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Enhancing LVRT capability of DFIG using cooperative control of BTFCL and RPC

K. Gireeshma and S. Chandramohan
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ABSTRACT
To integrate the high penetration of power from wind farms into a grid, one of the key require-
ments posedbynewgrid codes is LowVoltage Ride Through (LVRT) capability. This paper studies
voltage compensation-based methods to improve fault ride-through capability of the grid-
connected Doubly Fed Induction Generator (DFIG). Bridge Type Fault Current Limiter (BTFCL)
and Reactive Power Control (RPC), which is acting as an active voltage compensator, are coop-
eratively controlled in this study to achieve better LVRT capability of DFIG. Additionally, the
design considerations to select shunt impedance of BTFCL are described to get optimal per-
formance of the system under consideration. The test system was modelled and simulated in
MATLAB/SIMULINK environment. The effectiveness of the proposed method is tested by com-
paring it with the conventional Crowbar resistance method. Simulation results show that the
cooperative control of self-acting BTFCL and an intelligent RPC can effectively reduce the fault
current, improves the stator voltage of DFIG for continuous operation and provides reactive
power support to the grid during fault conditions.
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1. Introduction

The demand for electric power increases very rapidly
in recent years, to meet this demand; available con-
ventional sources are very finite and take more time to
regenerate. One of the major problems with these fos-
sil fuels is their CO2 emissions while generating power.
According to International Energy Agency (IEA) the
power sector’s CO2 emissions are equal to 40%of global
CO2 emissions [1] in 2018. To overcome the above-
mentioned problems, the government and people are
focusing more on non-conventional energy sources
such as wind, solar, biomass, etc. Among all sustainable
energy sources, wind power is gaining importance as it
is a technically and economically proven reliable source
to produce electricity.

The present total wind power installed capacity is
743 GW [2], according to Global Wind Energy Coun-
cil (GWEC) by 2050, this is planned to increase by
3300 GW [3]. As the penetration of power from wind
energy increases, the major concern is to maintain sta-
bility of the grid. LVRT is one of the most promising
solutions to maintain stability in this scenario. The
new grid codes made it compulsory that all installed
wind plants and upcoming ones must have LVRT
capability [4].

DFIGs are occupying a large portion (50%) of the
wind power market [5] due to their lightweight, low
cost, small size, low rated (25% to 50% of generator
rating) power converters and independent control of
real and reactive power. While an increasing portion

of power from wind sources, the DFIGs fail to satisfy
new grid codes because of very low LVRT capability.
As one of the converters of DFIG is directly connected
to the grid, these generators are very much sensitive to
faults suach as voltage dips and voltage swells. To attract
the owners of wind power and to meet new grid code
requirements, it is very much necessary to improve the
LVRT capability of DFIG.

Any voltage sag that occurs at the Point of Common
Coupling (PCC) of a DFIG-based wind plant can cause
very high fault current flows through Rotor Side Con-
verter (RSC) which may damage the low-rated power
electronic switches, large fluctuations in DC link volt-
age waveform and electromagnetic torque oscillations.
This may reduce the lifetime of the turbine shaft and
gearbox and also the reliability of the machine.

Several methods [6] are available in the literature
to enhance the LVRT capability of DFIG-based wind
plants. From the literature, it is observed that the
available methods are divided into two categories [7]
namely: (1) External hardware protection-based meth-
ods and (2) Internal modification-based methods. The
internal modification-based methods include the mod-
ified vector control method proposed in [8] where the
inner current control loop is changed to sliding mode
control and controller gains are chosen using a posi-
tive semi-definite barrier function. A negative sequence
current compensation technique is discussed in [9]
to reduce the rotor over-current and smoothen the
electromagnetic torque and reactive power during the
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asymmetrical faults. Dual-loop control is proposed in
[10] inwhich an additional control loop in combination
with the traditional current control loop is proposed
to account for transient stator flux, thereby controlling
active, reactive powers and reducing rotor over current.

Feed forward rotor current is additionally added
to RSC for better tracking of rotor current compared
with conventional PI controllers as discussed in [11].
Another common method is to modify the converter
control structure to participate in Transient Voltage
Control (TVC) [12,13], but TVC alone is not suffi-
cient to boost PCC voltage during the worst situations
like very low stator voltage due to faults. A dynamic
coordination control strategy, which is based on the cal-
culation ofmaximumavailable reactive power, was pro-
posed in [14], to enhance the reactive power capability
of DFIG, but without any fault current limitation. An
improved fault ride-through system for DFIG, based
on stator voltage control by modification of both the
converters is discussed in [15].

The control structure of DFIG itself is a bit com-
plex, these internal modification-based methods make
it a more complex structure, and hence the exter-
nal protection-based methods are gaining importance
because of their simple control. The most discussed
external protection-based method in the literature is
Crowbar [16–19]-based resistance connected in series
with RSC to limit the fault current. A modified DC
chopper was proposed in [20] to not only maintain the
DC link voltage at a constant level but also to reduce the
fault current through the rotor and stator of DFIG.

Inserting a series resistance into the generator circuit
using a Series Dynamic Breaking Resistor (SDBR) was
described in [21] to enhance the Fault Ride Through
(FRT) capability. A Dynamic Voltage Restorer (DVR)
combined with an inductive fault current limiter was
proposed in [22] to maintain the stable voltage and to
limit the rotor over current during the faults on the grid.
Superconducting Magnetic Energy Storage (SMES) is
used to maintain the grid stability during small and
large disturbances by considering the exact location
and ratings of SMES discussed in [23]. A new method
gaining importance in recent days is Superconducting
Fault Current Limiter (SFCL) combined with SMES to
enhance the LVRT capability was discussed in [24,25]
however with the very high installation cost. Resistive
type SFCL conceptual design and evaluation were dis-
cussed in [26] to enhance the LVRT of DFIG. SMES
and DVR are controlled combination to enhance the
LVRT of DFIG was discussed in [27]. Unified Power
QualityConditioner (UPQC)-based energy storagewas
proposed in [28] to enhance the LVRT of DFIG and
to reduce the oscillations during asymmetrical faults
thereby improving the stability of the grid. Combined
control of Resistive type SFCL and SMES was discussed
in [29] for LVRT enhancement of DFIG but without
any reactive power support from DFIG. A Modified

Bridge-Resistive-type Superconducting Fault Current
Limiter (MBR-SFCL) was proposed in [30], to enhance
the LVRT capability of DFIG and compared the pro-
posedmethodwith conventional SFCL, butwithout any
reactive power support from DFIG during the fault.

A new device with a lot of applications in power sys-
tems and excellent fault current limiting properties is
Bridge Type Fault Current Limiter (BTFCL) [31,32].
To improve the transient stability and to enhance the
LVRT capability of DFIG during the fault conditions,
the authors proposed the Fuzzy logic-based Capacitive
Bridge Fault Current Limiter (CBFCL) in [33], this pro-
posed fault current limiter is used to reduce the voltage
drop by generating the instantaneous reactive power
during the fault conditions.

BTFCL is used to enhance the transient stability of
DFIG in [34], but with BTFCL alone, DFIG is failed
to provide any reactive power support to boost the
PCC voltage. The key contributions of this paper are as
follows.

• A lot of pieces of literature are available to limit
the fault current of DFIG but only a few authors
discussed providing reactive power support.

• In this paper authors propose the cooperative con-
trol of BTFCL and Reactive Power Control (RPC),
to limit the fault current and provide reactive power
support from DFIG to the grid.

• There by successfully achieving the two main
requirements of LVRT capability as per new grid
codes.

The organization of this paper is as follows. The
importance of LVRT requirements is explained in
Section 2, the basic cooperative principle is described
in Section 3, modelling and analysis of DFIG, BTFCL,
RPC, design considerations for BTFCL, PI controllers
and Crowbar method are described in Section 4, simu-
lation results were presented and analyzed in Section
5 and the findings of the study are concluded in
Section 6.

2. Importance of LVRT requirements

The installed capacity of wind power has been increas-
ing rapidly over the past 10 years and the cumulative
wind power installed up to 2020 is 743 GW. Accord-
ing to the Global Wind Energy Council (GWEC) this
may increase and supply up to 30% of total world elec-
tric power by 2030, which means it reduces 3.3 billion
tones of CO2 emissions by the end of 2030 [35].

Integrating such a large amount of wind power into
the grid poses critical challenges using grid stability
and security. The previous grid codes are allowed to
disconnect the wind plant during faults and low volt-
age situations [36]. But during large penetration from
wind source, a sudden disconnection of wind plantmay
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raise the severity of the fault and leads to totally unsta-
ble operation of the grid. Hence countries around the
world are forced to develop new grid codes by man-
dating LVRT capability for all upcoming and already
installed wind plants [36].

LVRT requires mainly two objectives [36] i.e. (1)
During a fault, the wind unit needs to continue its oper-
ation with the grid for a specific period before it is
allowed to be disconnected, as shown in Figure 1 and
(2) To bring power system back to its normal operation,
wind unit needs to provide reactive power support to
the grid, as shown in Figure 2.

3. Basic cooperative principle

Figure 3 shows the 9 MW wind plant formed by 6
wind turbines with a capacity of 1.5 MW each and it
is connected to PCC through a step-up transformer T1,
which feeds power to the 220 kV grid through a 30 km

Figure 1. Voltage requirement curve of LVRT [36].

Figure 2. Reactive power requirement curve of LVRT [36].

double circuit line and transformer T2. The proposed
BTFCL is connected in series with the transmission line
(Tr2). The parameters of DIFG used in this study are
listed in Table 1. RSC andGSC can be controlled within
their available rating [37–40] such that DFIG can con-
tribute reactive power support to the grid. The reactive
power output of the DFIG stator and the reactive power
exchange between GSC to the grid is given by [41]

Qstator = 3
2
(Vqsids − Vdsiqs) (1)

Qg = 3
2
(Vqgidg − Vdgiqg) (2)

where v, i represent voltage, current and subscripts s,
g, d and q represent stator, grid, direct and quadrature
axis components. After applying stator flux oriented
synchronously rotating reference frame [41] with sta-
tor flux is aligned with d-axis to equation (1) results in
the following

Qstator = 3
2
|Vsiqs| (3)

After applying synchronously rotating reference frame
[41], with grid voltage is alignedwith d-axis to equation
(2) results in the following

Qg = 3
2
|Vsiqg | (4)

From equations (3) and (4), it is seen that magnitude of
reactive power output from DFIG depends on the post
fault stator voltage Vs, which means Reactive Power
Control (RPC) acts like an active voltage compensator.
Stator reactive power can be controlled by controlling

Figure 3. Schematic diagram of 9 MW DFIG wind farm with
bridge-type fault current limiter.

Table 1. Parameters of DFIG under study.

Parameter Value

Base power 10MVA
Nominal power 9MW
Stator voltage (rms) 690 V
Rotor voltage (rms) 1975 V
Stator to rotor turns ratio 0.3
Rated frequency 60 Hz
Stator resistance (Rs) 0.0108 pu.
Stator inductance (Ls) 0.102 pu. (referred to the stator)
Rotor resistance (Rr) 0.0121 pu.
Rotor reactance (Lr) 0.11 pu. (referred to the stator)
Mutual inductance (Lm) 3.362 pu.
Lumped inertia constant (H) 0.5 s
Dc link capacitance 39mF
DC bus nominal voltage 1150 V
Rating of converters 0.5 pu. for each converter
Switching frequency of RSC and GSC 3 kHz
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Figure 4. Equivalent circuit diagram for the cooperative opera-
tion of BTFCL and RPC during the fault.

theRSC andGSC is responsible to exchange the reactive
power between the DFIG rotor and grid.

During the fault, if the fault current is more than the
predefined value, BTFCL offers a very high impedance
to fault current, thereby improving the stator volt-
age. With RPC RSC and GSC are controlled such that
DIFG injects the reactive power into the grid, thereby
supporting to quickly bringing the system back to its
steady-state operation. So, the cooperative control of
RPC and BTFCL can achieve the two main require-
ments of LVRT, i.e. (1) Stator voltage improvement and
(2) Reactive power support.

Figure 4 shows an equivalent diagram of the basic
cooperative control of BTFCL and RPC during the
fault, where RPC is represented as voltage-dependent
reactive current source. Controlling both converters
of DFIG (RSC and GSC) can provide reactive current
when the voltage of the stator (Vs) is lower than 90% of
the nominal value [42]. BTFCL effectively reduces the
fault current and improves the stator voltage. Thus the
improved stator voltage with the help of BTFCL and
RPC will support the continuous operation of DFIG
during the fault, while reactive power support provided
by DFIG with the help of RPC, can bring the system to
its normal operating state.

4. Modelling and analysis

The mathematical model of the DFIG wind turbine
connected to the grid as shown in Figure 5 is explained
by deriving equations for a wound rotor induction gen-
erator, RSC and GSC. Voltage equations of stator and
rotor are given by [41]

Vsabc = isabcrs + d
dt

ϕsabc (5)

Vrabc = irabcrr + d
dt

ϕrabc (6)

where rs is stator resistance, rr is the rotor resistance, v,
i are voltage and current and ϕ is the flux linkage, sub-
script s stands for the stator and r stands for the rotor.
Transforming the above quantities by synchronously
rotating the reference frame

Vds = idsrs − wsϕqs + d
dt

ϕds (7)

Figure 5. Schematic diagram grid-connected DFIG wind tur-
bine [41].

Vqs = iqsrs + wsϕds + d
dt

ϕqs (8)

Vdr = idrrr − (ws − wrr)ϕqr + d
dt

ϕdr (9)

Vqr = iqrrr + (ws − wrr)ϕdr + d
dt

ϕqr (10)

wherews is the speed of the synchronously rotating ref-
erence frame and wrr is the speed of the rotor, d stands
for the direct axis and q stands for the quadrature axis.
Flux linkages of the machine are given by

ϕds = idsLls + Lm(ids + idr) = idsLs + idrLm (11)

ϕqs = iqsLls + Lm(iqs + iqr) = iqsLs + iqrLm (12)

where LS = Lls + Lm, Lls is the stator leakage induc-
tance and Lm is the mutual inductance.

ϕdr = idrLlr + Lm(ids + idr) = idrLr + idsLm (13)

ϕqr = iqrLlr + Lm(iqs + iqr) = iqrLr + iqsLm (14)

where Lr = Llr + Lm, Llr is the rotor leakage inductance
and Lm is the mutual inductance. The electromagnetic
torque is given by

Tem = ϕdsiqs − ϕqsids = ϕqridr − ϕdriqr (15)

Substituting the above flux linkage equations in
equation (15) results in

Tem = Lm(idriqs − iqrids) (16)

By neglecting the power losses due to the stator, rotor
resistance and reactance, the active and reactive powers
of the rotor and stator are given by

Pstator = 3
2
(Vdsids + Vqsiqs) (17)

Qstator = 3
2
(Vqsids − Vdsiqs) (18)

Protor = 3
2
(Vdridr + Vqriqr) (19)

Qrotor = 3
2
(Vqridr − Vdriqr) (20)
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4.1. Rotor Side Converter (RSC)

The main objective of RSC is to control the stator’s real
and reactive powers (Ps and Qs) independently with
effective d-axis and q-axis control loops. The control
structure diagram of RSC, which is based on the stator
voltage-oriented vector control method [42], is shown
in Figure 6. From the control structure diagram it is
observed that RSC comprises two control loops; (1)
the inner current control loop and (2) the outer power
control loop. The inner current control loop regulates
the rotor currents idrand iqr independently and the ref-
erence values of these currents i∗drandi

∗
qr are obtained

from the outer power control loop.
According to stator flux-oriented synchronously

rotating reference frame, the direct axis is aligned with
stator flux (ϕds = ϕs and ϕqs = 0). Substituting these in
the above flux linkage equations (11), (12) results in the
following equations

iqs = −Lm
iqr
Ls

(21)

ids = Lm
(iks − idr)

Ls
(22)

Vdr = idrrr + αLr
d
dt
idr − swsαLriqr (23)

Vqr = iqrrr + αLr
d
dt
iqr + sws

(
αLridr + L2m

iks
Ls

)

(24)

Pstator = 3
2
(Vdsids) (25)

Qstator = 3
2
(−Vdsiqs) (26)

where S is the slip, iks = Vqs−iqsrs
wslm and α = 1 − L2m

LsLr , by
substituting of d and q axis currents and voltages in

Figure 6. Control structurediagramof theRotor SideConverter
(RSC).

equations (25) and (26) results in the following

Pstator = −3
2
wsL2miksiqr

Ls
(27)

Qstator = 3
2
wsL2miks(iks − idr)iqr

Ls
(28)

From the above equations, it is observed that stator
active and reactive powers are regulated by independent
control of quadrature and direct axis rotor currents (iqr,
idr), the reference value of these currents is obtained
from the outer power control loop. The following equa-
tions are drawn from the control structure diagram of
RSC, as shown in Figure 6.

i∗dr =
(
kp1 + ki1

s

)
(w∗

r − wr)

(
Ls

Lmϕs

)
(29)

i∗qr =
(
kp2 + ki2

s

)
(Q∗

s − Qs) (30)

V∗
dr =

(
kp3 + ki3

s

)
(i∗dr − idr) − swsαLriqr (31)

V∗
dr =

(
kp4 + ki4

s

)
(i∗qr − iqr)

+ sws

(
αLridr + L2m

iks
Ls

)
(32)

where wr is the reference wind speed and kp, ki are the
gains of the respective PI controller.

4.2. Grid Side Converter (GSC)

GSC can be controlled to maintain constant DC link
voltage (Vdc) and to exchange the real and reactive
powers with the grid.

From the block diagram of GSC, as shown in Figure
7, it is observed that, it consists of two cascaded con-
trol loops: (1) the inner current control loop and (2) the
outer voltage control loop.

The active and reactive power flow from GSC to the
grid, as shown in Figure 5, is expressed as follows [41]

Pg = 3
2
(Vdgidg + Vqgiqg) (33)

Qg = 3
2
(Vqgidg − Vdgiqg) (34)

GSC ac side voltages, real and reactive powers; after
applying the dq transformation and synchronously
rotating reference frame where grid voltage is aligned
with the d axis given by

Pg = 3
2
(Vdgidg) (35)

Qg = 3
2
(−Vdgiqg) (36)

Vdg = idgrg + Lg
d
dt
idg − wsLgiqg + Vs (37)
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Figure 7. Control structure diagram of the Grid Side Converter
(GSC).

Vqg = iqgrg + Lg
d
dt
iqg + wsLgidg (38)

From the above equations, it is observed that GSC
maintains the constant DC link voltage by controlling
idg and iqg . The reference values of these currents are
obtained from the outer voltage control loop and are
given by

i∗dg =
(
kp5 + ki5

s

)
(V∗

dc − Vdc) (39)

i∗qg =
(
kp6 + ki6

s

)
(Q∗

g − Qg) (40)

The reference voltages V∗
dg and V∗

qg are obtained from
the inner current control loop and are given by

V∗
dg =

(
kp7 + ki7

s

)
(i∗dg − idg) − wsLgiqg + Vs (41)

V∗
qg =

(
kp8 + ki8

s

)
(i∗qg − iqg) + wsLgidg (42)

4.3. Reactive Power Control (RPC)

The block diagram for RPC is shown in Figure 8, during
the normal operation (N) the reference reactive pow-
ers of RSC and GSC (Q∗ s and Q∗g) are set to zero to
maintain the unity power factor and to maximize the
real power transfer. During the fault (F), the reference
reactive powers for RSC and GSC are obtained by com-
paring actual and reference values of stator voltage (Vs),
and then the resulting error signal is fed to the PI con-
troller. Firstly, RSC is controlled within its available
rating [39], such that DFIG injects maximum possi-
ble reactive power and then additional reactive power
is injected by controlling the GSC, this is done by the
reactive power output of RSC (Qs) is one of the reactive
power inputs to the GSC (Q∗

g = Q∗
s − Qs). Hence the

q-axis currents i∗qr and i∗qg must be within the current
limits of RSC and GSC, respectively.

4.4. Bridge Type Fault Current Limiter (BTFCL)

BTFCL is one of the most economic solutions for fault
current limiting applications because its configuration
has only low-cost diodes, resistors and inductors. Com-
pared with recent methods of using SMES and SFCL
[24,25] for improving the LVRT capability, which is of
very high installation cost and complex control struc-
ture, the BTFCL is the most economic and has a simple
control structure [34]. The block diagram of BTFCL,
as shown in Figure 9, consists of two parts (1) Shunt
part with Resistance (Rsh) and inductance (Lsh) and
(2) Diode part with four diodes connected to form a
bridge. DC reactor with small resistance (Rse), induc-
tance (Lse) is connected in parallel with diode and both
are connected in series with the IGBT switch.

During the steady-state operation, the IGBT switch
(S) is closed and current (idc) flows throughD1→Lse→

Figure 8. Control structure diagram for the Reactive Power
Control (RPC).

Figure 9. Schematic diagram of the Bridge-type fault current
limiter.
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Rse→S→D4 for one-half cycles and D3→Lse→Rse→S
→D2 for another half cycle.Hence the idc flows through
the Lse in the same direction for both cycles. During
normal operation, Lse is charged to peak value and
offers no resistance to DC (idc).

The voltage drop caused by the internal resistance
of DC reactor, IGBT and diode forward voltage drop is
negligible compared to line voltage drop. Hence BTFCL
is more efficient in that it does not have any impact on
the normal operation of DFIG and also minimum loss
of power during steady-state operation.

During the fault, line current increases very rapidly
but Lse limits the rate of rising of fault current and
thereby protects the switch (S). idc is compared with
the maximum permissible line current (iref ), which is
selected as 1.3 times of normal idc gives the optimal
performance of the system under study. If idc is more
than iref , the controller of BTFCL shown in Figure 10
gives the gate signals to turn off the IGBT switch. So
the fault current now flows through the high resistive
shunt path, thereby protecting the RSC from over cur-
rent. The diode (D5) and free-wheeling diode of IGBT
provide the path for Lse to discharge.

After the fault is cleared, PCC voltage (Vpcc) will start
to improve, and once it reached 90% of nominal PCC
voltage (Vref ) the BTFCL controller forces the IGBT
switch to turn on with a time delay of 1.5 cycles to avoid
the current oscillations.

BTFCL controller, as shown in Figure 10, consists
of two comparators: a signal accumulator and a PWM
generator. The outputs of two comparators are fed
through a signal control block to decide the turn-on/off
status of the IGBT switch. Output from signal accu-
mulator/control is fed through the PWM module to
generate appropriate gate signal to IGBT switch (S).

4.5. Design considerations of BTFCL

The resistance and inductance of the shunt path are
chosen in away that during normal operations, the total
line current flows only through the bridge part except
small negligible leakage current. To expect very least
disturbance near the machine during fault conditions,
when the power consumed by BTFCL should be at least
equal to the power carried by faulted line during nor-
mal operating conditions [34]. Power flows through the

Figure 10. Bridge-Type Fault Current Limiter (BTFCL) controller.

BTFCL after the fault Pbtfcl is given by (43) and (44)

Pbtfcl ≤ PDFIG
2

(43)

Pbtfcl = Vpcc
2Rsh

Rsh2 + Xsh
2 (44)

where PDFIG is the power delivered by the machine, Rsh
and Xsh are the resistance and inductance of the shunt
part, respectively, and Vpcc is the PCC voltage.

Rsh ≥ Vpcc
2 + √

(Vpcc
4 − PDFIG2Xsh

2)

PDFIG
(45)

The necessary condition forRsh should be the real value
and is given by

Xsh <
Vpcc

2

PDFIG
(46)

By satisfying the above equations, Table 2 shows the
parameter values of BTFCL used in this study.

4.6. Designing the parameters of PI controllers

From the control structure diagram of RSC, GSC and
RPC it is observed that the performance of the con-
troller mainly depends on PI controller gains. One of
the most standard methodologies used to design PI
controllers is the Pole placement technique, which is
based on closed-loop transfer function of the plant. In
this pole placement technique, the transfer function is
derived for each converter and the gains of controllers
are calculated by equating characteristic equation to a
second-order system. The Genetic Algorithm (GA) is
used as a search engine to select the best set of gains
[43].

The location of poles of closed-loop transfer func-
tion is determined by setting gains of controllers. The
control loop bandwidth is defined based on the switch-
ing frequency of the respective converter. The detailed
procedure of the pole placement method was discussed
in [43,44] and the same is used in this study to design
the PI controllers. The optimized controller gains are
used for all cases of study and are shown in the respec-
tive control structure diagram of RSC (Figure 6), GSC
(Figure 8) and RPC (Figure 8).

4.7. Crowbarmethod

The performance of the proposed method is compared
with one of the most discussed methods in the liter-
ature that is crowbar resistance, as shown in Figure

Table 2. Parameters of BTFCL.

Parameter Value

Shunt resistance (Rsh) 0.48 pu.
Shunt inductance (Lsh) 0.04 pu.
Series resistance (Rse) 0.3m�

Series inductance (Lse) 1mH
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Figure 11. Block diagram of the Crowbar circuit [17].

11. It is a three-phase resistance connected in series
with the rotor terminals of a DFIG through electronic
switches.

During normal operations, the crowbar is not
inserted into the rotor circuit. During the fault, crowbar
resistance is inserted into the rotor circuit, so the entire
fault current is terminated by the crowbar, thereby pro-
tecting the rotor converter from over-current and over
DC link voltage. But the selection of crowbar resistance
(Rc) is very critical, depending on which DFIG will
draw an amount of reactive power from the grid dur-
ing the fault. In this study crowbar resistance is chosen
as 20 times the rotor resistance [17].

5. Simulation results and analysis

To illustrate the effects of the proposed cooperative con-
trol of BTFCL and RPC on 9 MW DFIG-based wind
form, as shown in Figure 3, a test system was built
and simulated in MATLAB/SIMULINK software. Sim-
ulation considerations for the test case are as follows:
the most severe fault on a power system i.e. Triple line
to ground (LLLG) fault is applied at one of the criti-
cal points F1 at 1 s for the duration of 150ms. Circuit
breakers CB1 andCB2 on the transmission line (Tr2) are
opened at 1.1 s and successfully re-closed at 1.65 s. The
performance of themachine is analyzed by studying the
following quantities from the simulation results.

5.1. Reactive power

With crowbar there is no reactive power support from
DFIG, instead of that DFIG is absorbing the 0.14 Mvar
reactive power from the grid, as shown in Figure 14.
With BTFCL alone also DFIG does not provide any
reactive power support to the grid. Using RPC alone,
DFIG can produce 1.059 pu reactive current i.e. with
controlling GSC, DFIG can produce 0.216 pu and with
controlling RSC, DFIG can produce 0.843 pu as shown
in Figure 12 and Figure 13. Reactive power produced by
DFIGwith the help of RPC alone is 0.73Mvar, as shown
in Figure 14. But with the proposed method of cooper-
ative control of BTFCL and RPC, the DFIG can inject
1.5 Mvar reactive power into the grid during the fault,
as shown in Figure 14.

Figure 12. Reactive current from the rotor side converter.

Figure 13. Reactive current from the grid side converter.

Figure 14. Reactive power produced by DFIG with different
controls.

5.2. Stator voltage

From Figure 15, it is observed that conventional crow-
bar resistance results in no improvement in the stator
voltage Vs and with RPC alone, the stator voltage is
improved from 55V to 62V. With the acting of BTFCL
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Figure 15. Stator voltage of DFIG with different controls.

Figure 16. DC link voltage of DFIG with different controls.

alone, the stator voltage is improved to 100V. But with
the proposed method of cooperative control of BTFCL
and RPC would result in the stator voltage increased to
220V, thereby strictly satisfying the grid code require-
ments [36].

5.3. DC link voltage

With LLLG fault, the DC link voltage of DFIG is
increased from 1150V to 2300V, as shown in Figure
16, which may damage the IGBT converters of rated
voltage 1700V. With crowbar resistance, the DC link
voltage is limited to 1820V and is not in the safe oper-
ating limits, but with proposed cooperative control, the
DC link voltage ismaintained at 1180V, which is within
safe operating limits.

5.4. Electromagnetic torque

Figure 17 shows the electromagnetic torque profile,
without any controller the oscillations are very high,
which may reduce the lifetime of the gearbox and tur-
bine shaft. The torque oscillations with the crowbar

Figure 17. Electromagnetic torque profile of DFIG with differ-
ent controls.

Figure 18. Active power from DFIG with different controls.

method are still very high. With the proposed con-
trol, the oscillations are reduced to one-fourth of the
previous case, thereby protecting the system.

5.5. Active power

With a ratedwind speed of 15m/s, theDFIGwind plant
can produce 0.9 pu active power, as shown in Figure
18 during the steady-state operation. During the fault,
with the crowbar method, the active power produced
by DFIG becomes nearly zero, but with the proposed
control, this value is increased to 0.4 pu. From Figure
18, it is observed that at the instant of fault clearance
the active power demand on the machine increased to
a very high value, which is harmful to the machine
without any protection. But with the proposed con-
trol this fluctuation is very low with normal operating
demand on the machine, thereby reducing the stress on
the turbine generator system.
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Figure 20. Fault current through the rotor circuit of DFIG with
crowbar control.

Figure 21. Fault current through the rotor circuit of DFIG with
the proposed control.

5.6. Rotor current

Fault current through the DFIG rotor circuit for typi-
cal LLLG is shown in Figure 19. From the figure, it is
observed that a very high magnitude of fault current
i.e. 19.6 kA flowing through the rotor circuit during the

Table 3. Comparison of different methods on DFIG when sub-
jected to symmetrical fault.

Quantity No control Crowbar RPC BTFCL
Proposed
method

Reactive power (Mvar) 0 −0.14 0.73 0 1.5
Stator voltage (V) 55 57 62 100 220
Rotor current (kA) 19.6 7.8 12.3 6.1 4.6
Dc link voltage (kV) 2.3 1.7 2.0 1.26 1.18

fault, can damage the power electronic converters, if
without any proper protection. Fault current through
the rotor circuit is much limited to 7.8 kA using the
crowbar resistance shown in Figure 20. With the pro-
posed control technique fault, the current is reduced to
4.6 kA, as shown in Figure 21, which is well below the
maximumcurrent rating of converters, thereby protect-
ing the RSC.

From the simulation results, it is observed that the
conventional method of using a crowbar can only limit
rotor over-current andDC link voltage during the fault.
But there is no reactive power support and no improve-
ment in stator voltage; hence, this method is not able to
meet the two main objectives of LVRT capability. But
with the proposed method, the fault current through
the rotor circuit and DC link voltage is well limited and
the stator voltage is improved and DFIG can provide
reactive power support to the grid. Hence the coopera-
tive control of BTFCL and RPC can efficiently enhance
the LVRT capability of grid-connected DFIG compared
with the crowbar method. A comparison of the perfor-
mance of different protection methods on DFIG wind
farm when subjected to LLLG fault is given in Table 3.

6. Conclusion

Cooperative control of BTFCL and RPC has been pro-
posed in this study to enhance the LVRT capability

Figure 19. Fault current through the rotor circuit of DFIG without any control.
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of a 9 MW DFIG-based wind plant. The importance
of LVRT requirements, basic principles, detailed sys-
tem modelling and simulation results are analyzed and
explained in detail. The simulation results show that

• Only with BTFCL, the fault current is effectively
reduced and minimum PCC voltage is improved
with no reactive power support.

• With simple RPC, DFIG provides reactive power
support to the grid with very low improvement in
PCC voltage.

• By the combined control of BTFCL and RPC, PCC
voltage is improved more than the required value by
new grid codes and thereby supporting the machine
to continue its operation with the grid during the
fault for a specific period. Secondly, with this cooper-
ative control DFIG can provide reactive power sup-
port to the grid to quickly bring back the system to
its steady-state operation.

The proposed method of improving LVRT capabil-
ity is strictly satisfying the new grid codes and it is the
most efficient, economic and reliablemethod to achieve
the twomain requirements of LVRT compared with the
conventional crowbar resistance method.
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