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Dynamic Behavior of the Doubly Fed Induction
Generator During Three-Phase Voltage Dips
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Abstract—The use of doubly fed induction generators (DFIGs)
in large wind turbines has become quite common over the last
few years. These machines provide variable speed and are driven
with a power converter which is sized for a small percentage of the
turbine-rated power. A drawback of the DFIG is that it is very sen-
sitive to grid disturbances, especially to voltage dips. However, the
operation of the machine in these situations has only been studied
in the literature by means of simulations. This paper develops a the-
oretical analysis of the dynamic behavior of the induction machine
during three-phase voltage dips. The proposed analysis contributes
to understanding the causes of the problem and represents a very
useful tool to improve the existing solutions and propose new al-
ternatives. Experimental results are in good agreement with those
obtained theoretically and validate the proposed analysis.

Index Terms—Doubly fed induction generator (DFIG), protec-
tion, wind power generation.

NOMENCLATURE
�i Current space vector.
Lm Magnetizing inductance.
Lls, Llr Stator and rotor leakage inductance.
Ls, Lr Stator, rotor self-inductance.
r Superscript denoting rotor reference frame.
Rs, Rr Stator, rotor resistance.
s, r Subscript denoting stator and rotor.
⇀
v Voltage space vector.
�ψ Flux space vector.
ωs, ωr, ω Synchronous, slip and rotor angular frequency.

I. INTRODUCTION

W IND energy is now considered as an actual alternative
to the conventional and pollutant energy sources such

as oil, gas, and coal. Global wind power reached 47 GW in 2004
with a 20% growth in this year [1]. Due to their advantageous
characteristics, most of the grid-connected wind turbines operate
at a variable speed [2]. Among the different alternatives to obtain
variable speed, the doubly fed induction generator (DFIG) is the
most used. The basic configuration of a wind turbine based on
a DFIG is shown in Fig. 1 [3].
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Fig. 1. Wind turbine scheme with DFIG.

As shown in the figure, the stator of the machine is directly
connected to the grid, and only the rotor power must be handled
by converters. Consequently, the control of the machine can be
carried out with a converter that is sized for a power around
25%–35% of the rated power of the turbine. In addition to the
common advantages in cost, size, and weight associated with a
small converter, losses are also smaller compared to the system
with a full power converter connected to the stator [4].

However, wind turbines based on the DFIG are very sensi-
tive to grid disturbances, especially to voltage dips. The abrupt
drop of the grid voltage causes overvoltages and overcurrents
in the rotor windings that could even destroy the converter if
no protection elements are included. Initially, the solution im-
plemented by the manufacturers to protect the converter was to
short circuit the rotor windings with the so-called crowbar and
disconnect the turbine from the grid [5]. With this solution, the
wind turbines are not able to collaborate in resuming normal
operation of the grid. Even worse they contribute to increase the
dip as they stop generating electric power. So far, the influence
of the wind turbines on the evolution of the voltage dips has been
small due to the low penetration of the wind energy. However,
as the number of grid-connected turbines grows, this influence
has become more important.

As an improvement on the crowbar, another solution proposes
to connect resistances to the rotor. This way, the wind turbine
can remain connected to the grid during the dips [6]. However,
this solution is also not able to control the machine during the
first moments of the dip. Additionally, sizing of the converter
and resistances is made either experimentally or by simulation,
and therefore it is quite difficult to optimize the system.

Recently, different studies have been proposed that try to
predict the evolution of the electrical variables of the machine
by means of simulation studies [6]–[10]. Based on simulations,
these studies are unable to explain, from a theoretical viewpoint,
the voltage dips that generate overcurrents as also the role played
by each parameter in these situations. In some of these studies,
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short explanations concerning the problem are provided that are
sometimes even contradictory. For instance, [9] supposes that
rotor overcurrents are caused by the instantaneous change of the
stator flux. On the contrary, [6] gives a different explanation of
the problem and considers that rotor overcurrents are due to the
increase of the stator current caused by the voltage drop.

Simulations make it possible to predict the behavior of the
machine but have obvious limitations. They are not useful to
observe and isolate the influence of each parameter of the ma-
chine during the voltage dip. Therefore, they are usually not
practical to propose and design possible solutions to avoid the
consequences that voltage dips have on DFIGs.

In this context, a detailed theoretical analysis is necessary,
describing the evolution of magnetic and electric variables of
the generator during a voltage dip. Such an analysis can show,
in particular, the influence of the system elements such as the
machine parameters, the type of protection (crowbar), or the
control of the generator. Finally, the behavior of the generator
during a voltage dip has to be clearly analyzed, and the causes
of the problem must be well understood.

This paper tries to help understand the dynamic behavior of
the DFIG in the typical case of three-phase voltage dips. In the
proposed analysis, the magnetic flux of the machine is divided
into two components. The first component corresponds to the
“forced flux” that rotates at synchronous speed and is related to
the stator voltage. The second component is the “natural flux”
that only appears during voltage transients. Unlike the forced
flux, this natural flux does not rotate. As will be shown in the
paper, the natural flux is the cause of the strong overvoltages
in the rotor. If the rotor converter is not able to deal with these
voltages, they will originate overcurrents in the stator and the
rotor of the generator.

In this paper, simulation tests and experiments are proposed
on a small machine rated at 3 kW. The objective is to pro-
vide a qualitative analysis of the system behavior during voltage
dips. However, other simulation tests on large and representa-
tive DFIG, on the average of 1 MW reveal the phenomena to be
qualitatively similar.

II. GENERATOR MODEL

A model that is commonly used for the induction generator is
the Park model [11]. For simplicity, the rotor variables will be
referred to the stator. Although a synchronous rotating reference
frame is often used, a static stator-oriented reference frame is
more suitable for the purpose of this paper. Linear magnetic
circuits are assumed. Using motor convention, the Park model
can be expressed as

�vs = Rs ·�is +
d

dt
�ψs (1)

�vr = Rr ·�ir +
d

dt
�ψr − jω �ψr. (2)

In a wind turbine, the stator is directly connected to the grid.
That means that the stator voltage vs is imposed by the grid.
The rotor voltage vr is controlled by a converter and is used to
perform the machine control.

Fig. 2. Equivalent DFIG model.

The stator and rotor fluxes are given by

�ψs = Ls
�is + Lm

�ir (3)

�ψr = Lr
�ir + Lm

�is. (4)

Fig. 2 shows the equivalent electrical circuit corresponding
to the previous equations.

From the converter viewpoint, the rotor voltage is one of the
most important variable. This voltage is induced by the variation
of the rotor flux, which can be calculated from (3) and (4)

�ψr =
Lm

Ls

�ψs − σLr ·�ir. (5)

From (2) and (5), the following expression is obtained:

�vr =
Lm

Ls

(
d

dt
− jω

)
�ψs +

(
Rr + σLr

(
d

dt
− jω

))
�ir.

(6)

The rotor voltage given by (6) can be divided into two terms.
The first one is denoted voltage vr0 and is due to the stator
flux. It is the rotor voltage when the rotor is in an open-circuit
condition (ir = 0). Its expression is therefore

�vr0 =
Lm

Ls

(
d

dt
− jω

)
�ψs. (7)

The second term only appears if there is current in the rotor.
It is due to the voltage drop in both the rotor resistance Rr and
the rotor transient inductance σLr.

III. NORMAL OPERATION

In normal operation, the stator voltage space phasor is a rotat-
ing vector of constant amplitude Vs that rotates at synchronous
speed ωs

�vs = Vse
jωs t. (8)

If the resistance Rs is neglected, the expression for the stator
flux can be obtained from (1) and (8)

�ψs =
Vs

jωs
ejωs t = �Ψsf · ejωs t. (9)

At steady state, the stator flux is a vector whose amplitude is
constant and proportional to the grid voltage. This vector rotates
at synchronous frequency and represents the forced response of
the system. Therefore, this term can be called stator forced flux
(ψsf).
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By substituting (9) in (7), the term of the rotor voltage due to
the stator flux is

�vr0 = jωr
Lm

Ls

�ψs =
Lm

Ls

ωr

ωs
Vse

jωs t (10)

where ωr = ωs − ω.
The rotor voltage due to the stator flux is proportional to the

slip frequency. For instance, if the rotor rotates at synchronous
speed, the windings see a constant flux and then the induced
voltage is zero. In any other situation, the rotor voltage depends
on the difference between the synchronous and the rotor speed.
The amplitude of the voltage vr0 can be expressed as a function
of the amplitude of the stator voltage

Vr0 = Vs
Lm

Ls

ωr

ωs
= Vs

Lm

Ls
s (11)

where s is the slip (s = ωr/ωs).
Previous equations describe the rotor voltage when there is no

rotor current. However, in normal operation, the rotor converter
controls the rotor current in order to achieve the reference active
and reactive powers. The voltage at rotor terminals that has to
be generated by the converter is

�vr = �vs
Lm

Ls
s +

(
Rr + σLr

(
d

dt
− jω

))
�ir. (12)

The rotor resistance and the transient inductance (σ.Lr) are
often very small. In addition, rotor currents also have a small
frequency (ωr<10 Hz). As a consequence, the voltage at rotor
terminals does not differ substantially from vr0.

IV. BEHAVIOR OF THE MACHINE UNDER A FULL-VOLTAGE DIP

This section analyzes the behavior of the generator during a
full-voltage dip. The analysis is particularly for an instantaneous
voltage dip. Obviously, this is not possible in real systems. In
these systems, the voltage drops with a particular derivative
that depends on the grid and the characteristics of the fault that
has generated the voltage dip. There are two reasons why an
instantaneous voltage dip has been considered.

1) It is the worst situation. In any other situation, the voltages
induced in the rotor are lower.

2) In regulation codes, a time of 1 ms is usually established
for the voltage to drop. The difference between this abrupt
voltage dip and an instantaneous voltage dip is negligible.
Differences in the induced rotor voltage during both kinds
of dips are lower than 1%.

The generator operates at normal condition when, at time
t = t0, a fault appears in the grid. This fault can be caused, for
instance, by a near short circuit. The stator voltage is

�vs(t<t0) = Vse
jωs t

�vs(t ≥ t0) = 0. (13)

Therefore, the steady-state stator flux, i.e., the forced flux,
before and during the voltage dip is

�ψsf(t<t0) =
Vs

jωs
ejωs t

�ψsf(t ≥ t0) = 0. (14)

However, the flux cannot be discontinuous because it is a
state variable. Therefore, it cannot cancel instantaneously. On
the contrary, the flux in the machine evolves from its initial
value to zero. This transient evolution of the stator flux implies
a transient evolution of the term vr0 of the rotor voltage.

As a first step, the situation in which the rotor is in an open-
circuit condition is previously analyzed. After that, the influence
of the rotor current is included in the analysis.

A. Open-Circuit Rotor

In this situation, rotor currents are zero and the rotor voltage
is just vr0. The expression for the stator flux is obtained from
(1) and (3)

d

dt
�ψs =

⇀
v s −Rs

Ls

�ψs. (15)

The solution of (15) for t ≥ t0 can be divided into two parts.
The first one corresponds to the forced flux, or steady-state flux.
According to (9), this flux is proportional to the grid voltage,
being therefore zero in this case. The second term corresponds to
the natural flux, ψsn. This flux does not depend on the voltage but
only depends on the magnetic state of the machine. The natural
flux is a transient flux that guarantees that no discontinuities
appear in the magnetic state of the machine when it changes its
point of operation. In short, the stator flux corresponds with the
natural flux during the voltage dip. The evolution of the stator
flux is obtained from (15) if t0 = 0 is assumed

�ψs(t<t0) = �ψsf =
Vs

jωs
ejωs t

�ψs(t ≥ t0) = �ψsn =
Vs

jωs
ejωs t0e−tRs /Ls = �Ψ0 · e−t/τs

(16)

where Vs and Ψ0 are the stator voltage and flux, respectively,
just before the voltage dip.

The natural flux that appears when the voltage dip occurs is
a fixed vector with respect to the stator. Its amplitude decreases
exponentially to zero according to the time constant of the stator.
Fig. 3 shows the trajectory of the spatial vector of the stator flux,
which is obtained from (16), for the generator described in the
Appendix.

By means of (3) and (16), and taking into account that the
rotor is in an open-circuit condition, the stator current is obtained

�is(t<t0) =
�ψs(t<t0)

Ls
=

Vs

jωsLs
ejωs t

�is(t ≥ t0) =
�ψs(t ≥ t0)

Ls
=

�Ψ0 · e−t/τs

Ls
. (17)

Fig. 4 shows the evolution of the stator currents for the gen-
erator described in the Appendix. As shown, the natural flux
causes a dc current that flows through the stator. The amplitude
of this current decreases exponentially. The initial amplitude of
the current of each phase corresponds to its instantaneous value
at the time the voltage dip appears. As the generator is small,
the time constant of the stator is τs = 100 ms, and therefore
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Fig. 3. Stator flux trajectory.

Fig. 4. Stator currents.

the transient lasts around 300 ms. In larger generators, this time
constant is quite bigger, up to 1–1.5 s for generators of 1 MW.
In these cases, the transient can last some seconds.

By substituting (16) in (7), the induced voltage in the rotor
during the dip is obtained

�vr0 = −Lm

Ls

(
1
τs

+ jω

)
· �Ψ0 · e−t/τs . (18)

This voltage is a space vector that is fixed to the stator. Its
amplitude decreases exponentially to zero. With respect to the
rotor windings, this voltage rotates reversely

�vr0
r = −Lm

Ls

(
1
τs

+ jω

)
· �Ψ0 · e−t/τs e−jωt. (19)

Fig. 5. Rotor voltages with s = −0.2.

Fig. 5 shows the rotor voltages with a slip of −20%. The
amplitude of vr0 achieves its maximum value at the moment of
the voltage dip. Using (19) and neglecting the term 1/τs due to
its low value, this amplitude is obtained

Vr0(t0) ≈
Lm

Ls

ω

ωs
Vs =

Lm

Ls
(1 − s)Vs. (20)

According to (20), Vr0 is proportional to 1 − s. On the con-
trary, the steady-state voltage is proportional to s, as given by
(11). Since the slip is usually constrained to a range between
−0.2 and 0.2, it can be concluded that the amplitude of the volt-
age induced in the rotor at the first moment of the dip is similar
to the stator rated voltage instead of the small percentage in-
duced in normal operation. It can even be higher if the machine
operates at super-synchronous speed.

B. Rotor Connected to the Converter

When there are currents flowing into the rotor, they affect the
voltage according to (6)

�vr =
⇀
v r0 +

(
Rr + σLr

(
d

dt
− jω

))
�ir. (21)

The rotor voltage in (21) can be expressed in a rotor reference
frame

�vr
r =

⇀
v r0 e−jωt + Rr ·�irr + σLr

d�irr
dt

. (22)

From the last expression, the equivalent circuit of the machine
from the viewpoint of the rotor can be obtained as shown in
Fig. 6.

From the viewpoint of the rotor, the machine behaves as a
voltage supply in series with the transient inductance σLr and
the rotor resistance Rr. The voltage supply represents the volt-
age due to the stator flux. In order to avoid losing the control of
the current, the converter should be sized to be able to generate
a voltage equal to the maximum voltage of the supply, as stated
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Fig. 6. Machine model from the viewpoint of the rotor.

Fig. 7. Grid phase voltages for a 50% dip.

in (20). That means a voltage similar to the stator-rated voltage.
However, that would imply a converter with a rated power sim-
ilar to that of the generator, losing therefore the advantages of
this power conversion structure.

If the converter is sized for a voltage lower than Vr0, the rotor
current will remain uncontrolled transitorily. The overcurrent
will depend on both the maximum value of the voltage that can
generate the converter and the rotor transient inductance σLr

and resistance Rr. These elements often have a small value, and
therefore high overcurrents are likely to appear. According to
the machine model proposed in Fig. 6, it becomes clear that
limiting these overcurrents requires us to oversize the converter
or connect external impedances. With this analytical model, the
impedances can be calculated so as to limit the rotor current up
to a desired value.

V. BEHAVIOR UNDER A PARTIAL-VOLTAGE DIP

This section analyzes the influence of the depth of the voltage
dip on the rotor-induced voltage. The generator is assumed to be
operating in normal condition when, at a given moment t = t0,
the voltage amplitude brutally changes from V1 to V2

�vs =
{

Vse
jωs t = V1e

jωs t for t<t0
V2e

jωs t for t ≥ t0
. (23)

As an example, Fig. 7 shows the evolution of the stator volt-
ages for a 50% dip.

Fig. 8. Decomposition of the flux at the beginning of the dip.

Fig. 9. Evolution of the flux during the voltage dip.

The steady-state stator flux, i.e., the forced flux, is propor-
tional to the voltage

�ψsf =

{
�ψsf1 = V1

jωs
ejωs t for t<t0

�ψsf2 = V2
jωs

ejωs t for t ≥ t0
. (24)

The flux being a state variable, it cannot have discontinuities.
It means that it cannot change from Ψsf1 to Ψsf2 instantaneously.
On the contrary, the flux changes progressively. As a conse-
quence, a natural flux appears again in order to guarantee that
no discontinuity happens in the flux. This natural flux induces
important voltages in the rotor.

Similar to the previous section, the rotor open-circuit condi-
tion is first analyzed.

A. Open-Circuit Rotor

Assuming t0 = 0 and from (15) and (24), the following ex-
pression is obtained

�ψs(t) = �ψsf2 + �ψsn =
V2

jωs
ejωs t +

V1 − V2

jωs
e−t/τs . (25)

The last expression shows that the stator flux consists of a
rotational term that is determined by the grid voltage, and a term
with a constant argument due to the natural mode. Fig. 8 shows
the flux decomposition just before and after the dip appears.
Fig. 9 shows the decomposition during the dip.

Due to the forced flux, the stator flux spatial vector tracks
a circle, and due to the natural flux this circle is not centered.
Fig. 10 shows the trajectory of the flux for a 50% dip. Before
the dip, the flux tracks a circle with a per unit radius that is equal
to 1.

When the dip appears, the size of the circle decreases as the
voltage reduces, and moves as a consequence of the natural
flux. During the dip, the circle moves to the center as the natural
flux goes to zero. After the transitory finishes, the steady-state
natural flux disappears and the trajectory of the flux is centered
again.

Each of the two components of the flux induces a correspond-
ing component in the open-circuit rotor voltage vr0. The first
component is induced by the forced flux and the second one is
created by the natural flux

�vr0 = �vrf + �vrn. (26)
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Fig. 10. Stator flux trajectory for a 50% voltage dip.

From t0, the voltage induced by the forced flux is proportional
to the stator voltage V2 and the slip

�vrf = V2
Lm

Ls
sejωs t. (27)

By substituting in (7) the flux by the natural flux shown in
(25), the following expression is achieved:

�vrn = −Lm

Ls

(
1
τs

+ jω

)
V1 − V2

jωs
e−t/τs . (28)

If the term 1/τs is neglected, (28) reduces to

�vrn ≈ −Lm

Ls

ω

ωs
(V1 − V2) e−t/τs . (29)

The two components vrf and vrn can now be added and the
result can be expressed in a rotor reference frame

�vr0
r ≈ Lm

Ls

(
sV2e

jωr t − (1 − s)(V1 − V2)e−jωte−
t

τ s

)
.

(30)

The two terms of the previous equation are different in nature.
The first one is generated by the new grid voltage and its ampli-
tude is small as it is proportional to the slip. Its frequency is the
difference between the synchronous and the rotor frequencies;
therefore, it usually achieves some Hertz. The second voltage is
a transient term caused by the natural flux. Its amplitude can be
important as it is proportional to the depth of the dip (V1 − V2).
In addition, its frequency is the rotor electrical speed ω.

The maximum amplitude of the rotor voltage vr0 appears at
t = 0 in supersynchronous operation and at half the grid period
(t = 10 ms for 50 Hz) in subsynchronous operation. Its value is
the sum of the amplitude of the two voltages

Vr0,max ≈ Lm

Ls
(|s|V2 + (1 − s)(V1 − V2)). (31)

Fig. 11. Experimental setup.

B. Rotor Connected to the Converter

If the depth of the dip is small and the voltage induced by
the stator flux does not exceed the maximum voltage that the
rotor converter can generate, the current remains controlled.
In this case, as in the normal operation, the voltage at rotor
terminals does not vary substantially from the value obtained
in (31). Therefore, this expression can be used to calculate the
maximum dip depth that the DFIG can hold.

For larger dips, the voltage induced by the stator flux exceeds
the maximum available tension of the converter and the control
of the current is lost transitorily. In this situation, there appear
overcurrents that increase as the depth of the dip is bigger. The
worst case is the one corresponding to the full dip, which has
been previously analyzed.

In fact, the rotor converter power rating is quite proportional
to the accepted rate of the dip depth.

VI. EXPERIMENTAL RESULTS

In order to validate the results obtained in the previous sec-
tions, several experimental tests were performed using the sys-
tem whose block diagram is shown in Fig. 11.

The experimental setup includes the following items.
1) A 3-kW wound rotor induction machine whose data are

listed in the Appendix. The rotor was open circuited.
2) A dc motor driving the machine at constant speed.
3) The stator was connected to a voltage source converter

(VSC) operating at a 10-kHz switching frequency. This
converter was controlled to simulate voltages dips. It pro-
vides a balanced three-phase voltage system with variable
amplitude.

4) The rotor voltages and the stator currents were measured
by LEM sensors. Analog filters with a cutoff frequency of
2 KHz have been adopted in order to filter the switching
harmonics of the VSC.

A. Behavior Under a Full Dip, Supersynchronous Speed

The DFIG was first tested under a full-voltage dip that ap-
pears at t0 = 0 s when the machine operated 20% above the
synchronous speed (s = −0.2). Fig. 12 shows the evolution of
the measured stator currents. It can be observed that currents
continue flowing even when the voltage is zero. This fact proves
that the machine is still magnetized. As was obtained in the anal-
ysis of Section V, currents are continuous and their amplitude
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Fig. 12. Experimental stator phase currents in a total dip.

decreases exponentially. The shape of the waveform is similar
to the one shown in Fig. 4, which was obtained theoretically.

Because the rotor is in an open-circuit condition, the flux is
proportional to the stator current. The tracking of the flux spa-
tial phasor is then similar to the current phasor. Fig. 13 shows
the current phasor when it is experimentally measured, together
with the current phasor obtained theoretically by means of (17).
Both theoretical and experimental results are in good agree-
ment. In both cases, the flux tracks a circular trajectory before
the dip. When the voltage decreases, the flux stops rotating
and it remains with the same argument while its amplitude de-
creases as the machine demagnetizes. This flux, which exists
even when the stator voltage is zero, is the natural flux that was
analyzed in the previous sections. Because this flux is stopped
with respect to the stator, important voltages are induced in the
rotor.

Fig. 14 shows the rotor phase voltages. The measured wave-
forms are similar to those that were obtained theoretically and
shown in Fig. 5. Before the dip, the rotor voltages correspond to
the normal operation with s = −0.02. Their peak value achieves
around 40 V. When the full dip appears, the natural flux induces
voltages whose amplitude evolves in the same way as the stator
flux (or current), i.e., they decrease exponentially. The analysis
of the three-phase voltages shows that their frequency equals the
rotor frequency, 60 Hz, and that they are in negative sequence.

From Fig. 14, the peak value of the phase voltage when the
full dip appears achieves 210 V. In order to validate the theo-
retical analysis developed in the previous sections, the experi-
mental value can be compared with the theoretical one obtained
according to (20). As the root-mean-square-value of the stator
line-to-line voltage before the dip is 380 V, the rotor voltage
results are

Vs = 311 V

Vr0(0) ≈ Lm

Ls
(1 − s)Vs = 366.8 V. (32)

Fig. 13. Theoretical and experimental trajectories of the stator current during
a full dip.

Fig. 14. Rotor phase voltages during a full dip.

Now, this voltage is referred to the rotor, regarding the trans-
formation ratio (0.613)

V ′
r0 = Vr0 × 0.613 = 224.8 V. (33)

As can be seen, experimental and theoretical values are in
good agreement.

B. Behavior Under a 50% Dip, Supersynchronous Speed

The trajectory of the stator current phasor (proportional to the
flux vector) during a 50% dip is shown in Fig. 15. This figure
also presents the current calculated from the flux obtained in (24)
and (25). In order to achieve a higher accuracy, the magnetizing
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Fig. 15. Experimental and theoretical trajectory of the stator current during a
50% dip.

curve of the machine has also been considered. This curve is
given in the Appendix together with the machine parameters.
As described in Section V, the trajectory can be explained by
splitting the flux into two terms, the natural and forced fluxes.
The first one is caused by the voltage and has a circular trajectory
whose diameters are approximately equal to half the diameter
of the circle before the dip. The second one guarantees that the
flux does not have any discontinuity. Its argument is constant
and causes the flux trajectory to be not centered. As long as the
natural flux disappears, the trajectory moves to the center until
it centers completely at steady state.

The voltage induced in the rotor windings during this test is
shown in Fig. 16. The shape of the voltage waveforms is very
similar to the one of a full dip (see Fig. 14) except for the fact
that the voltage is now the sum of the voltage induced by the
forced flux, with a frequency of 10 Hz, and the voltage induced
by the natural flux, whose frequency is 60 Hz.

The maximum amplitude of the voltages shown in Fig. 16 is
125 V. According to (31), the theoretical value of this amplitude
is

V1 = 311 V

V2 = 155.5 V

Vr0(0) ≈ Lm

Ls
(|s|V2 + (1 − s)(V1 − V2)) = 214 V.

(34)

Now, referring this voltage to the rotor

V ′
r0 = Vr0 × 0.613 = 131.2 V. (35)

Again, experimental results agree with those predicted by the
theoretical analysis.

Fig. 16. Rotor phase voltages in a 50% dip.

Fig. 17. Generator open-circuit curve.

VII. CONCLUSION

A theoretical analysis of the behavior of the DFIG during
full- or partial-voltage dips has been proposed. In this analysis,
the stator flux is divided into two components, the natural and
the forced flux. The forced flux, which rotates at synchronous
speed, appears during the normal operation of the machine. It
induces a voltage in the rotor proportional to the slip. As the
machine typically operates with slips up to 20%, this voltage is
relatively low. The natural flux is a transient flux that appears
during the voltage dips. Its initial value is proportional to the
voltage change and decays exponentially according to the stator
time constant. Unlike the forced flux, it remains fixed to the
stator, and therefore it is seen by the rotor as a flux that rotates
at the rotor speed. As a consequence, the natural flux induces
voltages in the rotor that are much greater than those appearing
at steady state. In the case of strong voltage dips, the induced
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voltage at supersynchronous speed can even be higher than the
stator voltage. If the rotor converter does not compensate this
overvoltage, the control of the current is lost transitorily. In this
situation, there appear overcurrents whose amplitude depends
on the depth of the dip, the maximum voltage of the converter,
the machine parameters, and the protection elements.

The paper proposes a rigorous approach to these complex
transient phenomena in order to analyze the dynamic behavior
of a doubly fed induction machine during a voltage dip. The
analysis is, in particular, for an instantaneous voltage dip, which
is representative of the abrupt voltage dips that usually appear in
real situations. It opens interesting prospects toward the search
of hardware and software solutions allowing to face the grid
interactions of DFIG-based wind power systems.

APPENDIX

TABLE I
GENERATOR DATA
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