GRID CONNECTION OF DOUBLY FED INDUCTION GENERATOR WIND TURBINES:
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ABSTRACT: The suitability of Wind Turbines with Doubly Fed Induction Generator for new grid operator norms that require
Ride Through operation is analysed. New grid codes require that the wind turbines remain connected during voltage dips in
the grid. A survey of the problems associated with voltage dips and methods for Ride Through operation of this type of system
are presented. Different alternatives for Low Voltage Ride Through are described. Simulation results of Power Error Vector
Control method for the Voltage Source Inverter connected to the rotor during a voltage dip are shown. The simulated results
show that this type of control may eliminate the need for a crowbar, or at least a great reduction in the rotor currents is
obtained and activation of crowbar may be limited to very extreme cases when very strong wind gusts and very deep voltage

dips take place at the same time.
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1 INTRODUCTION

The increasing penetration of wind energy in the power
system is reshaping the way wind farms are operated.
Denmark maintains a 15% yearly average of the total
power generated by wind farms, and during certain
periods of high wind and low consumption, most of the
power is generated by the wind. Other countries may face
a similar situation in a short time. The share of wind
power in relation to the strength of electricity grids and
other power plants is reaching levels where they may
cause problems to system operators such as voltage
variations, grid output unbalance and grid instability.
Wind farms can no longer be considered as a simple
energy source, VAR neutral or consumer, shutting down
when system faults occur and with local control of
regulation. Now they must operate as power plants, they
must be able to provide reactive power, remain connected
during system faults and adapt their control to the needs
of the system.

System Operators in Denmark and Germany [1][2] have
been the first countries adapting their grid codes to this
new scenario. Many other countries have followed the
example, and others are still adapting their grid codes. A
good review of new grid codes adapted for wind farm
integration is shown in [3][4].

Wind farms may easily contribute to grid frequency
control by modifying active power control strategies.
Voltage control can also be implemented because most
wind power farms can control reactive power, so by
adapting the reactive power control strategy Voltage
control is achieved.

The most demanding requisite for wind farms, specially
with Doubly Fed Induction Generators (DFIG) is the
Fault Ride Through capability. Wind farms connected to
high voltage (usually above 100kV) transmission system
must stay connected when a voltage dip occurs in the
grid, otherwise, the sudden disconnection of a great

amount of wind power may contribute to the voltage dip,
with terrible consequences. Wind farms must remain
connected when the voltage dip profile is above the line
shown in figure 1 under the E.ON regulation [2]. The per
unit voltage at the point of connection to the grid is
shown in the vertical axes and the duration (seconds) of
the fault in the horizontal axes. This code requires Fault
Ride-Through (FRT) capability during voltage drops in
Transmission System (110kV and above) of 15% of
nominal voltage during 300 ms with recovery up to 80%
of nominal voltage after 3 s, with the slope shown in
figure 1. Other grid codes propose similar profiles,
adapted to the regions fault statistics.
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Figure 1. E.ON Fault Ride Through Voltage limiting curve

Actual grid codes in vigour only mention depth and
duration for balanced voltage dips. The effect of such a
voltage dip in the wind turbine is different for different
wind turbine system technologies. Directly coupled
synchronous generators and squirrel cage asynchronous
generators with full power back-to-back converters may
cope with the voltage dip readapting their controls and
power ratings. On the other hand Doubly Fed Induction
Generators (DFIG) with the power converters connected
to the rotor must be disconnected from the grid unless
additional protection systems are provided. This may



become a serious drawback for the wind turbine industry
because most of the wind turbines manufactured actually
use Doubly-Fed Induction Generators.

2 DFIG LOW VOLTAGE RIDE THROUGH
PROBLEM DESCRIPTION

Experience of wind farm developers and research studies
have demonstrated that grid faults negatively affect wind
farms. The different types of faults that may affect a wind
farm are summarized in [5] and are mainly classified as
symmetrical and non-symmetrical faults. Actual grid
codes only specify symmetrical faults, because they
affect more severely the grid stability. On the other hand,
non-symmetrical faults are more difficult to deal with
DFIG generators.

The stator flux of the DFIG machine is determined by the
following expression:
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The problem with a DFIG when a voltage dip occurs is
that the stator flux cannot follow the sudden change in
stator voltage and a DC component in the stator flux
appears, because the integral term is reduced and the
stator flux vector becomes almost stationary. The rotor
keeps turning and high slip is generated, which tends to
introduce over-voltage and over-current in the rotor
circuits due to the effect of speed-voltage. Non-
symmetrical faults create higher over-currents and over-
voltages in the rotor because a negative sequence
component exists in the stator voltage, and the slip of this
negative sequence is very high [6].

The excess current may damage the power converter, and
the over-voltage may damage the rotor of the generator.
In order to protect the power converter connected to the
rotor from this over-voltage and over-currents a
protection mechanism is necessary.

A vast amount of research projects are being carried
away in order to determine the behaviour of DFIG wind
turbines under voltage dip conditions [6] [7] [10] [11]
[12] [13] [14] [15] [16] [17][26]. All of them demonstrate
that over-current in the rotor takes place at the voltage
dip. Also, the excess current in the rotor increases the
voltage in the DC bus [26]. Oscillations take place in the
currents, active and reactive power of the machine [7].

A simulation study of the Spanish grid has been
presented in [8]. Actually Spanish grid code requires all
wind generation to disconnect from the grid if the voltage
falls below 85% of the rated voltage [9], though this is
likely to change in the next months. The simulations
shows that a voltage dip spread through the Spanish
network might trip all the 3650 MW wind generation.
Similar results are obtained in simulations of a voltage
dip in the Irish grid.

Unlike Danish and German grid codes, Red Eléctrica
Espafiola contemplates to introduce the requirement of
Fault Ride Through even under unbalanced voltage dips
in its upcoming new grid code. DFIG wind turbine
commercial systems may ride through balanced voltage
dips. Balanced or symmetrical voltage dips are the most

dangerous for grid stability. On the other hand, DFIG
wind turbine systems are unable to cope with unbalanced
faults, even if this type of faults are less severe for the
grid. Unless Red Eléctrica Espafiola drops down the idea
of requiring unbalanced voltage dip ride through, Spain,
the second wind power market in the world, will become
a very tough market for DFIG wind turbines.

An interesting conclusion of all research being carried
away is that reduced order models of the DFIG are useful
for the study of power system stability [18], but they are
inaccurate to determine the real currents in the power
converters [19]. In order to study the DFIG behavior
during a voltage dip, the complete 5" order model should
be used.

A problem that has not been described in detail in the
literature is the response of wind turbines with DFIG
generator under unbalanced Voltage Dips in the grid.

Another problem that remains to be studied, is the effect
of saturation. Voltage dips may cause saturation, but
most of the models used for DFIG simulation do not
include saturation effects. [20] shows the behaviour of a
squirrel cage asynchronous machine under voltage dip
and saturation. This results in higher currents and torque.
This may accelerate the ageing of the machine. Similar
effects are expected in a DFIG.

3 SURVEY OF DFIG FAULT RIDE THROUGH
SOLUTIONS

The usual approach to the problem of voltage dips has
been to place a crowbar circuit connected to the rotor of
the wind turbine. The crowbar shortcircuits the rotor
when a voltage dip is detected and the power converter
connected to the rotor is protected [12].

Crowbar circuits may be antiparallel thyristor crowbar,
diode bridge crowbar or other more unusual
configurations (Fig. 2). The diode bridge crowbar is
usually preferred to the antiparallel thyristor and the rest
of configurations because it uses less thyristors and it is
controlled more easily.

Either when the voltage at the DC bus reaches its
maximum value or when the limit rotor current is
exceeded, the crowbar is activated, the rotor converter is
disconnected from the rotor, and the rotor windings are
short-circuited by the crowbar. The crowbar remains
connected to the rotor until stator is disconnected from
the grid and the rotor currents disappear because there is
no control on the turning off of thyristors. This is no
longer acceptable under the new grid codes. New grid
codes require that the wind farm remains connected to the
grid during the voltage dip.

New solutions for Low Voltage Ride Through in Wind
turbines with DFIG

-Active Crowbar

In order to remove the crowbar short as fast as possible,
the crowbar thyristors are substituted with fully
controlable switches, namely IGBTs [12]. The stator of
the machine is not disconnected from the grid when the
crowbar actuates, and the crowbar action is disabled as
soon as possible in order to regain control on the
machine. During the crowbar active time, the rotor side



converter is disconnected and there is no control on the
generator. When the crowbar is deactivated and the
converter regains control, high current transients may
take place and sometimes the crowbar is reactivated.
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Figure 2. Typical Crowbar circuits.
a) antiparallel thyristor crowbar
b) diode bridge crowbar

-Series antiparallel thyristors

In [11] a new LVRT system is proposed. The power
rating of the IGBTSs in the converter connected to the
rotor are dimensioned for higher current ratings, and anti-
parallel thyristors are placed as in figure 3, just like a
conventional soft-starter. When the grid voltage recovers,
high transient currents appear in the stator. This high
currents are controlled with the anti-parallel thyristors by
increasing the stator voltage in a controlled manner.
During normal operation the thyristors are kept on. The
problem with this configuration is that the efficiency
decreases due to the conduction losses in the thyristors
during normal operation. This could be avoided by
bypassing the thyristors with commutators, but the
switching time of the commutators may be too slow and
the system may not respond fast enough to a voltage dip.
The higher ratings of the IGBT-s will increase the cost of
the power converter, but this high currents only take
place during very short periods of time, and the cooling
system doesn’t need un upgrade.

-Static Series Compensator (SSC)

The ideal solution for a DFIG wind turbine during a
voltage dip would be a system that would isolate the
wind turbine from the voltage dip. This can be achieved
through a Static Series Compensator (SSC) also called
Dynamic Voltage Restorer (DVR) [21]. The SSC is a
voltage source converter connected in series on the
connection between the grid and the load (in this case the
wind turbine), whose voltage adds to the grid voltage to
obtain the desired load voltage (Fig. 4). The load in the
figure would be either a wind turbine or the whole wind
farm. Depending on the type of control, the SSC may
also correct voltage unbalance, perform voltage

regulation and cancel low-order harmonics. This type of
converter may be placed individually for each wind
turbine or a high power SSC may be installed at the
connection of the wind farm to the grid. This would
depend mainly in the accessibility, required maintenance,
evaluation of losses and other factors that influence the
cost of each solution. Different SSC topologies for the
power converter have been proposed. Multimode Static
Series Compensator has been proposed in [22], where the
trasformers are substituted by series conexion of power
cells. A Static Voltage Regulator,a variation of the load
tap changer without storage elements, has been proposed
in [23].

The disadvantage of this methods is that the additional
cost of the added power converters may override the
advantage of the lower price of DFIG wind turbines.
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Figure 3. Series antiparallel thyristors for LVRT
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Figure 4. Static Series Compensator
-STATCOM

Some authors have mentioned the possibility of using the
grid connected Voltage Source Inverter as a STATCOM.
A STATCOM controls the reactive power in the point
where it is connected, in order to sustain the voltage. In
opinion of the authors of this paper, the low power rating
of the Voltage Source Converter does not allow to
compensate the voltage dip at all, so this is not a viable
solution. It could be useful to compensate for voltage
unbalances under steady state operating conditions [24],
but even then, the stator reactive power control capability
is of more importance.

-HVDC



The use of HVDC in Offshore wind farms may be
helpful for LVRT. Even Onshore wind farms could
benefit from HVDC if the cost of HVDC stations
would drop. HVDC schemes provide additional
benefits when compared to a conventional AC
connection for LVRT:

- RPC and ACVC at the grid connection

- Fully defined and controllable power
flow

- Sending end and receiving end frequencies
are independent

- Offshore network is isolated from mainland
disturbances which provides for a ride through
capability for the wind turbines during AC
system faults at the receiving end.

- Low cable power losses compared with AC

- Fewer cables provide both environmental
benefits and reduced civil works

-Commercial systems

Different manufacturers are adapting their DFIG designs
in order to comply with the new regulations. General
Electric calls it system LVRT, Neg mICON offers
Grid+™, REpower calls its system Extended grid
compatibility package, Alstom, ABB offers the Fold-
back control concept, Enercon’s system is called Infeed
Inverter and so on. All this Ride Through systems are a
mixture of crowbar (active or non-active) activation,
power limitation, pitch control and variations in control
strategies. Anyway manufacturers are obviously not
willing to describe their system and the details of their
LVRT systems are not public.

-Proposed LVRT method: Power Error Vector Control

It would be very helpful if only by using the control
capabilities of the rotor converter, and without the use of
additional converters, such as SSC, a wind turbine with
DFIG could ride through the voltage dips. Fuzzy control
has been used instead of conventional Pl controllers [25],
and slight current reductions may be obtained, but the
current reduction is limited.

The increase in the stator and rotor currents is generated
because of the sudden stop of stator flux. If the rotor flux
could be controlled in order to de-magnetize and re-
magnetize rapidly the magnetic circuit of the machine
according to the stator flux, this current increase could be
limited.

A controller that controls rotor flux, and not rotor
currents, called Power Error Vector Control (PEVC), is
patent pending [27]. In addition to the use of PEVC, the
stator active and reactive power references are reduced
during the voltage dip, in order to limit the current. The
reactive power reference is maintained at zero value after
voltage recovery. By doing so, the DFIG does not
consume reactive power when the voltage recovers, wich
might provoke a second voltage dip.

In PEVC control, the voltage of the rotor converter is
obtained from the following expression
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and AQg ,APg are the errors in the stsator active and
reactive power.

By doing so, the rotor voltage corrects the rotor flux in
order to obtain the desired stator active and reactive
power [26]. The reason is that the rotor flux error of the
machine and the stator active and reactive power error are
linked by the following expression

1
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Simulations of PEVC controller under symmetrical
voltage dip conditions, without crowbar activation, are
shown in figure 5. The voltage dip lasts 300 ms and drops
down to a 15% of the nominal voltage (figure 5 a). As
soon as the voltage dip disappears total control of the
system is regained almost instantaneously. A delay of
1ms for active and reactive power reference reduction has
been simulated. The time needed for the detection of the
presence of a voltage dip plays a fundamental role in
reducing the rotor current increase. Simulations show that
the rotor current peak is kept very low at the start of the
dip, almost at its nominal value, and a high but very short
current peak is observed at voltage recovery (figure 5 d).
The crowbar becomes unnecessary in this case, as the
rotor currents are kept under control. Stator and rotor
currents suffer a sudden increase just as the voltage dip
starts and when the voltage recovers, but their duration is
less than 100ms, and it does not affect the machine
(figure 5 c). Thus, crowbar action may be limited to very
extreme voltage dips, when grid codes allow
disconnection from the grid.

As the stator power reference is reduced, the excess
power of the system is stored as kinetic energy in the
rotor, thus increasing the rotor speed. The increase in the
speed is shown in (figure 5 b). The increase in speed is
acceptable for the application, but pitch controlled wind
turbines may avoid the speed acceleration.

4 CONCLUSIONS

Low Voltage Ride Through for Wind Turbines with
DFIG is a challenge that all manufacturers must solve.
Most manufacturers have already implemented LVRT
systems, but compliance of the different grid codes is still
a problem that has not been totally solved. New LVRT
systems must comply grid codes without penalizing the
system cost. The ideal solution is the utilization of low
cost additional hardware (active crowbar) and adaptation
of control strategies. The present paper shows that the use
of Power Error Vector Control and active and reactive
power reference reduction during voltage dips may be a
good solution for LVRT.
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Figure 5. LVRT behaviour with PEVC control of DFIG machine
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