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Abstract: - The grid codes now require doubly fed induction generator (DFIG) wind turbines having the “low
voltage ride-through (LVRT)” capability. However, a traditional DFIG with a partially rated back-to-back
converter has inherent difficulties to ride through the grid faults, especially for the unbalanced grid faults.
Modifications to the traditional DFIG configuration for ride-through have become necessary. A DFIG system
with series grid-side converter (SGSC) has an excellent potential for voltage dips tolerance. This paper analyzes
the reasons of a DFIG system with SGSC for ride-through and presents a control scheme for operation under
unbalanced grid faults conditions. During grid faults, the each component of the generator’s stator flux is
effectively controlled through the SGSC. Also, the stator and rotor currents are further restricted by controlling
the rotor-side converter (RSC) to reduce the absorbing energy from wind turbine. Then, successful ride-through
of a DFIG system with SGSC under all types of severe unbalanced grid faults at the point of common coupling
(PCC) are achieved with reduced electromagnetic torque oscillation. The proposed control scheme is validated
by means of simulations.

Key-Words: - Doubly fed induction generator (DFIG), series grid-side Converter (SGSC), unbalanced grid fault,
wind turbine, low voltage ride-through (LVRT), wind power generation, voltage dips, voltage sags

1 Introduction Doubly Fed Induction Generators (DFIGs) with a
Wind power has become one of the most important partially rated back-to-back converter used between
and promising sources of renewable energy that can the rotor circuit and the grid [4-8]. While a saving is
partially solve the energy crisis and environmental made on the size of the power electronic converter, it
dilemma we are confronting today [1]. With the is well known that a DFIG system with this
increased penetration of wind power into power grids, ~ configuration is very sensitive to grid disturbances,
its impact on a power grid cannot be neglected as especially to voltage dips. During a fault, the
before. Grid codes now usually require wind turbines transient current on the stator is reflected on the rotor
to remain connected to the grid even during extreme windings. The resulting rotor current may exceed the
voltage dips such as a short-term low or even a zero rotor-side converter (RSC) current rating and destroy
voltage event at the point of common coupling the converter if no protection elements are included.
(PCC). This is the so-called “low voltage ride- The mainstream scheme adopted by manufacturers
through (LVRT)” requirement adopted by most to ride through grid faults is the so-called “crowbar
European countries [2-3]. protection” [9-10]. When the crowbar is in operation,
The majority of wind turbines above 1MW are the high fault current will flow through the crowbar
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instead of the converter. Thus, the RSC is well
preserved during the fault. However, under such a
scenario, the DFIG behaves as a squirrel-cage
induction machine and consumes lots of reactive
power from the grid for magnetization, which may
further exacerbate the stability of the connected grid.
Also, the operation of a crowbar is associated with
large transient electromagnetic torques which will
increase the fatigues on the mechanical components
of the wind turbine generator system (WTGS),
especially on the gearbox. Another LVRT technology
is the rotor flux control technique [11], which
controls the RSC to counteract the undesired
components in the stator flux. However, the active
and reactive power control over the machine is lost
during the fault and the DFIG system also consumes
reactive power during the grid recovery. Furthermore,
this method is unable to ride through the severe grid
faults such as the voltage dips down to zero at PCC
which means it is not suitable for the new grid codes.

In order to fulfill the new grid codes which require
wind turbines to ride through a short-term low or
even a zero voltage event at PCC, modifications to
the traditional DFIG configuration for ride-through
have become necessary. Petersson [12] has proposed
a new configuration with a grid-side converter in
series with the stator windings of the DFIG and has
revealed that DFIG system with this configuration
has an excellent potential for voltage dips tolerance,
but this scheme is not efficient in the power
processing capability. Then in [13-15], a modified
configuration by employing a parallel grid-side
rectifier in addition to the series grid-side converter
(SGSC) is further presented to improve power
processing capabilities and successful ride-through
of severe balanced voltage dips at PCC are
demonstrated. However, in reality, unbalanced faults
occur more frequently than balanced faults in
transmission system. And compared to the balanced
faults, due to the negative-sequence component
injected by the unbalanced grid faults, a more severe
current and torque oscillation will appear when
unbalanced voltage dips occur [16]. Therefore, it is
necessary to study the behavior of DFIG with this
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new configuration under unbalanced grid faults.

This paper proposes an unbalanced-grid-fault ride-
through control scheme for a DFIG wind turbine
with the configuration explored in [14-15, 17]. The
paper has been organized as follows. Section 2
reviews the configuration of the DFIG wind turbine
with SGSC. The behaviors of DFIG system with
SGSC under unbalanced grid faults are analyzed in
Section 3. The proposed control scheme is designed
in Section 4 and validated by means of simulations in
Section 5. Discussion is provided in Section 6 and
finally Section 7 draws the conclusions.

2 DFIG Configuration with Series
Grid-Side Converter

The configuration of the DFIG system with SGSC
is shown in Fig. 1. In contrast to the traditional
configuration of wind turbines based on the DFIG, a
series grid-side converter and a three phase injection
transformer are added in this configuration. Also, a
RL filter is connected between the SGSC and the
transformer to limit harmonic losses of the injection
transformer [14-15, 17]. The SGSC, which shares the
common dc link voltage with the rotor-side converter
and the parallel grid-side converter (PGSC), is
connected via a three phase injection transformer in
series with the main stator windings of the DFIG
voltage of DFIG
becomes the sum of the grid voltage and series
injected voltage of SGSC. Thus the transition of
DFIG system during grid faults can be changed by

system. The stator terminal

controlling the output voltage of the SGSC. But
whether the DFIG system demonstrates a good
LVRT performance depends on the control scheme of
SGSC.

u Series Injection u
s
i Transformer

PCC
|GRJD

2

@

Step-up
Transformer

SGSC

b

PGSC

RSC
Fig.1. Configuration of DFIG system with SGSC
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3 Behaviors of DFIG System with
SGSC under Unbalanced Grid Faults

3.1 Dynamic Response of Traditional DFIG
System under Unbalanced Grid Faults

In the traditional DFIG configuration, the stator is
directly connected to the grid. An abrupt drop of the
grid voltage will directly transmit to the stator
terminals of DFIG. According to the law of constant
flux, additional negative-sequence and transient DC
flux components in the stator flux will appear to
guarantee the total stator flux constancy. Therefore,
under unbalanced grid faults, the generator stator
flux will contain positive-sequence, negative-
sequence and transient DC flux components. The
relationship of each component between stator flux

and stator voltage can be expressed as
l/,s = WSDC + Wsl + '//52
! ! ! !
— [ Us _ Usl _ U52 ]et/fj + ug + u,
jo, jo, —jo, Jo, —ja,

where subscripts 1, 2, DC denote positive-, negative-

(1

and zero- (DC) sequence components in the flux or
voltage vectors, respectively. ¥, wy and 7, are the
stator flux vector, synchronous angular speed and

stator time constant, respectively. U and U, are the
stator voltage vectors just before and after the grid
fault. u, represents the stator voltage vector after the

grid fault.

Each component of the stator flux as shown in (1)
will induce a voltage in the rotor according to its
amplitude and its relative speed with respect to the
rotor. The induced rotor voltages can be expressed in
the stationary reference frame as [18]

tOL\dt G Vs

=T G e )
- L \dr JO W T¥Wo ¥

S

2

where L., L., u, and w, are the mutual inductance,
stator self inductance, rotor voltage vector and rotor
speed, respectively.
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Substituting (1) into (2), the induced rotor voltages
can be expressed in the rotor reference frame as
Table 1 Amplitudes of stator flux components and
their induced voltages in the rotor side under
phase-to-phase grid fault

Amplitudes of stator
flux components

Induced voltages in
the rotor side

Wsi 1-p/2 (1-p/2)xs
Y pl2 P/2X(2-5)
WspC O~p (0~p)*(1-s)

r__ .1 r r
ur - url + ur2 + urDC

L .
~ly | Z2m, oL it
~|u, s-e
S
L (o
' ‘m —j(2=s)ant
+|ug, -—-(Z—S)-e
LS
. L u U U _ .
—jo, = —— .SI - .82 el e
L \Jo, jo, —jo,

3)
where s is the slip and superscript r denotes the rotor
reference frame.

Table 1 shows the approximate amplitudes of each
stator flux component and their induced voltages in
the rotor side under phase-to-phase grid fault. The
symbol p denotes the depth of the grid fault. As can
be seen in Table 1 and (3), relative large voltages are
induced in the rotor side. For the worst case (s=0.3
and p=1), the maximum voltage amplitudes induced
by the negative-sequence and the transient DC flux
components can reach 1.15pu and 1.3pu, respectively.
Considering that the rotor resistance and the transient
inductance are usually very small, if the RSC cannot
generate a voltage equal to the sum of the three
voltages induced by the stator flux components, the
RSC will lose current control transitorily and rotor
over-current will appear. Fig. 2 shows the simulation
results of a 2MW traditional DFIG detailed in the
Appendix under phase-to-phase grid fault at PCC.
The machine initially operates with full load and is at
30% super-synchronous speed. The control scheme
implemented in the simulation model is the vector
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control algorithm to achieve the decoupling control
of stator active and reactive powers and to keep the
common dc link voltage constant [4]. No additional
action or control limit is included to constrain the
fault current. As shown in Fig. 2, due to the RSC
cannot generate a voltage to counteract the induced
voltage by the stator flux components, high rotor
over-current appears and further causes severe
oscillation of the electromagnetic torque.

Thus, to avoid the appearance of rotor over-current
and guarantee the DFIG system to ride through the
grid faults, the stator flux each component should be
effectively restricted, especially for the negative-
sequence and the transient DC flux components due
to the relative speeds of which with respect to the
rotor windings are rather high. Besides, the severe
torque oscillation, which will increase the fatigues on
the mechanical components of WTGS, should also
be considered.

Grid voltage through a A'Y g transformer

5

= 11T

249 3.2
Rmor current

2.9 3 31 PR 3.3 34
Electromagnetic torque

31 3.2 33 34
Time,sec.

Fig.2. Simulation results of a 2MW traditional DFIG
under phase-to-phase grid fault at PCC

2.9 3

3.2 Principle for Suppressing the Rotor Over-
Current

As shown in Fig. 1, a SGSC is introduced between
the grid and the stator terminals of DFIG. The
generator’s stator terminal voltage u; becomes the
sum of the grid voltage vector u; and SGSC series
injected voltage vector u, which can be expressed in
the stationary reference frame as

u =u+u,

(4)
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Equation (4) indicates that the generator’s stator
terminal voltage can be changed due to the existence
of the SGSC. Also, the transition of the generator
stator flux imposed by the stator terminal voltage
during the grid faults can be changed through the
output voltage of SGSC. As analyzed in Section 3.1,
under unbalanced grid faults, the negative-sequence
and the transient DC flux components will induce
relative large voltages in the rotor side. If the SGSC
can generate a voltage to counteract the negative-
sequence and the transient DC flux components in
the stator side, the rotor over-current caused by these
two components can be eliminated.

On the other hand, if the DFIG equivalent
mechanical output power P, imported from the
rotor shaft is still large, an abrupt drop of the grid
voltage positive-sequence component will cause the
increase of the positive-sequence current which also
maybe cause the rotor over-current. So the positive-
sequence current should also be restricted.

Neglecting the impedance of the series transformer,
the electromagnetic power of DFIG can be written as

R’ : +Re{ Ar}
S S

Splitting the terms R./s and u,/s into R.+(1-s)R./s
and u./s+(1-s)u./s, (5) can be rewritten as

2_(1_S)Rr ;2

P

em

)

]?:m = _Rrir
s
. _ 1©
+Re[ur -ir]+Re{(1—S)ur~ir}
s

In (6), the first term is the power loss in the rotor
windings. The third term is the power input from the
The
remaining terms are the DFIG equivalent mechanical

excitation power supply to the rotor side.

output power P, imported from the rotor shaft,
which can be expressed as

_(1_S)Rr ir2+Re|:(1_S)ur'§r:| 7

A S

P

mec

Fig. 3 shows the equivalent circuit of DFIG with
Ry, Xis, R, Xy, i, and X, the stator resistance and
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leakage reactance, rotor resistance and leakage
reactance, magnetizing current and reactance based
on (5)-(7). All the quantities in Fig. 3 are referred to
the stator side.

Fig.3. Equivalent circuit of DFIG

Neglecting the power loss in the DFIG, the stator
active power output P, is approximately equal to the
electromagnetic power P.,,. If P; is controlled to zero,
P, is also approximately equal to zero. So do both
the rotor active power output P, and the DFIG
equivalent mechanical output power P imported
from the rotor shaft according to (5) and (7). Also, if
P.., is zero, the relative positive-sequence stator and
rotor currents can also be restricted according to (5),
which can increase the possibility of the DFIG
system to ride through the grid faults.

It is also important to note that the rest power will
be stored in the mechanical inertia of the wind power
generation system, causing the speedup of the DFIG.

If Py is reduced to zero in the super-synchronous
speed operation, the energy absorbed by the turbine
rotor for a 2MW wind turbine system with a grid
fault is approximately equal to

AE=(1-s)P_xAt=(1-s)P xAt (8)

where At is the duration of the grid fault.

The relationship between the energy and generator
speed can be expressed as [19]

AE=LJ(af - a2
=2 (@ ) ©)

where J is the moment of inertia, and @, and w, are
the speed of generator before the grid faults instant
and after the recovery voltage instant, respectively.

Also, the relationship between the moment of
inertia J and the inertia constant H is
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(10)

where Py, is the rated power of generator.

Assuming the speed of generator before the grid
fault is 1.3pu. According to (8)-(10), and with the
parameters provided in the appendix, the calculated
speedup of the generator with a 150ms grid fault is
approximately 31r/min, which is about 1.5% of the
generator speed. Thus, the speedup of generator is
quite small, and the scheme of controlling the DFIG
active power output P to zero is feasible during a
short-time grid fault. However, for a longer time grid
fault, the emergency pitch angle regulation scheme
should be used to reduce the incoming torque.
Otherwise, over-speed will occur and the over-speed
protection will trip the turbine.

3.3 Active Power Flow of DFIG System with
SGSC under Grid Faults

Fig. 4 shows the active power flow of the DFIG
system with SGSC under grid faults during super-
synchronous speed operation. As shown in Fig. 4, if
the output power is still large enough during the grid
faults, the surplus active power will flow into the
common dc link. Meanwhile, the active power from
the RSC to the common dc link is also quite large.
Considering the limitation of the PGSC rating, these
active powers cannot be delivered to the grid through
the PGSC. The common dc link voltage will rise
sufficiently and exceed its safe limitation. Therefore,
during the grid faults, the active power output of
DFIG should be scaled with the remaining voltage or
reduced to an even lower value to protect the dc link
capacitor. Otherwise, an additional dc link crowbar is
needed. Thus, the reduction of DFIG active power
output not only increases the possibility of the DFIG
system to ride through the grid faults, but also can
effectively protect the dc link capacitance.

Note that when the DFIG system operates in the
sub-synchronous speed, the surplus active power
through the SGSC to the common dc link can be
partially or completely consumed by DFIG through
RSC. Therefore the regulation stress of the PGSC in
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the sub-synchronous speed is smaller than the one in
the super-synchronous speed. Similarly, when DFIG
system operates in the synchronous speed, although
the active power from the SGSC cannot be consumed
by DFIG through RSC anymore, the active power
from the RSC to the common dc link is zero. So the
regulation stress of the PGSC in the synchronous
speed is also smaller than the one in the super-
synchronous speed. So the super-synchronous speed
operation condition is the worst case scenario for the
PGSC to keep the common dc link voltage constant.
And for this reason, we only show the simulations of
DFIG in the super-synchronous speed operation for
the sake of brevity in Section 5.

Gearbo:

PGSC

Fig.4. Active power flow of DFIG system with
SGSC under grid faults during super-synchronous
speed operation

4 Proposed Control Scheme for Grid
Unbalanced Faults Ride-through

During normal grid condition, the RSC and PGSC
are controlled in conventional manners to achieve the
decoupling control of stator active and reactive
powers and to keep the common dc link voltage
constant, respectively [4]. And for the SGSC, it is
maintained in a zero voltage vector switch state to
eliminate harmonic losses as shown in [14, 17].

During the severe unbalanced grid faults, Flannery
and Venkataramanan [17] proposed that the negative-
sequence component of the stator flux is kept at zero
to reject the undesirable effect to the rotor side while
the positive-sequence component of the stator flux is
to scale in proportion to the positive-sequence
component of the remaining grid flux to eliminate
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the transient DC flux component and to restrain the
surplus active power flowing into the common dc
link. As a result, in order to avoid the appearance of
the transient DC flux component and provide the
required system response, the positive-sequence
stator flux controller must be carefully tuned. On the
other hand, since the transient DC flux component is
not considered as the control target to be restricted,
once the transient DC flux component appears, it will
only be damped with the stator time constant .
However, 7, is relatively big (about a few seconds)
for a MW-class DFIG, thus the attenuation speed of
the transient DC flux component is rather slow.

Therefore, in order to overcome the problems
highlighted above, we propose that the transient DC
component is controlled in the negative-sequence
stator flux controller to suppress the adverse effect
on the rotor side and accelerate its attenuation and
the positive-sequence stator flux controller is only
used to control the generator stator positive-sequence
flux component to match the remaining grid voltage.

A detailed description of the proposed control
scheme of DFIG system with SGSC for the grid
unbalanced faults ride-through is given as follows:

For RSC and PGSC, the control schemes are still
the same as the normal grid conditions. But for the
RSC, the active power output command of DFIG is
set to zero to increase the possibility of the DFIG
system to ride through the grid faults and effectively
protects the dc link capacitance as mentioned in
Section 3. For the PGSC, an area of concern with
unbalanced grid faults is the stabilization of the
common dc link voltage. This was checked in
simulation and it was found that the grid-side
converter could be controlled to avoid over-current
during the unbalanced grid faults [11, 20]. Also, with
other improved control scheme of PGSC such as the
one mentioned in [21] the common dc link voltage
can be more readily stabilized. We have focused our
investigations on the control scheme of SGSC, and
the control scheme of PGSC isn’t discussed too
much for the sake of brevity. The SGSC is activated
to control the each component of stator flux as
shown in Fig. 5 when a grid fault is detected.
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Fig. 5 shows the proposed controller of SGSC
including three parts: 1) DFIG stator flux estimation
and decomposition; 2) Generation of stator positive-
sequence flux component command and the setting
of stator negative-sequence and transient DC flux
components command; 3) Implementation of SGSC
output series voltage control.

The generator’s total stator flux can be calculated
as follows using the measured stator terminal voltage
and current in the stationary reference frame

W, =J.(us — R, )dt (11)

Based on the analysis in Section 3.1, ¥ contains
Y., ¥, and ¥Y,pc. In the positive reference frame
(PRF) rotating at the speed of w,, ¥, will be
changed to a dc component while ¥, and ¥pc will
be changed to ac components at the frequencies of
2wo and wy, respectively. Similarly, in the negative
reference frame (NRF) rotating at the speed of —w,,
¥, will be changed to a dc component while ¥,; and
Yoc will be changed to ac components at the
frequencies of 2w, and wy, respectively. Thus, ¥, in

the PRF and NRF can be expressed as

—jogt _ o+ - —j2ayt —jaypt
we ' =y tye Y ty e’ (12)

we™ =yl Hy, rppd™ (13)
Applying two notch-filters [16] at 2wy and w, to
remove the negative-sequence and transient DC flux
components, the positive-sequence flux component
in the PRF can be obtained. Analogously, applying a
notch-filter at 2m, to remove the positive-sequence
flux component in the NRF, the negative-sequence
and the transient DC flux components can be
obtained. Thus, after filtering, the flux components in
the PRF and NRF reduce to

W=y (14)

Ve =Y, + WsDCeijl (15)

In addition, during unbalanced grid faults, the grid
flux ¥, (including stator ohmic drop) can be
expressed in the PRF as
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_u, -Ri
J®,

Equation (16) indicates ¥, also contains positive-

v, (16)

sequence, negative-sequence and transient DC flux
component, which can be expressed in the PRF as

)

Similarly, applying two notch-filters at 2w, and w,

—J 2t —Jjapt

,J‘a)ot _ + —
lllge - ng + l/IgZe + WgDCe

to remove the negative-sequence and transient DC
flux components, the positive-sequence component
of the grid flux can be obtained. This is the command
for the positive-sequence stator flux component
controller, viz.:
Wy =¥, (18)
For the negative-sequence and transient DC flux
components, they are undesirable components in the
stator flux. Thus the command for these two flux
components is zero, Viz.:

(19)

The proportional regulators are driven by the error

%
Yobpe = 0

between the command and their respective estimated
stator flux components expressed in (14) and (15).

Note that the command for the positive-sequence
stator flux component controller has some important
characteristics which are summarized as follows:

1) Equation (18) also can indicate the grid flux
during normal operation. Thus when the grid fault is
cleared, this command can bring the stator flux back
to the normal value.

2) A reduction of the stator positive-sequence flux
component also causes a reduction of corresponding
induced rotor voltage. This means that there is more
rotor voltage margin to generate a voltage to control
the stator active power output of DFIG to zero and to
counteract the remaining negative-sequence and
transient DC flux components which cannot be
rejected completely by SGSC due to the proportional
regulator.

5 Simulation Results
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In order to evaluate the ride-through capability of
the proposed control scheme, the system has been
simulated on a 2MW DFIG wind turbine with SGSC.

| Positive-sequence flux component
| controller
|
|

u . .
gabc o
—> g . notch-filters =
Eq(ula(;;m —Plo /WP (100Hz & Va =¥a
50Hz) | g
|
o . |
l l | notch-filters
b sofy, (100Hz &
abe/op Stator Flux I ) - i)H_z) _
usabc usag Observation ===
d notch-filter
(100Hz)
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The simulated DFIG system parameters are given in
the Appendix.

Step-up
Transformer

SVPWM

Fig.5. Block diagram of SGSC during grid faults

Generator Step-up _ Transmission Line

Transfc
ransforme vee z GRID

Bus . .
Series Injection
Transformer @_ C

Grid fault

s ug

Fig.6. Configuration of a simulated 2MW DFIG
system

:

Fig. 6 shows a hypothetic network configuration of
the DFIG system used in this study [11, 21]. The
over-modulation PWM technology for the RSC is
used and the maximal rotor voltage is assumed to be
a high value (1.35 times as much as half of the
common dc link voltage). The SGSC rating in this
paper is approximately 0.43pu [13-14, 16].

The grid fault occurs at 3s at PCC as shown in Fig.
6, and removed at 3.15s. Before the grid fault, the
DFIG system with SGSC operates at a normal speed
of 1950r/min (the maximal slip: —0.3). The reactive
and active power outputs of the generator are zero
and 2MW (rated power), respectively. The fault
occurrence is detected from a sudden change of the
grid voltage, activating the fault ride-through control
of SGSC as shown in Fig. 5. And the output power of
the generator is set to zero to restrict the stator and
rotor currents and avoid the rise of the common dc
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link voltage during the grid fault. When the generator
stator flux (or stator voltage) is detected back to its
normal value, the SGSC is dormant (zero voltage
vector), and the DFIG returns to its normal operation.
Fig. 7 shows the simulation results of the DFIG
system with SGSC for all types of unbalanced grid
faults such as single phase-to-ground fault, double
phase-to-ground fault and phase-to-phase fault. As
analyzed in [22], the propagation of voltage dips
through different types of transformer connections
results in a different performance of voltage dips on
the secondary side of the transformers. The different
voltage dips types through a A/Yg transformer seen
at the DFIG stator terminal compared to all types of
unbalanced grid faults at PCC are shown in Table 2.
As shown in Fig. 7 (e), during unbalanced grid
faults, with the injected series voltages of SGSC (Fig.
7 (d)), the negative-sequence and the transient DC
flux components are effectively restricted. So the
adverse effects of these two components on the rotor
side are well-limited and the RSC can generate a
voltage (Fig. 7 (c)) to equilibrate the induced voltage.
Thus, the rotor over-current is avoided as can be seen
clearly in Fig. 7 (b). It is worth noting that the rotor
currents still have some second order harmonic
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components. This fact is due to the small steady-state
error of the proportional regulator and the negative-
sequence flux component cannot be completely
rejected. Fig. 7 (g) and (h) show the active and
reactive power outputs of the DFIG. As can be seen,
with the effective control of RSC, the active power
output of DFIG rapidly drops to zero and the DFIG
system hardly absorbs reactive power from the grid.
Also, due to the reduction of the active power output,
the common dc link voltage, shown in Fig. 7 (j), is
well-limited without the help of dc link crowbar. In
Fig. 7 (f), the generator stator positive-sequence flux
component scales in proportion to the remaining grid

- I
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R
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positive-sequence flux component during faults and
returns to normal value when the faults are cleared,
which thanks to the command of the stator positive-
sequence flux component controller. Besides, as
shown in Fig. 7 (i), due to the electromagnetic torque
is controllable during all kinds of severe unbalanced
grid fault, its fluctuation is quite small which means
that the electromagnetic transient shock to the grid
and the mechanical stresses in the wind turbine are
relatively small. The speed of the DFIG during the
grid faults is from 1.3pu to 1.315pu (about 23r/min)
which is in closed agreement with the calculated
using the analytical equations derived in Section 3.2.
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(A) Simulation results on a ZMW DFIG with
SGSC for a single phase-to-ground fault at PCC

(B) Simulation results on
SGSC for a double phase-to-ground fault at PCC

a ZMW DFIG with (C) Simulation results on

SGSC for a phase-to-pha:

a 2MW DFIG with
se fault at PCC

Fig.7 Simulation results of a 2MW DFIG system with SGSC for all types of unbalanced grid faults at PCC (a)
Grid voltage through a A/Yg transformer U, (pu), (b) Rotor current i, (pu), (c) Rotor voltage U, (V), (d) Series
injected voltage of SGSC in the SGSC side Uy (V), (€) Amplitude of stator negative-sequence and transient
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DC flux components in the NRF ¥, (pu), (f) Amplitude of stator positive-sequence flux component in the
PRF ¥, (pu), (g) Active power P; (pu), (h) Reactive power Qs (pu), (i) Electromagnetic torque T, (pu), (j)

Common dc link voltage V. (V), (k) Rotor speed w, (pu).

Table 2 Propagation of voltage dips through a A/Yg

transformer
Voltage Dip Single phase- |Double phase-to-| Phase-to-phase
Caused by to-Ground Fault| Ground Fault Fault
) C
Voltage Dip at 1 05 1
PCC 120° AB C
After 1 c 120°
Propagation ; 03 \ 0.87 | 087
through a Yg-A Nﬁ({‘ 0588 a c
Transformer 0'5:) (:;s a

Similar tests for different rotor speeds and fault
occurrence times have also been carried out and the
system performance are found to be similar to those
shown in Fig. 7. Besides, the proposed control
scheme also can make the DFIG system with SGSC
ride through balanced grid faults with the undesirable
transient DC flux component being restricted in the
negative-sequence and transient DC flux components
controller. Due to space limitation, they are not
shown here.

It is worth noting that with the increased
penetration of wind power into the power grid, the
new grid codes now require the WTGS not only can
ride through grid faults, but also must inject reactive
current in order to assist the grid on recovering its
rated voltage. As can be seen from Fig. 7, the RSC is
controllable throughout grid faults and also has a
current margin, which means the DFIG system with
SGSC can provide reactive power to the grid during
grid faults. Fig. 8 shows the simulation results of a
2MW DFIG system with SGSC under double phase-
to-ground grid fault at PCC with reactive power
injected to the grid. The pre-fault condition is the
same as that given earlier. Fig. 8 (h) shows clearly
the reactive power support capability of the system
under severe unbalanced grid fault. Also, the rotor
over-current and common dc link over-voltage is
avoided as can be seen clearly in Fig. 8 (b) and (j).
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Fig.8. Simulation results of a 2MW DFIG system
with SGSC under double phase-to-ground grid fault
at PCC with reactive power output

In order to fulfill the new grid codes, it has become
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necessary to increase the DFIG system cost. Among
these solutions, the “crowbar protection” technology
maybe a relatively low-cost means. However, as
analyzed in Section 3, during severe unbalanced grid
faults, due to the high rotor voltage induced by the
high negative-sequence flux component in the stator,
the RSC is impossible to control the rotor current
with the available dc-link voltage. Thus, the Crowbar
needs to be active throughout the whole dip for the
most severe unbalanced grid faults [23]. Under such
a condition, the machine is no longer DFIG but a
conventional induction machine which loses the
control over the active and reactive power and starts
to absorb lots of reactive power from the grid for
magnetization, which means the wind turbines do not
fulfill the reactive requirement of latest grid codes
during the activation of a crowbar. Recently, some
manufacturers have proposed to install big
STATCOMs in addition to the crowbar in the wind
farm to fulfill the new grid codes [24], which means
a relative large increase of the system operation cost.
On the other hand, from a mechanical perspective,
the operation of a crowbar is problematic because
severe electromagnetic torque oscillation will appear
during severe unbalanced grid faults. If the severe
torque oscillation cannot be sufficiently damped, it
will lead to failure of the gearbox and rotor shaft. In
a recent survey, the gearbox is found to be the most
critical component, since its downtime per failure is
high in comparison to other components in a WTGS
[25]. Also, considering that the wind farms are
usually in remote and rural areas and the gearbox is
in high erection, once the gearbox is damaged, it is
difficulty to maintenance. Hence, the ‘“crowbar
protection” technology will also cause an additional
cost on system maintenance and lost of profits.
Although the introduction of the SGSC and three
phase injection transformer will increase the cost of
the system, it also provides excellent capability for
voltage dips tolerance. The DFIG system with SGSC
can effectively suppress the rotor over-current and
inject reactive current to assist the grid on recovering
its rated voltage even during severe grid faults. Most
importantly, compared to the “crowbar protection”
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technology, due to the fact that the electromagnetic
torque is controllable throughout the grid faults, the
electromagnetic transient shock to power grids and
the mechanical stresses in WTGS are relatively small
which assures a longer life of the gearbox and other
mechanical components of the WTGS.

2
1L i Proposed control
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Fig.9. Comparison of electromagnetic torque
response under phase-to-phase grid fault at PCC

Fig. 9 shows the electromagnetic torque response
between the proposed control scheme with SGSC
and the Crowbar protection under phase-to-phase
grid fault at PCC. The value of the Crowbar resistor
is 0.21Q determined according to the criterion that
the maximum rotor line voltage does not exceed the
common dc link voltage in order to avoid the
common dc link over-voltage [9]. Also, under such a
severe unbalanced grid fault, the Crowbar is active
throughout the whole dip. It is clear from Fig. 9 that
the oscillation of electromagnetic torque with
Crowbar is more severe than the proposed control
scheme with SGSC.

7 Conclusions

This paper has presented an unbalanced grid-fault
ride-through control scheme for the DFIG system
with series grid-side converter to ride through all
types of unbalanced grid faults at PCC. During the
grid fault, the positive-sequence flux component in
the stator flux is controlled to match the remaining
grid positive-sequence flux component and the
negative-sequence as well as the transient DC
components in the stator flux is controlled to zero.
Also, the active power output of DFIG is controlled
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to zero through the RSC to maintain the common dc
link voltage in its safe limitation and to further
reduce the corresponding stator and rotor currents.
Simulation results confirmed the effectiveness of the
proposed control scheme with successful ride-
through under all types of unbalanced grid faults at
PCC and reduced electromagnetic torque oscillation
during the grid faults.

Appendix

Simulation system parameters:

® Machine parameters
S:=2MW, f,=50Hz,
voltage rms);

Ratings: U,=690V (Line
Pole pairs: 2, Winding connection (stator/rotor):
Yy,
Stator resistance: 0.00488pu;
Stator leakage inductance: 0.1386pu;
Rotor resistance: 0.00549pu;
Rotor leakage inductance: 0.1493pu;
Magnetizing inductance: 3.9527pu;
NJ/N;: 0.45;
Inertia constant H: 3.5s.
® Step-up transformer and transmission network
parameters
Ratings: $,=2.5MW, £,=50Hz;
Primary windings: 20kV-Yg;
Secondary windings: 690V-A;
Short circuit impedance: Z1=0.0098+;0.09241pu;
Transmission line impedance: Z;=0.01+70.1pu.
® Grid-side converter parameters
Reactor: L=0.6mH, R=6mQ;
DC-link capacitor: 38000uF;
DC-link voltage reference value: 1200V,
SPWM and unity power factor control.
® Scries transformer parameters
Ratings: S,=2MW, f,=50Hz;
Stator to SGSC side transformer turns ratio: 0.5;
Sum of transformer and choke resistance: 0.01pu;
Sum of transformer and choke inductance: 0.05pu.
® The gains in the proportional regulators of
SGSC controller
Ki=4, Ky p=12.
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