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Abstract- The use of wind power has been increasing very fast
in the last 10 years. Many new projects for the next 10 years
including offshore and onshore wind farms are been developed
and planned. The fast growing of the use of wind power has
brought new challenges to the Transmission System Operators
(TSO) in regions where wind power has reached significant
penetration levels like Denmark, United Kingdom, Spain and
Germany. According to new grid code requirements wind
turbines must remain connected to the grid during grid
disturbances and, moreover, they must also contribute to voltage
support during and after grid faults. Dynamic models of doubly
fed induction generator (DFIG) were developed to investigate the
behavior off different converter control and protection strategies
of the back-to-back IGBT-based converters during grid fault. The
results have showed that reactive power injection by DFIG-based
wind farms is limited when the rotor side converter is blocked.

Index Terms— doubly fed induction generator, induction
generator, reactive power control, wind power generation.

[.  INTRODUCTION

A wind turbine (WT) equipped with blade pitch angle
control can generate more than 600 KW and are grouped in
wind farms from about 40 MW to more than 150 MW in
offshore installations. In 2005, 45% of the medium-large wind
turbines installed in Europe were based on doubly-fed
induction generators (DFIG) [1]. The fact that the penetration
level of wind power has increased rapidly in some countries
(like Spain, Germany, Denmark and UK) has demanded new
abilities from wind power plants to guarantee efficient and
reliable operation of the power system. The new grid codes
require the ability from wind turbines to keep connected during
and after grid faults [2],[3]. More strict grid codes also require
the ability to provide voltage support [4],[5] at the same time.

Different from the classical synchronous generator (SG)
directly connected to the power system, DFIG-based wind
turbines are connected with the use of two back-to-back
converters. The control of terminal voltage (or power factor)
for the classical SG is by the field excitation, while for the
DFIG is by the rotor side converter (RSC) and it is possible
also by the grid side converter (GSC). The investigation
presented in this paper analyzes different converter control and
protection strategies in order to verify the accomplishment of
new grid code requirements.

This paper is organized as follows. Section II shortly
discusses the dynamic model of the wind turbine. Section III
presents the DFIG. In Section IV, the German and the Spanish
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grid code requirements are discussed. The single line diagram
of the test system is shown in Section V. The analyses of the
converter control and the protection strategies are presented in
Section VI and VII, respectively. The conclusions are
discussed in Section VIII.

II. ' WIND TURBINE DYNAMIC MODEL

Mechanical power capture from the wind can be calculated
using the well-know aerodynamic equation [6],[7]:

1

P, =5 4pV C, (4. ) (M)

where 4 is the turbine rotor area, p is the density of the air, V'is
the wind speed, C, is the performance coefficient, S is the
blade pitch angle, 4 = @wR/V is the tip speed ratio, R is the
radius of the rotor and @ is the mechanical angular speed of the
blades.

The implemented wind turbine model has the performance
coefficient modelled by equations (2) and (3), suggested by
Hier and optimised by Slootweg [6]. This coefficient indicates
how efficient the wind turbine can capture the energy from the
wind. The Betz limit is the maximum theoretic value that the
Cp can reach (0,59 for 3 blades wind turbine [7]). The Cp
characteristics are experimentally obtained by the manufactures
and depend also on the tip speed ratio and on the blade pitch
angle values.
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The values of c1-c9 (reproduced in Table 1) were adapted
from the values suggested by Hier in order to better represent
the aerodynamics of modern wind turbines [6]. Modern wind
turbines have a higher maximum value of the Cp for 0° (zero
degree) of the blade pitch angle when comparing with old 3
blades wind turbine designs (not shown).
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Table 1 Optimized values of the Cp curve equations.

Cy Cy C3 Cy4 Cs Ceo C7 Cg Co

0,73 151 0,58 0,002 2,14 13,2 184 -0,02 -0,003

The Cp curves implemented in these studies were calculated
by equation (2) and (3) and they are shown in Fig. 1.
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Fig. 1 Cp curves suggested by Slootweg for different pitch angle position.

III. DOUBLY-FED INDUCTION GENERATOR (DFIG)

This is the most wide spread configuration of wind turbine
since the development of highly efficient power electronics [1].
This concept consists in two back-to-back voltage source
converters connecting the grid and the rotor windings. Stator
circuits are connected direct to the grid (Fig. 2). The
parameters of the DFIG used in this analysis can be found in
[6]. The rotor-side converter control complemented by the
pitch angle control regulates the electric power to its optimum
value to maximize the Cp during operation.

A.  Control of the Rotor-Side Converter (RSC)

In normal operation, rotor-side converter regulates the
reactive power injection and the developed electric power
(P.ee). The optimum electric power reference (P*op,) is
calculated taking into account the optimal rotor speed for the
incoming wind considering the Cp curves (Fig. 1). In Fig. 3,
the control used in the simulations is shown. The encoder gives
the generator rotor position (8) to the abc-dq0 and to the dq0-
abc transformations. The direct axis component is used to
regulate the generator power factor to 1 pu thus, the absorbed
reactive power reference (Q°) is equal to 0 (zero). The
quadrature axis component is controlled similarly to the direct
axis, however, it regulates the electric power to the P*op,. After
a dq0-to-abc transformation, ¥’d and V’q are sent to the PWM
(Pulse-width Modulation) signal generator. Finally, ¥ abcr are
the three-phase voltages desired at RSC output.

B.  Control of the Grid-Side Converter (GSC)

In normal operation, the voltage of the DC-link between
RSC and GSC is controlled by the GSC (Fig. 4). Such
controller employs a PLL (Phase Locked Loop) providing the
angle (@) to the abc-to-dq0 (and dq0-to-abc) transformation to
synchronize the three-phase voltages at the converter output
with the zero crossings of the fundamental component of the
phase-A of the terminal voltage. The direct axis component is
used to regulate DC link voltage (¥ 'dc) to 1 pu.
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Fig. 2 Doubly fed induction generator (DFIG).
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Fig. 3 RSC control diagram for DFIG in normal operation.
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Fig. 4 GSC control diagram for DFIG in normal operation.
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Fig. 5 GSC control diagram for DFIG in operation during fault.
As in normal operation the RSC already regulates the power

factor of the DFIG, the reactive power regulation by the GSC is
disable. Thus, the quadrature axis component of the reference
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current is set to zero (I'q = 0). After a dqO0-to-abc
transformation, the ¥°d and the 7’q are sent to the PWM signal
generator. Finally, V'abc grid are the three-phase voltages
desired at the grid-side converter output. The IGBT’s are
considerate ideals.

C. DFIG During Grid Faults

To accomplish with new grid code requirements some
methodologies have been proposed in the literature [7]-[10]. As
the stator of the DFIG is connected direct to the grid, some
undesirable high currents may be induced in the rotor windings
and the protection system may block the RSC. Another
undesirable transient is the voltage at the DC-link, which can
reach high level depends on two main characteristics: low
residual terminal voltage during fault and slow velocity of the
RSC disconnection from the rotor winding after fault detection.
These facts will contribute to make active power unbalance
between RSC and GSC higher and thus, DC-link voltage level.

Depends in which TSO area that they are connected to the
grid (see next section), modern wind turbines based on DFIG
have to be equipped with a crowbar system and sometimes
with a chopper system in order to be able to keep connected
during fault. The use of a crowbar system makes the DFIG
behaves like a conventional squirrel-cage induction generator
expanding the rotor critical speed during the disconnection of
the RSC from the rotor winding [8]. Chopper systems have
been largely used on industry in application were the motor
operation has a regenerative cycle (for example, old elevator
systems). In wind turbine, the chopper is used to dissipate the
unbalance of active power between RSC and GSC.

IV. NEwW GRID CODE REQUIREMENTS

E.ON Netz is one of the German Transmission System
Operators (TSO) that in its 2006 grid code [4] requires the
wind farms not to disconnect during unlimited time when the
voltage at the PCC drops below 80% of nominal voltage. When
the PCC voltage is zero the wind farms must be connected
within 150 ms. In the case of the DFIG, short term interruption
(STI) is allowed with the use of protection system to not
damage the converters. The Spanish grid code requirements
regarding to the fault-ride through capability [5] is similar to
the German, both are reproduced in Fig. 6. For voltage
regulation, German grid code requires the wind farm to supply
at least 1 pu of reactive current when the voltage drops below
0.5 pu. A dead band is included around the reference voltage in
which the control should actuate as power factor control. They
are the most restricted among the others TSO from countries
with high wind power penetration.

V. TEST SYSTEM

The analyses are performed using the SimPowerSystems (a
toolbox of Matlab/Simulink) in a modified version of the
WSCC-9 Bus System (Fig. 7). This transmission system

contains 9 buses (6 at 230 kV, 1 at 16.5kV, 1 at I8 kV and 1 at
13.8 kV), 9 branches, 3 loads and 3 generators [11]. The 3
generators are adapted to represent a swing bus, a 100 MVA
synchronous generator and a 164 MW wind farm.

VI. ANALYSES OF CONVERTER CONTROL STRATEGIES

The effects of three different control strategies on the grid
voltage during faults are investigated in this section:

e Case A: RSC and GSC are kept in normal operation
during the fault, however, RSC control is switched from
constant power factor to constant voltage.

e Case B: RSC operates in the same way as in Case A and
GSC controls DC-link voltage (as in normal operation)
and controls the injection of reactive power.

e Case C: RSC controls only the optimum electrical power
during the fault (the power factor control by RSC is
deactivated) and GSC operates as well as the Case B.

A.  Fault at Bus 5 cleared after 150 ms

As can be seen in Fig. 8, during this fault, the Case B
corresponds to the highest level of terminal voltage. This fact
can be explained since RSC controls the terminal voltage with
the additional reactive power injection by the GSC (Fig. 10).
The terminal voltage has the lowest value for Case C since the
RSC do not participate on the reactive power control during the
fault. The voltages at the DC-link (Fig. 9) are kept in
acceptable limits for all the three control strategies, however,
Case C has a second transient. The current of RSC in the
beginning of the fault should also be monitored.
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Fig. 6 Fault-ride through capability requirements.
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Fig. 7 Unifilar diagram of the WSCC-9 Bus System.

1553

Authorized licensed use limited to: RWTH AACHEN. Downloaded on January 29, 2010 at 08:08 from IEEE Xplore. Restrictions apply.



—
(%]

Terminal voltage (pu)

--------- Case A ||
— Case B
""" Case C
0.6 0.8 1
Time (s)
Fig. 8 Terminal voltage (Cases A, B and C).
= 14
&
o
50
E |
S
; ---------- Case A U
é — Case B
€ | N Q—
o] ‘ ‘ Case C
0.6 0.8 1

Time (s)
Fig. 9 DC-link voltage (Cases A, B and C).

Reactive power (pu)

'
<
%3

Time (s)
Fig. 10 Reactive power (Cases A, B and C).

B Fault at Wind Farm Terminal cleared after 150 ms

When the fault occurs at the PCC (Bus 7) the injection of
active and reactive power is limited due to low terminal
voltages. The highest value of terminal voltage during the fault
is when the control strategy of the Case B is used (Fig. 11).
The lowest consumption of reactive power after the fault
clearance is also performed by the control of the Case B (Fig.
13). The DC-link voltage has reached around 2 pu for all the
three control strategies (Fig. 12) and the RSC currents has
reached around 3 pu (not shown). During severe grid faults, the
DFIG is not able to keep connected to the grid without some
protective strategies. The use of a crowbar system will be
investigated in the next section.
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Fig. 13 Reactive power (Cases A, B and C).

VII. ANALYSES OF CONVERTER PROTECTION STRATEGIES

The effects of three different protective strategies of the
back-to-back converter during faults are investigated:

e Case D: RSC is blocked and a crowbar system is
activated. GSC controls reactive power during the fault
and DC-link voltage. RSC is restarted and crowbar
protection is removed after 200 ms.

e Case E: RSC and GSC operate in the same way as the
Case D. However, RSC is restarted and crowbar
protection is removed after 100 ms.

e Case F: this case is set similar to Case E, except for the
addition of the DC-chopper protection. The control of
the DC-chopper is activated when the DC-link voltage
reaches 1.1 pu and is deactivated when reaches 1.05 pu.

A.  Fault at Bus 5 cleared after 150 ms

In Fig. 14, one can see that the voltage level for cases D, E
and F are maintained around 30% during the fault and they are
not as effective as Cases A (around 42 %) or B (around 57 %).
For Case D, after the fault clearance, the RSC is not
immediately restarted, and the voltage during this period is
around 0.9 pu. The RSC is restarted 50 ms after the fault
clearance and finally the voltage returns to the nominal value.
Considering that the period of overcurrent on the rotor winding
and overvoltage on the DC-link last for a very short time, the
RSC can be restarted in a period shorter than 200 ms. Thus, in
Case E, the RSC is restarted 100 ms after the fault occurrence,
after this period the voltage level rises, even during the fault.
The use of the DC-chopper protection does not influence the
terminal voltage during the fault, it is identical to Case F. The
DC-chopper decreases the overvoltage at DC-link and
dissipates the unbalance active power between RSC and GSC,
as can be seen at Fig. 15.
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In Fig. 16, Cases D, E and F inject reactive power on the grid
during fault. After 100 ms, Cases E and F have the RSC
restarted and then are able to inject more reactive power before
the fault clearance. This fact increases the voltage level at the
wind farm terminals and reduces the reactive power injection
smoothly after the fault clearance. On the other hand, Case D
consumes reactive power until the RSC is restarted 50 ms after
the fault clearance. Evaluation of different deactivation times
for the crowbar system has shown that the shorter this time is
the better the voltage support during the fault.
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Fig. 16 Reactive power (Cases D, E and F).

B Fault at Wind Farm Terminals cleared afier 150 ms

The fault at wind farm terminal (at Bus 7) allows evaluating
the DFIG voltage support in severe conditions. In Fig. 17, the
terminal voltage is presented for cases D, E and F. During the
fault the three cases have similar behavior, except when the
RSC is restarted before the fault clearance. For cases E and F,
when the RSC is restarted, terminal voltage has a slight
increase during the last 50 ms of the fault. For these cases as
soon as the fault is cleared the voltage returns to the nominal
value. On the other hand, for case D, even after the fault
clearance, while the RSC is not restarted, the voltage does not
return to its nominal value and consumes reactive power in this
period. The crowbar system has limited influence over the DC-
link voltage. As can be seen in Fig. 18, the DC-link is kept in
reasonable values only with the use of DC-chopper (Case F).

~ 15
=
S
[
2 .
S
>
; osk b b e Case D |
g Case E
= S T e Case F
0 Il Il Il Il Il Il Il T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)
Fig. 17 Terminal voltage (Cases D, E and F).
2
=
=]
L
g
=15 b
o
>
:—:45 .......... Case D
E | cannz Case E
[ T T ¢ 7 R Case F
: : : : ‘
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)
Fig. 18 DC-link voltage (Cases D, E and F).
1 ‘
=
S
5 i
z
o
(=¥
o
2 N
&
0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)
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VIII. CONCLUSIONS

This paper presents the dynamic model and the analysis of a
DFIG-based wind farm connected to a transmission system.
Three different converter control as well as three protection
strategies have been analyzed during grid fault. Based on the
presented results, the choice of converter control and protection
strategies is related direct to the grid code requirements.
Considering only that the wind turbines should keep connected
during faults the crowbar system could be used during the total
fault period. For more strict grid codes (such as from Germany
and Spain) where the injection of reactive power is mandatory,
the use of the DC-chopper turns possible the reactive power
injection during the fault. In this case, also the control of
reactive power by RSC and GSC is recommended and the
strategy implemented in the Case F should be used.
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