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ABSTRACT According to the latest grid codes, wind turbines (WTs) are required to inject certain amount
of reactive and active current into the faulty grid during voltage sags. However, studies have shown that the
doubly fed induction generator (DFIG)-based WTs may lose stability under weak grid condition. So the
impact of grid code requirement on DFIG system stability is worthy of investigation. To address such
issue, a comprehensive small-signal admittance model of DFIG system is established in this paper. Then the
influence of reactive/active current settings during grid fault is analyzed in detail. Furthermore, the stable
operation region is derived, considering three key factors, i.e., the current demand of grid codes, capacity
of WTs and stability constraint. Besides, in order to extend the stable operation region of the DFIG system,
an enhanced control strategy based on voltage disturbance compensation is put forward. Finally, simulations
and experiments are performed to validate the correctness of the theoretical analysis and effectiveness of the
proposed control.

INDEX TERMS Doubly fed induction generator (DFIG), impedance modelling, small-signal stability,
enhanced control, disturbance compensation.

NOMENCLATURE

U, I, 9 Voltage, current and flux linkage vectors.
ωs, ωr Synchronous and rotor angular frequency.
Rs, Rr Stator and rotor resistances of DFIG.
Ls, Lr , Lm Stator, rotor and mutual inductances of

DFIG.
Rg, Lg Resistance and inductance of grid-side

reactor.
θpll, ωpll Output angle and angular frequency

of PLL.
θslip, ωslip Slip angle and angular frequency
Subscripts

s, r , g Stator-, rotor- and grid-side quantities.
d , q Dq-axis components.
Superscripts
b, c Grid- and PLL- reference frame.
∗ Reference value.
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I. INTRODUCTION
Due to the superiorities of low equipment cost, small con-
verter capacity, wide operating range, and high reliability,
the doubly fed induction generator (DFIG)-based wind tur-
bines (WTs) have been the mainstream type of wind power
generations [1], [2]. At the same time, grid codes have put
forward strict requirement for grid-connected WTs, such as
the well-known low voltage ride-through (LVRT), which not
only prohibits WTs to be disconnected when the grid voltage
is above the given profile, but also demand WTs to inject
reactive/active current to restore the gird voltage [3]. As with
the DFIG-based WTs, since the stator windings are directly
tied into weak power grid, the DFIG system is fairly sensitive
to grid disturbances, especially to grid dip fault [4].

However, due to the reverse distribution between wind
power resources and power loads, large-scale wind farms
are usually integrated into power grid through long-distance
transmission lines [5]. If the short-circuit ratio (SCR) is less
than 3, the grid is usually regarded as a weak grid [6]. When
the fault occurs in weak AC grid, the high impedance of
long-distance transmission line may be the key factor that
leads to the failure of conventional LVRT control strategy [5],
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and even leads to instability if the system control coefficients
are not set properly [7]. Hence, the stability issue of DFIG-
based WTs connected into weak grid has attracted more and
more attention [3], [5]–[18].

In [3], [8], based on the power angle and small interfer-
ence stability theory of synchronous machine, the state space
model of DFIG-based WTs is set up, where the influence
of phase-locked loop (PLL) parameters on system stability
is analyzed. A small-signal model of DFIG, including its
rotor-side converter (RSC), is established in [9], where the
stability influence of control parameters of RSC is discussed.
Similar model is presented in [10], and modal analysis shows
that the system stability is mainly affected by the PLL, rotor
current controller (RCC), and the terminal voltage as well.
It is noteworthy that the above stability studies mainly focus
on normal grid conditions.

In [11]–[14], the instability mechanism of DFIG system
during weak grid fault is explored. It is found that the con-
troller bandwidth under normal grid condition is no longer
applicable to that of the fault condition, due to the complex
interaction between the controller and weak AC grid. And
some improved LVRT schemes have been proposed during
symmetrical grid faults [11], [13].

As for stability analysis, the state space methods are usu-
ally adopted. However, the calculation burden, caused by
the high order equations, makes it unacceptable when the
methods are applied to complicated systems [15]. In the con-
trast, the impedance-based methods are widely used, since
the calculation burden is moderate, while the physical mean-
ings is clear. In [15], the impedance model of the RSC is
established and the interaction between the DFIG-basedWTs
and weak power grid is studied. In [16], [17], a unified
impedance model of DFIG-based WTs including the grid-
side converter (GSC) is further proposed, and the transmis-
sion relationship from the grid voltage disturbance to the
controller output is then analyzed. However, in regard to
the current supporting requirement by the grid codes, the
influence of reactive and active current injection on system
stability still remains unknown.

To address such issue, this paper firstly establishes a small-
signal admittance model of DFIG-based WTs tied into weak
AC grids, considering the effects of PLL, RCC, and line
impedance as well. Then the influence of reactive/active cur-
rent settings during grid dips is analyzed in detail. Further-
more, the stable operation range is derived, considering three
key factors, i.e., the current demand of grid codes, capacity
of WTs and stability restriction. In order to improve the
stability of DFIG during weak grid fault, an enhanced control
strategy based on voltage disturbance compensation is put
forward. Finally, simulations and experiments are carried out
to validate the correctness of the analysis and effectiveness of
the proposed control.

II. SMALL-SIGNAL MODELING OF THE DFIG SYSTEM
In order to analyze the stability of the DFIG system,
a small-signal admittance model of DFIG in the synchronous

reference frame (SRF) is firstly established. The structure
diagram and control loops of the DFIG tied into weak
AC grid is given in Fig. 1.

The existing research shows that the stability of DFIG is
mainly determined by RSC, while the influence of GSC is
very limited [11], [15]. Therefore, this paper focuses on the
modelling and stability analysis of the RSC. The small-signal
model is composed of the main circuit of DFIG, the RSC and
the corresponding control system. The modelling process are
given in the following.

FIGURE 1. Diagram and control loops of DFIG tied into weak AC grid.

A. DFIG MODEL
According to the voltage and flux equation of DFIG in the
SRF system, the expression of the stator and rotor voltage for
the rotor current can be obtained as:

Î rdq = GsrÛsdq + GrrÛ rdq (1)
Grr =

1
a2 + b2

[
a b
−b a

]

Gsr =
1

a2 + b2

[
bd − ac − (ad + bc)
ad + bc bd − ac

] (2)

where
a = K1Lm

(
ωslipωsLmRs − sK2

)
+ (Rr + sLr)

b = −K1Lm
(
sωsLmRs + ωslipK2

)
+ ωslipLr

c = sK1Lm (Rs + sLs)+ K1LmωslipωsLs
d = −K1Lmωslip (Rs + sLs)+ sK1LmωsLs,

and
{
K1=1/

[
(Rs + sLs)2 + ω2

sL
2
s
]

K2 = sLm (Rs + sLs)+ ω2
sLsLm

.

Similarly, the expression of stator voltage and rotor current
for stator current can be obtained as:

Îsdq = GssÛsdq + GrsÎ rdq (3)
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Gss = K1

[
Rs + sLs ωsLs
−ωsLs Rs + sLs

]

Grs = K1

[
−K2 ωsLmRs
−ωsLmRs −K2

] (4)

Accordingly, the small-signal model of the DFIG main
circuit can be described as Fig. 2.

FIGURE 2. The small-signal model of the DFIG main circuit.

B. PLL MODEL
As shown in Fig. 3, when the grid voltage is disturbed,
the phase information of the power grid obtained through
the PLL, will deviate from that of the actual one, which
will further lead to disturbance in the control system.
In order to estimate the influence of such disturbance, two
SRFs are introduced, i.e., the grid dq frame represented
by superscript ‘b’, and the PLL dq frame represented by
superscript ‘c’.

FIGURE 3. Structure diagram of the PLL.

According to Fig. 3, the small signal dynamic characteris-
tics of the PLL can be expressed as:

δ̂dq = GpllÛ
b
sdq (5)

where Gpll =

[
0 0
0 Hpll

]
, andHpll =

(sKp_pll+Ki_pll)
s2+Ub

sd0(sKp_pll+Ki_pll)
;

with Kp_pll and Ki_pll being the proportional and integration
coefficients of the PI controllers of PLL.

By linearization, the relationship between the stator current
in the grid dqb frame and PLL dqc frame can be expressed as:

Î
c
sdq = Î

b
sdq + Gisδ̂dq (6)

where Gis =

[
0 Ibsd
0 −Ibsd

]
.

Similarly, We Can Obtain

Gir =

[
0 Ibrq
0 −Ibrq

]
,Gur =

[
0 Ub

rd
0 −Ub

rd

]
,Gus =

[
0 Ub

sd
0 −Ub

sd

]
.

C. RSC CURRENT CONTROL LOOP MODEL
The proportional-integral (PI) controller is commonly used in
the rotor current loop, and the small-signal model of the rotor
voltage in the PLL dqcfame can then be expressed as:[

Û c
rd

Û c
rq

]
= (Gd1 − Grcc)

[
Î crd
Î crq

]
+ Gd2

[
Î csd
Î csq

]
(7)

where

Grcc =

[
Kp_rcc + Ki_rcc/s 0

0 Kp_rcc + Ki_rcc/s

]
,

Gd1 =

[
Rr −ωslipLr

ωslipLr Rr

]
,Gd2 =

[
0 −ωslipLm

ωslipLm 0

]
;

Kp_rcc and Ki_rcc being the proportional and integration coef-
ficients of the PI controller in the RSC.

D. INTEGRATED SYSTEM MODEL
Based on the previous derivation, the DFIG small-signal
model including both the RSC current control and PLL can
be obtained, as shown in Fig. 4.

FIGURE 4. The small-signal model of DFIG including RSC current control
and PLL.

Note that, in the small-signal stability analysis, the rotor
current reference can be regarded as a constant, thus its small
disturbance Î

ref
rdq is equal to zero.

According to (1)-(7) and Fig. 4, the small-signal dynamic
characteristics of DFIG including RSC current control and
PLL can be expressed as:

Î
b
sdq = YDFIGÛ

b
sdq (8)

where


YDFIG = (E− Gd2GrsG3)

−1G4
G1 = Gd1 − Grcc
G2 = G1GirGpll + Gd2GisGpll − GurGpll

G3 = (E− GrrG1)
−1

G4 = GrsG3 (GsrG1 + G2)+ Gss

, and E

represent the identify matrix.
The improved model comprehensively considers the

DFIG, current loop control, phase-locked loop and frame
rotating transformation. In particular, the model takes into
account the coupling between the d- and q-axis in vector
control and the frame rotating inverse transformation of the
rotor voltage, as shown in Fig. 4.
Due to the existence of asymmetrical factors, such as PLL,

the d- and q-axis of the DFIG system are asymmetrical, which
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results in the transfer function from the voltage to current
being a 2× 2 admittance matrix, i.e.,

YDFIG =

[
Ydd Yqd
Ydq Yqq

]
(9)

Fig. 5 shows the calculated Bode diagrams of the DFIG
input admittance (YDFIG), compared to those obtained
using frequency sweep method in a time-domain simulation
model [15], [16]. As seen, the results match well, which
validates the correctness of the proposed model.

FIGURE 5. Frequency sweep results of DFIG-based WT.

III. STABILITY ANALYSIS AND VOLTAGE DISTURBANCE
COMPENSATION CONTROL STRATEGY
According to the generalized Nyquist stability criterion, the
stability of MIMO system is determined by the times that
the Nyquist curve of the return-ratio matrix circles the point
(−1, 0) counterclockwise. For the DFIG system, the return-
ratio matrix is L(s) =Zg(s)YDFIG(s), where YDFIG(s) is
the input admittance matrix of DFIG and Zg(s) is the grid
impedance matrix, which can be described by

Zg =

[
Rg + sLg −ωgLg
ωgLg Rg + sLg

]
(10)

On the basis of the obtained small-signal model, i.e., (8),
the influence of the active and reactive current on stability
during grid voltage dips can be analyzed. In this paper, the
reactive and active current response requirements of the grid
code in China (GB/T 19963-2011) is taken as an example.

A. INFLUENCE OF ACTIVE AND REACTIVE CURRENT ON
STABILITY
In order to estimate the influence of the active current injected
into the weak grid during grid voltage dips, assume that the
voltage amplitude remain unchanged during the fault duration
stage. For instance, when the grid voltage drops to 0.58p.u.,
the generalized Nyquist curves of the DFIG system with
different active current can be drawn as Fig. 6.

As shown in Fig. 6, when the active current is set to
be −0.3 p.u. (a), the Nyquist curve does not surround the
point (−1, 0), which means that the system is stable at

FIGURE 6. Generalized Nyquist curves varying with active current
references.

this time. However, when the active current is increased to
−0.4p.u. (b), the Nyquist curve approaches the point (−1, 0),
which indicates that increasing the active current is not con-
ducive to system stability. In Fig. 6(c), the Nyquist curve
gets to surround the point (−1, 0), when the active current
is increased to -0.5p.u., implying that the system becomes
unstable.

Similarly, the impact of the reactive current on the stability
can be studied based on the small-signal admittance model.
The generalized Nyquist curves of the DFIG system with
different reactive currents are shown in Fig. 7. It is notable
that when the DFIG reactive current varies, the generalized
Nyquist curve almost remained unchanged. It thus can be
concluded that the reactive current has little influence on the
stability of DFIG system.

FIGURE 7. Generalized Nyquist curves varying with reactive current
references.

In summary, it can be concluded that increasing the active
current into the weak AC grid during voltage dips is not
conducive to system stability and even leading to instability
issue. However, changing the reactive current injected into
the weak grid has little impact on the stability.

The reason lies in the interaction between the weakAC grid
and DFIG turbine. As shown in Fig. 8, due to the considerable
grid impedance, i.e., Rg + jωsLg, the stator voltage will be
distorted when a harmonic or resonant current is injected
into the weak grid. Usually, the grid reactance is much larger
than its resistance. Therefore, according to the formula sur-
rounded by red box in Fig. 8, the active current Isd will mainly
affect the q-axis stator voltage, i.e., Usq, while the reactive
Isq current will primarily impacts the d-axis stator voltage,
i.e., Usd. However, as depicted in the figure, only the distur-
bance in Usq will be further transmitted to the DFIG control
system through the PLL and rotating frame transformation
process. Consequently, the influence of the active current is
more remarkable than that of the reactive one.
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FIGURE 8. Interaction relationship between the weak grid and DFIG
system.

B. COMPREHENSIVE CONSTRAINT OF THE ACTIVE AND
REACTIVE CURRENT DURING GRID VOLTAGE DIPS
In addition to the stability constraint, two other restrictions
need to be considered when setting the active and reac-
tive currents, i.e., the grid code requirement and the capac-
ity limit of DFIG turbine. Here, the grid code of China
(GB/T 19963-2011) [16] is chosen as an example, with its
essential requirement listed briefly as follows.

When the PCC voltage is within 20% to 90% of its nominal
value, the WTs should be able to keep grid-connected and
inject a certain amount of reactive current, which should be
no less than

Iq ≥ 1.5× (0.9− Ut) IN, (0.2 ≤ Ut ≤ 0.9) (11)

where Iqdenotes the required reactive current value accord-
ing to the grid code; Ut represents the remaining voltage at
the PCC.

For instance, when the voltage at PCC drops to 0.58 p.u.,
according to (11), the wind turbines should output reactive
current (Isq) to be no less than 0.48 p.u. Assume that the
maximum current capacity of DFIG is within 1.2 p.u. Then,
the DFIG stable operating region under such grid dips can
be drawn, as the shadow region shown in Fig. 9, which is
determined by three factors, i.e., the stability curve based on
the small-signal model, the capacity limit of DFIG and the
reactive current requirement by the grid code. If the voltage
dip changes, it will directly affect the critical curve of the
stability and the lower limit of reactive current in Fig. 9. As a
result, it will affect the stable operating region. For example,
if the voltage drops more, more reactive current is required,
and the stable operating region will get shrink, as shown by
the red arrow in Fig. 9.

It needs to be pointed out that the stability curve, marked in
pink in Fig. 9, can be obtained according the stability analysis
based on the generalized Nyquist stability criterion. It can
be seen from Fig. 9 that although the DFIG is required to
generate reactive current in priority during weak grid voltage
dip, it still has some capacity to output active power. How-
ever, the active power is strictly restricted by the stability
constraint. Hence, in order to improve the active power output
capacity of the DFIG, a better way is to enhance the system
stability under such adverse grid condition. In other words,
an enhanced control is needed to increase the output capacity
of the DFIG system.

FIGURE 9. Comprehensive constraint of the active and reactive current
during grid voltage dips.

C. ENHANCED CONTROL STRATEGY BASED ON VOLTAGE
DISTURBANCE COMPENSATION
From the above analysis, it is obvious that the disturbance in
the stator voltage will be transmitted into the whole control
system through the PLL and frame rotating transformation,
which will then influence the stability of the DFIG system.
To reduce the impact of such disturbance, an enhanced con-
trol strategy based on voltage disturbance compensation is
proposed. This control strategy is realized by compensat-
ing the disturbance in the rotor voltage, i.e., Û

c
rdq, which

corresponds to the grid voltage disturbance Û
b
sdq introduced

through the PLL and rotating frame transformation process.
The proposed control structure is given in Fig. 10, where

Gfilter =

[
Hfil 0
0 Hfil

]
, with Hfil being the transfer function of

the second-order high pass filter, which is used to obtain the
stator voltage disturbance. According to Fig. 10, the transfer
function from the disturbance of the stator voltage to the
output of the RSC can be obtained as

Gvsr = (Gd1 − Grcc)GirGpll + Gd2GisGpll − GurGpll (12)

FIGURE 10. Control strategy based on voltage disturbance compensation.

In the design, a high-pass filter is firstly implemented
to filter out the steady-state DC components of the stator
voltage, and then the disturbance can be obtained. The dis-
turbance transfer function, i.e., Gcom, is further compensated
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to the output of the rotor current loop, so as to enhance the
system stability, Gcom = KcomGvsr, with Kcom being the
compensation coefficient.

Note that once the voltage disturbance compensation is
applied, the admittance model of the DFIG system needs to
be modified. The proposed control is equivalent to paralleling
an auxiliary admittance with the original one, as shown in
Fig.11. Then, the modified admittance of whole DFIG with
voltage disturbance compensation can be obtained as

Y ′DFIG
= YDFIG − GrsG5 [E− Gd2GrsG5]−1GcomGfilterGusGpll︸ ︷︷ ︸

Y com

(13)

where G5 = Grr [E− (Gd1 − Grcc)Grr]−1.

FIGURE 11. The small-signal model with voltage disturbance
compensation.

To further investigate the influence of the proposed control,
the generalized Nyquist curves are drawn before and after
the control being triggered, as displayed in Fig. 12. It can be
seen that the generalized Nyquist curve surrounds the point
(−1, 0) when the conventional control is used, which means
that the system is unstable. Contrastively, once the voltage
disturbance compensation works, the generalized Nyquist
curve does not surround the point (−1, 0), indicating that the
system gets stable. Hence, the proposed control can effec-
tively improve the stability of DFIG system during weak grid
condition.

In addition, the proposed control strategy is compared
with the virtual inductance control strategy. As shown in the
Fig.12, the Nyquist curve of the proposed control strategy is
farther away from the point (− 1,0), which indicates that the
proposed control strategy has more stability margin than the
virtual inductance control strategy.

As a result, the stable operation region of DFIG under grid
dips can be redrawn, as shown in Fig. 13. Obviously, the
stable operating region gets extended, compared with that
in Fig. 9.

IV. SIMULATION AND EXPERIMENTAL VALIDATIONS
A. 5.5kW DFIG SIMULATION STUDIES
To validate the correctness of the stability analysis and
the effectiveness of the proposed control, simulations were
carried out with a 5.5kW DFIG under MATLAB/Simulink
environment.

Firstly, the influence of outputted DFIG active current is
studied. Fig. 14 shows the simulation waveforms of the DFIG
turbine during the grid voltage at 0.58p.u. The active current

FIGURE 12. Generalized Nyquist curves of DFIG with different control
strategies.

FIGURE 13. Comprehensive constraint of the active and reactive current
during grid voltage dips.

is initially set as -0.3p.u., while at 0.6s, it increases to -0.4p.u.
Note that the system remains stable during such process.
However, at 0.8s, when the active current increases up to -
0.5p.u., obvious oscillations gets to occur in the stator voltage
and current, implying that the system loses its stability. This
is consistent well with the stability analysis results in Fig. 6.

Similarly, the influence of DFIG reactive current on sys-
tem stability is investigated. Fig. 15 shows the simulation
results when the reactive current changes. Initially, the reac-
tive current is set to be 0.2p.u., while at 0.6s it increases
up to 0.6p.u. As can be seen, the stator voltage/current does
not oscillate, and the system keeps stable. At 0.8s, when the
reactive current reaches to 1.0, the DFIG system can still be
stable, which is identical with the stability analysis in Fig. 7.
An interesting phenomenon is that, after 0.8s, the disturbance
in stator voltage mainly behaves in the d-axis component.
Referring to the analysis in Chapter II-A, the disturbance
of d-axis component will not be further transmitted to the
control system of rotor side converter, so system remains
stable. Hence, Fig. 15 proves the correctness of the stability
analysis.

Finally, a test is performed to verify the effectiveness of
the proposed control strategy. The time domain simulation
results are exhibited in Fig. 16. At 0.8s, the active current
injected into the weak grid increases from -0.4p.u. to -0.5p.u.,
oscillations get to occur in the stator voltage and current, and
the system loses its stability. However, when the compensated
control strategy is triggered at 1.1s., the oscillations are sup-
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FIGURE 14. Time domain simulation waveforms when active current
changes. (a) stator three-phase voltage Usabc; (b) stator three-phase
current Isabc; (c) stator dq-axis voltage Usdq; (d) stator dq-axis
current Isdq.

FIGURE 15. Time domain simulation waveforms when reactive current
changes. (a) stator three-phase voltage Usabc; (b) stator three-phase
current Isabc; (c) stator dq-axis voltage Usdq; (d) stator dq-axis
current Isdq.

pressed significantly, and the DFIG system returns to a stable
state. The simulation is consistent with the analysis result
in Fig. 12.

B. 3.0MW DFIG SIMULATION STUDIES
In order to further verify the correctness of the stability analy-
sis and the effectiveness of the proposed control, simulations
were carried out with a 3.0MW DFIG as well, whose key
parameters are given in Tab. 2.

The influence of reactive current on stability is shown in
Fig. 17. The DFIG system is always stable when the reactive
current increases from 0.2p.u. to 1.0p.u.. The influence of

TABLE 1. Parameters of the 3.0MW DFIG.

TABLE 2. Parameters of the 5.5kW DFIG experimental platform.

active current on stability and the effect of the proposed
control strategy are shown in Fig. 18. When the active current
increases from -0.4p.u to -0.5p.u at 0.8s, obvious oscillations
gets to occur in the stator voltage and current, implying that
the system loses its stability; At 1.1s, the control strategy pro-
posed in this paper is adopted, then the DFIG system returns
to a stable state. These simulation results are consistent with
those carried out with a 5.5kW DFIG. This further verifies
the correctness of the stability analysis and the effectiveness
of the proposed control

C. EXPERIMENTAL VALIDATIONS
In order to further demonstrate the effectiveness and feasi-
bility of the proposed control strategy during weak grid dips,
a 5.5kW DFIG experimental platform based on DSP28335
is built, with its structure shown in Fig. 19. The key param-
eters of the experimental system are given in Tab. 2. The
DFIG system is driven by a 3-phase induction motor, and the
line impedance of the weak grid is simulated by connecting
reactors in series with the power grid. The symmetrical grid
fault is generated by the three-phase transformer. In addition,
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FIGURE 16. Time domain simulation results of DFIG with the proposed
control strategy based on voltage disturbance compensation. (a) stator
three-phase voltage Usabc; (b) stator three-phase current Isabc; (c) stator
dq-axis voltage Usdq; (d) stator dq-axis current Isdq.

FIGURE 17. Time domain simulation waveforms when reactive current
changes. (a) stator three-phase voltage Usabc; (b) stator three-phase
current Isabc; (c) stator dq-axis voltage Usdq; (d) stator dq-axis
current Isdq

a four-channel oscilloscope and host PC are used to observe
and record the experimental waveforms. Meanwhile, the host
PC is also used to send commands to the controller.

Fig. 20 presents the experimental waveforms of the DFIG
turbine under the conventional and the proposed control,
respectively, where the active current injected into the fault
weak grid is set to be -0.4p.u. As shown in Fig. 20(A),
when the DFIG is controlled by the conventional control
strategy, the DFIG output current flowing into the weak
grid (simulated by reactor) will produce large voltage drop,

FIGURE 18. Time domain simulation results of DFIG with the proposed
control strategy based on voltage disturbance compensation. (a) stator
three-phase voltage Usabc; (b) stator three-phase current Isabc; (c) stator
dq-axis voltage Usdq; (d) stator dq-axis current Isdq.

FIGURE 19. Schematic diagram of the experimental platform.

resulting in serious distortion of stator voltage. The distortion
is then transmitted to the whole control system through the
PLL, resulting in oscillations of the stator current. Under the
same operation condition, however, when the proposed con-
trol strategy is adopted, the oscillations in the stator voltage
and current are greatly suppressed, as shown in Fig. 20(B).
From the FFT analysis result of the stator A-phase voltage
in Fig. 20, it can be seen that although the enhanced control
strategy does not completely eliminate the harmonics in the
three-phase waveforms, the magnitude of themain oscillation
components get inhibited to a great extent. It proves that
the proposed control is capable of improving the stability of
DFIG system.

In addition, the dynamic characteristic of the proposed
control is also tested, with the results shown in Fig. 21. During
the test, at 3s, the active current injected into the weak grid
increases from -0.2p.u. to -0.4p.u., and then oscillations occur
in the stator voltage and current. However, when the pro-
posed control strategy is triggered at 9s, as shown in Fig. 21,
the oscillations in stator voltage and current are suppressed
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FIGURE 20. Experimental results of DFIG under different control strategies. (A) The traditional control
strategy. (B) The proposed optimal control strategy. (a) and (f) stator three-phase voltage Usabc; (b) and
(g) stator three-phase current Isabc; (c) and (h) stator dq-axis voltage Usdq; (d) and (i) stator dq-axis current
Isdq. (e) and (j) the FFT analysis result of the stator A-phase voltage.

FIGURE 21. Experimental results of DFIG. (a) stator three-phase voltage
Usabc; (b) stator three-phase current Isabc; (c) stator dq-axis voltage Usdq;
(d) stator dq-axis current Isdq.

significantly, which proves that the proposed control has a
satisfactory transient characteristic.

V. CONCLUSION
This paper focuses on the stability mechanism and enhanced
control of DFIG-based wind turbines during weak grid con-
ditions. The small-signal admittance model of DFIG-based
WTs tied into weak grid is established, which considers the
effects of PLL, RCC, and line impedance as well. Then, the
impact of the active and reactive currents on the stability of
grid-connected system is estimated. Some useful conclusions
can be summarized as follows.

1) Injecting active current into weak power grid is
not conducive to system stability, while the reactive cur-
rent has little effect on system stability. In other words,
the system stability is mainly determined by the active
current.

2) The effect mechanism of the active/reactive current
on the system stability reveals that the active current Isd
mainly affects the q-axis component of the stator voltage, i.e.,
Usq, which will be further transmitted into the DFIG control
system through the PLL and frame rotating transformation.
However, the reactive current Isq primarily influences the
d-axis component of the stator voltage, i.e., Usd, in which the
disturbance is hard to be transferred further.

3) The proposed enhanced control can extend the stable
operation region of the DFIG system. And its steady and
transient features during weak AC grid have been proved by
the simulations and experiments.
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APPENDIX
The proportional and integration coefficients of the PI
controllers of PLL and RSC current controller are given
in Tab. 3.

TABLE 3. The parameters of PLL and RSC current controller.

The key parameters of the second-order high pass filter
and compensation coefficient used in the enhanced control
strategy are given in Tab. 4.

TABLE 4. The parameters of the enhanced control strategy.
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