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Abstract—Doubly-fed induction generators are one of the most
popular machines for variable-speed wind turbine. However, they
are very sensitive to grid fault since the stator is directly connected
to the grid. This paper analyzes the low-voltage ride-through per-
formance of a doubly-fed induction generator-based wind turbine
under balanced grid fault. An improved demagnetization control,
immune to system parameter variation, is proposed to shorten
the dynamic process. The investigation shows that the proposed
method increases the probability of a successful ride-through at
the recovery moment of balanced grid fault. Feasibility region for
a representatively sized system is also investigated for balanced
grid fault. In order to verify the proposed control method, labora-
tory experiments are carried out and the results demonstrate the
analysis.

Index Terms—Demagnetization control, doubly-fed induction
generator (DFIG), low-voltage ride-through (LVRT).

NOMENCLATURE

De, NDe Subscript denoting system with and without
demagnetization control.

r Superscript denoting rotor reference frame.
f , n Subscript denoting variable corresponding to

forced and natural component.
�id ,�iq Reactive and active current.
�im ,�ir ,�is Magnetizing rotor and stator current.
Ir max Maximum allowed rotor current.
Lm , Llr , Lls Magnetizing rotor and stator leakage inductance.
Lr , Ls Rotor and stator inductance.
Rr , Rs Rotor and stator resistance.
�vr , �vs Rotor and stator terminal voltage.
ω, ωs Rotor and synchronous angular frequency.
�ψr , �ψs Rotor and stator flux.

I. INTRODUCTION

W IND energy is now playing an important role in the grid.
Doubly-fed induction generators (DFIG) are one of the

most employed generators due to the advantages of variable-
speed-based operation and decoupled control of active and re-
active power. Moreover, the converter is rated at around 30% of
the generator rating, which takes advantage of small size, light
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weight, low cost, and small losses compared to full-scale power
converters [1].

Originally, the generator unit was disconnected from the grid
to protect the converter on detecting a grid fault. This is allowed
when the wind power represents only an insignificant part of the
generation in the system. As the penetration of the wind power
system gets higher and higher, wind farms are now required to
remain connected to the grid for a given time duration during
grid fault and actively contribute to the power system stability
by supplying reactive power, known as the low-voltage ride-
through (LVRT) requirement [2]. However, since the stator of
the DFIG is directly connected to the grid, the machine is very
sensitive to grid disturbance, especially to grid dips. Natural
stator flux is produced at the grid fault moment [3] and negative
sequence stator flux is generated under unbalanced grid fault
[4]. The natural and negative sequence stator flux induces very
high electromotive force (EMF) in the rotor circuit. If the rotor-
side converter (RSC) cannot compensate for the induced EMF,
a large transient rotor current appears, leading to the destruction
of the converter and disconnection of the system.

The state-of-the-art LVRT solution is the employment of a
crowbar [5]. On detecting of the rotor overcurrent, the crowbar
short circuits the rotor terminal and the trigging signal of the
RSC is blocked at the same time, providing conservative protec-
tion to the system. However, it changes the DFIG into a regular
induction machine, which absorbs reactive power, further dete-
riorating the grid fault. As a result, dynamic VAR compensators
are sometimes installed at the DFIG terminals to provide reac-
tive power during grid faults [6].

Researchers are now addressing the issue from other points
of view. Alternative solutions based on extra power electronic
equipment are proposed. For instance, some authors have pro-
posed schemes with an additional grid-side converter (GSC) [7],
[8], dynamic voltage restorer [9], [10], and energy storage sys-
tem [11], but the high cost and control complexity discourages
their utilization. The implementation of a stator-side passive
impedance network [12], rotor-side dynamic resistor [13], and
rotor-side reactor [14] are also proposed. In this way, the wind
turbine can remain connected to the grid during grid dips. How-
ever, sizing of the impedance is made either experimentally or
by simulation, and therefore, it is quite difficult to optimize the
whole system.

Solutions based on advanced control methods are attractive
due to the advantage of easy implementation. It has been demon-
strated that feed-forward transient current control (FFTCC)
could limit transient rotor current during grid faults, resulting in
minimum occurrence of crowbar interruptions [15], [16]. Sta-
tor current was feedback as the rotor current reference in [17].
However, the torque is fixed to zero and the reactive power must
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Fig. 1. Wind turbine scheme with DFIG.

be drawn from the grid. A similar but more general idea of sta-
tor flux tracking-based LVRT control strategy is proposed [18],
which provides an additional freedom named tracking gain to
improve the performance, but the same problem as that in [17]
cannot be avoided.

Demagnetization control was proposed to counteract the nat-
ural and negative sequence components of the stator flux [19],
and it has been proven that the control could promote natu-
ral stator flux damping [20]. Combination of demagnetization
control and active crowbar is proposed to shorten the crowbar
activation time [21]. However, the demagnetization control in
the aforementioned research works is sensitive to system pa-
rameter variation since stator resistance information is needed,
in spite of that the sensitivity can be reduced when demagneti-
zation control is combined with virtual resistance [22].

This paper extends the initial study presented in [23] and [24]
and proposes an improved demagnetization control approach for
the DFIG, immune to system parameter variation. With the de-
magnetizing rotor current, transient response of the system can
be notably accelerated and system LVRT capability is improved
under balanced fault.

This paper is organized as follows. Section II analyzes system
behavior during and after balanced grid fault. It shows that
the natural EMF after the fault clearance is influenced by fault
duration and stator flux time constant. Section III introduces
the proposed demagnetization control, and the influence on the
LVRT performance is discussed in Section IV. It is proved that
system LVRT capability can be improved by reducing the EMF
and minimizing the occurrence of the protection system at the
recovery moment of balanced grid fault. Feasibility region of
a typical MW-level DFIG system is also investigated. Finally,
the proposed control method and the analysis are verified on a
laboratory test bed in Section V.

II. SYSTEM OPERATION UNDER BALANCED GRID FAULT

The basic configuration of a DFIG-based wind turbine is
shown in Fig. 1. The RSC regulates the rotational speed of
the wind turbine to capture desired wind power, while the dc
bus voltage is controlled by the GSC. System behavior under the
shallow grid fault, where the rotor current remains under control,
is analyzed in this section. For severe grid fault, overcurrent is
generated, trigging the protection system. With the activation
of crowbar, the DFIG changes to a regular induction generator,
where a detailed analysis is given in [25].

Fig. 2. Park model of DFIG in stationary reference frame.

Fig. 3. Equivalent circuit of DFIG in rotor reference frame.

A. Park Model

The Park model of the DFIG in stationary reference frame
[3] is used here, as illustrated in Fig. 2. For simplicity, the rotor
variables are referred to the stator in this paper. Using motor
convention, the equations are expressed as

�ψs = Ls
�is + Lm

�ir (1)

�ψr = Lr
�ir + Lm

�i (2)

�vs = Rs
�is + d�ψs/dt (3)

�vr = Rr
�ir + d�ψr/dt − jω �ψr . (4)

The rotor voltage can then be got and divided into two terms,
given as [3]

�vr =
Lm

Ls

(
d

dt
− jω

)
�ψs +

[
Rr + σLr

(
d

dt
− jω

)]
�ir (5)

where σ = 1 − L2
m /LsLr is the leakage coefficient. The first

term, denoted �er , is the EMF induced by the stator flux. The
second term is the voltage drop in the rotor circuit impedance.
The rotor voltage and the EMF, expressed in the rotor reference
frame, are given as [21]

�vr
r =

Lm

Ls

d�ψr
s

dt
+

(
Rr + σLr

d

dt

)
�irr (6)

�er
r =

Lm

Ls

d

dt
�ψr

s . (7)

The equivalent circuit of DFIG, seen from the RSC, can be
obtained according to (6) and is shown in Fig. 3. With a small
rotor circuit impedance, �vr

r does not differ substantially from
�er

rf . Considering the safety margin for dynamic process and
constrained slip, which typically locate within −0.3 to 0.3, the
rated voltage of RSC is limited to about 40% of the rated stator
voltage [3].
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B. System Behavior Under Balanced Grid Fault

The DFIG is assumed to be working under normal condi-
tion when a balanced voltage dip of depth P occurs at time t0
and recovers at time t1 . The expression of the grid voltage is
given as

�vs =

⎧⎪⎨
⎪⎩

Vse
jωs t , (t < t0)

(1 − P ) Vse
jωs t , (t0 ≤ t < t1)

Vse
jωs t , (t1 ≤ t) .

(8)

1) System Responses in Normal Condition: Neglecting stator
resistance for the small value, the steady-state stator flux can be
obtained according to (3) and (8)

�ψs = Vse
jωs t/ (jωs) = Ψse

jωs t−π/2 (t < t0) . (9)

Since stator flux given by (9) is dictated by grid voltage and
represents the forced response of the system, it is referred to
as forced stator flux �ψsf . As can be seen, �ψsf rotates syn-
chronously and its amplitude is proportional to the grid voltage.
By substituting (9) into (7), the forced EMF is shown as

�er
rf =

Lm

Ls
sVse

jsωs t−π/2 (10)

where s is slip.
Neglecting the leakage inductance, the forced magnetizing

current can be obtained according to (1) and (9), given approx-
imately as

�imf ≈ Ψsf ejωs t−π/2/Lm = Imf ejωs t−π/2 . (11)

Whenever current flows through an inductor, a magnetic field
is generated and energy is stored at the same time. For the DFIG,
the energy stored in the magnetic field, denoted Emf , is a dc
value in the steady state and proportional to the square of grid
voltage.

2) Stator Flux Responses Under Balanced Grid Fault: Un-
like grid voltage, the stator flux cannot change instantaneously
at time t0 , which would make the magnetic state of the machine
change instantaneously and cannot happen in a practical point
of view [3]. In contrast, the stator flux changes progressively.
Natural stator flux is generated to guarantee the continuity of
stator flux and magnetic energy. The DFIG can then be repre-
sented by a natural machine with the natural stator component
and a forced machine corresponding to the line frequency stator
component, as shown in Fig. 4.

By means of (1) and (3), the stator flux is related to stator
voltage and rotor current by

d�ψs

dt
= �vs −

Rs

Ls

�ψs +
Lm

Ls
Rs

�ir . (12)

With FFTCC, natural EMF can be accurately estimated and
thus be fully compensated for under shallow grid fault [15],
making the RSC behave like an open circuit to the natural sta-
tor component, which will be proven experimentally later. The
natural stator flux is then merely induced by the natural stator
current, which circulates in the mesh shown in Fig. 4(a) and can
be obtained according to (1)

�isn (t0+) = �ψsn (t0+)/Ls. (13)

Fig. 4. Equivalent model of DFIG. (a) Natural machine. (b) Forced machine.

Fig. 5. Stator flux trajectory for a 30% balanced grid fault.

The reduction of the forced magnetic energy corresponding
to the grid fault, which is consumed by the stator resistance with
the flowing of natural stator current, is given as

ΔEmf =
(
2P − P 2)Emf . (14)

Considering�irn = 0, evolution of the forced and natural sta-
tor flux during grid fault can be derived from (8), (9), and (12)

�ψsf = (1 − P ) Vse
jωs t/ (jωs) (t0 ≤ t < t1) (15)

�ψsn = �ψsn (t0+) e−(t−t0 )/τs

= PVse
jωs t0 e−(t−t0 )/τs / (jωs) (t0 ≤ t < t1) (16)

where τs = Ls/Rs is the stator flux time constant.
It is noticed that the natural stator flux is a dc component

and has constant direction with respect to the stator winding.
Therefore, it is also named dc stator flux [3]. Fig. 5 shows the
stator flux trajectory for a 30% p.u. balanced grid fault. During
the transient process, the dc stator flux damps exponentially
according to the stator flux time constant.

Similarly, natural stator flux is generated at the grid fault
recovery time t1 . With (8), (12), (15), (16), and �irn = 0, the
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stator flux after t1 is expressed as

�ψsf = Vse
jωs t/ (jωs) (t1 ≤ t) (17)

�ψsn = �ψsn (t1+) e−(t−t1 )/τs =
(
e−Δt/τs − ejωs Δt

)

× ejωs t0 e−(t−t1 )/τs PV/ (jωs) (t1 ≤ t) (18)

where Δt = t1 − t0 is the fault duration.

Comparing (16) with (18), it is noticed that
∣∣∣�ψsn (t0+)

∣∣∣ is

solely dictated by grid fault depth P, while
∣∣∣�ψsn (t1+)

∣∣∣ is de-

termined by grid fault depth P together with fault duration Δt

and stator flux time constant τs . Taking
∣∣∣�ψsn (t0+)

∣∣∣ as the base

value, the normalized value of
∣∣∣�ψsn (t1+)

∣∣∣ is given as

∣∣∣�ψsn p.u. (t1+)
∣∣∣ =

∣∣∣e−Δt/τs − ejωs Δt
∣∣∣ . (19)

3) Rotor Circuit EMF Response Under Balanced Grid Fault:
During the transient process of grid fault and recovery, the EMF
is composed of two components, induced by the forced and
natural stator flux, respectively. Substituting (15)–(18) into (7),
we can obtain the forced and natural EMF given as

�er
rf =

⎧⎨
⎩

sLm

Ls
· (1 − P )Vse

jsωs t (t0 ≤ t < t1)

sLm

Ls
· Vse

jsωs t (t1 ≤ t)
(20)

�er
rn =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

−(1/τs + jω)Lm

Ls
e−(t−t0 )/τs e−jω t �ψsn (t0+)

(t0 ≤ t < t1)

−(1/τs + jω)Lm

Ls
e−(t−t1 )/τs e−jω t �ψsn (t1+)

(t1 ≤ t) .

(21)

Neglecting 1/τs for the small value, the natural EMF can be
simplified as

�er
rn ≈

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

− (1 − s) Lm

Ls
PVse

jωs t0 e−(t−t0 )/τs e−j (1−s)ωs t

(t0 ≤ t < t1)

− (1 − s) Lm

Ls
PVs

(
ejωs t0 e−Δt/τs − ejωs t1

)
× e−(t−t1 )/τs e−j (1−s)ωs t (t1 ≤ t).

(22)
The forced EMF is small since it is proportional to the slip s.

In contrast, the natural EMF is proportional to the term “1 − s,”
which may reach a very high value.

III. DEMAGNETIZATION CONTROL

The DFIG is usually controlled by means of a vector control,
where detailed description can be found in [26]. This paper will
focus on the control of RSC and the GSC will not be considered.

To mitigate the influence of natural stator flux and improve
system LVRT capability under balanced grid fault, an improved
demagnetization control, which does not need system parame-
ter information, is proposed here. The layout of the control ap-
proach is shown in Fig. 6. Demagnetizing rotor current, which
opposes the natural stator current, is injected into the rotor

Fig. 6. Control block diagram of the improved demagnetization control.

circuit on detecting of a balanced grid fault. The reference is
given as

�i∗rn = −K�isn (23)

where K is a positive demagnetization coefficient.
The relationship of �ψsn and �isn can then be obtained from

(1) and (23)

�isn = �ψsn/ (Ls − KLm ) . (24)

With (3), (24), and �vsn = 0, the expression of natural stator
flux is given as

�ψsn = �ψn0 (t0) e−t/τ ′
s (t ≥ t0) (25)

where τ ′
s = (Ls − KLm ) /Rs is the stator flux time constant

with demagnetization control.
Comparing (16) with (25), it is obvious that the damping of

natural stator flux is accelerated with positive K. To shorten the
dynamic process, it is desirable to have a small time constant τ ′

s ,
which indicates a large demagnetization coefficient K. However,
τ ′
s turns negative if K is too large, making the natural stator

flux increase instead of decay. Setting τ ′
s to zero, the critical

demagnetization coefficient can be obtained as

Kcritical=Ls/Lm . (26)

In practice, K can be set to a fixed value, or dynamically
modified according to system working condition. To guarantee
the stability of the system, it is strongly recommended that the
maximum K should be limited to 1, which is a little bit smaller
than the critical value.

The active and reactive current can be supplied together with
the demagnetizing current during grid fault. The total rotor cur-
rent then results from the addition of �I∗rd , �I∗rq , and �I∗rn . Since
the overall current should be constrained to the maximum al-
lowed rotor current Ir max , coordination has to be made. In
this paper, reactive power is preferentially guaranteed. The re-
active current required by STATE GRID Corporation of China is
I∗d = 1.5 · (0.9Vs − Vs fault), making the amplitude of reactive
current reference I∗rd = min(I∗d,Ir max). To promote dc stator
flux damping, we prioritize demagnetizing current over the ac-
tive current. The maximum allowed demagnetizing current can
then be obtained as Irn max = Ir max − I∗rd . Finally, the active
current is constrained to the remaining rotor current rating.

With the injection of demagnetizing rotor current, the natural
stator current at time t0+ can be derived according to (24)

�isn (t0+) = �ψsn (t0+)/(Ls − KLm ). (27)
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Fig. 7. Stator flux trajectory at grid fault moment. (a) Without demagnetization
control. (b) With demagnetization control.

Fig. 8. Natural current of the system. (a) Without demagnetization control.
(b) With demagnetization control.

Comparing (13) with (27), it is obvious that we have higher
natural stator current with demagnetization control at time t0+ .

Stator flux space vectors at the fault moment, without and with
demagnetization control, are shown in Fig. 7. It is observed
that the stator flux amplitude does not change at time t0+ in
both cases to guarantee the continuity of stator flux and energy.
Natural stator current is then enlarged with demagnetizing rotor
current, coinciding with the mathematical analysis.

System currents corresponding to the natural component,
without and with demagnetization control, are shown in Fig. 8.
As discussed before, the energy given by (14) is consumed by
the stator resistance during the transient process, indicating that
natural stator flux damping is related to the natural stator cur-
rent. The higher the natural stator current, the more power is
consumed by the stator resistance, leading to accelerated natu-
ral flux damping. Since natural stator current is enlarged with
the demagnetization control, natural stator flux damping is pro-
moted, in accordance with the previous analysis.

IV. LVRT CAPABILITY

Two cases are taken as examples to show how the demag-
netization control influences the LVRT capability. Grid voltage
drops to 70% p.u. in both cases and the grid fault lasted for
70 ms in case 1, while it lasts for 60 ms in case 2. Stator flux

trajectories of the DFIG without and with demagnetization con-
trol, referred to as system NDe and system De, respectively,
are shown in Fig. 9. Demagnetization control of system De is
activated during grid fault and immediately disabled on detect-
ing the fault recovery.

DC stator flux of the two systems at grid fault recovery time
is shown by the solid black line in the figure. With the same grid
fault, �ψsn De(t0+) equals �ψsn N De(t0+). Since they partially
overlap with �ψsn De(t1+) and �ψsn N De(t1+) in case 2, they
are not shown in Fig. 9. However, they can be represented by
�ψsn (t0+) shown in Fig. 5, which is of the same amplitude and
space position.

For case 1, it is illustrated in Fig. 9(a) and (b) that we have∣∣∣�ψsn (t0+)
∣∣∣ <

∣∣∣�ψsn (t1+)
∣∣∣ for both systems. In respect that real-

time natural EMF is proportional to the dc stator flux, as in-
dicated in (21), we have |�er

rn (t0+)| < |�er
rn (t1+)|, generating a

worse condition at time t1+ than that at time t0+ . Moreover,
since dc stator flux damps faster with demagnetization control,

it is observed that
∣∣∣�ψsn De(t1+)

∣∣∣ is smaller than
∣∣∣�ψsn N De(t1+)

∣∣∣
in this case, denoting that demagnetization control makes
system De have more chance to survive compared with
system NDe.

Things take different turns in case 2. It is shown in Fig. 9(c)

and (d) that now we have
∣∣∣�ψsn N De(t1+)

∣∣∣ <
∣∣∣�ψsn De(t1+)

∣∣∣.
That means comparing with system NDe, system De goes
through a worse condition at time t1+ . However, it is noticed

that
∣∣∣�ψsn De(t1+)

∣∣∣is smaller than
∣∣∣�ψsn (t0+)

∣∣∣ in this case. That

is to say, the RSC still has a good chance to survive the fault
recovery with demagnetization control in this case.

Fig. 10 shows
∣∣∣�ψsn p.u.(t1+)

∣∣∣ of the two systems with respect

to grid fault duration Δt. As indicated by the analysis, demag-
netization control gives the system more chance to survive grid
fault recovery when Δt locates in the shadowed area.

To investigate the improvement of LVRT capability for practi-
cal wind power system under balanced grid fault, the feasibility
region is then defined as the voltage dips where the RSC can suc-
cessfully survive the grid fault and the fault recovery. However,
system ride-through performance is affected by many factors,
for instance, system prefault speed, active and reactive current
reference, RSC voltage rating, and overcurrent capability. To
define the boundary of the feasibility region, a criterion is made
that the EMF is constrained to 0.5 p.u. Since �er

rn and �er
rf are

at different frequencies, the maximum EMF is approximately
the algebraic summation of the values, which can be obtained
according to (20) and (22)

Er
r max ≈

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(1 − P ) |s|Vs + (1 − s)
Lm

Ls
PVs(t0 ≤ t < t1)

|s|Vs + (1 − s)
Lm

Ls
PVs

∣∣∣e−Δt/τs − e−jωs Δt
∣∣∣

(t1 ≤ t).
(28)

The feasibility regions for balanced grid fault, with respect
to different demagnetization coefficient K and prefault system
slip s, are shown in Fig. 11 according to (28). The stator flux
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Fig. 9. Stator flux trajectory. (a) System NDe in case 1. (b) System De in
case 1. (c) System NDe in case 2. (d) System De in case 2.

Fig. 10. Normalized dc stator flux at recovery moment for system with and
without demagnetization control.

Fig. 11. Feasibility region of the MW level system. (a) s = 0.2. (b) s = 0.
(c) s = −0.2.

time constant for the system without demagnetization control is
given as τ = 1.5 s, corresponding to a typical MW-level DFIG.
To present the curves clearly, only feasible region for balanced
grid fault where the fault duration is less than 0.4 s is shown
in the figure. Any point above the curve means that the DFIG
can ride through the grid fault and the fault recovery in the
corresponding situation.

Several conclusions can be reached from Fig. 11 and (28).
First, the maximum acceptable voltage dip depth decreases with
higher rotational speed. Second, the improvement induced by
demagnetization control is enlarged when the machine works
closer to synchronous speed. Third, the higher the demagnetiza-
tion coefficient, the wider feasibility region can be obtained. To
summarize, system LVRT capability is improved with demagne-
tization control, and greater improvement can be obtained with
higher K and smaller |s|.

V. EXPERIMENTAL VERIFICATION

In order to validate the analysis obtained in the previous
sections, several experimental tests were performed using the
experimental setup shown in Fig. 12. The configuration of the
system is given in Fig. 13.

The following items are included in the test bed:
1) an 11-kW wound rotor machine was used as the DFIG;
2) an 11-kW squirrel cage induction machine (SCIM) was

used as the prime mover, which can work at constant speed
or constant torque with a motor driver;

3) a 5-kW three-phase programmable ac voltage source was
used to generate the balanced voltage sag;
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Fig. 12. Experimental setup.

Fig. 13. Configuration of the experimental setup.

4) a three-phase PWM inverter was used as the RSC, the
stator and rotor current, stator voltage, and rotor position
of the DFIG were detected by sensors;

5) two Oscilloscopes were used to measure the stator and
rotor current and stator and rotor terminal voltage. The
high-frequency acquisition mode of the oscilloscopes was
adopted in the experiment to depress the noise. The rotor
terminal voltages were measured at the position shown in
Fig. 13, with analog filters with cutoff frequency of 1 KHz
in order to remove the switching harmonic of the RSC.

Detailed parameters of the test bed are given in the Appendix.
Note that to match the low-power programmable ac power
source, the base voltage and current used in the experiment
were deliberately reduced, compared with the rated value of the
DFIG. A second-order low-pass filter with cutoff frequency of
10 Hz was used to detect dc stator current in demagnetization
control in the following experiments.

A. Normal Condition

The system was first tested with no load at the base voltage.
Initially, the DFIG was fully excited from the stator side. At
time t = −2.5 s, the speed reference was changed from 900 to
1100 r/min and the reactive current reference was changed from
0 to 3.5 A at t = 1.5 s. System responses are shown in Fig. 14.
Note that the stator current was reduced at t = 1.5 s, since the
magnetizing current was now partly supplied by the rotor.

B. Demagnetization Control

Demagnetization control was then examined with no load.
Three systems with different configurations and different control
approaches, denoted system ROC, system NDe and system De,
respectively, were designed and listed in Table I. The DFIG was
operating at 10% above the synchronous speed when the grid
voltage dropped to 70% of the rated value at t0 = 0 s. Fig. 15
shows the responses of the three systems. The waveform of the

Fig. 14. System performance in normal condition. Ch.1: Stator current
(Phase A). Ch.2: Rotor current (Phase A). Ch.3: Rational speed (333RPM per
scale). Ch.4: Stator voltage (Phase A).

TABLE I
THREE SYSTEMS IN DEMAGNETIZATION CONTROL EXPERIMENT

System ROC System NDe System De

Rotor
condition

Open-circuit RSC connected RSC connected

Control
strategy

None FFTCC FFTCC with
demagnetization
control (K = 0.8)

Rotational
speed

Controlled by
prime mover

Controlled by
DFIG

Controlled by DFIG

Fig. 15. Response to 30% voltage dip.

stator current of system ROC has been deliberately displaced
for 1 ms so that it can be perceived.

First, it is noticed that the stator current of system ROC
and system NDe have the same waveforms, which proves the
RSC of system ROC behaves like an open circuit to the sta-
tor natural current under shallow grid fault, as described in
Section II. Second, it is obvious that the dc stator current of sys-
tem De damps faster than that of system NDe, denoting accel-
erated dc stator flux damping, as proved mathematically before.
Third, it is observed that the envelope of the stator current of sys-
tem NDe is “continuous.” In contrast, with the injection of rotor
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Fig. 16. Performance of system De.

demagnetizing current, the envelope of stator current of sys-
tem De is enlarged, making it behave like “discontinuous,” as
explained in Fig. 7(b).

To prove the mathematical derivation, five points, located at
negative peak of stator current of system De and system NDe,
are shown in Fig. 15. Take point E as the steady state during
grid fault, the dc offset of points A, B, C, D can be obtained as
DCA = 1.813, DCB = 4.608, DCC = 1.464, DCD = 2.252.
The stator time constant of the two systems can be derived with
the equations of 1 − e−0.02/τN D e = (DCA − DCC) /DCA and
1 − e−0.02/τD e = (DCB − DCD) /DCB and given as τNDe =
0.089 s and τDe = 0.027 s. The ratio is given as

τDe/τNDe = 0.3. (29)

Theoretical ratio can be obtained with (16) and (25) and
shown as

τDe theoretical/τNDe theoretical = (Ls − KLm ) /Ls = 0.262.
(30)

Comparing (29) and (30), it is noticed that close agreement is
achieved, proving the mathematical derivation in the aforemen-
tioned analysis.

C. Active and Reactive Power Control During Grid Fault

To validate the system coordinate control strategy, the sys-
tem was then tested when it was half loaded, i.e., the input
mechanical power was 900 W. The stator voltage dropped to
0.5 p.u. during the grid fault and lasted for 100 ms. The max-
imum allowed rotor current was set to 1.5 p.u. during grid
fault. Performances of system De and system NDe are given in
Figs. 16 and 17, respectively. Demagnetizing rotor current was
injected to promote dc stator flux damping in system De, which
lasted for about 0.1 s. It is noticed that the total current is well
limited for both systems. With the coordinate control strategy,
it is possible to supply active and reactive power when demag-
netization control is activated. Rotational speed and the current
components of the two systems are given in Fig. 18.

The reactive current required by the grid was injected right
after the grid fault was detected for both systems. It is also
observed that active current of system De is limited at the be-
ginning of the grid fault due to the injection of demagnetizing
current. Since the restriction only lasts for about 0.05 s, it does

Fig. 17. Performance of system NDe.

Fig. 18. Rotational speed and current components of system De and system
NDe.

TABLE II
GRID FAULTS

Fault A Fault B Fault C Fault D

Fault depth 30% 30% 50% 50%
Fault Duration 70 ms 60 ms 70 ms 60 ms

not make too much trouble for the active power balance of the
system, which can be noticed by system rotational speed. More-
over, the pitch control can be activated to reduce the input active
power in real application if necessary.

D. LVRT Capability

To demonstrate the influence of demagnetization control on
the LVRT capability, four balanced grid faults listed in Table II
were designed and tested for system NDe and system De. To
clearly present system response, the experiments were done with
no load. The reactive current was not injected during the grid
fault for the same reason. Depth of fault A and fault B are small
enough that both systems survived the fault and the recovery.
Experimental stator flux trajectories are shown in Fig. 19, while
the theoretical stator flux trajectories can be found in Fig. 9.
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Fig. 19. Experimental stator flux trajectory. (a) System NDe in fault A.
(b) System De in fault A. (c) System NDe in fault B. (d) System De in fault B.

Fig. 20. Reaction of system NDe to fault C.

Fig. 21. Reaction of system De to fault C.

It is noticed that the experimental results of system NDe
agree well with the theoretical analysis while that of system De
differs a little bit from the theoretical results, especially during
the first line circle right after the grid fault. The reason is that the
low-pass filter adopted in the demagnetization control induces
some delay in decomposing the dc stator current, which further
delays the injection of the demagnetizing rotor current. After
full decomposition of the dc stator current, close agreement is
reached between the experimental and the theoretical results.

With severe voltage fault, it is likely that the RSC may survive
the grid fault but fail at the fault recovery moment, as what
happened with fault C. Performances of system NDe and system
De under grid fault C are shown in Figs. 20 and 21, respectively.
Since EMF cannot be measured, it is represented by the rotor
terminal voltage, in respect that they differ by a small voltage
drop in the rotor circuit impedance.

The systems were operating at 10% above the synchronous
speed before the voltage dip. At time t0 = 0 s, the grid fault
happened, generating an EMF whose line-to-line peak value
reached 50 V. Since it is with in the RSC voltage rating, both
systems survived the fault moment. For system NDe, the nat-
ural stator flux damped very slowly, generating a rotor circuit
EMF with a line-to-line peak value of about 100 V at the fault
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Fig. 22. Reaction of system NDe to fault D.

Fig. 23. Reaction of system De to fault D.

recovery moment, exceeding the voltage rating of the RSC and
trigging the protection element. In contrast, as shown by �vr

rn

of system De, the natural stator flux damped fast with the rotor
demagnetizing current, generating a rotor circuit EMF with a
line-to-line peak value of 60 V at the fault recovery moment,
which is just a little bit higher than |�vr

rn (t0+)|. Therefore, the
system De survived fault C, performing better LVRT capability.

Responses of system NDe and system De to grid fault D are
shown in Figs. 22 and 23, respectively. As discussed before,
we have |�er

rn De (t1+)| > |�er
rn NDe (t1+)| in this case and it is

proved by the rotor terminal voltage shown in the two figures.
However, because these two values are smaller than |�er

rn (t0+)|,
both systems survived the fault recovery, performing similar
LVRT capability.

VI. CONCLUSION

This paper analyzed the challenges for a DFIG-based wind
turbine to ride through a balanced fault. It has shown that the dc
stator flux is produced at the fault and recovery moment, result-
ing in a large EMF in the rotor circuit. An improved demagne-
tization control, without the information of system parameter,
is proposed for the RSC. With the injection of rotor demagne-
tizing current, the dynamic process is shortened. System LVRT

capability with the proposed control is analyzed with the consid-
eration of grid fault duration. It is illustrated that the proposed
control minimizes the occurrence of the protection system, es-
pecially when the system is running close to synchronous speed.
Feasibility region for a representative sized system is also in-
vestigated according to the analysis. A test rig has been set
up and the experiment results validated the proposed control
method and the analysis. The study clearly shows the ability for
a DFIG-based wind turbine to ride through the balanced grid
fault and the limitations to that control objective. Although it
has been proven that the most severe voltage dip cannot be han-
dled by only control techniques [27], the proposed control can
be adopted to modify the conventional DFIG-based wind power
system.

APPENDIX

Ratings: Pn = 11 kW, Un = 380V(line to line, RMS).
Turns ratio: Ns/Nr = 5/2.
Pole pairs: 3.
Stator resistance: Rs = 0.03 p.u.
Stator leakage inductance: Lls = 0.1677 p.u.
Rotor resistance: Rr = 0.06 p.u.
Rotor leakage inductance: Llr = 0.0864 p.u.
Mutual inductance: Lm = 2p.u.
DC-link voltage: VDC = 32V.
Rotor circuit filter inductance: Lf = 0.0582 p.u.
Base stator voltage (line to line, RMS): Vs base = 190 V.
Base stator current (RMS value): Is base = 5A.
Base rotor current (RMS value): Ir base = 12.5A.
Rotor circuit overcurrent threshold (peak value):
Ir overcurrent = 29.7A.
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