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International agreements have set high demands on the share of renewable
energy in the total energy mix. Among the different renewable energy
sources, significant investments are made in wind power. More and more
wind turbines are being built and their number is rising dramatically. There
are many different generator technologies, but this paper focuses on Doubly
Fed Induction Generator (DFIG). DFIGs are the generators which are
connected to the grid on both stator and rotor sides. The machineis controlled
via converters connected between the rotor and the grid. The size of these
converters determines the speed range of the DFIG. Wind farm connections
to the grid must satisfy grid requirements set by Transmission System
Operators (TSO). This means that the study on dynamic response of
windfarms subjected to weak and strong disturbances and their Fault Ride
Through (FRT) capabilities have become a critical issue. Thisis increasingly
important for induction generators, due to their growing size and number.
Several computer softwares exist to carry out their dynamical simulations.
This paper focuses on the use of DigSILENT Power Factory software to
study the effect of crow bar resistance on the FRT capability of DFIG .
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I ntroduction

In the last few years, the trend in wind Generators (WEG) in many countries

generation has been improving drastically.
As a consequence, wind power has reached
significant penetration levels in the grid
imposing new challenges to the TSO. This
situation has demanded the establishment
of new grid codes for Wind Electric
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around the world. Disconnection of wind
turbines in case of disturbance is not
admitted anymore. Also the voltage and
transient stability support during and after
grid fault events are required for WEG. By
this way, the risk of losing a significant
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fraction of wind power during disturbances
decreases and grid operators can guarantee
a reliable and secure power system
operation even under high wind power
penetration levels (Vladislav Akhmatov,
2005).

DFIGs are the most common technology
used in variable speed wind turbines.
Under normal grid conditions, the use of
power converters enable DFIG to operate
at optimal rotor speed and to maximize
power generation by controlling the active
and reactive power injected into the grid. In
case of voltage dips close to the wind farm,
high currents will pass through the stator
and rotor windings, which could damage
the converters and therefore, a protection
system is required. The protection of the
converter is usually achieved by short
circuiting the generator rotor through a
crowbar and thus blocking the rotor side
converter. Once the rotor side converter is
blocked, the DFIG operates like a typical
induction generator and therefore, the
control of active and reactive power
through the rotor isinactive.

The aim of this paper is to provide insight
and understanding about the effect of
crowbar resistance on FRT capability of
DFIG during weak and strong disturbances
on the grid. A control strategy alowing the
grid and rotor side converters to support the
grid voltage by injecting reactive power
during and after grid faults is developed.
Simulations are performed on the wind
farm using DigSILENT in order to study
the behavior of DFIG during grid faults.

Working of DFIG

Figure 1 shows the schematic diagram of
DFIG used in windfarm (Poller, 2003).
This concept uses a wound rotor induction
generator whose stator windings are
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directly connected to the grid, while the
rotor winding is connected to the network
via a back-to-back 1GBT-based converter.
The Rotor Side Converter (RSC) regulates
the active and reactive power injected by
the DFIG and the Grid Side Converter
(GSC) controls the voltage at the DC link.
When the machine produces energy, only a
small part of the generated power flows
from the rotor to the grid. The converters
can then be chosen in accordance with this
small rotor power. Generally the absolute
value of dip is much lower than 1 and
consequently the rotor electrical power
output P; is only a fraction of stator red
power output Ps. The electromagnetic
torque T, is positive for power generation
and os is positive and constant for a
constant frequency grid voltage. So, the
sign of P, isafunction of the slip sign.

P, is positive for negative dlip (speed
greater than synchronous speed) and it is
negative for positive dip (speed lower than
synchronous speed). For super synchronous
speed operation, P, istransmitted to DC bus
capacitor and tends to raise the DC voltage.
For sub synchronous speed operation, P; is
taken out of the DC bus capacitor and tends
to decrease the DC bus voltage. The GSC is
used to generate or absorb the grid
electrical power Py in order to keep the DC
voltage constant. In steady state, for a
lossless AC/DC/AC converter, Py is equal
to P and the speed of the wind turbine is
determined by the power P, absorbed or
generated by RSC.

Modeling of WEG in DigSILENT power
factory

The overal structure of WEG model
comprises of the aerodynamic model of
wind speed, mechanical model of drive
train and electrical model of generator
(Camille Hamon, 2010). The well known
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actuator disc concept is taken into account
by the aerodynamic model under the
assumption of constant wind velocity. The
drive train is approximated by a two mass
model considering one large mass to
represent the turbine rotor inertia and one
small mass representing the generator rotor.
The two masses are connected by aflexible
low speed shaft characterized by stiffness
and damping. As usua in fundamental
frequency simulations, the generator is
represented by a third order model, whose
equations are simplified by neglecting the
stator transients. A pitch angle control is
aso implemented to limit the generator
speed during grid disturbances and in
normal operation under high wind speeds.
Finally, a protection system is included in
order to block the RSC when its safe
operation is threatened. The protection
system monitors the voltage at the Point of
Common Coupling (PCC), the magnitude
of the rotor current and the generator rotor
speed. When at least one of these variables
exceed the range of their maximum and
minimum values, the protection system
blocks the RSC by short circuiting the
generator rotor through a crowbar.

Rotor Side Converter

The RSC controls independently the active
and reactive power injected by DFIG into
the grid in a stator flux dg-reference frame.
Figure 2 shows the control scheme of the
RSC (Rahmann et al., 2009).

The g-axis current component is used to
control the active power using a Maximum
Power Point Tracking (MPPT) strategy to
calculate the active power reference. The
reference value for the active power is
compared with its actual value and the error
is sent to a Pl controller which generates
the reference value for the g-axis current.
This signal is compared to its actual vaue
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and the error is passed through a second Pl
controller determining the reference voltage
for the g-axis component. The d-axis is
used to control the reactive power
exchanged with the grid, which in normal
operation is set to zero in order to operate
with unity power factor. In case of
disturbance, if the induced current in the
rotor circuit is not high enough to trigger
the over-current protection, the RSC is set
to inject reactive power into the grid in
order to support the voltage restoration. In
such case, the actua voltage at the PCC is
compared to its reference value and the
error is passed through a Pl controller to
generate the reference signal for the
reactive power of the DFIG. Similar to the
control strategy of the g-component, the
error between the reactive power reference
and its actual value is passed through a Pl
controller to determine the reference value
for the d-axis current. This signa is
compared to the d-axis current value and
the error is sent to a third Pl controller
which determines the reference voltage for
the d-axis component. Finaly, the dg-
reference voltages are passed through the
PWM module to produce pulses for
controlling RSC.

Grid Side Converter

Figure 3 shows the control scheme of
GSC[4]. The objective of GSC is to
maintain the voltage a the DC link
between both power converters. In normal
operation, the RSC aready controls the
unity power factor operation and therefore
the reference value for the exchanged
reactive power between the GSC and the
grid is set to zero. In case of disturbance,
the GSC is set to inject reactive power into
the grid, depending on whether the RSC is
blocked or is kept in operation.

Like RSC, the control of the GSC is also
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performed using the dg- reference frame,
but instead of rotating with the stator flux,
the axis rotates with the grid voltage. The
actual voltage at the DC link is compared
with its reference value and the error
between both signals is passed through a Pl
controller which determines the reference
signal for the d-axis current. This latter
signal is subtracted with its current value
and the error is sent to another PI controller
to obtain the reference voltage for the d-
axis component. As for the g-axis current,
its reference value depends whether the
system operates in normal operation or
during disturbance. In normal operation,
the GSC is assumed reactive neutral by
setting the reference value of the g-axis
current to zero. In case of disturbance, the
actual AC-side voltage of the GSC is
compared with its reference value and the
error is passed through a Pl controller
which generates the reference signa for the
g-axis current. This reference signa is
compared to its current value and the error
is sent to a second Pl controller which
establishes the reference voltage for the g-
axis component. Finally, both reference
voltages in a dg-reference frame are sent to
the PWM module which generates pulses
for control of GSC.

FRT capability of DFIG based WEG

FRT capability of WEG is defined as the
capability of the generator to remain
connected to the grid under grid
disturbances. Below are a few scenarios
describing what should happen to DFIG
during and after a voltage drop resulting
from a load disturbance or other fault
(Joshua Earnest and Tore Wizdlius, 2011).

(1))DFIG should be disconnected from the
AC grid temporarily until the dip
disappears, after which the machine should
be reconnected.

(i)DFIG should never be disconnected
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from the grid and should remain constantly
operational .

(i11)DFIG should stay connected and act as
a reactive power source to support the grid
voltage.

Around the world, network operators issue
grid codes, which determine which
operational behavior should occur or what
action should be taken when any fault has
occurred. For example according to the
German grid code, WEG during a fault
period (e.g., a short-circuit fault) must
provide voltage support or reactive power
support by increasing the provided reactive
current to the grid. Two most effective
factors determining the FRT capability of
DFIG based wind turbines are converter
control and converter protection system.
These Two factors influence the
performance of DFIG during normal
operation as well. During fault incidence,
the voltage a the DFIG termina dips
down, causing a high transient rotor
current. To protect the rotor winding of
DFIG and its converter circuits, a rotor
over current protection called crowbar is
applied. The crowbar provides a safe route
for the high transient rotor current by short
circuiting the generator rotor windings,
switching the Crowbar to protect the RSC
during faults. Several principles and
guidelines should be considered in
designing crowbar protection. Crowbar
technique is a useful way to solve FRT
capability of WEG. When a crowbar
protection was applied, it was noted that
FRT capability can be improved by using a
proper value of crowbar resistance.
Furthermore, to damp the torsion
oscillation in the drive train caused by grid
sag, a damping controller was applied to a
thyristor crowbar [5]. A disadvantage of
the crowbar protection method is during a
fault, the controllability of aDFIG islost as
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it will behave as a conventional Squirrel
Cage Induction Generator (SCIG).

Simulation of transient stability analysis
in DigSILENT power factory

Transient stability analysis is used for
dynamic analysis over time periods from
few seconds to few minutes depending on
the time constants of the dynamic
phenomenon modeled. Transient Stability
Analysis is the smulation module
dedicated to simulate electromechanical
transients in three phase electric power
systems. Thus for the considered network,
transient stability analysis is done in order
to determine the dynamic behavior of the
DFIG with and without crowbar resistance
during weak disturbances and aso the
strong disturbances.

The various steps needed to do the
simulation of DFIG based WEG in
DigSILENT are as follows

(DA single line diagram of DFIG based
wind farm is created using built in
modelsin DigSILENT power factory.

(iThe transient stability of WEG is
analyzed by creating short circuit events
and the dynamic behavior of DFIG is
obtai ned.

(iii)The dynamic behavior of DFIG with
and without crow bar protection is studied
and the results are compared.

Figure 4 shows the electrical network
which is used for simulating the transient
stability analysis of the particular DFIG
wind farm. The network consists of 60 MW
capacity DFIG based wind farm and two
synchronous generators each of 40MW
capacity connected to the grid.
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Simulation study of DFIG during strong
disturbance

Case study-1: 3 phase fault at HV (110
kV) bus near to wind farm. (Without
crowbar)

The 3 phase short circuit was created at HV
bus near to the wind farm and the transient
behavior of DFIG is studied. The results
obtained are shown in the form of graphsin
Figure 5.

When the fault was created at the HV bus
at 0 second there is a voltage dip to 0.40p.u
a HV bus and 0.49p.u at MV bus. The
rotor speed is increased from 1.2p.u. to
about 1.25p.u.

With respect to the change in speed, there
IS a variation in pitch angle between 0
degreeto 2 degree. The currentsin the rotor
is suddenly raised to about 2.1 times the
rated capacity of the rotor. The fault is
cleared at 150ms. At this moment, the
voltage is rising to its pre fault level. The
speed and also pitch angle is aso reducing
after the clearance of fault. The value of
rotor current is also reduced after the fault.
In post fault condition the rotor current
reached the value of about 0.8p.u.

As shown in Figure 6, the active power
generated by DFIG wind farm before fault
is about 60MW. When the fault occurred,
there is a reduction of power to I0MW till
10ms there after it reached to zero value at
100ms then there is a dlight increase in
power. After the fault clearance, it regained
to its original value. The phase currents of
generator are also raised to about 100 kA
when the fault was occurred; it came to
original value after the clearance of the
fault. This is the behavior of DFIG wind
farm during the strong disturbance occurred
nearer to the wind farm at HV bus without
crowbar protection.
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Figure.1l Schematic diagram of DFIG

T  Ee—
ke Tcmﬁ(\());

52, —
an - .

T ‘Rptor a _ Three-phase
AV "

U\ O Oge grid

Stator
Induction
generator

Figure.2 Control scheme of RSC

0]
bypass Protection PWM
System

Figure.3 Control scheme of GSC

L v
| abc— dqo }-—’i{ pLL |

Protection
System

93



2(1):88-101

4

4

Int.].Curr.Res.Aca.Rev.201

MG} Snq ouAs

=
ingshiar we o
B =
IS0l m
(&)
snq pub "
DO - =
L : oo § 34 3
..-u?wmkey 8 m ..hl
e 2 W
Ei= &
0 ra-rrT8 —r—r8 —ra—Tae 8 r—r 18
. N 5 2k 5 L
. %8222 $3 82
3 it (1Jour) 4 01} 1 oufs m @l?immmgmm ~ i N ol - oftiz
8 528 K22 h Chin-E > )
P8, R T
X VERZE NSO ¥ w00 Te 3 R L S e (A= A
o) Tmmﬂ pil-iA i 2 | auks o L6112 _ o8l ®
S E" i afins : =
.mm = Hi L 53 - w ] N <! |
=] ] <0 3
— - ] 5 - a . v £ L
b 3 g I B2 T = et 8
S o o o2 A0 ISp) !
w M 4 = A ~
Y— 5 a & %) q q
o 2 - B $nq dufs — %
=3 : p . g iliils /
¢ ) 3 0L = i =
W W 0 2 T L L /
<t o o \uw,.-./w : W 2 m
- ) =20 =) 4 i
& E mw A e 8 v
5 ! g ese®™ N - )
) o L O HirrEi EEdank
i G L &= P
S Lt BB N 1§
k= ¥ E
o ) 1 _EE _#
= e Rl 5|
E scaess sss5=28%2
o
.M
o
()
F o
>
A=y
L

94



Int.].Curr.Res.Aca.Rev.2014; 2(1):88-101

95

=
o
-
Q@
—~ w
@ o
L - = = —
W T - - S = (@] e T T 5 r————r—r 5 r———r—r— 5
(@) ! ! o 1 1 1 i | i i
S 2
| | = 1 i 1 i i 1 i
O i i _ < T i i i | i i
5 b = = Plide  [TEINT = HIBECHER
2 | = bl AR i “
s e | |
2 P = o R L AR R N N A
- L > n AP aN B “
g ... % IRy i |
e I AN i A
=) I i T ITE o 1 1 1 I I i i 1
(&) “ “ = mm M A i i i | : P
-——— wm m 1 i 1 i i | 1 i
g 232 o |HERHE PR AT RN
1 1 o
& _ 4 i AT | i
|||||| ] <
e — = 5 Pl P B “ .
m x 1 1] ] 1] 1] i 1 1]
= § § 2 N NG il i
Nu LR — 7] 1 I 1 I I | i i
W 1 =~ Nu -+ 2 =T g r—r—tT— = r—H—a—T—r— £
! - D P i i i | : i
o ! 1= bl Ny Ik “
o i e & P AT il | ]
= | S I I I I I i I I
= | ] 1 I 1 I 1 ] 1 I
8 S n NG i “
A “. = G ! ! 1 1 i 1 [l \\\
m “ - —_ [ m..m H "|IM Lt .“.|_|I..4u. Lot calf JR T T
“ T EEREE AN NIINEE _ .
8 | a LIl BRI ReRRETRL
—_ = i 1 - i ] 1 E
s | = %5 RN IER P N g
s 1. 2 |1y e dlsE N
| s c “ 22| Sl Bl :
O I (@) 1 — 1 _ 2 o H a
1 1 -t 2 r 2 r—r-—1—+—f— 2
() 1 1 ..a ' FET N 1 = [ =
= L L
S L ——— = w S=S=EE=S = SEEESS
.@ pl_. 3 W TS s s = = v e e = ==
LL = =
N~
a
—
=2
2
LL



Int.].Curr.Res.Aca.Rev.2014; 2(1):88-101

Case Study-2: 3-phase fault at HV (110
kV) busnear towind farm.
(With crowbar-0.1p.u)

From this study the, dynamical behavior of
DFIG with crowbar can be obtained. The
results are shown in Figure 7 and Figure 8.
From the results, it is seen that the voltage
profile was increased to 0.5p.u and 0.6p.u
of HV and MV bus of wind farm when
crowbar is connected to DFIG. So thereisa
voltage support to the grid during faults.
During the fault instant the speed is
increased from 1.2p.u to about 1.24p.u.
With respect to the change in speed there is
avariation in pitch angle between 0 degree
to 1.5 degree and after some time, it has
become stable. When crowbar of value
0.1p.u is inserted, the speed is reduced
when compared with when crowbar is not
connected. The currents in the rotor is
suddenly raised when the fault has occurred
to avalue of about 2.1p.u, which represents
that the value of current is about 2.1 times
the rated capacity of the rotor. Interestingly
when the crowbar is inserted at a time of
0.01sec, the currents in the rotor are
reduced. The value of current during
crowbar activation is about 0.9p.u.This
ensures the safe operation of rotor. So, the
machine can run as an ordinary induction
machine when the crowbar is activated. So
instead of getting the machine to trip, it can
run and it can ride through the fault.

From the results, it can be stated that there
is support of reactive power from the DFIG
in order to support voltage stability, when
the crowbar is activated. But when the
crowbar is deactivated at 150.11ms, the
DFIG draws huge reactive power till the
rotor converter comes backs to operation.
The active power by the farm is in
supportive to the grid instead of reaching to
zero. During fault period also, it is capable
of supplying power to the grid when
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crowbar is connected, the magnitudes of
phase currents are also reduced to safe
values very quickly during the fault. After
the fault, it came to its stable state.

Case study-3: 3-phase fault at HV (110
kV) bus near towind farm.
(With crowbar-0.25p.u)

From this study the dynamical behavior of
DFIG with crowbar of value 0.25p.u can be
obtained. The results are shown in Figure 9
and Figure 10. During the fault instant the
speed is increased from 1.2p.u to about
1.24p.u as same as that of when crowbar
with 0.1 value is connected. With respect to
the change in speed there is a variation in
pitch angle between O degree to 1.5 degree
and after some time. it’s becoming stable.
The currents in the rotor is suddenly raised
to a vaue of about 2.1p.u. When the
crowbar of value 0.25p.u is inserted at a
time of 0.01sec,the currents in the rotor are
reduced.The vaue of current during
crowbar of 0.25p.u activation is about
0.75p.u.approximately, but when the
crowbar of value 0.25p.u is removed, at
that instant there is huge rise of currents to
about 1.3p.u until the rotor circuit is
connected to the converter.

This ensures the safe operation of rotor if
the RSC is connected as soon as possible
after the remova of crowbar.lt can be
summarized that when the crowbar is
connected to the rotor circuit, DFIG can
have the capability of riding the fault. But
choosing the right value of crowbar ensures
better operation during the fault period.
From the above results of different crowbar
values 0.1p.u and 0.25p.u, it seems that the
crowbar with value of 0.1p.u seems to be
optimal because a the time of
disconnection there is no high rise of
currents just when compared with other
crowbar of 0.25p.u value.
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Thus when the crowbar of optimal value is
connected in the rotor circuit during fault,
the DFIG can obtain the FRT capability.
Table 1 shows the average voltage levels
(p.u) for different faults with different
CrowBar (CB) values at MV and HV Bus
under Strong disturbance

Simulation study of DFIG during weak
disturbance

To find the dynamic behavior of DFIG
machine during the weak disturbance
which is nothing but the fault occurred far
away from the wind farm, ashort-circuit is
created at syncl 33 KV bus and transient
analysis is done. The dynamic behavior of
the machine obtained is shown in Figure
11 and Figure 12.

The 3 phase short circuit was created at
syncl 33kv bus which is far away from
wind farm and the transient behavior of
DFIG is studied. When fault occurred at the
particular bus, there is a voltage dip to
about 0.94p.u and when the fault is cleared
at 150ms, it comes back to normal value.
The speed of the machine is about 1.2p.u
before the fault, but at the moment of fault,
the speed of the machine dlightly reduces
and after that it shoots up to a value of
about 1.2003p.u. At the moment at which
the fault cleared, the speed again increases
and after that it reduces. It takes some time
in order to come to stable state. With
respect to the change in speed of the
machine, the pitch angle is adjusted in
order to limit the speed of the machine, But
here there is no change in pitch angle
because the speeds are in limit. When the
fault occurred, the rotor currents were
raised to a value of about 0.91p.u which is
under rated value and the rotor is aso in
safe position. So, there is no need of by
passing the rotor circuit and there is no
need of crowbar protection. This resembles
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that the machine will be operated rather
than trip.

When the fault has occurred, the active
power is reduced to 57.5MW and after that
it is dightly increasing and fluctuating
between 60MW and 59MW, and at the
moment when the fault is supposed to clear,
there is dip of power to 54.5MW and the
moment when the fault is cleared the active
power shoots up to a value of about 65MW
instantaneous. And after that, it came to
stable state. The reactive power absorbed
by the machine at the time of fault is less
but the moment when the fault is cleared
there is a huge drawing of reactive power to
about 11MVar, and after that instant it is
building up and becoming constant. The
phase currents of the generator is raised to
about a value of 60 kA but after that it was
reduced to about 18 kA and at the moment
when the fault is cleared, there is arise in
currents at that instant and after the fault
the values of currents are about 21kA.

From the above results, it can be inferred
that the DFIG can be able to supply the
power at good level with minimum
fluctuation during the weak disturbances.
The rotor currents are also under protection
levels. So, there is no need of protection
system such as crowbar activation and rotor
converter bypass circuit. Thus, it can be
inferred that the DFIG can have fault ride
through capability during the weak
disturbance even without crowbar.

Conclusion

Overcoming limitations and issues related
to the FRT capability of the DFIG is
currently a prime topic of research. In this
paper, the FRT capability of DFIG with
crowbar protection is studied. Currently,
due to increased implementation of WEGS,
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Figure.8 Waveforms at wind farm connection points (with crowbar
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Figure.10 Waveforms at Wind farm connection points (with crowbar -0.25p.u)
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Table.1 Voltage levels (p.u) for different faults with different crowbar value at MV and HV

Bus (Strong disturbance)
FAULTS | WITHOUTCB | WITHCBO.1P.U | WITHCB025P.U | BUS
3PHASE | 049 0.59 0.58 MV
040 0.51 051 HV
2 PHASE | 0.65 0.75 0.74 MV
0.7 0.8 0.79 HV
IPTOG | 082 0.821 0.63 MV
0.84 0.85 0.64 HV
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Figure.11 Wave forms of DFIG parameters (3-p fault at syncl 33kv bus)
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most system operators demand that a WEG
should support the voltage recovery after
the grid faults. Consequently, the RSC
controller is modified to support the grid
voltage and improve FRT capability during
a fault. The capability of the crowbar
circuit in rotor to improve voltage support
during a fault has been affirmed. For
different faults with different crowbar
values for strong and weak disturbances,
the simulation of DFIG is done using
DigSILENT software. From the results, it is
concluded that by properly choosing the
value of crowbar resistance, better FRT
capabilities of DFIG can be achieved.
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