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Performance Study of a Doubly Fed Wind-Power
Induction Generator under Network Disturbances
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Antero Arkkio, and Julius Saitz

Abstract—Transient performance of a 1.7-MW wind-power dou-
bly fed induction generator (DFIG) under network disturbances
is studied using a coupled field-circuit simulator. The simulator
consists of the finite-element method model of a DFIG coupled
with the circuit model of the frequency converter, a transformer,
and a simple model of the network. The simulation results show
the transient behavior of the DFIG when a sudden voltage dip is
introduced. The field-circuit simulator is experimentally validated
by full-power measurement.

Index Terms—Coupled model, crowbar, doubly fed induction
generator (DFIG), finite-element method (FEM), measurement,
voltage dip.

I. INTRODUCTION

IN THE recent years, the number of variable-speed wind
turbines with doubly fed induction generators (DFIGs) con-

nected to the national networks has increased. This is mainly
due to their ability to supply power at constant voltage and fre-
quency while the rotor speed varies, which allows a better wind
capture in comparison with fixed-speed wind turbines.

Due to penetration of variable-speed wind turbines with DFIG
into the national grids, utilities ask for an active control of
the wind-turbines during network disturbances. According to
proposals of the new network codes, a wind generator should
stay connected to the network for prescribed time interval that
depends on voltage dip level [1]. This requirement needs to be
taken into account in wind turbine designing process.

The designing process of a new generation wind turbine with
ride-through capability requires new simulation tools that help
explain the impact of the power system disturbances on a wind
turbine operation.

Analyses of DFIG systems presented in literature in the recent
years were performed on several levels. An analytical transient
model of a doubly fed induction machine and its experimental
validation is presented in [2]. The finite-element method (FEM)-
based approach was used for analysis of a 100 kW brushless dou-
bly fed induction generator [3]. The simulated torque—speed
characteristic was compared with measurement.
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Transient studies focused on power system stability and
power quality investigation as well as grid integration of DFIG
wind turbines that use more or less complex shaft system models
and analytical equivalent-circuit—based models of a generator,
usually of reduced order [4]–[6].

Detailed simulation transient analysis of a 2-MW wind-power
DFIG including a model of control and crowbar protection
under grid disturbances is presented in [7]. A three-phase ana-
lytical model of a 1.75-MW DFIG for transient stability studies
was presented and benchmarked with advanced model in [8].
Transient behavior of a DFIG wind turbine was studied in [9],
comparing simulations with measurements on a 22-kW labo-
ratory test setup. Dynamic behavior of a 660-kW DFIG wind
turbine was studied and validated by measurements in [10].

In most of the above-mentioned papers, only analytical mod-
els of DFIG are used that do not represent the variation of the
equivalent circuit parameters due to magnetic saturation. The
simulation results in [11] show that magnetic saturation needs
to be taken into account in order to get more accurate results.

This paper presents a performance study of a 1.7-MW wind-
power DFIG under grid disturbance. The simulation scheme
consists of either an FEM or analytical model of DFIG, whereas
the frequency converter, transformer, network, and control parts
are modeled in a system simulator. The simulator also includes
a detailed model of a frequency converter that is controlled by
a modified direct torque control (DTC) strategy.

The simulation results were verified by a full-scale measure-
ment setup. The setup consisted of a wind-power DFIG and a
frequency converter that are used for variable speed 2-MW wind
turbines, a large synchronous generator acting as a grid, and two
transformers. The generator was powered by a prime mover at
constant speed instead of the 2-MW wind turbine. These tests
were performed in laboratory, as it was not possible to make
field tests on a 2-MW wind turbine during the grid fault.

II. METHOD OF EXPERIMENT

A. Description of the Test Setup

A single line diagram of a full-scale measurement setup is
shown in Fig. 1 and its photograph in Fig. 2. DFIG with a stator
current rating of 1600 A can be loaded to generate more than
2 MW when run in the maximum super-synchronous speed. The
transformer TR 1 transforms the synchronous generator output
voltage 11.5 kV to the 690 V that is the voltage level of the
doubly fed equipment. The other transformer TR 2 is used as
short circuit impedance.

The test is started with both the transformers connected, that
is, circuit breaker SW2 is closed and SW1 is open. Closing the
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Fig. 1. Schematic diagram of the test setup.

Fig. 2. Photograph of a part of the test setup at ABB test laboratory. DFIG is
marked with “A” on the right. The frequency converter is a cabinet marked with
“B” on the left.

circuit breaker SW1 in the transformer’s secondary generates
the voltage dip and opening the circuit breaker SW2 terminates
the voltage dip.

B. Frequency Converter Operation

The rotor of DFIG is supplied from the frequency converter
that consists of a back-to-back connected network-side con-
verter and a rotor-side converter equipped with passive crow-
bar [12] as it is depicted in Fig. 3.

Fig. 3. Frequency converter equipped with crowbar.

1) Network-Side Converter: The aim of the control of the
network-side converter is to maintain the level of dc-link voltage
Udc on a pre-set value. Udc is controlled by a PI controller—
based algorithm.

2) Rotor-Side Converter Control: The rotor-side converter is
in fact a voltage source inverter that is controlled by a modified
DTC strategy [13].

In the conventional DTC, the torque controller determinates
the switching instances of the inverter in order to control the
induction machine torque. However, the modified torque con-
troller controls the desired amount of the generated electric
power and power factor. The torque controller also performs the
“line synchronization” so that the generator can be smoothly
connected to and disconnected from the grid.

The frequency converter operates if the rotor speed is in the
range of 70%–130% of the rated synchronous speed. The switch
S2 is closed in order to start the operation of the network-side
converter and establish the dc-link voltage. At the same time
the rotor-side converter measures the grid and stator voltage and
starts the line synchronization.

After synchronization the main circuit breaker S1 connects
the stator of the generator to the grid and the control of the
rotor-side converter is switched to torque-control mode with a
power factor demand defined by the user.

The shutdown of the system is performed so that first the
torque reference is set to zero and the power factor demand is
set to 1. The stator current should be about zero. The main circuit
breaker S1 is opened and both the rotor-side and network-side
converters are switched off.

3) Rotor Over-Current Protection: The rotor over-current
protection (passive crowbar) eliminates high rotor currents dur-
ing power system disturbances when the generator is connected
to the grid. The passive crowbar circuit depicted in Fig. 3 con-
sists of a three-phase diode bridge that rectifies the rotor currents
and a single thyristor Tcrow in series with a resistor Rcrow.

When the network disturbance is introduced, high currents
are induced to the rotor from the stator side. This also causes
a rapid increase of a dc-link voltage and a dc-link over-voltage
protection will send the command to the torque control to stop
modulation and turn on the crowbar control thyristor. The rotor
is now connected to the crowbar and remains connected until the
main circuit breaker disconnects the stator from the grid. After
clearance of the fault the generator can be line-synchronized
again and started in a normal operation mode.
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Fig. 4. Circuit model of the test setup.

III. METHOD OF ANALYSIS

The experimental setup presented in the previous section
was modeled by means of a coupled circuit—field simulator
that consists of a circuit-based model of the test set-up and an
FEM model of the studied DFIG. A “T” equivalent circuit-based
model of the DFIG with constant lumped parameters was also
implemented into the simulator and benchmarked with the FEM
model.

A. Model of the Test Setup

The model of the test setup network used in simulation is
depicted in Fig. 4. The scheme consists of a three-phase volt-
age source model in series with a short circuit inductance LSG

and resistance RSG that represent a simple model of the syn-
chronous generator SG. The time variation of the SG volt-
age amplitude and frequency was defined in the simulator
by lookup table data that were extracted from the measured
voltage.

A transmission line between the network and the transformer
is modeled with its resistance Rcable and inductance Lcable. The
main transformer is represented by a simple linear model, i.e.,
magnetic saturation was not taken into account. The transformer
model contains a short circuit resistance RTR, inductance LTR

and stray capacitance of the winding Cstray.
The transformer that generates the voltage dip by closing the

switch Sdip is represented by its short circuit resistance RSH

and inductance LSH.

B. Modeling of the Frequency Converter

The network-side converter is modeled by a transfer function
of the first order discrete filter. The control of the dc-link voltage
level is realized by a PI controller-based algorithm.

The model of the rotor-side DTC controlled converter is
rather complex. The control algorithms, flux estimators, and
reference value calculators, together with the switching lookup
table are implemented by dynamically linked code (S-function)
into Matlab-Simulink and coupled with other parts of the
simulator [14]. The voltage source inverter is modeled as a
three-phase bridge with 3 positive and 3 negative ideal switches.
The switches are controlled by switching instances generated by
DTC control. The output voltages of the voltage inverter model
supply the rotor circuit of the DFIG model.

The operation of the crowbar was represented by an algorithm
that deactivates the rotor side converter upon the detection of
the over-voltage in a dc-link. The rotor is then connected to the
three-phase diode bridge with the resistance connected in par-
allel by turning on the ideal switch which represents the control
crowbar thyristor.

C. Equivalent-Circuit-Based Analytical Model of the DFIG

The machine equations written in an x–y reference frame
fixed to the rotor are

dψs x

dt
= σS

(
Lr

Lm
ψs x − ψr x

)
− pωrψs x + vs y (1)

dψs y

dt
= σS

(
Lr

Lm
ψs y − ψr y

)
− pωrψs y + vs x (2)

dψr x

dt
= σR

(
ψr x − Lm

Ls
ψs x

)
+ vr x (3)

dψr y

dt
= σR

(
ψr y − Lm

Ls
ψs y

)
+ vr y, (4)

where

σS =
RsLm

LmLm − LsLr

σR =
RrLs

LmLm − LsLr
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Lm

LmLm − LsLr

(
ψr x − Lr

Lm
ψs x

)
(5)

is y =
Lm

LmLm − LsLr

(
ψr y − Lr

Lm
ψs y

)
(6)

ir x =
Ls

LmLm − LsLr

(
Lm

Ls
ψs x − ψr x

)
(7)

ir y =
Ls

LmLm − LsLr

(
Lm

Ls
ψs y − ψr y

)
(8)

Te =
3
2
p (ψs yis x − ψs xis y) . (9)

The symbols is and ir denote the stator and rotor currents,
respectively, vs and vr denote stator and rotor voltages and
ψs and ψr stator and rotor flux linkages in two axis rotational
(x–y) reference frames. Rs and Rr are stator and rotor resistance
and Ls,Lr, and Lm are stator, rotor, and magnetizing induc-
tance, respectively. The rotor speed is denoted as ωr. Symbol p
represents the number of pole-pairs, and Te is the electromag-
netic torque. The equation of the movement is omitted and the
rotor speed is considered to be constant.

D. Finite Element Model of DFIG

The magnetic field in the generator is modeled by two-
dimensional finite element analysis and coupled with the voltage
equations of the windings [15]. The z-component of the mag-
netic vector potential A satisfies

∇ · (ν∇A) − σ
d
dt

A +
Niw
Sw

= 0 (10)
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Fig. 5. Functional block of the FEM computation.

where ν is the nonlinear reluctivity, σ is the conductivity, and
N is the number of turns in the coil with a cross section area Sw

and carrying the phase current iw. Since there are no damping
bars in the rotor and the conductivity in the laminated iron core
is set to zero, the derivative term in (10) only covers the effect
of eddy currents in the steel shaft. The voltage equations for the
windings are in the form

uw =
nc∑

k=1

βk lk
d
dt

Aave
k + Riw + Le

d
dt

iw (11)

where uw is the phase voltage, nc is the total number of coil
sides in the winding, βk is either a positive or negative multiplier
according to the orientation of the coil side, lk is the length of
the coil side, Aave

k is the average vector potential on the coil
side, R is the total resistance of the coil, and Le is the additional
end-winding inductance.

The electromagnetic torque Te is determined from the field
solution using the virtual work principle

Te =
d
dθ

∫
Ω

∫ H

0

B · dHdΩ (12)

where θ is the position angle of the rotor and Ω is the cross
section of the air gap. The magnetic flux density B and the
magnetic field strength H are determined from the field solution.
The angular frequency of the rotor can be considered constant
or solved by the equations of motion.

The FEM computation is implemented as a functional block
in Matlab-Simulink using dynamically linked program code
(S-function). Voltages of the phase windings in stator and rotor
are given as input variables and the phase currents, electromag-
netic torque, rotational speed, rotor position, and flux linkages
in stator and rotor are obtained as output variables, as illustrated
in Fig. 5.

In time-stepping simulation, the FEM computation is coupled
with Matlab-Simulink by an indirect procedure [16]. This means
that the time-stepping FEM computation runs at major time
steps, which are usually longer than the minor steps elsewhere in
the system model in Simulink. Accordingly, the output variables
from FEM computation are kept constant during a period of
several minor steps in the total system model, and changes in
the variables take effect at major steps.

In spite of the indirect coupling, the accuracy of the results
can be maintained by choosing the major and minor time steps
appropriately according to the physical time constants. In addi-
tion, shortening the steps in the converter model with respect to
the FEM model can reduce time consumption of the simulation,

Fig. 6. Geometry of the DFIG model.

TABLE I
PARAMETERS OF THE DFIG

because the time-consuming FEM solution is not determined
too frequently.

The finite element mesh of the DFIG covers one quarter of the
cross section, comprising 949 nodes and 1848 linear triangular
elements. The geometry of the model is presented in Fig. 6, and
the parameters of the DFIG are presented in Table I.

IV. RESULTS AND DISCUSSION

The simulation analysis was carried out in a Matlab-Simulink
system simulator. The system simulator was running with the
time step Tstep = 0.5 · 10−7 s and Forward Euler method has
been used. The FEM model of DFIG was running with the
time step TstepFEM = 0.5 · 10−4 s. In the first sequence of the
simulation, the generator is synchronized with the network and
after 2.5 s the rotor—side converter starts to control DFIG in
torque control mode by setting a constant reference torque to
value Tref = −9.826 kN at constant speed ωr = 1760 r/min.

The demanded value of the power factor is set to 1, and the
maximum value of the dc-link voltage to 1050 V.

The network disturbance is introduced at 5.0037 s, when
the stator voltage decreases. At the time instance of 5.12 s, the
generator is disconnected from the network by opening the main
circuit breaker and the frequency converter is shut down.

Fig. 7. depicts the stator phase voltage. When the short circuit
is introduced the amplitude of the voltage drops down to 35%
and continues its decrease to 20% of the nominal value. A small
increase of frequency can be observed as well. This is because
the synchronous generator in an experimental setup is not a rigid
enough power source and the SG excitation controller is not fast
enough.
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Fig. 7. Stator phase voltage during the grid disturbance.

Fig. 8. Comparison of the simulated (dashed) and measured (solid)
dc-link voltage waveform during the grid disturbance.

The comparison of the measured and simulated dc-link volt-
ages is shown in Fig. 8. During the transient both the voltages
rise up to a maximum value of about 1050 V almost at the
same time instant. After the dc-link voltage level reaches its
maximum, the over-voltage protection stops the modulation of
the rotor-side converter and disconnects the rotor from the dc-
link. The dc-link voltage starts to decrease and after a while
reaches a new steady state value. The measured dc-link volt-
age settles much slower than the simulated one. This is because
the network-side converter is modeled as a simple first order
filter transfer function and the dc-link voltage controller is rep-
resented by a simple PI controller, whereas the real network-side
converter is a converter with complex control.

Fig. 9. shows the comparison of the simulated transient stator
current obtained by FEM model and analytical model. At the
beginning of the transient, a significant difference in amplitude
can be observed between the stator FEM current and the stator
current from analytical model. The difference is decreasing and
after 5.06 s both the waveforms show good agreement. The
difference in the amplitude during the first period of the transient

Fig. 9. Transient stator current obtained from FEM model (solid) and transient
stator current obtained by analytical model (dashed).

Fig. 10. Measured transient stator current.

current is mainly due to neglecting the magnetic saturation in
the analytical model.

The measured transient stator current is shown in Fig. 10.
The waveform of the transient current corresponds well with
both the (FEM and analytical) simulated ones. The amplitude
of the measured transient current is higher during the first period
than the current amplitude calculated by FEM and the difference
is about 1 kA. The difference between the measured transient
current and the current obtained by the analytical model in the
beginning of the transient is about 2.6 kA. In the time interval
of 5.04–5.08 s, the compared currents are in good agreement.
The simulated currents slightly differ from the measured cur-
rent during the last two periods. A possible reason for that is
inaccuracy of the test setup model parameters.

Fig. 11 depicts the time variations of the transient rotor current
calculated by means of the analytical model and the transient
rotor current obtained from FEM model of DFIG. The compar-
ison shows the difference between the simulated currents in the
beginning of the transient. The amplitude of the rotor current
calculated by FEM is in the first half period higher than the
transient rotor current calculated by the analytical model and
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Fig. 11. Transient rotor current obtained form FEM model (solid) and transient
rotor current obtained by analytical model (dashed).

Fig. 12. Measured transient rotor current.

the difference is about 400 A. The difference in amplitude de-
creases slowly and after the time instance of 5.1 s, both curves
are in good agreement.

Fig. 12 shows the measured phase rotor current of DFIG after
grid disturbance. During the first period the amplitude of the
measured transient rotor current equals to the current amplitude
calculated by FEM. The amplitude of the transient rotor current
obtained by the analytical model is lower by 400 A than the
amplitude of the measured rotor current. The difference between
the simulated and measured waveforms can be observed after
the time instant of 5.05 s probably due to inaccuracy of the test
setup equivalent circuit parameters.

Figs. 13 and 14 show the stator instantaneous active power
Pinst and reactive power Qinst, respectively. The powers are
determined using the simulated (FEM) and measured values of
the current and voltage according to the following:

Pinst =
3
2
(vs dis d + vs qis q) (13)

Qinst =
3
2
(vs dis q − vs qis d). (14)

Fig. 13. Comparison of the stator active power calculated from measured
values (solid) and from simulated (FEM) values (dashed).

Fig. 14. Comparison of the stator reactive power calculated from measured
values (solid) and from simulated (FEM) values (dashed).

Here, the symbols is and vs denote the stator currents and volt-
ages and index d denotes the real and q the imaginary part of
the stator voltage and current space vector.

The active and reactive powers reconstructed from the simu-
lation results show good agreement with the curves calculated
from the measurements except at the beginning of the transients
where the power obtained from the measured values is higher
and the difference is about 15% in the first peak value and about
10% in second peak. The analytical and the FEM simulation
results are almost identical, and their comparison was omitted.
The comparison of the active and reactive power curves dur-
ing the transient calculated from FEM simulation results and
measurements shows only a little difference.

The FEM simulation results agree with the measured results
better than the analytical simulation results. This is mainly
because of the stator and rotor leakage inductance variation
caused by magnetic saturation that is taken into account in
FEM, whereas in the analytical model the lumped parameters are
considered to be constant. In a transient performance simula-
tion study it is important to use a FEM model of the generator
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or a model which takes into account the magnetic saturation
that will give a significantly more realistic view of the maxi-
mum currents in the stator and rotor during a grid disturbance
than the analytical model. This is important, especially, for di-
mensioning of the power electronics and for development and
optimization of the wind-power generators. However, it is some-
times enough to use a simulator based on an analytical model
for a power system transient stability analysis during a symmet-
rical grid fault. This is not so time consuming as using an FEM
model.

V. CONCLUSION

The transient behavior of a doubly fed wind-power induction
generator connected to the grid and controlled by modified di-
rect torque control during a power system disturbance was stud-
ied. The coupled field-circuit model based simulator has been
used and compared with the analytical model based simulator.
The full-power transient measurements on the test setup with a
1.7-MW doubly fed wind-power generator were carried out in
order to verify the simulation results.

The comparison between the simulated and measured results
shows a reasonable agreement. The analytical model of DFIG
manifests certain drawbacks that are overcome by using a FEM
model. The developed coupled field-circuit based simulator has
proved to be capable and reliable for modeling complicated
power electronics and electric machine setups and thus a useful
tool for the development and optimization of the wind-power
generators.

APPENDIX

A. DFIG equivalent circuit parameters
Star equivalent circuit parameters

– resistances at 20 ◦C temperature
– reactances at 50-Hz frequency

Rs = 1.615 mΩ
Xsσ = 28.83 mΩ
Xm = 787.8 mΩ
R′

r = 2.369 mΩ
X ′

rσ = 25.77 mΩ.

B. TR 1 equivalent circuit parameters

XTR = 9.07 mΩ
RTR = 1.51 mΩ.
TR 2 equivalent circuit parameters
XSH = 29.5 mΩ
RSH = 4.76 mΩ.

C. Parameters of a synchronous generator equivalent L-R
model based on the transient impedance

XSG = 20.8 mΩ
RSG = 0.527 mΩ.

D. Parameters of 100 meters of 690-V cable equivalent L-R
model.

Xcable = 11 mΩ
Rcable = 15 mΩ.
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