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Abstract. The fault ride through (FRT) of doubly fed
induction generator (DFIG) is studied in this paper. Two
different FRT strategies are compared. First strategy uses only
active crowbar to protect the turbine and the second strategy
uses transient flux compensation in addition to the crowbar.
Simulations are carried out using Matlab/Simulink. The aim of
the study is to reveal how the transient flux compensation
improves the operation of DFIG during a fault. If the transient
flux is removed the DFIG is controllable during a fault and the
reactive power injection to the grid can be maximized. This is
an important aspect since the latest grid codes insist that wind
turbines should be able to inject reactive power during a fault in
order to support the depressed grid voltage. Thus, this paper
proposes that after a fault it is reasonable to use the current
capacity of rotor side converter to remove the transient flux.
This leads to better performance of wind turbine, improved
power quality and maximized voltage support.
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1. Introduction

The global warming, air pollution and the shortfall of
fossil energy sources have increased the interest towards
the generation of electrical energy from renewable
energy sources. Thus, the number of wind turbines
installed to the grid has grown dramatically in recent
years. According to the World Wind Energy Association
(WWEA), the global wind power capacity had increased
to 159.2 GW by the end of 2009.[1] Hence, the
penetration of wind generation has increased in many
areas to a significant level. In such areas, power system
operators have created grid codes which demand the
wind turbines to be able to endure deep voltage dips in
order to ensure power system stability. Grid codes
include specifications that determine the requirements for
the operation of generation units during disturbances.
These specifications are known as the fault ride through
(FRT) requirements.
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As an example, E.ON Nezt grid codes regarding
symmetrical faults are illustrated in Figs. la and 1b. [2]
The wind turbines are not allowed to disconnect from the
grid if the grid voltage is over the red line in Fig. la. In
addition, the wind turbines should be able to inject
reactive power to the grid in order to support the grid
voltage. It can be seen in Fig. 1b that wind turbines
should inject a nominal value of reactive current if the
voltage is lower than 50% of the nominal value. [2]
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Fig. 1. a) Wind turbine operation limit curve during a voltage
dip. b) Voltage support of wind turbine during a fault. [2]

The use of doubly-fed induction generators (DFIG) in
variable speed wind turbines has been popular since the
size and costs of the needed power electronic components
are smaller compared to full power converter design.
This fact leads also to smaller losses. However, the
behaviour of the DFIG concept during grid voltage dip is
problematic since the induction generator generates high
voltages and currents to the rotor side as a result of the
dip.

A. Behaviour of DFIG during symmetrical voltage dip

The amplitude of the rotating magnetic flux of DFIG is
proportional to the stator voltage. A voltage dip in stator
terminals decreases the amplitude of the rotating flux of
the generator instantaneously. However, the total flux
cannot change instantaneously. The difference between
total flux and rotating flux is called a transient flux or a
natural flux as defined by Lopez ef al. [3]. The transient
flux is not rotating and it appears only if there is a sudden
step in the stator voltage. In addition, the transient flux
gets its maximum value at the beginning of the voltage
step.
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The induced voltage to the DFIG rotor is proportional to
the stator to rotor turns ratio of the generator and angular
slip frequency 1i.e.,, the difference between the
synchronous angular frequency of the flux and the rotor
electrical angular speed. Typical slip range of the DFIG
drive varies between + 30 % of the synchronous angular
frequency. Since the synchronous angular frequency of
the transient flux is zero the angular slip frequency
corresponds to the speed of the generator rotor. Thus, the
transient flux creates very high rotor voltages.

The maximum attainable voltage of the rotor side
converter (RSC) is limited by the DC-link voltage. A
deep network voltage dip induces higher voltages to the
rotor circuit than the RSC can generate from the DC-link
voltage. In other words, the RSC cannot control the
currents in the rotor circuit, nor can the currents be
limited. This leads to high currents in the rotor circuit
which can damage both the power electronic switches,
i.e., IGBT, and the diodes that are connected anti parallel
with the switches. If the IGBTSs are switched off in order
to protect them against over current, the current flow will
continue to the DC-link through the diodes. This will, in
turn, increase the DC-link voltage to an intolerable level.
The DC-link capacitor may be damaged without any
protective measures.

Typically, the RSC is disconnected from the rotor circuit
after a voltage dip and a crowbar is connected the rotor
circuit. A crowbar is an additional set of resistors that are
used during a fault in order to decrease the rotor current.
In [4], the crowbar is under operation as long as the rotor
current has decreased to zero.

B. Compensation of transient flux

Xiang et. al. [5] propose a method where RSC generates
rotor currents that oppose DC and negative sequence
components of the stator flux linkage during a fault. The
purpose is to cancel the transient flux in order to avoid
rotor over voltage and RSC saturation. If the RSC
saturation can be avoided the currents in the rotor circuit
can be controlled and limited during the fault which
stands for successful FRT without using any external
devices, such as a crowbar.

Lopez et. al. [6] uses also currents that oppose DC and
negative sequence components of the stator flux linkage.
They define these currents as demagnetizing currents.
However, they also point out that the amount of
demagnetizing current needed to cancel the transient flux
is very high. Thus, the RSC should be over dimensioned
in order to have a large current capacity. It should be
noted, however, that the main advantage of a DFIG
concept is small dimensioned converters. Instead of over
dimensioning the FRT process in [6] relies on the
combination of crowbar protection and demagnetizing
current injection. After a voltage dip, the crowbar is
connected to the rotor circuit in order to reduce the rotor
current and the RSC is disconnected. After the current is
reduced lower than the current capability of the RSC the
crowbar is disconnected and the RSC is activated again
and it starts to feed demagnetizing current to the rotor
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circuit. Also, the RSC starts to feed reactive power to the
network. In both [5] and [6], the operation of a grid side
converter (GSC) is not taken into account.

In this paper, the effect of transient flux compensation
control i.e., demagnetizing current injection during a fault
is investigated. A comparison of two FRT strategies is
made. The first FRT strategy uses only the active
crowbar to protect the turbine and the second strategy
uses transient flux compensation in addition to the
crowbar. In both simulation cases, the GSC feeds
reactive power to the grid during a voltage dip.
Simulation results indicate that control system variables
show much steadier behaviour when transient flux is
compensated. This leads to better power quality and
improved utilization of the current capacity of the RSC.
Thus, it is possible to maximize the reactive power
injection of the DFIG during a fault.

2. System modeling

The space-vector based equivalent circuit of the modelled
DFIG is presented in Fig. 2. The stator of the generator is
directly connected to the grid while the rotor circuit is
connected to the grid via frequency converter. Variables
with superscript © are reduced to the stator. The
transformer describes the rotor to stator turns ratio of the
generator.

Induction generator
Jou.'

Connection
point

L

Grid

N
model

The parameters of the generator, DC-link capacitor and
LCL-filter are depicted in Table I. Both RSC and GSC
are assumed to operate in linear modulation area. In other
words, the over modulation option is not taken into
account in this work. In addition, both converters are
assumed to execute their voltage reference ideally i.c.,
the switching performance is not modelled in order to
reduce simulation time.

Table I. - Parameters of DFIG system.

Parameter Value Parameter Value
P, 1700 kW L 3.8 mH
Ug 11 690 V Turns ratio 2.73

] Ni/N,
R 0.0027 Q Pole pairs 2
L, 0.089 mH ug 1100 V
R, 0.0026 Q Cye 22 mF
L, 0.092 mH L 190 pH
Rfl 15 mQ sz 125 MH
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The grid model is presented in Fig. 3. The grid model
consists of step up transformer to 20 kV, wires modelled
with n-model, passive load and voltage source.

Transformer ~ Wire Load Wire Stiff grid

)

1]y

Connection
point

Fig. 3. Grid model.

3. Control system

The control system of the wind turbine is divided into
two parts. The control system of the RSC adjusts the
speed of the wind turbine. In addition, it controls the
reactive power exchange with the grid. The GSC
maintains constant DC-link voltage and injects reactive
current into the network during grid voltage dip.

A. Control system of GSC

The GSC control is done in the reference frame oriented
to the positive sequence of the connection point voltage.
The positive sequence component of the voltage is
extracted using dual second order generalized integrator—
frequency-locked loop (DSOGI FLL), Fig 4. [7][8] In
brief, DSOGI is a bandpass filter. The outputs are v,” and
vg” which are the filtered versions of the grid voltage
components in stationary reference frame as well as gv,’
and gvg’ which are inquadrature versions of v,” and vg’,
respectively. The output signals are used to calculate
positive and negative sequence (PNS) components of the
grid voltage. The PNS components can be estimated very
accurately as long as the filter resonance frequency o’
corresponds to the grid frequency. However, the grid
frequency is not constant. The FLL is used to modify the
filter resonance frequency to grid frequency. Thus, the
DSOGI-FLL is a filter adapted to grid frequency which
outputs can be used to detect the PNS components of the
grid voltage. More detailed discussion on DSOGI-FLL
can be found in references [7][8].
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Fig. 4. Schematic diagram of the DSOGI-FLL.

The control system of the GSC is illustrated in Fig. 5.
The fast inner loop controls the converter current icgpy-
The aim of the DC-link voltage controller is to keep
constant DC-link voltage, thereby ensuring the active
power balance between RSC and GSC. The output of the
DC-link voltage controller is the reference of the
converter current X-component icnx*. In normal
operation, the reference of converter current y-
component I ,* is set to zero. However, during a
network voltage dip, the current reference is increased in
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order to inject reactive power into the grid. The reference
is calculated so that the converter current capacity is fully
utilized.
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Fig. 5. Control system of the GSC.
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B. Control system of RSC

The control system of the RSC is illustrated in Fig. 6.
The control is based on vector control in a reference
frame that is oriented to the estimated positive sequence
of the stator flux linkage. The stator flux linkage is first
calculated from the measured stator voltages and
currents. Then, the PNS components of the stator flux
linkage are estimated using DSOGI-FLL.

The RSC is controlled to extract maximum power from
the wind by optimizing the ratio between blade tip speed
and wind speed. The output of the speed controller is the
reference for the torque. The torque controller gives the
reference value for the rotor current y-component. The
reactive power controller enables the control of reactive
power exchange with the grid. The controller gives the
reference for the rotor current x-component. Cross
coupling terms are added to the output of the current
controller.
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Fig. 6. Control system of the RSC.

C. Transient flux compensation control

The DSOGI-FLL is used to calculate the DC and
negative sequence components from the stator flux
linkage. The sum of these fluxes is called a transient flux.
The rotor and stator flux linkage is defined as follows:

Zs :LSZS+L1T1£ (1
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The rotor flux linkage can be expressed using Equations

(1) and (2):
LlTl

. Ly m .
R T A R A

S

zr = Lrér + Lmis

)

The transient flux is compensated by adding current
components that oppose the transient flux. The current is
achieved using Equation (3) and setting w, = 0: [6]

Lin
P, =——m_ + 4
-re LSULI' (yisDC Zsf) ( )

The idea behind the FRT concept that uses transient flux
compensation control is to first cancel the transient flux
in order to minimize its effect on the rotor and then feed
the reactive power to the grid. Thus, the transient flux
compensation current is prioritized. After transient flux
removal all current capacity of RSC can be utilized.

4. Simulation results

Three-phase symmetrical short-circuit is assumed to
occur in transmission network. This is modelled as a
voltage dip of 25% of nominal the voltage in the stiff
network in Fig. 3. The voltage dip lasts 300ms. The slip
is -23% in the beginning of the fault.

A. Fault ride through without transient flux compensation

The fault ride through strategy used in this study utilizes
active crowbar protection. Crowbar is activated if the
measured rotor current increases higher than the current
feeding capability of RSC which is sized to be 900 A rms
(1270A peak value) in this case [9]. When the crowbar is
connected to the rotor circuit the RSC is disconnected.
During the crowbar connection the operation of the DFIG
is not controllable. After the current is decreased so much
that RSC can handle it the crowbar is deactivated and the
RSC is connected back in operation. Since voltage dip is
very deep, the reactive current is prioritized, see Fig. 1b,
and the active current component is set to zero. From the
beginning of the voltage dip also the GSC starts to feed
reactive power to the grid in voltage support purposes.
The amount of reactive power is determined by the
current capability of GSC which in this case is 600 A rms
[10]. The grid phase voltages are shown in Fig. 7a. As
mentioned above, the transient flux appears as a result of
a voltage dip. The transient flux is shown in Fig. 8a in
stator flux reference frame. It can be noticed that the
decay of the flux is quite slow and that the transient flux
doesn’t decrease to zero even during a whole fault period.

The voltage of the rotor circuit is depicted in Fig. 9a. The
high frequency oscillations on the rotor circuit voltage
are due to the appearance of the transient flux. Transient
flux also causes distortion to the rotor currents, Fig. 10a.
The y- and x-component of the rotor current in stator flux
reference frame and their control references are
expressed in Figs. 11a and 12a, respectively. Since the
reactive power is prioritized the reference of the x-
component is increased and the reference of y-component
is set to zero. However, the measured currents don’t
reach the references exactly since the presence of
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transient flux causes uncontrolled oscillations to the
currents around the references. Due to the oscillations in
measured currents the reference value of the current x-
component is set to be lower (i.e. 1120 A) than the
current capacity of the RSC (i.e. 1270 A). If the reference
is set to 1270 A, the measured currents would be
temporarily higher than the limit due to the oscillations.
That would, in turn, activate the crowbar protection
continually which is undesirable from the voltage support
viewpoint.

Since the y-component of the RSC current is set to zero
the active power oscillates close to zero, Fig. 13a. The
reactive power is shown in Fig. 14a. The negative value
of the reactive power means that the reactive power is fed
to the grid. Both RSC and GSC participate in the reactive
power injection. The grid current is shown in Fig. 15a. It
can be noticed that there are fluctuations in the currents
due to the transient flux during a fault.

B. Fault ride through with transient flux compensation

Next, the same simulation as above is made with
transient flux compensation control. After the crowbar is
deactivated the RSC can be controlled again and the
transient flux compensation current is prioritized. The
demagnetizing current effectively cancels the transient
flux, as can be seen in Fig. 8b. The RSC feeds only
reactive current after the transient flux has decayed.
Since the transient flux is removed the voltages and the
currents in the rotor circuit are no longer distorted, as
depicted in Figs. 9b and 10b. Compared to the previous
case, there are no oscillations in the rotor y- and x-
component currents which are presented in Figs. 11b and
12b. This is due to the fact that after the transient flux is
cancelled the currents of DFIG are controllable. Hence,
the reference for x-component current can be set to 1270
A without fear of reactivation of the crowbar. Thus, the
reactive power injection is maximized. Since there are
no oscillations on y- and x-component currents the
active- and reactive power show a much steadier
performance, Figs. 13b and 14b, respectively. The grid
currents shown in Fig. 15b are symmetrical which
denotes improved power quality.

5. Conclusion

In this paper, the fault ride through of doubly fed
induction generator is studied. The aim of the paper is to
reveal how the compensation of transient flux enhances
the performance of a DFIG wind turbine during a voltage
dip. A comparison of two FRT strategies was made. The
first FRT strategy uses only the active crowbar to protect
the turbine and the second strategy uses transient flux
compensation in addition to the crowbar. Simulations are
carried out using Matlab/Simulink. Simulation results
show that if the transient flux is compensated the DFIG
show much steadier behaviour and the DFIG is
controllable during a fault. Thus, it is possible to utilize
the whole current capacity of the RSC for reactive power
injection into the grid. This is an important aspect since
the latest grid codes require reactive power injection into
the grid during a voltage dip.
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Fig. 10. Rotor currents: a) without compensation, b) with compensation.
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Fig. 11. Rotor current y-component and its reference: a) without compensation, b) with compensation.
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