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ABSTRACT Doubly fed induction generator (DFIG) based wind turbines have been found to be very
sensitive to asymmetrical grid fault, wherein the harmful oscillations in the electromagnetic torque has being
made a big concern. What makes things harder is that latest grid codes require grid-connected wind turbines
to possess the ability of positive- and negative-sequence reactive current supporting. Hence, it becomes a
guide mechanism to meet the grid codes and to ensure the operation safety of the wind turbines. Even though a
tradeoff could be made between them, it is still quite difficult to coordinate the current dispatch of the DFIG’s
rotor- and grid-side converters (RSC and GSC), since there are totally eight currents needing to be carefully
designed, i.e., the positive- and negative-sequence active and reactive currents in each converter. To address
this issue, this article analyzes the reactive current constraints in detail, based on which a coordinated reactive
current control strategy is put forward for the DFIG-based wind turbines during asymmetrical grid condition.
Simulation studies demonstrate the effectiveness of the proposed strategy.

INDEX TERMS Doubly fed induction generator (DFIG), wind turbine, asymmetrical grid, reactive current

support, fault ride-through (FRT).

I. INTRODUCTION
Nowadays, the doubly fed induction generators (DFIGs) have
been widely utilized in wind farms, in virtue of their per-
fect merits, such as limited converter capacity, wide operat-
ing range, high efficiency and reliability [1]-[4]. However,
the DFIG-based wind turbine has been found to be quite
sensitive to grid disturbance due to the direct connection
between the stator windings and the weak power grid [5]. For
instance, when an asymmetric grid dip occurs, the DFIG rotor
current will get seriously distorted with associated pulsations
emerging in the stator active and reactive powers, and the
electromagnetic power as well [6]-[9], which may lead to the
disconnection of the wind turbines from the faulty grid.

The existing studies focusing on the operation and con-
trol of DFIG based wind turbines during asymmetric grid
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scenario can be divided into two categories, i.e., how to
enhance the uninterrupted operation ability of the wind tur-
bines and how to meet the requirement of strict grid codes.
As with the uninterrupted operation (also known as fault
ride-through) issue, in [7], it had been revealed that during
asymmetric grid fault, the DFIG stator current will be imbal-
anced, and the rotor current that flowing though the rotor-side
converter (RSC) will also be distorted, which could result
in the risk of overcurrent. Besides, serious oscillations will
emerge in the electromagnetic torque, which threatens the
safety of the rotor shafting system [8]. Aiming to enhance
the uninterrupted operation ability of the DFIG-based wind
turbines, various control methods have been proposed. In [9],
a coordinated control of the rotor- and grid-side converters
(RSC and GSC, respectively) during voltage unbalance is
proposed, where the RSC is controlled to eliminate the
torque pulsation at double supply frequency and the GSC is
controlled to compensate the oscillation of the stator output
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active power. In [10]-[12], it had been found that adopting
collaborative control of the RSC and GSC, multiple control
targets can be achieved simultaneously. It is noteworthy
that in [9]-[12] the harmful torque pulsation is generally
recognized to be a big concern in the control improvement
of the DFIG system.

With regard to meeting the requirement of grid codes, it is
well known that the grid-connected wind turbines should
inject positive-sequence reactive current into the faulty grid
during symmetrical voltage dips. And the amount of required
positive-sequence reactive current is strictly relevant to the
degree of positive sequence voltage sag [13]-[15]. In [16],
an adaptive reactive current control scheme is proposed to
meet the grid code during symmetric fault condition, on the
basis of considering both the limit of the GSC and RSC.
In [17], an optimized reactive power flow is proposed in
the case where an over-excited reactive power support is
applied with the joint compensation from both the RSC and
the GSC. In [18], a series voltage compensator method is used
to reduce considerably the stator and rotor current as well
as the rotor voltage, allowing the generator to ride-through
the grid disturbances in the light of grid code. Note that
the reactive current response methods aforementioned are
only capable of dealing with symmetrical grid dips. However,
according to statistics, asymmetric grid faults account for
about 90% of all grid faults. In fact, with the sustained
increase of wind power connected into power grid, grid code
starts to put up similar reactive current requirement for wind
turbines during asymmetric grid faults [19], [20], which will
be named negative-sequence reactive current response in this
article. However, few researches have involved this issue. The
difficulty lies in two aspects. For the one thing, though various
control targets can be achieved as that does in symmetrical
grid condition [5], [8], it is difficult to balance the operation
safety of the turbines and the reactive current requirement of
the grid codes. For the other, given that the control target
is reasonably determined, it is still complicated on how to
dispatch the positive- and negative-sequence reactive current
of the back-to-back converter in the DFIG based system.

To settle such problem, this article puts forward a coor-
dinated control strategy that can simultaneously satisfy the
positive- and negative-sequence reactive current requirement
by the grid codes and eliminate the harmful oscillations in
the electromagnetic torque, with the maximum active power
delivery capability being fully considered. The outline of this
article is arranged as follows. In Section II, the requirement
for both the positive- and negative-sequence reactive current
support by the latest grid code is firstly introduced. And the
control constraint in eliminating the electromagnetic torque
oscillation of the DFIG-based wind turbines is then presented.
The detailed current constraints and coordinated control strat-
egy are put forward in Section III. Simulation validations are
performed in Section IV. Finally, Section V summarizes some
critical conclusions.
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Il. CONTROL TARGETS OF THE DFIG-BASED SYSTEM
DURING ASYMMETRIC GRID CONDITION

A. TO SATISFY THE REACTIVE CURRENT REQUIREMENT
OF THE GRID CODES

The configuration of the DFIG-based wind turbine is pre-
sented in Fig. 1. As shown, the total active and reactive power
(P;, Qy) outputted from the wind turbine consist of two parts,
i.e., the stator-side active and reactive power (Pg, Q) and
the grid-side active and reactive power (Pg, Qg), which are
controlled by the rotor-side and grid-side converters (RSC
and GSC), respectively. Hence, the reactive current response
required by the grid codes during asymmetric grid conditions
can be satisfied by the coordinated control of the couple of
converters.
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FIGURE 1. Configuration diagram of the DFIG-based wind turbine.

According to the latest grid code (revised edition) in China,
when the positive sequence component of the grid voltage
remains between 47% and 80% of its nominal value,
the wind farms should be able to inject certain amount
of positive-sequence dynamic reactive current into the grid
to support the recovery of the positive-sequence voltage,
while absorb given amount of negative-sequence dynamic
reactive current from the grid to suppress the rise of the
negative-sequence voltage [20]. The detailed reactive current
demand in [20] can be summarized as follows:

Ait=K*(0.8—ul;, ) Iy

0.47p.u. <ul, <0.8p.u.
A =K—u,_Iy p-it- = P

d+=
(1)

where Ait, Ai~ represent the required positive- and
negative-sequence reactive current increments, respectively;
KT (>1), K~ (>1) denote the positive- and negative-
sequence reactive current compensation coefficients, respec-
tively; u:& 4» Uy represent the remained positive- and
negative-sequence voltage components, respectively; Iy is
the rated current of the wind turbine.

To give a clear understanding of the gird requirement,
Fig. 2 depicts the reactive current response curves of the wind
turbines under asymmetric grid fault, when the compensation
coefficients K+ and K~ are both set to be 1. Note that if the
compensation coefficients are set larger, more positive- and
negative-sequence reactive current increment will be needed.
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FIGURE 2. Reactive current response curves according to the grid code.

B. TO RESTRAIN THE OSCILLATIONS IN THE
ELECTROMAGNETIC TORQUE
As aforementioned, during asymmetric grid condition, the
interaction between the positive- and negative-sequence flux
and current will produce oscillations in the electromagnetic
torque. Detailed derivation can be referred to [8], [21]. Here
are given the useful conclusions for analysis convenience.
The T-representation equivalent circuit of a DFIG in
the positive synchronous (dg)™ reference frame is shown
in Fig. 3.

+
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FIGURE 3. T-representation of the DFIG equivalent circuit in the positive
synchronous reference frame rotating at the speed of ws.

According to Fig. 3, the electromagnetic power equals to
the sum of the power outputs from the equivalent voltage

sources jwsg I/Iqu and jwglip wrdq, ie.,

3 N 3 .
. + + . i .
Pe = ERG[](USI//sdq X lsdq] + ERG[]a)sliplﬂrdq X lrdq]

= Po + P2y, sin SIn 2wt + P2y, cos COS 2wgt 2)

where w;, wyjp denote the respective rotor and slip angular
frequencies; I/f;;q, w:g,q represent the respective stator and
rotor fluxes, fst,q, gj;lq represent the conjugate of the stator
and rotor currents, respectively; Lg, L,, denote the stator and
mutual inductances, respectively.

Then the electromagnetic torque of the DFIG can be
calculated as follows:

P,
wr/p

T, = 3

where p is the number of pole pairs.
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Substituting (2) into (3) and decomposing the electromag-
netic torque into different pulsating components, yield

Te,O
Te,sin
Te,cos
3L,1
- 2p Ls ws
_ _ i
- u;tlJr - u;:]-i- Ugqg_ Ugg— ﬁ'j—i_
X | g —Ugy uj,zﬁ ”:;H l.r_q+
Uy Ugy —Ugy —u::H l.’_d_
rq—

“

As represented in (4), under asymmetric grid voltage
conditions, the instantaneous electromagnetic torque con-
tains three components, i.e., the DC term, the sine and
cosine terms of twice the grid frequency. As a consequence,
in order to restrain the oscillations of electromagnetic torque,
the sine and cosine terms of twice the grid frequency in (4)
should be eliminated, which are related to the positive- and
negative-sequence active and reactive rotor currents.

C. DIFFICULTY IN SIMULTANEOUSLY ACHIEVING THE
TWO TARGETS

During asymmetric grid conditions, two control targets, i.e.,
to meet the grid code and to restrain the oscillations in the
electromagnetic torque, have been discussed in detail in the
previous sections. In fact, there is another implied target,
i.e., outputting active power as much as possible so as to
enhance the frequency stability of the grid-connected system.
However, such control targets may be contradictory, since
they are all related to the controlled currents of the RSC
and GSC.

Fig. 4 displays the current coupling constraints in achiev-
ing the three aforementioned targets. The complexity can be
summarized as follows:

(1) There are too many (totally eight) currents needing
to be dispatched and controlled, i.e., the positive- and

Constraints RSC Control Targets
R -+
Ico(;:ﬁ:f:g Do+ -2 I. Meet the grid code
o+
b+ | @ f(2.@.6.®)
i;dref— | ©
Lgref— | @ 11 Eliminate the
oscillation of 7,
D,2.8,®@
GSC /( )
II. Modulation i;:dmf+ L ©
ratio constraints .
o+
A II1. Maximize P
l._ /(20.06,00)
gdref— | @ |
Fagre -

FIGURE 4. The coupling constraints in achieving the targets.
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negative-sequence active and reactive currents in both the
RSC and GSC.

(2) There are complex current couplings in the design of
the three control targets, i.e., one current may be related to
two or three targets.

(3) There are multiple constraints needing to be concerned
simultaneously, i.e., the converters’ capacity and modulation
constraints, apart from the internal constraints in the control
targets I, I and III.

Ill. CURRENT REFERENCE ASSIGNMENT AND
COORDINATED CONTROL OF THE RSC AND GSC

In order to simultaneously meet the requirements of the grid
code and to eliminate the oscillations in the electromagnetic
torque, the current references of the RSC and GSC should be
carefully dispatched and controlled. Considering that there
are totally eight currents needing to be handled, and some of
them correlate closely with each other, it is quite necessary to
specify the priority in the current dispatching process. In the
forthcoming proposed control strategy, the following rules are
adopted.

Rule I: The positive- and negative-sequence reactive cur-
rents required by the grid codes should be set in the top
priority. Considering that outputting negative-sequence reac-
tive current from the stator-side will deteriorate the torque
oscillation, the negative-sequence reactive current is assigned
to be satisfied by the grid-side, while the positive-sequence
reactive current is outputted from the stator-side.

Rule II: The current references of the RSC should be
dispatched and controlled to restrain the oscillations of the
electromagnetic torque. Since the positive-sequence reactive
current references have been determined by the grid codes,
the negative-sequence active and reactive current references
can be calculated based on (4).

Rule III: The positive-sequence active current should be
outputted as much as possible to maintain the grid frequency
stability.

When the current references of the RSC and GSC are
obtained, the positive- and negative-sequence currents can
be controlled respectively with the dual dg control structure,
as presented in Fig. 5. The detailed current assignment will
be described in the following sections.

A. CURRENT REFERENCE CONSTRAINTS OF THE RSC
According to the reactive current response requirement, i.e.,
(1), when the grid voltage is asymmetrically drops, the stator
positive-sequence reactive current increment based on Rule I
should be set as follows:

At

sqref+ — KT (0'8 - u;—d+) Iy o)

Thus, the total stator positive-sequence reactive current
during the LVRT can be obtained as

- o+ ot
lsqref + = lsqref()—i— + Alsqref +

— T + +

- lsqref()—i— +K (08 - usd+) Iy ©)
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FIGURE 5. The control structure of DFIG-based wind turbine.

where i;;refo . denotes the positive-sequence stator reactive
current before the grid fault.

Note that the g-axis component of the positive-sequence
stator flux can be expressed as

Vigs = Loiggy + Lnify, 0

Neglecting the voltage across the stator resistance in Fig. 1,
the positive-sequence rotor reactive current reference of the
RSC can be obtained as

+
i+ — _ uSd+ _ &Z-F (8)
rq+ wsLin L sq+

Assume that the DFIG-based wind turbine was oper-
ated in unity power factor (UPF) before the grid fault, i.e.,
i;’(_]refo L = 0. Then substituting (6) into (8), the positive-
sequence reactive rotor current reference can be yielded as

s =~ [t 0L [K (08— ) W]} /(@)
)

As for the negative-sequence rotor current references,
according to (4), they can be obtained to eliminate the
oscillations of the electromagnetic torque, i.e.,

_ + o+
- dedlrdref+ + kSqdquref-F

ir_dref— (10)

— _ .+ .+
qureff - kSqdlrdreer - dedquref+
- - o+
where kgq = usd_/usdJr, ksga = usq_/usd+.
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When the rotor positive-sequence reactive and negative-
sequence active and reactive current references, i.e., i:;ref o
are determined, the rotor positive-sequence

rqref —
active currer(it ];eference, 1.e., i:;ref 4 can be derived based
on Rule III. One thing that needs to be considered is the
converter’s current capacity. Consequently, the settings of
the rotor current references should satisfy the following

constraint:

\/iilzefnL + i:;e]”r + ir:lzeff + i;q%eff = Ir max (1D
where [max represents the maximum current value of the
RSC.

When setting up the rotor positive-sequence active current
reference, there is another thing needs to be taken account,
viz., the available wind power during the LVRT process.
Consequently, the rotor positive-sequence active current ref-
erence is obtained as

Ly — and i

42 2

rgref+  trqref -
T 2

3Lmitgq U+ Ka

_ 2LsPy max Irzmax -

o R
lrdref+ = min

12)

where Pgnax i the maximum stator active power based on the
maximum power point tracking (MPPT) method.

B. CURRENT REFERENCE CONSTRAINTS OF THE GSC

In response to the negative-sequence reactive current require-
ment, i.e., (1), during asymmetrically grid voltage drops,
the negative-sequence reactive current increment of the GSC
should be set as

A =K ugy_Iy (13)

igqref -

Note that since the DFIG stator windings and the filter
inductor of the GSC are connected with the same terminal,
as shown in Fig. 1, the negative-sequence reactive current
injected from the GSC will affect the stator current, resulting
in the deterioration of the electromagnetic torque. So the
influence of the negative-sequence reactive current response
of the GSC should be considered when realize the goal of
Target II.

Thus, the total negative-sequence reactive current during
the asymmetrical grid can be obtained as

ltotal_qref -

total _gref —

= ltotal_qrefo— + Ai

= i);)tal_qrefo— + K_ut;tal_d—IN (14)

where i, , qref0— denotes the steady-state value of the total
negative-sequence reactive current before the grid fault,
Usoral q— Stands for the negative-sequence voltage at PCC.
Note that the g-axis component of the negative-sequence
stator flux can be expressed as:
Vgg— = Lsigg_ + Liniry_ (15)
Substituting (10) into (15), the negative-sequence reactive
power of the PCC injected from the stator-side of DFIG-based
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wind turbine can be obtained

—+
Ws Lm quref +

isq_osc— = MS_[17 1+ (wsLy) (16)

Usd+

Subtracting (13) from (16) to obtain the negative-sequence
reactive current reference of the GSC, yield

ig:qref— = K_ut;tal_d—IN - us_d—
wsLmi"
x [14+ =595 ) (@) (17)
usd+

Based on (17), the curves of the negative sequence reactive
current of the GSC vs. the positive- and negative-sequence
voltage can be obtained, as exhibited in Fig. 6. From the
figure, it can be seen that the magnitude of the
negative-sequence reactive current of the GSC will increase
with the raise of the asymmetry degree.

0.2 ~——— Target I : meet the
. NSNS i
\k\\&\i\s\\\\\\\\\\\‘\\& reactlve curre‘nl
S requirement of grid code
= SN
S
0.1 4 The gap between ‘\\\\\\§\\\\§\i\§\§\\\§\§
NN
Target I and SN
3 Target II
< 0
[
g Target I :
L3 0.1 eliminate the
e oscillation of
electromagnetic
torque —
-0.2 <\’\\//{ 0
08 07 6 02
05 04 :
+ u, |/ pu
Ug, | Pl oa- ! P

FIGURE 6. The curve of negative sequence rotor reactive current limit vs.
positive and negative sequence voltage.

Since the positive-sequence reactive current required
by the grid code has been provided by the stator side,
and the absorption of negative-sequence active current
cannot contribute to eliminate the electromagnetic torque
oscillation. Therefore, the positive-sequence reactive and
negative-sequence active current references can be set as:

s =0 (1s)
lgdref— =0

Then, considering the stator voltage d- axis orientation,
the active power flowing between GSC and RSC can be
expressed as [6]:

3L,s + 4 .
2L, (usd+lrdref+ + usd—lrdref—)
3 + o+ -
= E <ugd+lgdref+ + ugd—lgdref—) (19)

Based on (19), the positive-sequence active current refer-
ence of the GSC can be obtained. Similarly, when the GSC’s
current capacity is considered, its positive-sequence active
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current reference can be finally yielded as

Ly [ .4 Uy
— min SL <rdref+ +— M;‘d+ rdref )

_2 =2
Lodref — — Lgqref—

l'+
gdref +

\/ gmax gqref+
(20)

where Iym,x represents the current limit of GSC.

C. CONSTRAINTS OF CURRENT REFERENCES
CONSIDERING THE PULSE-WIDTH MODULATION
According to the space vector modulation theory, the rela-
tions of voltage carrier, modulation wave and modulation
ratio at the rotor side should satisfy the following relations:

_ Uy max <i 1)
B (Vdc/z) - «/§

where U, . represents the maximum value of rotor voltage,
Vac represents the voltage of DC link.

The positive- and negative-sequence rotor voltage and flux
linkage of the DFIG-based wind turbine can be expressed as
follows:

+
+ rdg+ . +
Unggy = Ry lrdq+ + d +Jslip+ 1//rdq+
23 (22)
— dwrdqf . —
Mrdq— Ry lrdq— + dt +]wslip— 1prdq—
wrdq—&— L lrdq—i— + Lmlsdq+ (23)
1'”mlq— - L lrdq + Lmlsdq—

where wyjip1 = w; — wy, wyip— = —wy — w, are the positive-
and negative-sequence slip angular frequencies, respectively.
Substituting (22) into (15), and ignoring the little voltage
drop on the rotor resistance, yield (24), as shown at the bottom
of the page.
According to (23), the positive- and negative-sequence
stator current can be expressed as:

Lm i

o= rd+
sd+ — LS

+ -+
oo M Linirgy
sq+ —wy LY_ LS (25)
_ Lini
=L

s

_ Msd— Lmqu_
- wsLg Ly

Substituting (25) into (24), the RSC constraint considering
the modulation constraint can be obtained, i.e.,

(_wslip+ULr i;;_;,.)z

- -2
Lu?
+ | wstip+ (O—Lrijq_q_ - :(1) 2d+>
Vae=N3| b o, 7 (26)
+ (—wup-oLriy_)
- -2
Lyu_
+ | @stip— (oL rirg + ’Z) 2”")
\ | S4=s i

whereo =1 — Lz is the leakage coefficient.

Similarly, the relations of DC link voltage and the positive-
and negative-sequence voltage components in the GSC
should satisfy the following constraint:

+2 +2 -2 -2

Vac = ﬁ\/ucon7d+ + Ucon_q+ + Ucon_d— + Ucon_q— 27
where ucon_gq represents the d- and g-axis voltage compo-
nents of the GSC.

The positive- and negative-sequence voltage equations of
the GSC can be expressed as:

+ + di;dﬁ . -+
ugdq+ = ucon_a'q+ + Lg d + Jngg lga'q+ (28)
ugdq— = ucon_dq— 8 d ]a)ng lgdq—

Consequently, based on (17), (18), (20) and (27), the
current limitation of the GSC considering pulse-width
modulation can be obtained in (29), as shown at the bottom
of the next page.

D. COMPREHENSIVE FEASIBLE REGION BASED ON THE
CONSTRAINTS OF THE RSC AND GSC

Based on the above analysis, the positive- and negative-
sequence active and reactive current references of the RSC
and GSC can be summarized in (30) and (31), as shown at
the bottom of the next page.

According to (30) and (31), the feasible operation region
of the DFIG-based wind turbine can be obtained. Since
the positive-sequence reactive current and negative-sequence
reactive and active current references are set in priority, the
feasible region of the RSC can be expressed by the avail-
able positive-sequence active current, which depends on the
positive- and negative-sequence voltages.

According to the constraint analysis in section A, B and C,
the operation boundaries of RSC and GSC can be described
by positive-sequence active current under the conditions of
their own capacity constraint and modulation constraint,
which are determined by the positive- and negative-sequence

. . 2 1 ] 2
v o | ([ (L + Lify,)] + [wstip+ (Lrifyy + Lmidyy)] . (24)
- + [_wsliP* (Lrir_df + Lmis_df)] + [wSI"P* (Lrir_q— + Lmis_q_)]
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voltages, respectively. Nevertheless, in order to depict the
feasible region of the whole DFIG-based wind turbine adopt-
ing the coordinated control strategy under the constraint
conditions, i.e., capacity- and modulation constraints of the
RSC and GSC, positive-sequence active current of RSC is
selected to express output maximum deduced by (19), which
is related to positive- and negative-sequence voltage. Given
that I; max = 1.2p.u., Igmax = 0.45p.u., the feasible region
curve of the whole DFIG-based wind turbine can be obtained
in Fig. 7.

To give a clear illustration, the feasible region curve of the
DFIG-based wind turbine vs. positive- and negative-sequence
voltage can be presented in a dimension-reduction pattern
by determining the steady-state operating point, for instance,
”stl + = 0.p.u.. It is notable that the turbine can oper-
ate in a far wider range if only the modulation ratio con-
straint of GSC is considered, which means that the curve of

modulation constraint of GSC doesn’t play a critical role in
the operation range analysis when negative-sequence voltage
ranges from 0-0.5p.u. Hence, the feasible region of coor-
dinated control strategy of DFIG-based wind turbine under
the condition of u;rd L= 0.7p.u. can be obtained, as shown
in Fig. 8.

From Figs. 7 and 8, it can be concluded that the maximum
value of positive-sequence active current under the three con-
straints all show a downward trend when the degree of unbal-
ance (i.e., the ratio of negative sequence voltage to positive
sequence voltage) increases. When the negative-sequence
voltage is less than 0.25p.u., the maximum value of output
positive-sequence active current of DFIG-based wind turbine
is mainly determined by the modulation constraint of RSC.
However, the maximum output value of positive-sequence
active current of the DFIG-based wind turbine is switched
to be determined by the capacity constraint of GSC when

+2
Ugqy + (a)ngs

L4 \°
L_Slrd+

Vie 2 V3 Ly 2 (29)
- L, |K-Iy—(1 —m rgref + L
Y Ugq— — Deliglhy N— |1+ " / (wsLs)
sd+
(12 2 -2 )
r _
e+ e 0. < uy_ < 025p.u.
\ (1+ k%)
2 L u+ 2
dc mUgq
i::lreer = 3 @slip+ <UL rigref+ ~ wsLg >i|
_ Lyug,
Wslip— O—Lrirqreff + ’Z) Iid ) (30
S-S
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IV. SIMULATION VERIFICATIONS A
To validate the feasibility and effectiveness of the proposed 15 02
control strategy, simulation tests of a 3MW DFIG-based wind = Y
turbine were carried out under the MATLB/Simulink environ- ’
ment. The parameters of the DFIG system are given in Tab. 1. < 1400 ¢ 1
21200 F <]
1000 1
TABLE 1. Parameters of the DFIG system.
1.4 i ;
Grid voltage (V) 690 3
Grid frequency (Hz) 50 g‘; 12 -
Pole pairs 3 <
Stator inductance L, (p.u.) 4.229 1 ‘ ‘ . ‘ i : ;
. 0 0.5 1 1.5 2 2.5 3 3.5
Rotor inductance L, (p.u.) 4.203 ils
Mutual inductance L,, (p.u.) 3.99
Grid-side filter ind I 0.65 FIGURE 9. Simulation results of the DFIG-based wind turbines with
rid-side filter inductance L, (p.u.) : different control modes when u‘s"d +=0.7p.u. andu_; =0.05p.u.
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The DC-link voltage of the DFIG system is set to be
1200V. And the initial slip ratio is —0.2p.u. The switching
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frequencies of the couple of converters are 2.5kHz, while
the sampling frequency is 20kHz. Four operation modes are
studied during the simulations, i.e., 1) Mode I: the grid
voltage is normal and the maximum power point tracking
control takes in charge; 2) Mode II: the grid voltage dips
symmetrically, and the positive reactive current response is
triggered in accordance with the grid code; 3) Mode III: the
grid dips asymmetrically, but the control is the same as that in
Mode II; 4) Mode IV: the grid dips asymmetrically, and the
proposed positive- and negative- sequence control is adopted.
The simulation results are shown in Fig. 9.

As can be seen in Fig. 9, under Mode I, the system is oper-
ating approximately at unity power factor. However, when
grid voltage sag is detected, the system’s operation mode
is switched immediately to Mode II, where according to
the latest grid code, the DFIG-based wind turbine needs to
inject capacitive reactive current of 0.1p.u. into the power
network through stator terminator (Fig. 9(e)). Note that the
capacitive reactive current is all controlled by the RSC, while
the GSC does not participate into the reactive current support,
as manifested in Figs. 9 (f) and (i). Thanks to the optimized
current assignment, the system keeps uninterruptable oper-
ation during this period. When the grid asymmetrical sag
appears, the working condition of DFIG system is passively
shifted to Mode III, where harmful oscillations begin to
emerge in the electromagnetic torque and DC-link voltage,
as displayed in Figs. 9(h) and (j), respectively. When the
proposed control is triggered, however, the oscillations in the
electromagnetic torque can be restrained in a large extent,
as shown in Fig. 9(h), while the negative-sequence reactive
current requirement is satisfied by the GSC, as depicted
in Fig. 9(f).

Further simulations under different grid and operation con-
ditions were conducted, with the waveforms being shown
in Figs. 10 and 11, respectively. In Fig. 10, the initial slip
ratio is —0.2p.u. (super-synchronous), while the positive-
and negative-sequence voltages are set as u;; + = 0.65p.u.
and u; = 0.1p.u., respectively. In Fig. 11, the initial
slip ratio is 0.2p.u. (sub-synchronous), while the positive-
and negative-sequence voltages are set as ujd + = 0.6p.u.
and u; = 0.05p.u., respectively. From the waveforms
in Figs. 10 and 11, it can be concluded that during the
asymmetrical grid conditions, the oscillations in the elec-
tromagnetic torque can be automatically eliminated, while
the positive- and negative-sequence current requirement can
be satisfied according to the grid codes. The effectiveness
and feasibility of the proposed method have also been ver-
ified under other operation conditions with similar results
obtained, and the waveforms are not shown here due to space
limitation.

V. CONCLUSION

To meet the positive- and negative-sequence reactive current
response requirement of the grid codes, the active and reac-
tive current constraints of the DFIG-based wind turbines is
derived in this article, based on which a coordinated current
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assignment strategy of DFIG’s RSC and GSC during asym-
metric grid conditions is proposed. Some useful conclusions
can be summarized as follows.

1) The positive- and negative-sequence reactive currents
required by the grid codes should be set in the top priority.
Considering that the outputting negative-sequence reactive
current from the stator-side will deteriorate the torque oscilla-
tions, the negative-sequence reactive current can be assigned
to be satisfied by the grid-side (controlled by the GSC), while
the positive-sequence reactive current can be delivered from
the stator-side (controlled by the RSC).

2) The current references of the RSC can be dispatched
in this pattern, i.e., the positive-sequence reactive current
reference should be determined by the grid codes, while
the negative-sequence active and reactive current references
should be set to restrain the oscillation of the electromag-
netic torque. Besides, if there is any remained capacity, the
positive-sequence active current reference should be set as
much as possible to maintain the frequency stability.

3) The current references of the GSC can be arranged
in this way, i.e., the negative-sequence reactive current is
assigned to meet the requirement of the grid code, and the
positive-sequence reactive and negative-sequence active cur-
rent references can be set to be zero, while the positive-
sequence active current rests with the rotor-side positive
active current and the capacity of the converter.

4) Based on the proposed current dispatching method,
the gird code can be satisfied and the harmful oscillation
in the electromagnetic torque can be eliminated as well.
Moreover, the boundary of the positive- and negative-
sequence reactive and active current references of the couple
of converters is presented, which provides a useful guide to
dispatch the current references of the DFIG system during
such adverse grid condition.
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