the VPI regulator’s robustness
against DFIG parameter deviation would be essential, and for
the sake of simplicity, the control Target II of balanced and
sinusoidal stator current is taken as an example.

When the control Target II of balanced and sinusoidal stator
current is implemented, the closed-loop control scheme can be
shown in Fig. 2.

The transfer function of control subject DFIG from VPI reg-
ulator output to stator current can be presented as

Ly 1
Ly R, +soL,
where R, is DFIG rotor resistance, 0 = 1-L2m/LL, is

DFIG leakage inductance efficient, and L, is the DFIG rotor
inductance.

Gpl(m,f, (5) (35)
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Then, the closed-loop control transfer function can be pre-
sented as (36), shown at the bottom of the page.

Preliminarily, it should be noted that the leakage inductance
efficient o is calculated as

o=1- "1 (37)

where L, is the stator inductance, L, is the rotor inductance,
and L, is the mutual inductance.

The stator inductance and rotor inductance can be, respec-
tively, presented as

Ls = Lm + ers; Lr = Lm + Lm" (38)

where L, is the stator leakage inductance and L, is the rotor
leakage inductance; L, and L, are almost equal.

Thus, based on the transfer function of control subject DFIG,
the rotor resistance R, , mutual inductance L,,, and leakage in-
ductance L, (designating both L, and L,,) would be involved
in the discussion of VPI regulator’s robustness against DFIG
parameter deviation. Typically, the variation range of mutual
inductance L,,, leakage inductance L,, and rotor resistance
R, is chosen, respectively, as +20%, +60%, and +50% [21].
The corresponding bode diagram of closed-loop control trans-
fer function with the different parameter deviation is shown in
Fig. 3.

As can be observed from Fig. 3(a), once the mutual inductance
L,, deviates to 0.8 times or 1.2 times of the normal value,
both the closed-loop magnitude response and phase response
within 50-350 Hz would remain almost unchanged, and more
importantly, the magnitude response at 100 and 300 Hz would
maintain 0 dB, and the phase response at 100 and 300 Hz would
remain 0°. As shown in Fig. 3(b), when the leakage inductance
L, deviation of +60% occurs, the slight changing of magnitude
response and phase response within 50-350 Hz can be observed,
while the magnitude and phase response at the control frequency
of 100 and 300 Hz would remain 0 dB and 0°. When the rotor
resistance R, deviation of +50% happens, as given in Fig. 3(c),
the magnitude and phase response can keep almost same, and
the magnitude and phase response of 0 dB and 0° at the control
frequency 100 and 300 Hz can be ensured. Therefore, based
on the analysis result shown in Fig. 3, it can be found out
that the effective working capability of VPI regulator under the
circumstance of DFIG parameters deviation can be guaranteed,
and the achievement of the control targets can be obtained.
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Fig. 3. Bode diagram of closed-loop control transfer function with DFIG
parameter deviation (a) mutual inductance L,, deviation of +20%; (b) leak-
age inductance L, deviation of £60%; (b) rotor resistance R, deviation of
+50% (VPIregulator parameters of weg = wee = 2rad/ls, Kpro = Kppg = 1,
Ko = Kirg = 150).

CVPI(S)Gplant(S)
C. =
1(5) 14+ Cvpir(s)Gpiant(s)

((Kp,.232 + Kir28)/(52 + wens + (2w1)2) + (K5 + Kirgs) /(52 + weps + (6w1)2)) (L /Ls) (1/(R, + soLy))

T + ((KPTZSQ + Ki25) /(52 + weas + (2w1)®) 4 (Kpre52 + Kirgs)/(s2 + wegs + (6w1)2)> (L /Ls) (1/ (R, + so L))

(36)
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TABLE I
PARAMETERS OF EXPERIMENT DFIG SYSTEM

Rated Power 1 kW Frequency 50 Hz
Grid voltage 110V DFIG pole pairs 3
Stator/rotor turns ratio 0.33 DC-link voltage V. 200 V
Stator resistance R g 1.01 © DC-link capacitor C'g 2200 puF
Rotor resistance R, 0.88 Q GSC line inductance L , 4 mH
DFIG mutual inductance 90.1 mH GSC line resistance I, 0.02Q
L m

DFIG stator leakage 3.0mH DFIG rotor leakage 3.0 mH

inductance L, inductance L,

V. EXPERIMENTAL VALIDATION
A. Experiment Setup

Experiment system was built on a laboratory prototype of
1 kW DFIG system as shown in Fig. 4, the DFIG is driven by
a 1.5 kW squirrel cage induction machine as the wind turbine.
The induction machine is driven by a general converter. The
Chroma 61704 is employed to simulate the practical unbalanced
and harmonically distorted power grid. In the experiment, grid
voltage negative, fifth, and seventh-order harmonic components
are set 2.90%, 2.36%, and 1.17%, respectively. The parameters
of the DFIG system are listed in Table I.

In the control of DFIG RSC, the rotor speed is initially set to
800 r/min (the synchronous speed is 1000 r/min). The dc-link
voltage is provided by the GSC to be 200 V. Both the RSC and
GSC control strategies are implemented on the two separate
DSP TMS320F28335, and the driver for IGBT is SEMIKRON
SKHI61. The sampling frequency is 10 kHz, and the IGBT
switching frequency is 5 kHz.

B. Experiment Results

Fig. 5 shows the experimental result of DFIG system under
unbalanced and distorted grid voltage condition when VPI regu-
lator is disabled. It can be found out that the heavily unbalanced
and distorted current in GSC and DFIG will occur; moreover,
100 and 300 Hz pulsation of the GSC and DFIG stator power
would be produced; the detailed experiment result analysis can
be found in Table II.

Fig. 6 shows the experimental result of DFIG system under
unbalanced and distorted grid voltage condition with control
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Fig. 5. Experimental result of DFIG system performance under unbalanced

and distorted grid voltage condition when VPI regulator is disabled.

TABLE 1T
EXPERIMENT RESULT ANALYSIS

Without VPI Control ~ Control TargetI ~ Control Target 11
U, negative 2.90% 2.90% 2.90%
U, fifth order 2.36% 2.36% 2.36%
U, seventh order 1.17% 1.17% 1.17%
1, negative 13.82% 1.22% 1.62%
1, third order 1.62% 4.70% 1.18%
1, fifth order 14.49% 6.02% 2.31%
1, seventh order 13.39% 2.88% 1.84%
P, 100 Hz +84 W +10W +27W
Q4 100 Hz +18 Var +9 Var +15 Var
P, 300 Hz +36 W +5W +30 W
Q, 300 Hz +30 Var +4 Var +24 Var
I, negative 17.42% 1.56% 1.69%
I third order 0.45% 5.41% 0.31%
I fifth order 4.37% 2.79% 1.85%
I seventh order 1.87% 2.01% 0.92%
P, 100 Hz +84 W +18 W +45 W
Qs 100 Hz +75 Var +25 Var +45 Var
P, 300 Hz +36 W +12W +30 W
Qs 300 Hz +24 Var +10 Var +21 Var
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Fig. 6. Experimental result of DFIG system under unbalanced and distorted
grid voltage condition with control Target I.
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Fig. 7. Experimental result of DFIG system under unbalanced and distorted

grid voltage condition with control Target II.

Target I, i.e., the smooth GSC output power and smooth DFIG
stator output power is achieved. As can be seen, the GSC power
and DFIG stator power would all become much smoother com-
pared with the results in Figs. 5 and 7. It can also be seen from
Table II that, in order to eliminate the 100 Hz GSC power and
DFIG stator power pulsation, both the GSC current and DFIG
stator current would contain nonnegligible amount of the third
harmonic component. Similarly, for the purpose of removing
the 300 Hz power pulsation, the GSC current and DFIG sta-
tor current would contain the severe fifth and seventh harmonic
components compared with the result shown in Fig. 7. The de-
tailed experiment result analysis is also available in Table II.

Fig. 7 shows the experimental result of DFIG system under
unbalanced and distorted grid voltage condition with control
Target 11, i.e., the balanced and sinusoidal GSC current and
DFIG stator current is achieved. In comparison with Fig. 5, both
the GSC three-phase current and DFIG stator current would be
significantly improved with negligible harmonic distortion and
tiny unbalance; this is quite helpful for the safe and reliable
operation of the power grid. Besides, the pulsation of GSC power
and DFIG stator output power would also be larger than that
under control Target I. The detailed experiment result analysis
is available in Table II.

By analyzing the experiment results, it can be found out in
Table II that compared with the control without VPI regulator,
the unbalanced and distorted current, as well as power pul-
sation can be significantly improved whatever control target
is implemented. Moreover, the pulsation of DFIG stator output
active/reactive power and GSC active/reactive power under con-
trol Target I is much smaller than that under control Target II.
Instead, the heavily distorted DFIG stator current and GSC cur-
rent, containing third, fifth, and seventh harmonic components,
would be generated under Target I as a consequence. It should
be noted that no negative component of DFIG stator current
or GSC current would occur under both control targets, which
verifies the theoretical analysis in Section I'V-A.

Fig. 8 shows the experimental result of DFIG stator output
active power stepping from 250 to 500 W with control Target
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DFIG stator current.

II, and the GSC active power would correspondingly step from
50 to 100 W. It can be seen that the DFIG stator active power
stepping takes the transient response time of around 100 ms,
which proves the excellent dynamic regulation capability of
the rotor current fundamental component. Moreover, it can be
observed that the GSC current and DFIG stator current is able
to maintain balanced and sinusoidal both before and after the
stepping moment; this result validates the proposed modularized
control strategy by applying the VPI closed-loop control.

Fig. 9 shows the experimental result of DFIG speeding up
from 800 r/min (0.8 p.u.) to 1200 r/min (1.2 p.u.) under unbal-
anced and distorted grid voltage condition with control Target
II: balanced and sinusoidal GSC three-phase current and DFIG
stator current. As can be seen from Fig. 9, when the rotor speed
acceleration happened, the GSC current would first decrease
to 0, then the direction of GSC current would become oppo-
site, indicating that the GSC would operate as an inverter under
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supersynchronous state, and the GSC power would flow from
the dc-link capacitor to the power grid. Importantly, it should
be noted that since the several losses (copper loss, magnetizing
loss) in the experiment inevitably exists; therefore, the mag-
nitude of GSC current under subsynchronous state would be
smaller than that under supersynchronous state (P, = 100 to
—40 W) due to these losses. Moreover, the stator current is able
to maintain constant within the DFIG speeding moment, and
the stator output power can also remain constant as a result.
The rotor current, which is relevant to the DFIG rotor speed,
would change according to the speeding variation with very
smooth transient response, and no overcurrent or overshoot can
be observed. Thus, it can be concluded that the proposed con-
trol strategy is able to maintain effective under the circumstance
of DFIG speed variation, thus making the strategy applicable
in the practical situation where DFIG speed variation happens
frequently.

VI. CONCLUSION

The paper presented a modularized control strategy of the
DFIG system under unbalanced and distorted grid voltage, with
the control targets of smooth active and reactive power of RSC
and GSC, or balanced and sinusoidal current for both RSC and
GSC. Several advantages over the conventional control strat-
egy have been validated: 1) avoids the negative and harmonic
component extraction in GSC and RSC; 2) removes the com-
plicated and time-consuming current reference calculation; and
3) is able to cancel the communication between RSC and GSC.
It has been proved that when the smooth active and reactive
power is achieved, no negative component of current would be
generated, but only third harmonic current component occurs,
which would unfortunately further pollute the power grid. How-
ever, the 100 and 300 Hz dc-link voltage fluctuation would be
generated when control Targets I and I are achieved; the electro-
magnetic torque 100 and 300 Hz pulsation under control Targets
I and II have also been theoretically analyzed. Besides, it has
also been proved that the VPI regulator has strong robustness
against DFIG parameters deviation.
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