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Performance of Low Voltage Ride-Through
Protection Techniques for DFIG Wind Generator
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Abstract:

Due to the increase of the number of wind turbines connected directly to the electric utility grid, new regulator
codes have been issued that require:Low-Voitage Ride-Through capability (LVRT) for wind turbines so that they
can remain online and support the electric gnd during low voltage fault events instead of direct tripping of the
wind turbines. This. LVRT capability will increase the stability of the network and reduce the need for load
shedding after the fault clearance. Each utility has its own grid codes for this LVRT. There are many types of
wind generators, and currently the Doubly Fed Induction Generator (DFIG) is the most popular type among the
leading wind turbine (WT) manufacturers. In this paper five LVRT methods for protection’ of DFIG during LV
events are implemented and compared. The five methods are Crowbar, DC Chopper, series dynamic resistances,
and two hybrid methods that combine DC chopper with Crowbar and DC chopper with series dynamic
resistances respectively. These methods were tested under different types of fault including symmetncal and
unsymmetrical faults and their performances were compared.

Keywords DFIG LVRT Crowbar DC Chopper, SDR.
by the bi-directional transfer of slip power

I Introduction | via the frequency converter. Also the cost
In the last 15 yeafs, the use of doubly-fed reduction compared to the Full Converter -
induction generator F(DFIG) in modern Wind generation (Type 4) as the rating of
variable-speed' wind turbines has increased the rotor converter"unit is about 25%-30%

rapidly [1]‘.‘ The speed variability is ensured . of the total powef rating of the geﬁerator,
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and the penetration of this wind energy into
the power éystem has resulted in the power
system operators revising the grid codes.

A special focus in these requirements is

drawn to the wind turbine fault ride-through -

capability (LVRT). The Fault ride-through
capability addresseé pri:marily the design of
the wind turbine controller in such a way
that the wind turbine is able to remain
connected to the network during grid faults
also, they can contribute to voltage support
during and after the fault. The Crowbar
avoid  the

system is essential to

disconnection of the doubly fed induction

wind generators from the network during :

faults through the disconnection of the
machine side converter. The SDR and DC
chopper protect DFIG and converter unit
without the disconnection of the machine

side converter (RSC).
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Fig.1 Fault Ride Through-short Time Interruption

Behavior

In the past wind turbines were separated

from the grid following grid faults which

lead to the loss of a portion. of the grid
power generation. Existing grid codes
tackle this problem by imposing conditions
for connecting wind farms in terms of
voltage dip behavior. An example of such
LVRT requirement by German system-
operator E.ON Netz is shown in Figure 1
[2]. These requirements are intended fo
ensure that the wind generators will remain
connected during a fault in the grid outside
the protection range of the generating unit
(with the voltage-time profile falls within
the shaded area). Grid code for high and
extra high voltage in area 2 the interruption
time ailowed is around few hundred
milliseconds. Short term interruption (STI)
is allowed under specific circumstances.
The STI in area 3

resynchronization within 2 s with a power

requires

increase rate of at least 10% of the nominal
power per second.

In addition, wind farms are requiréd to
contribute to the voltage restoration of the
power system by injecting additional
reactive power during a voltage dip. To do
this, the voltage control must be activated in
the event of a voltage dip of more than 10
% of the effective value of the generatof
voltage. The voltage control must take place
within 20 ms after fault recognition by
providing a reactive current on the low
voltage side of the generator transformer
amounting to at least 2 % of the rated

current for each percent of the voltage dip.
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A reactive power output of at least 100 % of
the rated current must be possible if
necessary [2]

This paper is organized as follows: In
section II the modeling details of DFIG
with three different LVRT schemes and two
hybrid schemes are outlined and their
switching strategy is explained, in section
I the behavior of the DFIG under various
grid faults with and without the different
'LVRT protection techniques is evaluated
using' PSCAD/EMTDC simulations, and in
section V a comparison between the
~different proposed LVRT protection
schemes performance is outlined and

discussed.

II. Description of DFIG

Figure 2 shows the overall DFIG wind
generation system. In DFIG turbines, the
induction ‘generator is a wound-rotor

induction machine. The “stator' is directly

connected to the grid while the rotor is

connected through a back-to-back power
converter. Because only part of the real
power output flows through the rotor
circ’uit, the powef raﬁng of the converter
 need only be about 25% - 30 % of the rated

turbine output [1]. The grid side converter is

connected to the grid via three chokes to
filter the current harmonics. A control
system is employed to regulate the rotor

frequency (and thus the voltages and

currents in the rotor) to extract the

maximum possible power from the wind.

Modeling of the DFIG consists of modeling
of the Machine, the rotor-side converter
(RSC), the grid-side converter (GSC)
schemes, the control system and the

protection system.

A. DFIG modeling

In order to represent a more detailed
dynamic behavior of the generator under
fault conditions, a fifth-order dynamic
model of the DFIG is adopted in this study.
From the per-phase equivalent circuit of the
DFIG in an arbitrary reference frame
rotating at synchronous angular speed w;
the following stator and rotor ybltage ~and

flux equations can be derived:

. d
Vas = —Rslgs — wsPgs + % 6]
o d
D Ugs T —Rsigs + wsPys + % (2)
, ddr
Var = —Rplgr - wr‘rbqr + %’ 3
, dor
Vgr = —Rslqr" W Pgr + ;b: C)]
Yas [Lss LM] [ids]
= . 5
[¢dr LM er Lar ( )
ol 0 el [Pl
. = . 6
[wqr Lt Lorl lir ©
Where: Lss=Ls+ Ly - @)
er = Lr + LM
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Where v are voltages in Volt (V), 1 are
currents in Ampere (A), Rs, Rr, Ls,Lr are
resistances and inductances of the stator and
rotor windings, Ly is the main inductance,
Vds sVas »Vdr s Var »ids sigs »ldr slqr » Wds » Was » War
and g are the d and q components of the
space vectors of the stator and rotor
voltages, currents énd flux linkage, o is the
rotor speed and @ is the synchronous
speed. All quantities are referred to the
stator. The rotor currents are controlled by
the rotor side voltage source converter. '

The electromagnetic torque is given by:

T::m = p(deiq.\' - l//q.\'id.\‘) (8) '

Where: p is the number of pole-pairs.
B. Control of backﬁo-baék converters

The back-to-béck_'converter consists of a

rotor side converter (RSC) and a grid side

- " i v T > Y P o

converter (GSC) connected to the grid by a
line filter to reduce the harmonics caused by
the converter. The control of the rotor-side
converter (RSC) and the grid-side convérter
(GSC) is shown in Fig. 2. The RSC is used

to control the wind turbine output power

~and the reactive power (or voltage)

measured at the grid terminal. The power is
controlled in order to follow maximum
power tracking. The GSC is used to regulate
the voltage of _thé-DC bus capacitor. The
objective is to provide constant voltage to
the rotor-side converter by keeping the DC
voltage at the DC link between RSC and
GSC constant. In addition, this converter

can also generate or absorb reactive power.

V'.Dbe

Rotor Side Convarter (RSC) Controller
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III. LVRT protection schemes

A. Crowbar protection circuit

The considered crowbar protection circuit
1s composed of three phase diodes bridge
and bypass resistors [3-5]. The Passive
crowbar control connects the crowbar
resistance bypassing the RSC until the
interruption of DFIG. The active crowbar
control scheme connects the crowbar
resistance when necessary and disables it
to resume DFIG control without
interruption of DFIG. The crowbar circuit
used in this paper consists of three-phase
rectifier, power resistor and a series IGBT
switch and the turn off ability of the IGBT
is necessary for Active crowbar as shown
in Fig. 3.

& &

§R;bfi o
A § A

Fig .3 Crowbar Protection circuit

The control strategy of the Crowbar
switching is shown in Fig. 4. When the
value of the terminal voltage decrease
below the threshold value of comparator
the Crowbar will be switched .on and the
RSC will be switched off by stopping its
IGBTs operation. When the terminal
voltage exceed the threshold value the
Crowbar will be switched off, and the RSC
will be switched on.

Crowbar ON, Rolor'
Side converter OFF

Vabe .

V threshold

Crowbar IChFF. Rolor
- Slde converter ON

‘ Fig .4 switching strategy of Crowbar
B. DC Chopper Protection circuit

The DC chopper consists of power resistor
which is connected in parallel with the DC

capacitor through IGBT power switch in
order to have the ability to turn off the DC
chopper when the DC voltage is within the
range. [t’s connected in parallel with the
dc-link capacitor to protect it from the
overvoltage during low grid voltage [6].
This protects the DC link capacitor and

IGBTs from overvoltages resulted from

various grid faults [7]. The DC chopper
circuit is shown in Fig. 5.

RSC DC Chopper

Rc¢h

Fig .5 DC Chopper circuit

The control strategy of the DC Chopper
switching is shown in Figure 6. When the
value of the DC-link voltage exceed the
threshold value of the comparator the
Chopper will be switched on but the RSC
still connected to the rotor of the DFIG,
and when the DC voltage decrease under |
threshold value the DC Chopper will turn
off.

vDC Chapper on

VDC, Chopper

Y

Chopper off
Fig .6 switching strategy of DC chopper.
C. SDR Protection circuit

In this technique, the series dynamic
resistor is connected in series with the
rotor, and this connection can limit the
overcurrents during the fault events. The
layout of the SDR Protection circuit is
shown in Figure 7. SDR is controlled by a

-power-electronic - switch, in normal

operation, the switch is on and the resistor
is bypassed; during fault conditions, the
switch is OFF and the resistor is connected
in series with the rotor windings. The main
differences among the SDR, the crowbar
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and the dc-link Chopper is its connection
topology. The crowbar and the DC
Chopper are both shunt-connected devices
and control the voltage while the SDR has
the distinct advantage of controlling the
current magnitude directly. Moreover, with
the SDR, the high voltage will be shared
by the series resistance; therefore, the
induced overvoltage may not lead to the
loss of converter control. SDR can limit
the rotor overvoltage as well as limit the
high rotor current during the faults. The
rotor current limiting can reduce the
charging current to the dc-link capacitor,
and hence avoid dc-link overvoltage.

SDR
Fig. 7 SDR Protection circuit

The control strategy of the SDR switching
is shown in Fig. 8. When the value of the
generator terminal voltage decrease under
the threshold value of comparator the SDR
will be switched on, but the RSC still
connected to the rotor of the DFIG and
when - the terminal voltage exceed the
threshold value the SDR will be switched

off. :
Vabe e ' SDRON,
V threshold -
SDR OFF

Fig 8 switching strategy of SDR

IV. Simulation Results

To evaluate the effectiveness of the
different LVRT protection techniques
simulations have been performed using
PSCAD/EMTDC for a 2 MW DFIG wind

—AW RSC

E. 23

turbine system as shown in Fig. 2. The
generator parameters are given in the
appendix. The control structure as shown
in Fig. 2 is implemented. The different
LVRT protection techniques descried were
implemented using PSCAD.

A series of test cases were conducted on a
test system in which the DFIG is
connected through step up transformer to
the grid. The fault was created on the grid
side of the step-up transformer using a
controlled switch.

A. Performance without any LVRT
protection '

The objective of this section is to show the
effects of a short circuit fault without any
LVRT counter protection on the DFIG
wind generator. These low voltage grid
faults will lead to overcurrents and
overvoltages that stress the DFIG and its
converters.
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Fig. 9 Three phase fault with 0.95 p.u. voltage dip
for 0.2 sec without any LVRT protection system

Figures 9, 10 and 11 show the simulation
results for a three phase to ground fault
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with 0.95 p.u. voltage dip on the DFIG
terminal, phase to phase fault, and single
phase to ground fault with 0.95 p.u.
voltage dip respectively.

For symmetrical faults as shown in Flgure
9, the rotor currents increase abruptly both
at the beginning and at the end of the fault,
but decreased slowly during the fault. On
the other hand the unsymmetrical faults as
shown in Figure 10 and in Figure 11 are
‘more stressful on the DFIG than
symmetrical faults.

{a) Three phase stator voltages (pu)
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2

0

E : H

%.B g8 1 1.1 2 13 14 15 1.6
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Flg 10 phase to phdse fault, voltage dip with 0.2 s
" without protection

The -overcurrents of the unsymmetrical
faults increase at the beginning of the
faults and remain .constant at this value
during the fault. So the thermal stress on
the DFIG windings and power electronics
devices is high during unsymmetrical
faults than symmetrical faults.

From the simulation of a symmetrical fault
*it was found also that the DC link voltage
increased rapidly to a high value 3 p.u.
which is higher than the DC link rating and
may damage the DC capacitor and the
IGBTS of RSC and GSC, but with

unsymmetrical faults the DC link voltage
increase by small value, and the DC.
capacitor and IGBTs may withstand this
voltage without damage.
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Fig .11 single phase fault with voltage dip of 0.95
p.u. on the faulty phase for 0.2 s without protection.

For unsymmetrical faults the torque and
speed fluctuations are higher than that of
symmetrical fault: so have higher
mechanical stress on wind turbine due to
high torque fluctuations. .

In the next section the performance of the
different protection methods, Crowbar, DC
Chopper, SDR and combinations of them
will be evaluated. '

B.  Performance with Crowbar

Crowbar is commonly used to protect
converters and the DFIG during voltage
dips, it will operate from the beginning of
fault until it’s cleared. The Crowbar
protects the IGBTs and the DFIG from the.
overcurrents during the low voltage fault
event, also it protects the IGBTs from
overvoltage as the RSC was switched off
and rotor currents pass through the
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Crowbar instead passing through the DC
link as shown in Fig. 12. The results show
that the DC link voltage will increase due
to the operation of the freewheeling
diodes. This finding coincides with other

researcher’s finings [10].
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Fig .12 three phase fault with 0.95 p.u. voltage dips
for 0.2 s with Crowbar protection.

C. Performance with DC Chopper
When using DC chopper to protect the

power converters and the DFIG during

voltage dips, it will ‘operate from the
beginning of fault until it’s cleared. It was
found from the test simulations that the DC
chopper protects the IGBTs from the
overvoltage, but it has no effect on
overcurrents and torque ﬂuctuat1on during
the low voltage fault as shown in Fig. 13.
So this protection is a primary protection
for the DC link overvoltage. .

D. Performah_ée with SDR

The SDR protection is relatively
‘new technique for DFIG protection during
low voltage events. The protection
algorithm operates as follow: when a fault
occurs and leads to a voltage dip on the
terminal of the DFIG, a signal will be sent

E. 25

to the SDR protection scheme to connect
the SDR resistors in series with the rotor
by switching off the bypass back to back
thyrestors. When the fault is removed the
resistor is removed from service by the

bypass thyrestors.
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Fig.13 three phase fault with 0.95 p.u. voltage dip
for 0.2 s with DC Chopper protection.
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Figs .14 three phase fault with 0.95 p.u. voltaoe dip
for 0.2 s with SDR protection.

It was found from the simulations
as shown in Fig.14 that the SDR protects
the IGBTs and the DFIG from the
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overcurrents, but the DC link voltage
increases by significant value, and this is
because the rotor currents with SDR
protection pass through the DC link during
the fault leading to the capacitor charging.
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Fig. 15 Three phase fault with 0.95 p.u. voltage dip
for 0.2 s with crowbar and DC Chopper protection.

‘This DC _overvoltage may damage the
IGBTS of the RSC and GSC, so the SDR
can’t protect the converter from

overvoltages, and it can’t be used
individually as overall protection scheme.
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Fig. 16 single phase fault, with 0.95 p.u. voltage
dip for the faulty phase for 0.2 s with crowbar and
DC Chopper protection.

E. Hybrid Protection technique
using Crowbar.and DC chopper

Crowbars are commonly used to protect

the power converters during voltage dips.
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When crowbar is activated during the
faults the RSC will be switched off, so the
generator in this case work as single fed
induction generator  (SFIG) and the
machine is out of control as the active and
reactive power are not be controlled and
this is the disadvantage of the Crowbar
protection [11-12]. Also, the DFIG absorbs
- reactive power from the grid.
It was found from the simulation results
for three phase fault that the overcurrents
of the stator and rotor are damped and the
RSC overcurrent was reduced as it was
switched off during the fault as shown in
Fig. 15. We can see that the rotor currents
will pass through the crowbar during the
fault. Also the DC link overvoltage wa(s
damped and smoothed by the DC Chopper,
and the torque fluctuation at the beginning
of the fault was greatly reduced
To make sure that thé proposed protection
technique is effective, it was tested under
unsymmetrical single line to ground fault.
The simulation results are shown in Figure
18. The results show t:hatAthe stator, rotor
overcurrents are damped and the converter
overcurrents are reduced. Also the torqué
" ripples in the beginning of the fault were
cut down and the DC voltage was
smoothed by the DC Chopper so the
converter is fully protected. The results
show the effectiveness for both the

symmetrical and unsymmetrical faults.
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F. Hybrid Protection
using SDR and DC chopper

technique

This protection technique combines two
techniques the SDR and the DC chopper.
The advantage of this proposed protection
scheme is that the RSC will not switched
off during the fault and the generator
output active and reactive power can be

still controlled.
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Fig.17 Three phase fault with 0.95 p.u. voltage dip
for 0.2 s with SDR and DC Chopper protection.
By using this technique the generator
works as DFIG under fault condition
instead of operating as SFIG with Crowbar

protection.
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The simulation results shows that the
overcurrents of the stator, rotor and the
RSC are damped under the LV fault as

shown in Figure 17.
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Fig.18 single phase fault with 0.95 p.u. voltage dip
on the faulty phase for 0.2 s with SDR and DC

Chopper protection.

‘The converter current will be the rotor
current under LV fault in this case. Also
the DC link overvoltage was damped and
smoothed by the DC Chopper, and the

torque fluctuation at the beginning of the
fault was reduced.

The proposed technique was tested under
single phase to ground fault and the results
are shown in Figure 18.

From the results it was found that the
stator, rotor and converter overcurrents are
damped, also the torque ripples in the
begging of the fault were reduced and the
DC voltage was smoothed by the DC
Chopper.

The proposed protection scheme with the
DC Chopper connected in parallel with the
DC link and the SDR connected in series
with the rotor will provide a similar
Crowbar with DC Chopper performance
for the DFIG under LV faults.

G." LVRT Hybrid
performance comparison

techniques

The performance of DFIG with the two
hybrids proposed protection systems were
compared. It was found from simulation
results for three phase fault with 0.5 (p.u) .
voltage dip that the DFIG with crowbar
protection absorbs reactive power as the
RSC was switched off and the generator
worked as single fed induction generator
(SFIG), but in the case of the SDR
protection no reactive power absorbed
during the fault as the RSC was not
switched off.as shown in Fig. 19. This
mean that with the SDR based scheme the
machine can generate its own reactive
power during the fault. This will improve
the LVRT capability of the unit. Also the
speect peak value With SDR is lower than
speed peak value with Crowbar protection.
But with the SDR the torque peak value is

little more than torque peak value with
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Crowbar protection, and this is due to
increased series rotor winding resistance
with the SDR protection.

The main disadvantage of Crowbar
based scheme is loss of control of the
DFIG that lead to reactive power
absorption from the grid, and the increase
in the rotor speed. The main advantage of

- the Crowbar based scheme is the lower
increase in the torque ripples in
comparison with SDR.

The main advantage of the SDR
based scheme is the ability to control the
DFIG during faults by keeping RSC which
enable the generator to generate reactive
power, and also lower rotor speed
overshooting. The main disadvantage of
this technique is that a torque fluctuation is

higher than that with the Crowbar

protection. So in general the SDR
protection ~ method has a better
performance with various grid faults, and
this method can be an effective alternative
to the Crowbar protection in the industrial
environment. DC Chopper is proposed to
be used in combination with Crowbar or
SDR for smoothing the DC link voltage.
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Fig. 19 Crowbar ahd SDR performances under
three phase fault with 0.5 p.u. voltage dip for 1
“second.

V. Conclusion

In this paper five low voltage
protection schemes for DFIG were
simulated and evaluated using PSCAD.
This includes DC Chopper, crowbar, SDR
LVRT techniques along with two hybrid
LVRT techniques. -

It was found that DC Chopper
can’t be used individually to protect DFIG,
because it cannot limit the overcurrents
during the LV events, but it can be used
only to smooth the DC link voltage during
the low voltage event. The Crowbar
protection which is the most preferred LV
protection technique by manufacturers has
good LVRT performance including
damping of the overcurrents, and torque
fluctuations. Its main drawback is that the
DFIG absorbs reactive power from the grid
during low voltage events. The SDR
protection scheme has better LVRT
performance than the Crowbar protection
scheme and it reduce the need for reactive
power from the grid. The disadvantage of
the technique is the small increase in the
torque fluctuations during the fault. SDR ~
method can- be the best alterative
protection scheme for the Crowbar
protection circuit.
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APPENDIX
Table 1 generator parameters.
Parameter value Parameter value
Rated power . u
(MW) 2 Ratio Ns/Nr 0.3
Rated stator 690 Inertia 2
voltage (V) constant (s)
Rated frequency .
(Hz) 50 | Pole pair nom 2
Stator .
irslzlfgtrafca;(?s:?) 0.1 resistance 0.0054
(pu)
Rotor
irl}(;)&g:af:é(?gz) 0.1r resistance 0.006
: (pu)
Magnetizing 4
inductance (pu) .
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