
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 1, JANUARY 2021 459

Improved Continuous Fault Ride Through Control
Strategy of DFIG-Based Wind Turbine During

Commutation Failure in the LCC-HVDC
Transmission System

Tian Zhang , Jun Yao , Member, IEEE, Peng Sun, Jinxin Pei , Hailin Zhang , Member, IEEE, Kai Liu,
and Yang Zhao

Abstract—The commutation failure fault usually occurs in
the line-commutated-converter-based high-voltage direct current
transmission system. When commutation failure fault occurs, the
voltage of sending alternate current (ac) system changes rapidly,
and the connected doubly fed induction generator (DFIG)-based
wind turbine may be tripped. Thus, the fault ride through (FRT)
control strategy of DFIG should be investigated for enhancing the
stability of the sending ac system. However, the voltage of the send-
ing ac system during commutation failure is not changed in rectan-
gular in shape, besides, the voltage presents the “first reduce then
rise” characteristic, which is not considered in the existing FRT
control strategies. In order to realize the continuous FRT of DFIG
during commutation failure, the stator flux and electromotive force
when the stator voltage changes continuously have been analyzed
for the first time in this article. Furthermore, based on the analysis
results, an improved continuous FRT control strategy is proposed.
The simulation and experiment results validate the effectiveness
of the proposed method. The proposed control strategy is not only
suitable for the commutation failure condition, but also for the
scenario with continuous voltage variation during grid fault, which
indicates that the proposed method is general.

Index Terms—Commutation failure, doubly fed induction
generator (DFIG)-based wind turbine, improved continuous
fault ride through control, line-commutated-converter-based high-
voltage direct current (LCC-HVdc) transmission system, wind
power generation.
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NOMENCLATURE

Pac, Qac Active and reactive power exchanged be-
tween the LCC-HVdc transmission system
and the sending ac system.

Pdc, Qdc Transmitted active power and the consumed
reactive power of the rectifier station.

Ur, Ui Internal voltage vector of the sending ac sys-
tem and the receiving ac system.

Zr, Zi Internal impedance of the sending ac system
and the receiving ac system

Udr, Udi DC voltage of the rectifier station and the
inverter station.

Ird_ref, Id DC current reference value and actual value.
αr, αi Firing angles of the rectifier station and the

inverter station.
U1 Voltage amplitude of the rectifier station un-

der no-load condition.
Xr Commutation reactance.
Bc Equivalent susceptance of the installed VAR

compensation.
Us, Us Stator voltage vector and amplitude of DFIG.
Urmax Maximum rotor voltage of DFIG.
Irmax Maximum rotor current of DFIG.
irref Rotor current reference of DFIG.
ϕ, ωs Initial phase angle and electrical angular fre-

quency of the stator voltage of DFIG.
Ts Fundamental frequency period.
is, is Stator current vector and amplitude of DFIG.
ir, ir Rotor current vector and amplitude of DFIG.
ψs Stator flux of DFIG.
ψsdc Stator transient dc flux of DFIG.
Rs, Rr Stator resistance and rotor resistance of

DFIG.
τ Decaying rate of stator transient dc flux.
s Slip of DFIG
Ls, Lm Stator inductance and magnetizing induc-

tance of DFIG.
σLr Rotor leakage inductance of DFIG.
Er EMF vector of DFIG.
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ur Rotor voltage vector of DFIG.
LRSC, kr Control coefficients of the inductance-

emulating control strategy and the scaled cur-
rent tracking control strategy.

kde Demagnetizing coefficient.
Kp_r, Ki_r Proportion and integral coefficients of the

constant-current controller in the rectifier sta-
tion.

Superscript “s” Static reference frame.
Superscript “r” Rotor speed reference frame.
Subscript “s” Stator variables of DFIG.
Subscript “r” Rotor variables of DFIG.
Subscript “d, q” d- and q-axis variables in the synchronous

rotating reference frame.

I. INTRODUCTION

NOWADAYS, the doubly fed induction generator (DFIG)-
based wind farm is becoming a trend over the decades.

However, the wind power resources are generally located in
the remote areas. The line commutated converter (LCC)-based
high voltage direct current (HVdc) transmission system is used
to transmit the large-scale wind power for the advantages of
economy and technology in bulk power transmission over long
distances and the fast power regulation ability [1]–[2].

Commutation failure is the frequent dynamic event in the
LCC-HVdc transmission system [3], [4]. Moreover, the com-
mutation failure fault is recoverable in a short time, which
is different from the LCC-HVdc system blocking. Thus, the
devices installed in the LCC-HVdc transmission system and
the sending ac system are not allowed to be removed during
commutation failure [5]. However, since the stator is directly
connected with the power grid, the DFIG is very sensitive to
the voltage disturbances [6]. During commutation failure, the
stator voltage of DFIG changes rapidly, which may introduce
the overcurrent of the rotor-side converter (RSC).

In order to prevent the commutation failure fault, research
studies have been presented in the past decades, and various ap-
proaches have been developed. These proposed methods can be
classified into two main categories: auxiliary hardware method,
and improved control strategy [7], [8].

In the first category, many research studies focus on the capac-
itor commutated converter (CCC) and proposed different topolo-
gies to eliminate the commutation failure [9]–[11]. However, the
voltage stress of the thyristor valves in the CCC is significantly
increased, which will shorten the lifetime. Furthermore, the CCC
will increase the costs inevitably. Therefore, the CCC-HVdc
transmission system is not widely used in the actual HVdc
project [12]. Additionally, the dynamic reactive power compen-
sator, such as static synchronous compensator and synchronous
condenser are also proposed to suppress commutation failure in
the inverter station [13], [14].

As for the second category, the objective of the improved con-
trol strategy is to increase the commutation margin by advancing
the firing angle during fault. For example, a fuzzy controller is
designed in [15] to regulate the firing angle of the inverter station
during fault automatically. Meanwhile, considering the direct

current variation in the presence of system disturbances, Wei
et al. [16] developed a direct-current predictive control strategy
based on commutation failure prevention mechanism proposed
in [17] and [18]. Moreover, Mirsaeidi and Dong [19] proposed a
commutation failure mitigation algorithm, in which the overlap
area of thyristor is measured directly to modify the firing angle of
the inverter station. Although there are many improved control
strategies, the commutation failure fault cannot be completely
eliminated in the LCC-HVdc transmission system [9].

In order to enhance the stability of the sending ac system
during commutation failure, the fault ride through (FRT) of
DFIG-based wind turbine is necessary. The existing FRT control
strategies of DFIG can be classified into two categories, namely,
the auxiliary hardware methods and the improved control strate-
gies [20]. The crowbar circuit is the mostly used auxiliary
hardware for its simple and reliable features. However, when
the crowbar circuit is activated during fault, the RSC will lose
its control and the DFIG will absorb reactive power from the
grid, which may further worsen the voltage of the connected
power grid. Meanwhile, the auxiliary hardware will undoubtedly
increase the costs.

Furthermore, the improved control strategies of DFIG during
fault have been proposed over the decades for overcoming the
disadvantages of the auxiliary hardware method. However, the
existing FRT control strategies of DFIG do not consider the
special characteristics of voltage in the sending ac system during
commutation failure.

When commutation failure occurs in the LCC-HVdc trans-
mission system, the stator voltage changes continuously and
fits “voltage drop–voltage rise–voltage recovery” pattern. There-
fore, in order to realize the commutation failure FRT of DFIG,
the control strategy should be suitable for both the stator voltage
drop and the stator voltage swell. However, the existing control
strategies only considered the low-voltage ride through (LVRT)
or high-voltage ride through (HVRT). For example, several
LVRT control strategies, including “demagnetizing control strat-
egy,” “inductance-emulating control strategy,” “scaled current
tracking control strategy,” and “virtual damping flux control
strategy,” are proposed in [21]–[24]. In addition, the HVRT
control strategies, including “virtual impedance control strat-
egy” and “dynamic reactive power injection control strategy,” are
proposed in [25] and [26]. Additionally, all the existing control
strategies are based on the typical rectangular change pattern of
stator voltage of DFIG during fault, i.e., the stator voltage under
fault can be divided into three parts, namely, prefault steady
state, fault steady state, and postfault steady state [27]. In other
words, the dynamic process of the voltage change during fault is
ignored. However, the stator voltage changes continuously and
rapidly during commutation failure. Consequently, the dynamic
process of the voltage change cannot be ignored, which is com-
pletely different from the mostly research situation. Therefore,
it is necessary to investigate the continuous FRT control strategy
of DFIG.

This article studies the improved continuous FRT control
strategy of DFIG without auxiliary devices, which means that the
rotor overcurrent of DFIG should be restricted under the control
of RSC during fault. Compared with the existing methods, for
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realizing the continuous FRT of DFIG, there are four major
works presented in this article listed as follows:

1) the model of stator voltage during commutation failure is
proposed;

2) the stator flux and electromotive force (EMF) when the
stator voltage changes continuously are analyzed for the
first time;

3) the limitation of the existing FRT control strategies is
researched;

4) the continuous FRT control strategy is proposed, and the
control coefficient of the proposed strategy is designed.

Compared with the existing FRT control strategies, the pro-
posed continuous FRT control strategy has some advantages,
including the overcurrent suppression ability of DFIG that can be
further improved under the stator voltage continuous changing
condition. Besides, the control coefficient can be chosen rea-
sonably according to the operation status of the DFIG system.
Thus, the transient dc flux can be decayed rapidly, and the DFIG
can provide dynamic reactive current to support the connected
power grid, which means that the DFIG system can operate
more flexible and the performance of FRT can be enhanced.
Furthermore, the proposed continuous FRT control strategy is
general to the scenarios with the continuous voltage variation
condition.

The rest of this article is organized as follows. Section II
analyzed the commutation failure process and the stator voltage
of DFIG under typical LCC-HVdc commutation failure fault.
Meanwhile, the model of the commutation failure voltage is
proposed in Section III. Section IV proposed the continuous
FRT control strategy. Sections V and VI present the simulation
and experimental verifications of the proposed control strategy,
respectively. Based on the simulation and experiment, the pro-
posed continuous FRT control strategy is well demonstrated.
Finally, Section VII concludes this article.

II. STATOR VOLTAGE ANALYSIS DURING

COMMUTATION FAILURE

Referring to the CIGRE benchmark model of the HVdc
transmission system [28], the bipolar LCC-HVdc transmis-
sion system is built in Matlab/Simulink. Besides, a 100-MW
DFIG-based wind farm is installed in the sending ac system to
analyze the voltage characteristics during commutation failure.
The configuration of the simulation system is shown in Fig. 1,
and the parameters are listed in the Appendix. According to
Wang et al. [29], the main reasons for commutation failure fault
include the following:

1) loss of the trigger pulse;
2) the commutation voltage drops significantly or the in-

crease in dc current is too large;
3) the extinguishing angle of the inverter station is too small;
4) the zero crossing of the commutation voltage forward.
In this article, the simulation results shown in Figs. 3 and 4

are caused by the loss of trigger pulse in the inverter station.
During the simulation, the thyristor valve of the upper arm of
phase B in the inverter station is set to lose the trigger pulse at
t = 2 s and then to recover to the normal operation. The voltage

Fig. 1. Configuration of bipolar LCC-HVdc transmission system.

Fig. 2. Voltage waveform at inverter side during commutation failure.

Fig. 3. Active power and reactive power exchanged between the LCC-HVdc
transmission system and the sending ac system during commutation failure.

waveform at inverter side during commutation failure is given in
Fig. 2. The active power and reactive power exchanged between
the LCC-HVdc transmission system and the sending ac system
during commutation failure is shown in Fig. 3. Furthermore,
the waveforms of the dc voltage, dc current, and firing angle
of the positive pole of converter station during commutation
failure are shown in Fig. 4. The stator voltage rms of DFIG-
based wind turbine is shown in Fig. 5. Additionally, Pdc and
Qdc based on the quasi-steady-state mathematical model of the
bipolar LCC-HVdc transmission system are expressed in (1) and
(2), respectively [30]

Qdc = Pdc × tan

{
arccos

(
cosαr − Xr1Id√

2U1

)}
(1)

Pdc = 2×
(
6
√
2

π
U1 cosαr − 6

π
Xr1Id

)
Id. (2)

According to the simulation results shown in Fig. 4, the typical
commutation failure process is presented as follows. The dc
voltage of the inverter station drops when commutation failure
fault occurs at t=2.02 s, which leads to the increase in dc current.
After t = 2.02 s, under the control of the constant-current regu-
lator of the rectifier station and the constant voltage regulator of
the inverter station, αr and αi will increase for decreasing the dc
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Fig. 4. Signals of the LCC-HVdc during commutation failure.

Fig. 5. Stator voltage rms of DFIG during commutation failure.

current, which makesαi rapidly reach the upper limitation value
of firing angle. Then, after t = 2.04 s, the dc current decreases
fast until the dc current nearly equals 0 p.u. At t = 2.0522 s,
the αr starts to decrease for increasing the dc current, whereas
αi is still equal to the upper limitation value of firing angle.
The dc current gradually returns to the rated value after 2.11 s.
Finally, the LCC-HVdc transmission system recovers to normal
operation at t = 2.161 s.

Based on the commutation failure process and Qdc, and Pdc

shown in (1) and (2), respectively, the pattern of the stator voltage
change during commutation failure is analyzed as follows.

When the LCC-HVdc transmission system operates under the
normal condition, the reactive power that the rectifier station
consumed is balanced by the VAR compensators [31]. Thus,
there is no reactive power exchange between the sending ac
system and the LCC-HVdc transmission system. When the
commutation failure fault occurs in the inverter station, the αr

increases rapidly after Id rises, which leads to the decrease in
Udr. As a result, the transmitted active power decreases. In
addition, the transmitted active power is even negative when αr

> 90°. However, the consumed reactive power of the rectifier
station increases for the increase in αr and Id. Therefore, the
LCC-HVdc transmission system absorbs a large amount of
reactive power from the sending ac system, which leads to the
stator voltage of DFIG drops rapidly. Afterward, the Id decreases
under the control of the rectifier station and the inverter station.
As a result, the reactive power that the rectifier station consumed

Fig. 6. Stator voltage rms of DFIG during commutation failure under different
types of fault.

gradually decreases, and the stator voltage swells. When Id is
close to 0 p.u., the transmitted active power and the consumed
reactive power of the rectifier station are approximately equal to
0 p.u. Besides, the stator voltage is up to 1.31 p.u. in the studied
system. Then, the stator voltage gradually returns to the rated
value when the normal operation of the LCC-HVdc transmission
system is recovered.

The typical single-phase fault, three-phase fault, line-to-line
fault, and trigger pulse fault in the receiving ac system have been
simulated under the same conditions. During the simulation, the
faults in the receiving ac system occur at t = 2 s and recover at
t=2.05 s. The simulation results are given in Fig. 6. It can be seen
from Fig. 6 that the peak values and the minimum values of stator
voltage under different types of fault are close to each other.
Meanwhile, the ramping rate of stator voltage under three-phase
fault is largest, whereas the ramping rate under single-phase fault
is smallest.

Although the stator voltage shapes under different types of
fault have some differences, the stator voltages during commu-
tation failure present the “first reduce then rise” characteristic
and change continuously. In this article, the commutation failure
voltage caused by loss of trigger pulse in the inverter station is
taken as an example to investigate the continuous FRT control
strategy of DFIG.

III. MODEL OF STATOR VOLTAGE DURING

COMMUTATION FAILURE

According to Fig. 5, the stator voltage rms during com-
mutation failure can be divided into five periods, namely, the
voltage decrease period, the low-voltage duration period, the
voltage increase period, the high-voltage duration period, and
the voltage recovery period. Meanwhile, the voltage of different
periods can be approximately fitted with straight lines. Since the
low-voltage duration period is rather short, which can be rea-
sonably neglected. Consequently, the stator voltage rms during
commutation failure can be presented as four periods except for
the low-voltage duration period. The fitting line result of Fig. 5 is
shown in Fig. 7. In Fig. 7, the voltage of high-voltage duration
period is fitted as a straight line with zero slope, whereas the
other periods are fitted as straight lines with constant slope.

In Fig. 7, t1, t2, t3, t4, and t5 are the interval points of different
periods.
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Fig. 7. Fitting result of stator voltage rms during commutation failure. (a)
The fitting result of stator voltage rms. (b) The time sequence diagram of fitting
result.

Based on the fitting results shown in Fig. 7, the model of stator
voltage during commutation failure can be described as

U s
s =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

U s
s t < t1

[1− k1(t− t1)]×U s
s t1 ≤ t < t2

[μ1 + k2(t− t2)]×U s
s t2 ≤ t < t3

μ2 ×U s
s t3 ≤ t < t4

[μ2 − k3(t− t4)]×U s
s t4 ≤ t < t5

U s
s t5 ≤ t

(3)

where k1, k2, and k3 are the slopes of the fitting straight lines
of different periods. μ1 and μ2 are the minimum value and
maximum value of stator voltage during commutation failure,
respectively. In the following analysis, f1(t), f2(t), and f3(t) are
used to, respectively, replace the terms [1 − k1(t − t1)], [μ1 +
k2(t − t2)], and [μ2 + k3(t − t4)].

According to (3), the stator flux of DFIG is deduced as (4)
when the stator resistance is neglected.

In (4), C1, C2, C3, C4, and C5 are the initial vectors of
ψs

sdc during different commutation failure periods, which can
be written as (5)

ψs
s =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Us
s

jωs
t < t1

f1(t)×Us
s

jωs
− k1×Us

s

ω2
s

+C1 × e
−(t−t1)

τ t1 ≤ t < t2
f2(t)×Us

s

jωs
+ k2×Us

s

ω2
s

+C2 × e
−(t−t2)

τ t2 ≤ t < t3
μ2×Us

s

jωs
+C3 × e

−(t−t3 )

τ t3 ≤ t < t4
f3(t)×Us

s

jωs
− k3×Us

s

ω2
s

+C4 × e
−(t−t4 )

τ t4 ≤ t < t5
Us

s

jωs
+C5 × e

−(t−t5)
τ t5 ≤ t

(4)⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

C1 = 0 +k1×Use
j(ωst1+ϕ)

ω2
s

t1 ≤ t < t2

C2 = C1 × e
−(t2−t1)

τ − k1+k2

ω2
s

Use
j(ωst2+ϕ) t2 ≤ t < t3

C3 = C2 × e
−(t3−t2)

τ + k2×Use
j(ωst3+ϕ)

ω2
s

t3 ≤ t < t4

C4 = C3 × e
−(t4−t3)

τ + k3×Use
j(ωst4+ϕ)

ω2
s

t4 ≤ t < t5

C5 = C4 × e
−(t5−t4)

τ − k3×Use
j(ωst5+ϕ)

ω2
s

t5 ≤ t.

(5)

In (5), the flux can be divided into two parts. The first part is
the stator transient dc flux of the previous period, whereas the

Fig. 8. Initial amplitude of stator transient dc flux during high-voltage dura-
tion. (a) k1 = k2 = 35. (b) k1 = k2 = 60.

second part is the stator transient dc flux generated in the current
period. Since the stator transient dc flux is the sum of the transient
dc flux vectors generated in the previous period and the current
period, it can be considered that the stator transient dc flux is
accumulated when the stator voltage changes continuously.

Because ψs
sdc is accumulated, both the duration time of dif-

ferent periods and the slopes of stator voltage change are the key
factors to |ψsdc|. For example, Fig. 8 shows the initial amplitude
of |ψsdc| of the high-voltage duration period based on (5). In
Fig. 8, the Z-axis is the initial amplitude of |C3|, the X-axis is the
duration time of voltage increase period, and the Y-axis is the
duration time of voltage decrease period. Moreover, in Fig. 8(a),
k1 = k2 = 35, whereas in Fig. 8(b) k1 = k2 = 60.

From Fig. 8, |C3| is nearly equal to 0 p.u. when the duration
time of both the two periods are equal to the integer multiple
of Ts, whereas |C3| has the maximum value when the duration
time of both the two periods are equal to the integer multiple of
0.5 × Ts. Moreover, in Fig. 8(a) and (b), the maximum values of
|C3| are 0.441 p.u. and 0.752 p.u., respectively, which indicates
that the large slopes of stator voltage change will lead to a large
|ψsdc| during commutation failure.

The control coefficients of the constant-current controller in
the rectifier station will influence the ramping rate of com-
mutation failure voltage, and then the ramping rate of stator
voltage during the fault will be affected as well. The simulation
results of stator voltage under different control coefficients of
the constant-current controller in the rectifier station are given
in Fig. 9. It can be seen from Fig. 9, the increase in control
coefficients will accelerate the ramping rate of stator voltage
when the commutation failure occurs. Furthermore, according
to the analysis mentioned above, the ramping rate of stator
voltage has a great influence on DFIG. Meanwhile, the larger
the ramping rate of stator voltage, the greater the influence on
the operation of DFIG. Consequently, in this article, the slight



464 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 1, JANUARY 2021

Fig. 9. Stator voltage during commutation failure with different control coef-
ficients of the constant-current controller in the rectifier station.

commutation failure and the severe commutation failure are
defined respectively. The difference between slight commutation
failure and severe commutation failure is that the ramping rate
of commutation failure voltage is different. The ramping rate
of commutation failure voltage during the severe commutation
failure is significantly larger than that during the slight commu-
tation failure.

In this article, the slight commutation failure is simulated by
setting k1 = k2 = 35, k3 = 15, μ1 = 0.4 p.u., μ2 = 1.3 p.u.,
and t4 − t3 = 40 ms, whereas the severe commutation failure
is simulated by setting k1 = k2 = 60, k3 = 15, μ1 = 0.4 p.u.,
μ2= 1.3 p.u., and t4− t3= 40 ms for validating the effectiveness
of the proposed continuous FRT control strategy.

In the following sections, theoretical analysis of the stator flux
is based on the analytical expression of stator flux given in this
section.

IV. CONTINUOUS FAULT RIDE THROUGH CONTROL STRATEGY

The stator voltage of DFIG during commutation failure has
prominent differences from the voltage of other faults, which
is not considered in the existing research works. In order to
enhance the stability of the sending ac system during commu-
tation failure, this article proposed a continuous FRT control
strategy of DFIG based on the stator voltage characteristics
during commutation failure.

A. EMF Characteristics Analysis of DFIG Under Fault

Based on the analysis mentioned above, the stator voltage
changes continuously during commutation failure, and the dy-
namic process of the voltage change cannot be ignored. There-
fore, in this article, the stator voltage vector for considering
the dynamic process of the voltage variation during fault is
expressed as follows:

U s
s = h(t)× Use

j(ωst+ϕ) (6)

where h(t) is a continuous function, which represents the char-
acteristics of the stator voltage of DFIG.

According to (6), the stator flux when the stator voltage
changes continuously can be presented as

ψs
s =

h(t)

jωs
× Use

j(ωst+ϕ) −
∫

h′(t)
jωs

× Use
j(ωst+ϕ)dt

+ψs
sdce

−t/τ (7)

where h′(t) is the derivative of h(t) with respect to t.

Fig. 10. Stator voltage magnitude.

From (7), the stator flux can be classified into three com-
ponents presented as ψs

sa, ψs
sb, and ψs

sdc, respectively. The
expressions of ψs

sa and ψs
sb are given as{

ψs
sa = h(t)

jωs
× Use

j(ωst+ϕ)

ψs
sb = − ∫ h′(t)

jωs
× Use

j(ωst+ϕ)dt.
(8)

According to (8), the amplitude ofψs
sa is proportional to h(t),

whereas the amplitude of ψs
sb is decided by h′(t). When h′(t)

is equal to 0, i.e., the stator voltage amplitude is constant, the
amplitude of ψs

sb is equal to 0 p.u. as well. ψs
sb is the term that

is ignored during fault in the existing researches. It can be noted
that ψsb and ψsdc have the same order of magnitude, which can
be illustrated as follows.

The stator flux when the stator voltage changes, as shown in
Fig. 10, is given as

ψs
s =

⎧⎪⎪⎨
⎪⎪⎩

Us
sN

jωs
t<t1

f(t)×Us
sN

jωs
− k×Us

sN

ω2
s

+
k×Us

sNej(ωst1+ϕ)

ω2
s

× e
−(t−t1)

τ t1≤ t<t2
μ×Us

sN
jωs

+
k×Us

sNej(ωst1+ϕ)

ω2
s

× e
−(t−t1)

τ t2≤ t

(9)

where f(t) is used to replace the [1 − k(t − t1)].
Based on (9), when t1 ≤ t < t2, |ψsb1| and |ψsdc1| are shown

in (10). It can be seen from (10) that ψsb1 and ψsdc1 have the
same order of magnitude when stator voltage changes, as shown
in Fig. 10. Since the different stator voltage shapes can be fitted
with the voltage shown in Fig. 10, ψsb and ψsdc have the same
order of magnitude during fault{|ψs

sb1| = k × Us
sN

/
ω2
s

|ψs
sdc1| = k × Us

sNe
−(t−t1)

τ

/
ω2
s .

(10)

Additionally, the rotor EMF under static reference frame can
be presented as (11) according to the model of DFIG

Es
r =

Lm

Ls
ejωrt ×

[
dψs

s

dt
e−jωrt − jωre

−jωrt ×ψs
s

]
. (11)

According to (7) and (11), when the stator voltage changes
continuously, the rotor EMF under static reference frame can be
expressed as

Es
r =

Lm

Ls
×
[
sh(t)Use

j(ωst+ϕ)

+ jωr

∫
h′(t)
jωs

Use
j(ωst+ϕ)dt−

(
jωr +

1

τ

)
ψs

sdc

]
.

(12)



ZHANG et al.: IMPROVED CONTINUOUS FRT CONTROL STRATEGY OF DFIG-BASED WIND TURBINE 465

As mentioned in [19], since 1/τ is much less than ωr, (12) can
be further simplified as

Es
r =

Lm

Ls
[s× h(t)× ej(ωst+ϕ) + (1− s)

×
∫

h′(t)ej(ωst+ϕ)dt− j(1− s)× ωs ×ψs
sdc]. (13)

According to (7) and (13), the relation between stator flux and
the EMF during fault is illustrated as follows:⎧⎪⎨

⎪⎩
Es

ra = j Lm

Ls
sωs ×ψs

sa

Es
rb = −j Lm

Ls
(1− s)ωs ×ψs

sb

Es
rdc = −j Lm

Ls
(1− s)ωs ×ψs

sdc.

(14)

Based on (14), the coefficient between ψs
sb and Es

rb is the
same as the coefficient between ψs

sdc and Es
rdc. That is to say,

ψs
sb and ψs

sdc have the same contribution to the EMF. Thus,
bothψs

sb andψs
sdc should be well controlled during fault. In this

article, the sum of ψs
sb and ψs

sdc is defined as ψs
st, as follows

ψs
st = ψ

s
sb +ψ

s
sdc. (15)

It is worth noting that the waveform of h(t) is not defined in
(6). Therefore, the analysis in this section is not only applicable
to the commutation failure, but also applicable to the scenario
with continuous voltage variation.

B. Analysis of the Limitation of the Existing
FRT Control Strategies

Many FRT control strategies of DFIG have been proposed in
the past decades. However, the existing FRT control strategies
cannot been adopted directly for realizing the continuous FRT
of DFIG during commutation failure.

The literature [21] proposed a demagnetizing control strat-
egy, which introduced ψs

sdc into the rotor current reference to
suppress the overcurrent of DFIG rotor during fault. The rotor
current reference and the calculated rotor voltage of the demag-
netizing control strategy are shown in (16). According to (16),
the demagnetizing control strategy must measure ψs

sdc in real
time, and the mostly used measurement method ofψs

sdc is shown
in Fig. 11. During the initial stage of stator voltage drop fault, the
stator flux contains the fundamental frequency component and
the transient dc component. Therefore, the measurement method
shown in Fig. 11 can measure ψs

sdc accurately. However, if the
stator voltage changes continuously, the amplitude of stator flux
will change continuously as well according to (7). Consequently,
the stator flux contains not only the fundamental frequency
component and the transient dc component, but also another
series of frequency components. Since the bandpass filter has a
poor attenuation ability of the harmonic frequency components,
it is difficult to measureψs

sdc accurately and quickly with the tra-
ditional bandpass filter method when the stator voltage changes
continuously{

irrref = −kde ×ψr
sdc

ur
r =

(
Lm

Ls
− σLrkde

)
× d

dtψ
r
sdc+

Lm

Ls
× d

dtψ
r
sa

(16)

where kde is the demagnetizing coefficient.

Fig. 11. Schematic diagram of the transient dc stator flux measurement.

Fig. 12. (a) and (b) Stator flux in the stationary frame during severe commu-
tation failure. (c) and (d) FFT results of stator flux. (e) Measurement results of
the transient dc flux with the method shown in Fig. 11.

Based on the method shown in Fig. 11, Fig. 12 shows the
fast Fourier transform (FFT) result of the stator flux and the
measurement result of |ψsdc| under severe commutation failure.
As can be seen, the stator flux contains many low-frequency
harmonics during the fault. Consequently, ψs

sdc is hard to mea-
sure accurately and quickly with the existing method, which will
weaken the overcurrent suppression ability of the demagnetizing
control strategy.

Additionally, according to the mathematical model of DFIG,
FRT control strategies without the measurement of ψs

sdc during
fault have been studied as well, for example, the inductance-
emulating control strategy [22] and the scaled current tracking
control strategy [23]. In fact, when the control coefficients
of the two control strategies accord with the ratio shown in (17),
the rotor current reference as well as calculated rotor voltage of
the two control strategies is same. Thus, these control strategies
can be considered as equivalent in theory. In the following
analysis, the inductance-emulating control strategy is taken as
an example to study

LRSC =
LsLm − krL

2
m

Lskr
− σLr. (17)

The rotor current reference and the calculated rotor voltage
of the inductance-emulating control strategy are given in (18).
The range of LRSC is given in (19) [22]{

irrref =
−Lm

Ls(LRSC+σLr)
×ψr

s = −kL ×ψr
s

ur
r = (Lm

Ls
− σLrkL)× d

dtψ
r
s

(18)

where kL is the equivalent demagnetizing coefficient{
LRSCmin = Lm

Ls|Irmax| |ψsmax| − σLr

LRSCmax = σLr |Urmax|
|Ermax|−|Urmax| .

(19)
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Fig. 13. Maximum demagnetizing coefficients of the demagnetizing control
strategy and inductance-emulating control strategy with different fault degrees.
(a) Stator voltage drop. (b) Stator voltage swell.

According to (18) and (19), the rotor current reference of
the inductance-emulating control strategy is proportional to
|ψs|, whereas the rotor current reference of the demagnetizing
control strategy is proportional to |ψsdc|. As a result, in order
to satisfy the rotor current constraint, a large LRSC, namely,
the little kL, should be selected for realizing the continuous
FRT of DFIG when the inductance-emulating control strategy
is adopted. Compared with the inductance-emulating control
strategy, kde that is much bigger than kL can be chosen with the
demagnetizing control strategy. As a result, the calculated rotor
voltage of the inductance-emulating control strategy is bigger
than the demagnetizing control strategy, according to (16) and
(18).

In order to illustrate the analysis mentioned above, kdemax

and kLmax during fault are given in (20). Moreover, the curves
of the kdemax and kLmax under stator voltage drop are given in
Fig. 13(a), whereas the curves of the kdemax and kLmax under
stator voltage swell are given in Fig. 13(b). In Fig. 13, the
decay of the transient dc flux is ignored for the large stator time
constant of DFIG under the rotor open-circuit condition. As can
be seen from Fig. 13, kLmax is much less than kdemax under
stator voltage swell. Since the continuous FRT control strategy
should be suitable for both the stator voltage drop and the stator
voltage swell condition, the little kL should be chosen when the
inductance-emulating control strategy is adopted, which indi-
cates that the required rotor voltage of the inductance-emulating
control strategy is much bigger than the demagnetizing control
strategy. When the required rotor voltage exceeds the output
voltage limitation of RSC, the rotor current is out of control
and may bring security issues to the DFIG system. Therefore,
the inductance-emulating control strategy has a weak ability to
suppress the overcurrent for realizing the continuous FRT of
DFIG {

kdemax = |Irmax|
|ψsdc|

kLmax = |Irmax|
|ψs| .

(20)

As can be seen from above-mentioned analysis, the existing
FRT control strategies cannot be applied directly for realizing the
continuous FRT of DFIG. Thus, in order to enhance the stability
of the sending ac system, the continuous FRT control strategy
should be investigated.

C. Continuous FRT Control Strategy of DFIG

The DFIG has a weak ability to suppress the overcurrent
during continuous FRT when ψs is introduced into the rotor

Fig. 14. Proposed measurement method for ψst.

Fig. 15. Measurement results of the proposed measurement method during
severe commutation failure.

current reference. Moreover, ψst is the key factor to the rotor
overcurrent during fault. Therefore, in order to make full use
of the overcurrent suppression capability of DFIG and decay
ψsdc rapidly, ψst is introduced into the rotor current reference
in the proposed continuous FRT control strategy. The rotor
current reference of the proposed method is given in (21), and
the measurement method of ψst is illustrated in Fig. 14. Since
the three-order harmonic components can be removed by the
delta connection of the step-up transformer of DFIG, the cut-off
frequency of the low-pass filter in the proposed measurement
method for ψst is set up to 150 Hz to filter out the high-order
harmonic components

irrref = −kdeψ
r
st. (21)

Simulation has been done in Matlab/Simulink for validating
the effectiveness of the proposed measurement method. The
results of the traditional transient dc flux measurement method
and the proposed measurement method presented as |ψst1| and
|ψst2|, respectively, are given in Fig. 15.

As shown, since the stator voltage changes continuously,
the change pattern of |ψst| is obviously different from that of
|ψsdc| during fault. When the proposed measurement method
is implemented, |ψst| can be measured accurately during the
whole commutation failure fault. Moreover, the delay time of
the proposed measurement method is about 1.54 ms, which
significantly improves the measure results compared with the
traditional method.

The research work presented in [32] shows that the damping
of the transient dc flux is decided by demagnetizing current and
can be reflect by the stator short-circuit time constant τ . The
increase in demagnetizing current will reduce τ , which means
that the decay rate of transient dc flux will be accelerated. In
the proposed continuous FRT control strategy, the rotor current
reference can be rewritten as (22). Based on (22), it can be found
that the demagnetizing current is decided by kde. Consequently,
the value of kde will influence the effect on the damping of
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Fig. 16. Differential curve of τ .

transient dc flux

irrref = −kde ×ψr
st = −kde × (ψr

sb +ψ
r
sdc). (22)

In order to select the kde reasonably during continuous FRT,
dτ /dkde is given in (23). Besides, according to the parameters
of the studied 2-MW DFIG listed in the Appendix, the curve of
dτ /dkde is given in Fig. 16

dτ

dkde
=

−LsLm

Rs(1 + Lmkde)
2 . (23)

From Fig. 16, τ gradually decreases with the increase in kde,
and the larger the kde, the smaller the change of τ . In Fig. 16,
when kde is set as 4, the decrease rate of τ is only −0.0373,
which indicates that the increasing of kde has a small influence
on ψs

sdc.
In this article, with the consideration of the decay of ψs

sdc
and the rotor current limitation, the range of kde is set as [2.5,
4]. When kde is within this range, τ of the proposed control
strategy is close to the traditional demagnetizing control strategy.
Consequently, the effects of the two control strategies on the
damping of the transient dc flux are similar to each other.

Furthermore, the grid codes require the DFIG to provide
dynamic reactive power to support the power grid within tens of
millisecond during fault [33], [34]. Therefore, in order to meet
the requirements of the grid codes, the DFIG can be controlled
to provide reactive power when the amplitude of rotor current
is less than the rating value during commutation failure fault.
According to (24), the rotor q-axis reactive current with the
proposed control strategy can be calculated as follows:

|irqc| =
{
1− |kdeψst| 1− |kdeψst| > 0

0 1− |kdeψst| ≤ 0
(24)

where the operator “| |” is the vector module.
In order to provide an enough dynamic reactive current and

rapidly decay ψs
sdc during fault, the product of |irqc| and 1/τ in

(25) should be a large value. Therefore, kde should be chosen for
maximizing the product. In order to calculate kde, which makes
the product has the maximum value, the differential of (25) is
given in (26)

m =
Rs(1 + Lmkde)

Ls
(1− kde |ψst|) (25)

dm

dkde
=

Rs

Ls
× (Lm − 2Lm |kdeψst| − |ψst|) (26)

where m is the product of |irqc| and 1/τ .

Fig. 17. Control diagram of the proposed continuous FRT strategy.

The kde, which makes the product has the maximum value,
can be calculated by setting (26) equals 0. As a result, the
optimization value is given as

K =
1

2Lm

(
Lm

|ψst|
− 1

)
(27)

where K is the value that makes m has the maximum value.
Based on the analysis mentioned above, kde and irqc of the

proposed control strategy can be calculated as (28) and (29),
respectively. Meanwhile, combining with (21), the control di-
agram of the proposed continuous FRT strategy is shown in
Fig. 17.

As can be seen, the features of the proposed continuous FRT
control strategy include that ψst rather than ψsdc is introduced
into the rotor current reference during fault and ψst can be
measured accurately and quickly under the stator voltage con-
tinuous changing condition. Besides, the control coefficient can
be chosen reasonably, and DFIG can provide flexibly dynamic
reactive current to support the transient grid voltage

kde =

⎧⎪⎨
⎪⎩

2.5 K < 2.5

K 2.5 ≤ K ≤ 4

4 4 < K

(28)

irqc =

⎧⎪⎨
⎪⎩

1− |kdeψst| |irqc| > 0 andUs < 0.9

− (1− |kdeψst|) |irqc| > 0 andUs > 1.1

0 |irqc| ≤ 0.

(29)

V. SIMULATION RESULTS

In order to verify the proposed continuous FRT control strat-
egy, the simulation has been done in Matlab/Simulink. The
parameters of the simulation are listed in the Appendix, and
the structure of the 2-MW DFIG system is shown in Fig. 18.
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Fig. 18. Structure of the 2-MW DFIG system.

A. Commutation Failure Fault

Initially, the DFIG works at the rated voltage, and s is −0.2.
The active power and the reactive power of DFIG are set as 0.8
and 0 p.u., respectively. Additionally, in order to compare the
overcurrent suppression abilities of the proposed FRT control
strategy and the traditional demagnetizing control strategy, once
the fault is detected, the FRT control strategies are enabled until
the conventional vector control (VC) strategy is reactivated after
200 ms.

1) Slight Commutation Failure Fault: The performances of
the proposed continuous FRT control strategy and the traditional
demagnetizing control strategy under slight commutation failure
fault are given in Fig. 19. As shown in the figure, the control
coefficient of the traditional demagnetizing control strategy is set
as 3, according to [21]. Fig. 20 shows the key variable waveforms
of the two control strategies.

As shown in Fig. 19, both the control strategies can restrict
the rotor current within the rated value under slight commu-
tation failure. Meanwhile, due to ψsb, |ψst| has a significant
change during commutation failure shown in Fig. 20, which is
totally different from the traditional transient dc flux response.
Moreover, ψst can be measured accurately and quickly with the
proposed measurement method. However, compared with the
proposed method, there is a big error between |ψst1| and |ψst|.
The maximum error is about 21.4%. Besides, when the proposed
continuous FRT control strategy is adopted, kde changes within
the limitation value. The large |ψst| will decrease kde, and the
small |ψst| will increase kde. As a result, the transient dc flux
can be quickly decayed, and the DFIG can provide dynamic
reactive current according to the operation status of the DFIG
system to support the connected grid during slight commutation
failure. This indicates that the DFIG can be controlled more
flexible, and the FRT performance can be enhanced as well.
Moreover, it can be found that |ψst1| is close to |ψst2| when the
stator voltage is constant at t = 3.11 s. Sinceψst is equal toψsdc
when the stator voltage is constant, the simulation results show
that the proposed control strategy has an effect similar to the
demagnetizing control strategy on the damping of the transient
dc flux. After t = 3.2 s, the DFIG can recover to the normal
operation condition when the conventional VC is reactivated.

2) Severe Commutation Failure Fault: Fig. 21 shows the
simulation results under severe commutation failure. In order
to compare the overcurrent suppression ability between the
proposed continuous FRT control strategy and the traditional
demagnetizing control strategy, the control coefficient of the
traditional demagnetizing control strategy is set as 2.5. Fig. 22

Fig. 19. Simulation results under slight commutation failure fault. (a) Pro-
posed continuous FRT control strategy. (b) Demagnetizing control strategy.

Fig. 20. Key variable waveforms of the proposed control strategy and the
demagnetizing control strategy under slight commutation failure.

Fig. 21. Simulation results under severe commutation failure fault. (a) Pro-
posed continuous FRT control strategy. (b) Demagnetizing control strategy.

shows the key variable waveforms of the proposed continuous
FRT control strategy and the demagnetizing control strategy.

As can be seen from Figs. 21 and 22, when the proposed
control strategy is adopted, the rotor current is effectively limited
within the generally stated maximum of insulated gate bipolar
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Fig. 22. Key variable waveforms of the proposed control strategy and the
demagnetizing control strategy under severe commutation failure.

transistor (IGBT) pulse current of 2.0 p.u. [35]. Meanwhile,
since the amplitude of |ψst| is at a large value, the dynamic
reactive current is 0 p.u. during fault, and kde is equal to 2.5
before t = 3.15 s. After 3.15 s, kde increases fast for small |ψst|.
At t = 3.2 s, the traditional VC is enabled, and the DFIG can
recover to the normal operation. However, when the traditional
demagnetizing control strategy is adopted, there is a significant
error between |ψst1| and |ψst|. The maximum error is about
12.7% of |ψst|. As a result, the maximum rotor overcurrent
amplitude under the control of the traditional demagnetizing
control strategy is up to 2.1 p.u., which exceeds the current
limitation of RSC and destroy the DFIG system. As mentioned
above, the proposed continuous FRT control strategy has a better
overcurrent suppression ability than the traditional demagnetiz-
ing control strategy under the stator voltage continuous changing
condition. Additionally, from Fig. 22, |ψst1| is also close to |ψst2|
when the stator voltage is constant at t = 3.088 s, which shows
that the proposed control strategy has an effect similar to the
demagnetizing control strategy on the damping of the transient
dc flux.

B. Continuously Changing Stator Voltage

The proposed continuous FRT control strategy is not only
suitable for the commutation failure, but also for the scenarios
with the continuous voltage variation condition. In order to
validate the generality of the proposed continuous FRT control
strategy, the following simulation has been done, and the results
are given in Fig. 23.

Initially, the DFIG works at the rated voltage, and s is −0.2.
The active power and the reactive power of DFIG stator are set
as 0.8 p.u. and 0 p.u., respectively. Once the fault is detected,
the proposed continuous FRT control strategy is enabled until
the conventional VC strategy is reactivated after 200 ms. Mean-
while, the stator voltage of DFIG is set as (30) in this simulation.
Based on (30), it can be found that the stator voltage changes
continuously during the fault, which can represent the typically

Fig. 23. Simulation results of the proposed continuous FRT control strategy
when the stator voltage continuously changes.

continuous stator voltage variation condition

U s
s =

⎧⎪⎨
⎪⎩
U s

sN t<2 s

[0.5× sin(50p×t) + 0.8]×U s
sN 2 s≤ t≤2.1 s

U s
sN 2.1 s<t.

(30)
As can be seen from Fig. 23, when the proposed continuous

FRT control strategy is adopted during the fault, the rotor current
can be well controlled, and the maximum rotor current amplitude
is 1.7 p.u., which is within 2 p.u. Meanwhile, the proposed
control strategy can measure ψst accurately and quickly when
the stator voltage continuously changes, which indicates that
the proposed control strategy is general to the scenarios with
the continuous voltage variation condition. Additionally, the
kde changes according to the operation state of DFIG, and the
DFIG can provide appropriate reactive current to support the
connected power grid. The simulation results given in Fig. 23
validate the effectiveness and the superiority of the proposed
continuous FRT control strategy under the continuous voltage
variation condition.

C. Stator Voltage Drop Fault

The performances of the proposed continuous FRT control
strategy under stator voltage drop fault are also simulated for
validating the effectiveness. Initially, the DFIG are controlled
by VC strategy and works at rated voltage. The output active
power and reactive power of DFIG stator are 0.8 and 0 p.u.,
respectively, and s is −0.2. At t = 3 s, a symmetrical fault with
an 80% depth of voltage dip occurs at the DFIG stator, and
the fault is cleared at t = 3.2 s. Once the fault is detected, the
proposed continuous FRT control strategy is activated until the
VC strategy is enabled at t = 3.4 s. The simulation results are
given in Fig. 24.

Based on Fig. 24, it can be seen that the rotor current can be
effectively suppressed within 2 p.u. The simulation results given
in Fig. 24 show that the proposed control strategy can realize the
FRT control of DFIG during severe stator voltage drop, which
nicely demonstrate the analysis presented in Section IV.
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Fig. 24. Simulation results of the proposed commutation failure FRT control
strategy under severe stator voltage drop fault.

In summary, the proposed continuous FRT control strategy
has the following advantages compared with the existing FRT
control strategies.

1) In the proposed control strategy, ψst rather than ψsdc is
introduced into the rotor current reference. Besides, the
measurement method that can measureψst accurately and
quickly is proposed. Consequently, the proposed continu-
ous FRT control strategy has a better overcurrent suppres-
sion ability than the existing FRT control strategies under
the stator voltage continuous changing condition.

2) During fault, the control coefficient of the proposed con-
trol strategy can be chosen reasonably according to the
operation status of DFIG system. As a result, the transient
dc flux is decayed quickly, and the DFIG can provide
dynamic reactive current to support the connected power
grid, which means that the DFIG system can achieve a
more flexible and enhanced FRT operation.

3) The proposed continuous FRT control strategy is general
to the scenarios with the continuous voltage variation con-
dition and not limited to the commutation failure situation.

VI. EXPERIMENTAL RESULTS

In order to validate the effectiveness of the proposed control
strategy, the experimental tests were performed on a laboratory-
scale DFIG system. The schematic diagram is shown in Fig. 18,
and the setup of the experimental system is shown in Fig. 25.
Moreover, the detailed electrical parameters of the laboratory-
scale DFIG system are given in the Appendix. The DFIG is
derived by a dc motor. The RSC and grid side converter (GSC)
are controlled by TI Digital Signal Processor (TMS320F28335).
The switching frequency and the sampling frequency for both
converters are set to 10 kHz. The stator voltage of the DFIG sys-
tem is generated by using the Chroma 61830 Regenerative Grid
Simulator, which can be programmed to set different voltage
waveforms.

A. Commutation Failure Fault

Initially, DFIG is controlled under conventional VC, and the
active power and reactive power of DFIG are 0.8 and 0 p.u.,
respectively. Once the fault occurs, the proposed control strategy
is activated. When the fault is cleared, the VC is reactivated after
200 ms. In addition, s is −0.1 in the experiment.Fig. 26(a) and

Fig. 25. Setup of experimental system.

Fig. 26. Experimental results for commutation failure ride through. (a) Exper-
imental results under slight commutation failure fault. (b) Experimental results
under severe commutation failure fault.

(b) shows the experimental results with the slight commutation
failure and severe commutation failure, respectively.

From Fig. 26(a), it can be seen that when the proposed con-
tinuous FRT control strategy is adopted, the rotor current is well
restricted within the rating value during the slight commutation
failure. Meanwhile, the DFIG can be controlled to provide
dynamic reactive current to support the power grid. The output
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Fig. 27. Experimental results under severe voltage drop fault.

maximum reactive power is equal to 0.285 p.u., whereas the
absorbed maximum reactive power is equal to 1 p.u. From
Fig. 26(b), when the proposed continuous FRT control strategy is
adopted under severe commutation failure, the dynamic reactive
current is equal to 0 p.u. due to the large |ψst|. Furthermore, the
maximum rotor current amplitude is 1.6 p.u., which is quite a
few from the current limitation of RSC. Consequently, the over-
current protection will not be triggered, and the DFIG can stay in
the grid, which shows that the proposed continuous FRT control
strategy has a great FRT performance under the stator voltage
continuous changing condition. Meanwhile, when the VC is
reactivated, the DFIG recovers to the normal operation status.

B. Stator Voltage Drop Fault

Under a typically severe stator voltage drop fault, the FRT
experiment also has been done, and the experimental results are
given in Fig. 27. It can be seen from Fig. 27 that the maximum
rotor current amplitude is 1.6 p.u. when the proposed continuous
FRT control strategy is adopted, which shows that the proposed
control strategy also has a very nice LVRT performance. Mean-
while, with the dynamic reactive current injection, the output
maximum reactive power of DFIG is 0.14 p.u. The results shown
in Fig. 27 indicate that the proposed control strategy is also
suitable for the traditional severe stator voltage drop fault.

Similar to the simulation results, the experimental results also
demonstrate that the proposed continuous FRT control strategy
is general for the scenarios with the continuous voltage variation
condition, which provides a novel method for the FRT operation
of the DFIG system.

VII. CONCLUSION

During commutation failure in the LCC-HVdc transmission
system, the stator voltage of the grid-connected DFIG in the
sending ac system changes continuously and presents the “first
reduce then rise” characteristic, which may trip off the connected
DFIG-based wind turbine. In this article, the stator flux and
EMF of DFIG when the stator voltage changes continuously
are analyzed for the first time. The analysis shows that the
stator flux component ignored in the previous works has the

same contribution to the EMF as the transient dc flux. Further-
more, an improved continuous FRT control strategy of DFIG is
proposed, and the control coefficient of the proposed strategy
is designed as well. Based on the simulation and experiment,
when the proposed control strategy is adopted, the overcurrent
suppression ability of the DFIG can be further improved under
the stator voltage continuous changing condition. Furthermore,
since the control coefficient is chosen reasonably, the transient
dc flux is decayed quickly, and the DFIG can provide dynamic
reactive current to support the power grid, which means that the
DFIG can achieve a more flexible and enhanced FRT operation.
Additionally, it is worth noting that although this article is
researched based on the commutation failure condition, the
proposed continuous FRT control strategy is general to the
scenarios with the continuous voltage variation condition.

APPENDIX

A. Simulation Parameters of LCC-HVDC Transmission System

The following are the DFIG-based wind farm parameters.
1) Ratings: Sn = 50 × 2 MW, fn = 50 Hz, Un = 690 V

(line-to-line rms), Vdc = 1200 V.
2) Stator and rotor resistors: Rs = 0.022 p.u., Rr = 0.016 p.u.
3) Stator and rotor leakage inductances: Lσs = 0.173 p.u.,

Lσr = 0.16 p.u.
4) Mutual inductance: Lm = 2.78 p.u.
5) Reactor: Lg = 0.008 mH.
6) DC-link capacitor: C = 50 × 14 mF.
The following are the LCC-HVdc system parameters.
1) Ratings: Pn = 1200 MW, Udc = ±500 kV
2) Rating voltage of sending ac bus: Vsn = 345 kV
3) Rating voltage of receiving ac bus: Vrn = 500 kV
4) Rating capacity of VAR compensator: Qn = 320 Mvar
The following are the simulation parameters of the 2-MW

DFIG system.
1) Ratings: Sn = 2 MW, fn = 50 Hz, Un = 690 V (line-to-line

rms), Vdc = 1200 V.
2) Stator and rotor resistors: Rs = 0.022 p.u., Rr = 0.016 p.u.
3) Stator and rotor leakage inductances: Lσs = 0.173 p.u.,

Lσr = 0.16 p.u.
4) Mutual inductance: Lm = 2.78 p.u.
5) Reactor: Lg = 0.003 mH.
6) DC-link capacitor: C = 14 mF.
7) Pairs of poles: 2.
8) Turn ratio: Ns/Nr = 0.4.
The following are the experimental parameters of the 2-kW

DFIG system.
1) Ratings: Sn = 2 kW, fn = 50 Hz, Un = 220 V (line-to-line

rms), Vdc = 400 V.
2) Stator and rotor resistors: Rs = 1.09 Ω, Rr = 1.55 Ω
3) Stator and rotor leakage inductances: Lσs = 2 mH, Lσr =

4.36 mH
4) Mutual inductance: Lm = 64.6 mH
5) Reactor: Lg = 4 mH
6) DC-link capacitor: C = 1100 μF
7) Pairs of poles: 2
8) Turn ratio: Ns/Nr = 0.517
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