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Abstract—Improving the fault ride-through (FRT) capability
of doubly fed induction generators (DFIGs) in wind power applications is a very important challenge for the wind power industry. The mathematical models of such generators enable us to
analyze their response under generic conditions. However, their
mathematical complexity does not contribute to simplifying the
analysis of the system under transient conditions and hence does
not help in finding straightforward solutions for enhancing their
FRT. This paper presents a simplified model of the DFIG, which
has been extracted from the classical fifth-order model, which can
accurately estimate the behavior of the system while significantly
reducing its complexity. In this paper, the mathematical deduction
of this model will be presented, and simulations and experimental
results will be shown to demonstrate the accuracy and reliability
of the proposed algorithm.
Index Terms—AC generators, current control, electric variables
control, wind power generation.

I. I NTRODUCTION

W

IND POWER generation has significantly increased
during the last years. The European wind power industry has formulated generation targets of 180 GW in 2020 and
300 GW by the end of 2030 [1]–[4]. Experiences in countries
with high penetration of wind power, such as Denmark, Spain,
and Germany, together with national power system studies
[5], have demonstrated that this scenario is technically and
economically feasible.
However, the rapid expansion of this energy has made it necessary to redesign the existing grid code requirements (GCR).
The transmission system operators (TSOs) currently demand
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Fig. 1. Grid-connected DFIG WT with a back-to-back converter.

dards with regard to the connection, operation, and maintenance
of such power plants become more restrictive [6]–[10].
In this scenario, simulation tools such as PSCAD or PSS,
where the distributed generation networks can be analyzed in
deep, have gained a great importance for designing advanced
functionalities and control strategies to improve the integration
of wind energy.
Currently, wind power systems that are based on doubly fed
induction generators (DFIGs), which are controlled by back-toback power converters, constitute almost 50% of the installed
wind turbines (WTs) worldwide in on-shore applications [11].
The layout of a WT that is based on this technology is shown
in Fig. 1.
As explained in [12], the success of this kind of WTs lies in
the fact that it offers a good solution for controlling the active
and reactive power generation, in a reasonable ±30% range
around the generator’s nominal power [13], [14].
Although the operation of DFIG WTs is satisfactory under
grid balanced conditions, its performance is not so good when
the voltage at the point of common coupling (PCC) is affected
by voltage sags or network unbalances [15], [16]. Under such
conditions, the electromagnetic transient of the DFIG gives rise
to high overcurrents in the converter, which may produce its
disconnection to avoid damages in the semiconductors.
Different authors have published solutions, which are oriented to enhance the fault ride-through (FRT) capability of
DFIG WTs under these transient conditions [15]–[24]. Many
of the solutions are based on implementing advanced functionalities on the existing rotor/grid-side converters. In all cases, it
has been found that an accurate study about the performance of
the generator is helpful to propose reliable solutions [25], [26].
The fifth-order model of DFIG-based WTs has extensively
been used to study its behavior under generic conditions, as
demonstrated in [27]–[30]. However, this kind of model gives
rise to a complicated system that does not enable carrying out a
simple analytical study of the DFIG under transient conditions.
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Moreover, the high computational cost of the equation in
standards simulators such as Matlab, PSS, or PSCAD does
not enable the simultaneous simulation of a whole wind farm,
hence developing aggregated models is necessary [31].
To overcome these problems, a simplified third-order model
was presented in [32], based on the works developed in [33]
and [34]. This proposal simplifies the fifth-order model by neglecting the stator electric transients. However, the unbalanced
effects in the network voltage are not taken into account, as
demonstrated in [35]. Due to these features, this model is not
valid for studying the FRT in DFIGs.
However, a simplified modeling can be carried out without
neglecting the dynamics of the voltage, as stated in [36].
Considering this issue, this paper is devoted to present a new
simplified model of the DFIG, different from the third-order
approach, which permits having a more intuitive estimation
of the generator’s behavior under transient conditions. The
proposed system simplifies the fifth-order model by considering
the following criteria: 1) certain components of the equations,
with low weight in the system, can be neglected; 2) the rotorside converter acts as a current source based on a field-oriented
control (FOC) algorithm [27]–[29]; and 3) the selected synchronous reference frame enables simplifying some terms of
the stator voltage. Taking these conditions into account, simple
expressions for calculating the injected currents through the
stator, in function of the rotor currents and the network voltage,
can be found. As it will be discussed, the resulting model is
useful for designing new control solutions, which are oriented
to enhance the FRT of DFIG WTs.
In this paper, the classical modeling of DFIGs will shortly
be presented in Section II. The simplified model equations
will be deduced in Sections III and IV, and some simulation
results, that will be shown in Section V, will demonstrate that
the small differences obtained, if compared with a fifth-order
model. In Section VI, the experimental case study for testing the
performance of the simplified model will be presented. Finally,
in Section VII, different experimental results will show the
accuracy of the proposed algorithm.
II. F IFTH -O RDER M ODEL OF DFIG
The mathematical model of the DFIG, which will later be
simplified in this paper, is presented here, considering the
generator’s variables in the dq synchronous reference frame.
The equations for the stator and rotor windings can be written as
dλds
− ωs λqs
(1)
dt
dλqs
+ ωs λds
vqs = rs iqs +
(2)
dt
dλdr
− (ωs − ωr )λqr
vdr = rr idr +
(3)
dt
dλqr
+ (ωs − ωr )λdr .
vqr = rr iqr +
(4)
dt
The d–q synchronous reference frame equations of the stator
flux and rotor may be written also as
vds = rs ids +

λds = Ls ids + Lm idr
λdr = Lr idr + Lm ids

λqs = Ls iqs + Lm iqr
λqr = Lr iqr + Lm iqs .

(5)
(6)

Fig. 2. Vectorial diagram in the dq reference frame, considering a fieldoriented control philosophy.

By substituting (5) and (6) in (1)–(4), it is possible to obtain
a state space model based on the current components.
Once the rotor and stator currents are found, the electromagnetic torque and the active/reactive power at the stator windings
can be calculated as follows:
Te =

3 Lm
p(λqs ids − λds iqs )
2 Ls

(7)

Ps = vds ids + vqs iqs

(8)

Qs = vds iqs − vqs ids .

(9)

Finally, the mechanical dynamics of the system, which is
given by
J

dωr
+ Bωr = Tmec − Te
dt

(10)

together with (1)–(4), constitute the fifth-order model of the
DFIG that will be considered in this paper.
III. C LASSICAL FOC C ONTROL OF DFIG
In wind power systems, based on DFIG WTs, the most
widely used method for controlling the injection of P and
Q into the electrical network is based on the FOC principle.
This algorithm enables performing a decoupled control of the
positive sequence of P and Q by regulating the dq components
of the rotor currents that are injected to the DFIG [37], [38].
In this control strategy, the rotor-side converter acts as a
current-controlled power converter, whose variables are referred to a rotating reference frame that is oriented alongside
the stator magnetic flux vector position, as shown in Fig. 2.
As a consequence of this approach and considering that the
stator resistance is very low, the FOC performs the following
assumptions.
1) The positive sequency of the stator voltage has a single
component in the q-axis.
2) The positive sequency of the stator flux is totally aligned
with the d-axis.
If both conditions are mixed with (8) and (9), the positive
sequence active/reactive power that is injected through the
stator can be written as
Ps = vqs iqs

Qs = −vqs ids .

(11)

The stator currents in the last equation can be written in
function of the rotor currents as follows, as demonstrated in
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[27]–[29]:

v

iqs = −

LM
· iqr
Lrr

ids = im −

LM
· idr .
Lrr

(12)
(13)

In this last expression, im is considered to be the magnetizing
current of the generator. Although this value is a bit lower than
the real one, it is a reasonable approximation. Based on these
expressions, together with (11), it can be concluded that the inquadrature current component of the rotor iqr can be used to
regulate the active power that is delivered by the stator, whereas
the direct current idr is responsible for controlling the stator
reactive power.
The FOC can be extended to also regulate the negative sequence active/reactive power delivery by extending the positive
sequence control to the negative-sequence synchronous reference frame, as shown in [16] and [17]. However, the advanced
control of the DFIG’s rotor converter is out of the scope of this
paper; therefore, a simple controller that considers the positive
sequence components will be implemented.
IV. S IMPLIFIED M ODELING OF DFIG
The objective of this section will be focused on finding a
simple relationship between the state space variables and the
outputs of a DFIG, which can enable us to easily predict its
behavior under transient and fault conditions.
As shown in many publications, the fifth-order model is a
useful tool for modeling the behavior of the generator as an
electrical machine. However, considering that the DFIG in wind
power applications belongs to an electrical system where other
components such as the power converters, which are responsible for controlling their operation, and the electrical networks
where it is connected are involved, several simplifications can
be made.
Considering that the objective of a DFIG is to deliver a
certain power to the network and, therefore, to control the
injected currents and assuming that the rotor-side converter
serves as a current source, the response of the DFIG depends
on only three variables: 1) the voltage and frequency of the
network; 2) rotor currents; and 3) the speed of the rotor.
A. Simplified Model Analysis
Considering that the system described by (1)–(6) is linear and
after applying the Laplace transform, it is possible to obtain
the stator currents in the synchronous reference frame shown in
(14) and (15) as follows:
vds term

ids

vqs term



   
(Ls s + Rs )vds + ωs Ls vqs
= 2 2
(Ls s + 2Ls Rs s + Rs2 + ωs2 L2s )


Ls s2 + Rs s + ωs2 Ls Lm idr − Rs ωs Lm iqr
−
(L2s s2 + 2Ls Rs s + Rs2 + ωs2 L2s )

(14)

iqs

term
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vqs term

ds


   
−ωs Ls vds + (Ls s + Rs )vqs
= 2 2
(Ls s + 2Ls Rs s + Rs2 + ωs2 L2s )


Rs ωs Lm idr + Ls s2 + Rs s + ωs2 Ls Lm iqr
−
(L2s s2 + 2Ls Rs s + Rs2 + ωs2 L2s )

ids =

iqs =

ωs Ls vqs
(Ls + 2Rs s + ωs2 Ls ) Ls


Ls s2 + Rs s + ωs2 Ls Lm idr − Rs ωs Lm iqr
−
(Ls s2 + 2Rs s + ωs2 Ls ) Ls

(15)

s2

(Ls s + Rs )vqs
(Ls s2 + 2Rs s + ωs2 Ls ) Ls


Rs ωs Lm idr + Ls s2 + Rs s + ωs2 Ls Lm iqr
−
.
(Ls s2 + 2Rs s + ωs2 Ls ) Ls

(16)

(17)

Considering that the modeling of the DFIG should be valid
under grid voltage balanced and unbalanced conditions, the vds
cannot directly be neglected in any of the expressions. However,
the weights of the terms that are multiplied by this component
are very low compared with the vqs terms. This observation will
later be demonstrated through simulation results.
If these terms are neglected, the expressions (14) and (15)
can be rewritten as shown in (16) and (17).
In the second term of both expressions, the effect of the rotor
currents that are affected by Rs ωs Lm can be neglected due the
low value of this term compared with the coefficient (Ls s2 +
Rs s + ωs2 Ls )Lm . Moreover, considering that the quotient in
(18) is almost equal to 1, the final simplified model can be
obtained as detailed in (19) and (20), i.e.,


Ls s2 + Rs s + ωs2 Ls ∼
(18)
= 1.
(Ls s2 + 2Rs s + ωs2 Ls )
In both equations, the rotor current and the stator voltage
appear as the input variables, because the first one is fixed by the
rotor side converter, whereas vqs depends on the grid behavior.
As it can be concluded based on (19) and (20), any variation
in the stator voltage introduces oscillations in the dq components of the stator currents in the synchronous reference frame.
The frequency of such oscillation is equal to the grid frequency,
and its damping is very poor due to the low value of the stator
resistance Rs (generally around 0.005 pu), i.e.,
ids =

ωs
1
Lm
vqs −
idr
Ls s2 + 2(Rs /Ls )s + ωs2
Ls

(19)

iqs =

s + Rs /Ls
1
Lm
vqs −
iqr .
Ls s2 + 2(Rs /Ls )s + ωs2
Ls

(20)

This phenomenon can specially be noticed when voltage sags
occur [39], [40]. If there is a balanced sag, the stator currents
in dq oscillate at ωs ; in addition, if the sag is unbalanced, the
negative sequence components that appear force oscillations
with a frequency equal to 2ωs in the voltages , which shall be
added to the ωs ones, which are generated by the sudden change
in the positive sequence magnitude.
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TABLE I
S PECIFICATION OF S IMULATED S YSTEMS

As it will be shown in the following discussion, the performance of the DFIG stator currents can easily be predicted when
using only the simplified model, detailed in (19) and (20). This
issue is very useful, as the behavior of the generator under transient and unbalanced conditions is currently of great interest.
Hence, a simplified model that can represent the system under
such conditions can be useful for proposing possible solutions
that are oriented to improve its FRT response.
V. S IMULATION R ESULTS
In this section, the simplified DFIG model, as presented
in (19) and (20), has been validated through simulations that
are carried out in PSCAD/EMTDC. The parameters of the
simulated model are shown in Table I.
Due to the specific interest of this model for predicting the
DFIG’s performance under transient conditions, three different
voltage sags have been analyzed. To validate the accuracy of
the simplified model, with respect to the resolution of a fifthorder model, the responses of both systems have been plotted
together in the same graph.
A. Performance Under Three-Phase Fault
The first test was conducted by considering a three-phase
fault. The voltage waveforms that are associated with this
voltage sag are plotted in Fig. 3(a). As shown in the figure, the
sag occurs at t = 2 s and lasts after 200 ms. The active and
reactive power delivery through the stator is shown in Fig. 3(b).
Based on the figure, the sudden voltage reduction gives rise to
a lower power injection into the network. This behavior also
depends on the control of the rotor-side converter during the
fault. However, this issue is out of the scope of this paper, and
hence, no further details will be analyzed.
The behavior of the ids and iqs currents when using the fifthorder and the simplified models are plotted in Fig. 3(c) and (d).
In both cases, it can clearly be noticed how the simplified model
response perfectly matches the dynamical performance of the
fifth-order model. To show the low influence of the vds term
in (19) and (20), which is neglected in the simplified model,
its response is also shown in Fig. 3(c) and (d) as a third plot. In
this experiment, it is worth pointing out that the oscillations that
appear in ids and iqs are due to the low damping of the system.

Fig. 3. Behavior of the DFIG models under three-phase-to-ground faults.
(a) Grid voltage waveforms. (b) Active and reactive power (in kilovoltamperes).
(c) isq performance with the simplified and fifth-order models. (d) isd performance with the simplified and fifth-order models.

As shown in (19) and (20), the relationship between the voltage
with the output currents can be approximated by a secondorder transfer function, where the damping is conditioned by
the value or Rs , which is quite low in DFIGs.

B. Performance Under One-Phase-to-Ground Fault
The second simulation test is focused on studying the influence of the system when a one-phase-to-ground fault affects the
stator windings. As stated in [5], this kind of fault constitutes
the 95% of the overall voltage sags that appear in the electrical
network. Moreover, this test is of special interest due to the
appearance of a negative sequence voltage at the stator.
In Fig. 4(a), the stator voltage waveforms are presented. In
Fig. 4(b), the behavior of the active/reactive power delivery
through the stator is shown. Finally, in Fig. 4(c) and (d), the
response that was obtained with the simplified and full-order
models for ids and iqs is displayed.
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Fig. 4. Behavior of the DFIG models under one-phase-to-ground faults.
(a) Grid voltage waveforms. (b) Active and reactive power (in kilovoltamperes).
(c) isq performance with the simplified and fifth-order models. (d) isd performance with the simplified and fifth-order models.

In this test, the effect of the negative sequence voltage is
translated into 120-Hz oscillations in the vds and vqs components, as shown in Fig. 4(c) and (d). However, the oscillating
term in vds is multiplied by a lower factor compared with vqs .
Hence, the influence of this first term can be neglected. This
statement is endorsed by the simulation results in Fig. 4(c) and
(d), where the vds is plotted together with the simplified and
fifth-order models.

C. Performance Under Two-Phase-to-Ground Fault
To evaluate the simplified model response, when severe
unbalanced conditions appear in the network, a third simulation
was carried out, considering a two-phase-to-ground fault.
The voltage waveforms that are obtained in this test are
shown in Fig. 5(a). The behavior of the active/reactive power
is depicted, in turn, in Fig. 5(b). Finally, the estimations of ids
and iqs are displayed in Fig. 5(c) and (d), respectively.
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Fig. 5. Behavior of the DFIG models under two-phase-to-ground faults.
(a) Grid voltage waveforms. (b) Active and reactive power (in kilovoltamperes).
(c) isq performance with the simplified and fifth-order models. (d) isd performance with the simplified and fifth-order models.

In this case, the negative-sequence component of the voltage
has a higher value compared with the previous simulation, as
shown in Fig. 5(c) and (d). Due to this result, the 120-Hz
ripples in ids and iqs are higher. However, the simplified model
still accurately tracks the fifth-order model. In this point, it is
worth remarking that these simulation results evidence the low
influence of the vds term.
The simulation results that are obtained in this section have
shown that the proposed simplified model can accurately describe the dynamical behavior of a DFIG. In the following
discussion, the reliability of the simplified model will be studied
based on experimental results that are obtained in a scaled
prototype.
VI. E XPERIMENTAL S ETUP
The accuracy of the simplified model has also been tested
in an experimental setup. In this paper, the performance of
the proposed model has been tested under different operating
conditions such as active/reactive power set point change and
voltage fault occurrence.
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TABLE II
S PECIFICATION OF E XPERIMENTAL S ETUP

Fig. 6. DFIG experimental setup.

In this case, a comparison between different kind of models
has not been carried out, but the real output currents of a DFIG
have been compared with the estimated values that are obtained
from the simplified model equations.
A. Experimental Workbench
A low-scale prototype of a DFIG WT, which was controlled
through a back-to-back converter, has been used to carry out
the experimental tests. The layout of the experimental setup is
shown in Fig. 6.
As detailed in the figure, the setup consists of a DFIG, which
was controlled through a back-to-back converter and connected
to the grid through a Δy transformer.
At the grid side, an induction motor is connected to the
network through a controllable switch and a set of variable
resistors. This part of the workbench is responsible for producing the voltage sags in the experimental network. When the
induction machine is started, a high current is drained by the
induction motor. This high current makes the voltage drop and
hence generates sags. The depth of these sags, as well as their
balanced or unbalanced features, can be controlled by adjusting
the values of the variable resistors.
In the experiments in this paper, the real measurements of the
rotor currents, which are injected by the converter, have been
used as the input for the simplified model. The same approach
was done with the stator’s voltage and their frequency value,
which also act as input variables.
The different labels in Fig. 6 show the variables that are
measured in the prototype, which are later used as the entries
for the simplified model, such as vs and ir , and, on the other
hand, the real value of the stator currents is , which will finally
be compared with the estimation performed by the model.
The parameters of the experimental plant are detailed
in Table II.
B. Comparison of Real and Estimated Response
Fig. 7 shows the method for estimating the stator currents.
The input values correspond to the ones detailed in Fig. 6.
It must be pointed out that the value of the stator’s voltage
frequency is calculated through a grid synchronization system, i.e., dual second-order generalized integrator−frequencylocked loop (DSOGI−FLL), which is able to estimate the
frequency of the network voltage, even under unbalanced or
distorted conditions.

Fig. 7.

Estimation of the stator currents.

In this paper, a DS1103 dSpace is used to process the experimental measurements and to program the simplified modeling
equations [41].
C. Discrete Representation of Simplified Model
Although the simplified model has previously been presented
in the continuous Laplace domain, in a real implementation, it
is necessary to use a discrete model to program it in a fixed-step
algorithm for the dSpace.
In this paper, (19) and (20) have been rewritten in the
z-domain by using the Tustin approximation for continuous
integrators, i.e.,
Ts (z + 1)
1
=
s
2(z − 1)

(21)

where Ts is the sampling time of the discrete model, which is
equal to 100 μs in these experiments.
According to (21) and to the parameters in Table II, the
resulting discrete model of (19) and (20) gives rise to
i∗ds =

i∗qs =

5.843 · 10−6 z 2 + 1.169 · 10−5 z + 5.843 · 10−6
z 2 − 1.998z + 0.999
(22)
· vqs − 0.9708 · idr
3.720 · 10−4 z 2 + 1.805 · 10−7 z + 3.720 · 10−4
z 2 − 1.998z + 0.999
(23)
· vqs − 0.9708 · iqr .
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Fig. 8.

Stator voltage and currents when changing the value of P .

Fig. 9.

Rotor voltage and currents when changing the value of P .

Both equations are finally implemented in the dSpace, and
the resulting values of i∗ds and i∗qs are compared with the
measured stator currents ids and iqs .
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Fig. 10. Behavior of the DFIG when the active power changes from −50 W to
−1.3 kW. (a) Stator voltage in abc. (b) Stator voltage in dq0. (c) Stator currents
in abc. (d) Rotor currents in abc. (e) Injected active/reactive power.

VII. E XPERIMENTAL R ESULTS
The dynamical performance of the simplified model was
experimentally analyzed, considering different operating points
of the generation plant, during steady-state and transient conditions of the network’s voltage. The two first tests will consider a change in the active/reactive power set point, which
consequently gives rise to a change in iqs and ids . The last
experiments will be centered at testing the response of the
simplified algorithm under balanced and unbalanced grid fault
conditions.
A. Active Power Change
This experiment is devoted to evaluating the accuracy in
the estimation of the i∗ds component with respect to its real
value ids .
This component in the stator is directly linked to the active
power delivery; therefore, the experimental plant was programmed to produce a change in the active power from −50 W
to −1300 W, whereas the Q component is equal to zero,
considering a totally balanced network.
The real currents that are injected by the rotor-side converter
of the back-to-back converter, as well as the stator currents and
voltage waveforms, are shown as follows. Fig. 8 shows the
voltage and currents at the stator, whereas Fig. 9 shows the
fundamental component of the voltages and injected currents
at the rotor windings.
The behavior of P and Q is shown in Fig. 10, and for clarity,
other variable have been plotted in parallel. Fig. 10(a) shows
the voltage of the network. The dq components are depicted in
Fig. 10(b).

Fig. 11. Behavior of the DFIG when the active power changes from −50 W
to −1300 W. (a) Estimated ids current. (b) Estimated iqs current. (c) Measured
ids current. (d) Measured iqs current

The stator currents are plotted in Fig. 10(c), whereas the rotor
currents are shown in Fig. 10(d). Finally, the evolution of the
average P and Q is detailed in Fig. 10(e). These figures stand
out the normal operation of the system, which reaches the P
and Q set points while injecting sinusoidal currents through the
rotor that gives rise to sinusoidal stator currents.
Fig. 11 shows the results of the estimation performed by the
model and the real value of the stator current in the dq synchronous reference frame. In Fig. 11(a) and (c), the estimated
and measured values of ids are plotted. On the other hand, in
Fig. 11(b) and (d), the evolution of iqs is printed. Based on
these figures, the estimated response of both variables i∗ds and
i∗qs perfectly match with the measured currents. This result is
more remarkable for the i∗ds case, because it is the component
that experiences the most noticeable transient due to the change
in the active power delivery.
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Fig. 12. Stator voltage and currents when changing the value of Q.

Fig. 13. Rotor voltage and currents when changing the value of Q.

B. Reactive Power Change
A second test was done, considering only a jump in the
reactive power set point from −50 Var to −1500 Var, which will
generate a change in the value of iqs , produced by the increase
in the idr magnitude in the DFIG’s rotor-side controller. In this
case, the value of P was forced almost to zero. The stator
and rotor variables, which are measured at the plant in this
experiment, are shown in Figs. 12 and 13, respectively.
Fig. 14 shows the performance of the injected power and
the behavior of other associated variables. The voltage at the
DFIG coupling point is displayed in Fig. 14(a). This magnitude
is, in turn, represented in the dq reference frame in Fig. 14(b).
The stator currents are plotted in Fig. 14(c), whereas the rotor
currents are shown in Fig. 14(d). The evolution of the average
P and Q is presented in Fig. 14(e).
The results that are obtained in this part enable us to confirm
that the plant behaves as expected by injecting the required
power set point while giving rise to sinusoidal currents.
The estimation carried out by the simplified model in real
time can be analyzed based on Fig. 15. In this figure, the
estimated and real values of ids are presented in Fig. 15(a) and
(c), respectively.
The same comparison can be carried out for iqs in Fig. 15(b)
and (d). As in the previous case, the estimation performed by
the model is very satisfactory, because almost no difference can
be found between the figures.
C. Balanced Sag
According to (19) and (20), a voltage drop in the network
significantly affects the dynamics of the stator currents. The
previous tests were carried out, considering balanced steadystate voltage conditions; hence, the sensitivity of the proposed
model with respect to sudden voltage variations were not analyzed. In this section, the response of the simplified model will
be studied when the grid experiences a balanced sag.

Fig. 14. Behavior of the DFIG when the reactive power changes from
−50 Var to −1500 Var. (a) Stator voltage in abc. (b) Stator voltage in dq0.
(c) Stator currents in abc. (d) Rotor currents in abc. (e) Injected active/reactive
power.

Fig. 15. Behavior of the DFIG when the reactive power changes from
−50 Var to −1500 Var. (a) Estimated ids current i∗ds . (b) Estimated iqs current
i∗qs . (c) Measured ids current. (d) Measured iqs current.

It should be pointed out that, in this experiment, to avoid
the installation of a crowbar, a special control strategy for
the rotor-side converter has been implemented. This strategy,
which was presented in [42], enables us to cancel out the
overcurrents in the rotor and stator windings. Nevertheless, its
implementation does not interfere with the comparison between
the real response of the generator and its estimated response.
In this experiment, the measured stator voltage during the sag
and the injected currents are displayed in Fig. 16. As shown in
the figure, the produced sag gives rise to a 63% voltage drop.
In turn, the rotor voltage and currents injected by the Rotor
Side Converter (RSC) are shown in Fig. 17. As for the stator
currents, as shown in the figure, their magnitudes change during
and after the sag. This effect is produced by the control strategy,
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Fig. 16. Stator voltage and currents measured during the sag.

Fig. 19. Behavior of the DFIG variables under a 60% balanced voltage sag.
(a) Estimated ids current i∗ds . (b) Estimated iqs current i∗qs . (c) Measured ids
current. (d) Measured iqs current.

Fig. 17. Rotor voltage and currents measured during the sag.

Fig. 20. Stator voltage and currents measured during the test.

Fig. 18. Behavior of the DFIG variables under a 60% balanced voltage sag.
(a) Stator voltage in abc. (b) Stator voltage in dq0. (c) Stator currents in abc.
(d) Rotor currents in abc. (e) Injected active/reactive power.

which is applied to the RSC, which is oriented to support the
grid by injecting as much reactive power as possible. This effect
can be also observed in the rotor current dynamics in Fig. 17. As
it can be noticed, the rotor currents remain under controllable
limits due to the rotor-side controller.
The behavior of these variables, together with the values of
P and Q, are displayed in Fig. 18.
In Fig. 18(b), the stator’s voltages in the dq components are
shown. The injected currents through the stator are displayed
in Fig. 18(c). In Fig. 18(d), the instantaneous currents that are
provided by the RSC are displayed.

Finally, in Fig. 18(e), the behavior of the power that is
delivered by the stator is displayed. In this figure, it can be
realized that the reference for Q changes three times during
this test. This operating condition enables us to carry out an
intensive analysis about the accuracy of the presented model.
In this experiment, the comparison between the estimated
values of the model and the real performance of the stator
currents can be carried out based on Fig. 19(a). The comparison
between the estimated and real values of ids , that can be carried
out through Fig. 19(a) and (c), show an excellent response of
the simplified model, despite the four transients in the reactive
power that the system experiences during the test.
Likewise, the results obtained for iqs are also satisfactory.
In this experiment, it must be pointed out that the oscillations
that appear in the current components have the frequency of the
grid, as stated in (19) and (23).
D. Unbalanced Sag
Finally, the last experiment will test the response of the
model when the grid is affected by an unbalanced sag. The
voltage waveforms that are measured in this test are shown in
Fig. 20, together with the stator currents. Likewise, the rotor
variables are depicted in Fig. 21.
In Fig. 22(a) the time response of the voltage at the stator is
printed, where the unbalanced three-phase waveform can easily
be noticed. This unbalance is better shown in Fig. 22(b), where
the stator voltage is presented in the dq reference frame. The
dq components are affected by a ripple with a frequency that is
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Fig. 21. Rotor voltage and currents measured during the test.

Fig. 23. Behavior of the DFIG variables under unbalanced voltage sag conditions. (a) Estimated ids current i∗ds . (b) Estimated iqs current i∗qs . (c) Measured
ids current. (d) Measured iqs current.

VIII. C ONCLUSION

Fig. 22. Behavior of the DFIG variables under unbalanced voltage sag.
(a) Stator voltage in abc. (b) Stator voltage in dq0. (c) Stator currents in abc.
(d) Rotor currents in abc. (e) Injected active/reactive power.

equal to twice the network frequency due to the appearance of
a negative sequence component.
In Fig. 22(c) and (d), the stator currents and the currents that
are injected through the rotor are displayed. Finally, the average
value of the active/reactive power is shown in Fig. 22(e).
In this paper, a current controller for the rotor-side converter
has been implemented only for the positive sequence. Due to
this feature, the currents that are obtained in the test are not sinusoidal, because no specific strategy that is oriented to control
the unbalanced components was programmed. However, this is
not a problem in terms of the analysis of the accuracy of the
model, because the rotor-side converter currents are a part of
the input parameters.
In Fig. 23, the estimated and real performances of the DFIG
again present a good matching. In both components ids and iqs ,
the oscillation components include a 100-Hz sinusoid as a result
of the negative-sequence projection in a dq reference frame that
rotates following the positive sequence.
The results that are obtained in this test experimentally show
the low influence of the vds term in the simplified model
compared with the vqs component, as stated in Section IV.

The simplified model that has been presented in this paper
has shown to be an effective tool for performing straightforward
analysis of the DFIG’s performance when transients in the rotor
current or in the stator voltage occur. These transient conditions
correspond mainly to the following features: 1) changes in the
active/reactive power that will be injected through the stator;
2) balanced voltage drops due to grid faults; and 3) unbalanced
voltage drops due to grid faults.
The reliability of this model has been tested through simulations by using PSCAD/EMTDC and also through experiments
that are performed in a scaled prototype, giving rise to good
results in both cases.
The reliability of this simplified model has permitted to
carry out simulations of large-scale wind power applications,
because it is possible to emulate the behavior of a DFIG through
two simple second-order transfer functions. As a consequence,
simulating the behavior of several DFIG-WTs does not take as
much computational time as when using a fifth-order model.
In addition, the simplified model would permit us to design
simple strategies that are oriented to enhance the performance
of DFIGs under sag conditions. Although the same conclusions
can be reached using a more complex model, this simplified
version enables us to conduct a more intuitive estimation about
the behavior of the system.
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