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Abstract: High penetration of Doubly Fed Induction Generator (DFIG) into existing power grid
can attribute complex issues as they are very sensitive to the grid faults. In addition, Fault Ride
Through (FRT) is one of the main requirements of the grid code for integrating Wind Farms
(WFs) into the power grid. In this work, to enhance the FRT capability of the DFIG based WFs,
a Bridge-Type Flux Coupling Non-Superconducting Fault Current Limiter (BFC-NSFCL) is proposed.
The effectiveness of the proposed BFC-NSFCL is evaluated through performance comparison with
that of the Bridge-Type Fault Current Limiter (BFCL) and Series Dynamic Braking Resistor (SDBR).
Moreover, a dynamic nonlinear controller is also proposed for controlling the operation of the
BFC-NSFCL. Extensive simulations are carried out in the MATLAB/SIMULINK environment for
both symmetrical and unsymmetrical temporary as well as permanent faults. Based on the simulation
results and different numerical analysis, it is found that the proposed nonlinear controller based
BFC-NSFCL is very effective in enhancing the FRT capability of the WF. Also, the BFC-NSFCL
outperforms the conventional BFCL and SDBR by maintaining a near-seamless performance during
various grid fault situations.

Keywords: BFCL; BFC-NSFCL; DFIG; FRT; nonlinear controller; SDBR

1. Introduction

Fault Ride Through (FRT) capability augmentation of Doubly Fed Induction Generator (DFIG)
based wind farms is a stability concern since the stability of the entire grid depends on it [1,2].
The stability requirements of every grid-connected distributed generators are defined by certain grid
codes referred by the power system operators all around the world [3]. During a fault, a DFIG based
wind farm must remain connected to the grid without exceeding certain voltage and frequency limits.

However, the sensitive nature of the DFIG based Wind Generators (WGs) to the grid faults have
introduced numerous complexities and vulnerabilities for its stable operation. The transient over
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current due to fault can damage the Rotor Side Converter (RSC), Grid Side Converter (GSC) of the WG,
and the DC-link. The Fault Ride Through (FRT) solutions provided in the literature [4–6] cannot fulfill
all the grid code requirements as represented in Figure 1. But the application of FRT schemes with the
WGs will help existing equipment to be in service by suppressing the transient over currents. Further,
as the voltage sag during faults in the power grid is proportional to the fault current, effective FRT
schemes connected with the WGs can also improve the FRT capability of the wind farms during fault.

0.5 1 1.5 2 2.5 3 3.5
0

10

20

30

40

50

60

70

80

90

100

Germany

England

Italy

United States

Time (s)

V
o

lt
ag

e 
le

v
el

 (
p
e
rc

en
ta

g
e
 o

f 
n
o
rm

al
)

France

Poland

China

0

Figure 1. Grid code of different countries around the world.

There have been several proposals to improve the FRT capability of DFIG based wind farms.
The use of crowbars is one of the oldest FRT schemes that offers resistance between the rotor and
the rotor side converter (RSC) [7]. The problem of using crowbars is that they absorb reactive power
from the grid during faults [8]. DC-link choppers are another popular FRT schemes to improve the
FRT capability of DFIG based wind farms [6]. But the control approach of the DC-link choppers is
complicated and also their performance is inferior to the crowbars [3]. The combining strategy of
crowbars and DC-link choppers is then discussed in Reference [9] and then a comparative study
between these two FRT schemes were carried out in Reference [8]. Some of the other conventional
FRT schemes are Series Dynamic Resistors (SDRs) [10], Dynamic Voltage Restorer [5], STATCOM [11]
and so forth. However, the performance of these FRT schemes is proven inferior to the Fault Current
Limiters (FCLs) in every aspect [12–14].

Over the years, several types of FCLs have been proposed for the augmentation of FRT capability
of power systems in numerous studies [15,16]. Each FCL has its advantages and disadvantages,
and they demand specific environment to perform efficiently [17]. Vastly, the FCLs in DFIG based
wind farms are divided into three categories that is, Superconducting Fault Current Limiters (SFCLs),
Non-Superconducting Fault Current Limiters (NSFCLs) and Magnetic Fault Current Limiters (MFCLs)
as shown in Figure 2.

The SFCLs have been extensively used in power system due to their excellent capability of
minimizing fault current [18] but the use of SFCLs is fairly a recent addition in DFIG based wind
farms [19]. The SFCLs offer a major advantage that the normal operation incurs no power loss.
A cooperative control of SFCL and Superconducting Magnetic Energy Storage (SMES) system was
introduced to ameliorate the energy management of the system during and after the fault [20]. Some of
the other uses of SFCLs in DFIG based wind farms are discussed extensively in various papers [21,22].
However, the SFCLs are complex in structure, costly to implement and require liquid cryogenic system
to change its mode from non-superconducting to superconducting.
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Figure 2. Classification of fault current limiters.

MFCLs are one of the finest FCLs to improve the transient stability of the system. Its basic
configuration has a laminated core and a permanent magnet connecting the poles [23]. Permanent
magnets are excellent in limiting fault current as they have large square hysteresis loop. Several
applications of MFCLs are discussed in various papers [24,25]. But they have one major disadvantage
that the permanent magnet of the MFCLs gets weak over time and so does the efficiency of the FCL.

On the other hand, the NSFCLs have reduced cost compared to the SFCLs while ensuring the
same degree of dynamic stability [26]. Over the years, several NSFCLs have been proposed [12,27–34]
but they are responsible for extensive power loss in the system due to their static components.

The use of flux coupling type SFCLs can minimize the power loss of the traditional FCLs
significantly. But, as stated earlier, they have high cost and they induce certain problems in
the system [17]. To overcome these limitations, in this paper, a Bridge-Type Flux Coupling
Non-Superconducting Fault Current Limiter (BFC-NSFCL) is proposed to augment the FRT capability
of DFIG based wind farms. This BFC-NSFCL has less utilization of Metal Oxide Varistor (MOV),
use only one Insulated Gate Bipolar Transistor (IGBT) as a bridge switch, intentionally designed to
ensure less current flow through the bridge switch to minimize the power loss and use electively the
Circuit Breakers (CBs) in series with the BFC-NSFCL. To the best of our knowledge, the BFC-NSFCL
has not been implemented yet in wind power generation systems regarding the improvement of
FRT capability.

Further, there is a gap to be filled in the literature with an in-depth analysis and feasibility of
nonlinearly controlled BFC-NSFCL. As the power system is highly nonlinear, a nonlinear controller
would work better than a linear controller. The system can be linearized around certain equilibrium
then the linear controller can stabilize the system, which will be more cost effective. However, it will
be tough to capture the system dynamics as well as feedback errors in the controller when the system
variables are uncertain [35,36]. Since the control scheme of BFC-NSFCL discussed in Reference [26]
lacks proper feedback signals, some degree of tracking errors, as well as steady-state errors, are
imminent.

Based on these backgrounds, this paper presents a nonlinear controller to control the operation of
the BFC-NSFCL, which is another salient feature of this work. Moreover, to evaluate the efficacy of the
nonlinear controller based BFC-NSFCL, its performances are compared with other prominent FCLs
such as the Series Dynamic Braking Resistor (SDBR) [33,34] and Bridge-Type Fault Current Limiter
(BFCL) [27,28].

2. Modeling of DFIG

To understand the dynamics of the whole system, three types of modeling are discussed here.
The models are provided in the following subsections.
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2.1. Wind Power Modeling

The power extracted from the wind can be represented by the following expression [27,31,37,38],

Pω =
1
2

πρR2V3
ωCp(λ, β), (1)

where ρ is the air density, R is the rotor blade radius, Vω is the wind velocity, Cp is the performance
coefficient, λ is the tip speed ratio and β is the blade pitch angle. Cp can be further expressed as,

Cp(λ, β) =
1
2
(λ− 0.022β2 − 5.6)e−0.17λ (2)

λ =
ωrR
Vω

, (3)

where ωr denotes mechanical angular velocity of the blade.

2.2. Modeling of DFIG Under Normal Condition

For modeling of DFIG, Park’s model [39] is very useful and widely used and the model has a
stator oriented frame of reference. The reference frame is specially generated for DFIG and is very
useful for analyzing the responses of DFIG under normal and fault conditions. The abc frame of the
stator and rotor voltages are stated using motor convention by the following expressions [3,36,39],

~us = Rs~is +
d
dt

~λs (4)

~ur = Rr~ir +
d
dt

~λr − jωm~λr (5)

The fluxes induced in the stator and rotor can be expressed as,

~λs = Ls~is + Lm~ir (6)

~λr = Lr~ir + Lm~is, (7)

where ~us and ~ur are the space vector of the stator and rotor voltages respectively, ~is and ~ir are the
space vector of the stator and rotor currents respectively, Rs and Rr are the stator and rotor resistances
respectively, Lm is the magnetizing inductance, ~λs and ~λr are the space vector of the stator and rotor
fluxes respectively and ωm is the slip angular frequency. Ls and Lr can be further expressed by the
following expressions,

Ls = Lls + Lm (8)

Lr = Llr + Lm. (9)

where Ls and Lr are the leakage inductances of the stator and rotor respectively. Figure 3 clearly
illustrates the construction of (8) and (9).

jωmλ

+ -
+

-

+

-

sU rU

risi rRsR

s r

LlrLls

Figure 3. Equivalent circuit of Doubly Fed Induction Generator (DFIG).
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Manipulating (6) and (7), we obtain,

~λr =
Lm

Ls
~λs − σLr~ir, (10)

where

σ = 1− L2
m

LsLm
. (11)

Substituting the value of ~λr into (6) and with some further adjustments, we obtain,

~ur =
Lm

Ls
(

d
dt
− jωm)~λs + (Rr + σLr(

d
dt
− jωm))~ir. (12)

We can obtain the rotor open circuit voltage ~ur0 by putting ~ir = 0 in (12),

~ur0 =
Lm

Ls
(

d
dt
− jωm)~λs. (13)

Now, since the transient reactance and the rotor resistance are both negligible, the right hand
side of (12) is smaller compared to ~ur0. So, we can write ~ur0 as,

~ur0 = jωr
Lm

Ls
~λs =

Lm

Ls

ωr

ωs
Usejωst, (14)

where ωr and ωs are the synchronous and angular frequencies of slip respectively. The magnitude of
~ur0 can be found as,

Ur0 =
Lm

Ls

ωr

ωs
Us =

Lm

Ls
sUs, (15)

where s is the slip which can be expressed as,

s =
ωs −ωm

ωs
(16)

ωr = ωs −ωm. (17)

So, it is clear from (15) that the rotor voltage has a proportional relation with the stator voltage
and the slip.

2.3. Modeling of DFIG Under Fault

The open circuit voltage experiences a drastic change at the fault instant. This changed voltage is
expressed as [3,36,39],

~ur0 = − Lm

Ls
(jωm +

1
τs
)

Us

jωs
ejωst0 e−

t
τs . (18)

This open circuit voltage rotates in the opposite direction at an angular frequency of ωm and this
rotating voltage can be expressed as,

~ur
r0 = − Lm

Ls
(jωm +

1
τs
)

Us

jωs
ejωst0 ejωmte−

t
τs . (19)

Obviously | ~ur
r0 | reaches its peak during fault. Since 1

τs
is very small and (19) can be written as,

Ur0(t0) =
Lm

Ls

ωm

ωs
Us =

Lm

Ls
(1− s)Us. (20)
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Hence, the open circuit rotor voltage is proportional to (1− s) during fault but during normal
condition, it is proportional to s as seen from (15).

3. System Model

In this work, a 9 MVA wind farm consisting of six wind turbines and six DFIGs rated at 1.5 MVA
each, are used as represented in Figure 4. The rotor side of each DFIG is interfaced with a Rotor Side
Converter (RSC). The RSC is then linked with the Grid Side Converter (GSC) via a DC-link capacitor.
The output of each DFIG is stepped up to 66 KV for efficient transmission. Finally, the output of all
six DFIGs are supplied to the parallel transmission lines which help to provide reliable transmission
of power. The parallel transmission lines are modeled with line impedance and circuit breakers.
The BFC-NSFCL is placed between the Point of Common Coupling (PCC) and the parallel transmission
lines. All the DFIGs used in the system have identical rating. The parameters of a DFIG are shown in
Table A1. The discussions about RSC and GSC are provided in the following sub-sections.
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Figure 4. Diagram of the study system.

3.1. RSC Controller

The RSC is mainly an IGBT based full bridge, six pulse, two level power converter that interfaces
the rotor side with the DC-link. It regulates the PCC voltage VPCC to 1.0 pu. The d-axis and the q-axis
currents control the active power and the reactive power respectively. The abc voltage is converted to
the dq voltage and vice versa by using Park’s transformation, after that V∗dr and V∗qr are transmitted to
the Pulse Width Modulation (PWM) signal generator. This PWM block eventually generates pulses for
the IGBT switches of RSC by using the effective angle θr [38].

3.2. GSC Controller

The GSC is also a power electronic converter which is IGBT based full bridge, six pulse, two
level with the AC side connected to the grid and the DC side interfaced to the DC-link capacitor.
Here θPLL is provided by the Phase Locked Loop (PLL) and θS is the effective angle for the abc-to-dq
transformation and vice versa. The GSC is used mainly to control the DC-link voltage (Edc) to 1.0 pu.
The DC-link voltage is regulated by d-axis current, while the reactive power of GSC is regulated by
q-axis current. After a dq-to-abc conversion, V∗dg and V∗qg are transmitted to the PWM signal generator
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of GSC. The chosen switching frequency of the converter is 1650 Hz due to two reasons, that is, it offers
odd multiple of the third harmonic and it can reduce up to thirteenth harmonics. The DC-link voltage
is maintained to a constant value so that the controller provides energy balance on either side of the
DC-link. The DC-link is actually a power capacitor of 12,000 µF which is mainly used to eliminate the
DC ripple voltage and maintain it to a fixed value of 1200 V. The values of transfer function and PI
controller of Figure 4 are taken from Reference [38].

4. Bridge-Type Flux Coupling Non-Superconducting Fault Current Limiter (BFC-NSFCL)

4.1. Construction

The proposed BFC-NSFCL configuration is shown in Figure 5. The proposed fault current limiter
has mainly two parts, that is, the Flux Coupling Reactor (FCR) and the bidirectional bridge switch.
The FCR has two coils of separate turns. The bidirectional bridge switch mainly consists of a diode
bridge rectifier circuit, an IGBT, a MOV and a RC snubber. The bridge switch is in the secondary coil
of the FCR which has a vital role in normal operation in making the two coils magnetically coupled.
The diode bridge rectifier holds higher reliability because it is a passive component. The switch can be
easily implemented on the high-voltage power system, which is another significant advantage of this
topology [26].

        

IG
B

TD1 D2

D4D3

S
n

u
b

b
erCB

PCC

BFC-NSFCL

GRID

Bridge switch

Flux Coupling Reactor

M
O

VR

C

CB

Control 

Control 

(From Figure 13)

(From Figure 10)

For BFC-NSFCL

For Nonlinear 

controller based 

BFC-NSFCL

M

Ls Rs

Rp
Lp

Figure 5. Per phase configuration of the proposed Bridge-Type Flux Coupling Non-Superconducting
Fault Current Limiter (BFC-NSFCL).

The MOV and RC snubber is used to eradicate the transient over-voltage that is caused by
changing of the IGBT state. As soon as a fault occurs in the line, the secondary coil current of the
FCR should be terminated as soon as possible but practically, the separation of the secondary coil
cannot be done instantaneously. As a result, often a transient over-voltage appears at the terminal
of the bridge switch. To avoid vandalism of the diode bridge rectifier and the IGBT, a RC snubber is
placed in parallel connection with the output connection point of the rectifier. Moreover, it provides
protection against the instantaneous change of voltage.

4.2. Working Principle

The basic working principle of BFC-NSFCL can be classified into two distinctive states. Brief
discussions about each of these states are provided in the following subsections.

4.2.1. Normal State

The line current flows separately along the primary and secondary winding of the FCR. The line
current during the positive half cycle flows through the path D1-IGBT-D4, that is, red indicated path
in Figure 6a. In negative half cycle, current goes through D3-IGBT-D2 as shown by the red indicated
path in Figure 6b. The alignment of the two windings of the BFC-NSFCL are reverse and concentric.
So, the fluxes of primary and secondary coils of the FCR counteract each other. Since it offers zero
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impedance in this condition, the voltage across BFC-NSFCL is negligible. As a result, there is no
significant influence of BFC-NSFCL in normal operating condition. The number of turns of the primary
side is kept less compared to the secondary side to make sure that the bridge switch carries less line
current. This specific design ensures current sharing function and so the power loss across the bridge
switch is minimized.

M

        

IG
B

T

D1

D3

D2

D4

PL
PR

SRSL

(a)

M

        

IG
B

T

D1

D3

D2

D4

PL
PR

SRSL

(b)

Figure 6. Per phase BFC-NSFCL configuration during normal period: (a) For positive half cycle; (b) For
negative half cycle.

4.2.2. Fault State

During the event of a fault, the control circuit and other sensing unit senses the fault. The control
circuit makes the bridge switch turned off. Then the secondary of the FCR gets detached from the
system and the entire fault current flows through the only path available, the primary coil. The working
principle of the BFC-NSFCL during a fault is shown in Figure 7. Since the primary coil is the only path
that carries the fault current, its impedance is designed in a way that it can restrain the fault current to
an expected value (Iexpected) and maintain an acceptable level of grid voltage. When the fault is cleared,
the BFC-NSFCL recovers to its initial state and be ready for the occurrence of another fault.

M

Fault

        

IG
B

T

D1

D3

D2

D4

PL
PR

SRSL

Figure 7. Per phase BFC-NSFCL configuration during fault period.

4.3. Theoretical Design Considerations

To understand the counter effect of the FCR, the fundamentals of magnetically coupled circuit
needs to be discussed first. When two loops regardless of whether they have contacts between them or
not, have influence on each other through magnetic field generated by one of them, they are said to be
magnetically coupled. When two current carrying inductors (L1 and L2) are in a close proximity to
each other, they induce certain amount of voltage on each other defined as the mutual inductance (M).
The polarity of this mutual voltage can be determined using the dot convention as depicted in Figure 8.
According to dot convention, the equivalent inductance for series-aiding connection is,

Leq = L1 + L2 + 2M (21)
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and for series opposing connection, Leq can be written as,

Leq = L1 + L2 − 2M. (22)

M

(+)

i

M

(-)

i

Series-aiding connection Series-opposing connection

1L 2L
2L1L

Figure 8. Equivalent inductance of series-aiding and series-opposing connection.

To perform theoretical analysis, a single-phase AC circuit can be demonstrated in Figure 9.
Its normal and fault states are discussed in the following subsections.

AC

Equivalent CircuitsourceR

sourceL

V (t)= V sin ts m 

loadL

loadR

FCLRFCLL

linei

sLi

pLi
pR

sR

pL + M

sL + M

 - M

(a)

AC

sourceR

sourceL

faultL

faultR

linei

pL
pR

( ) sins mV t V t=

(b)

AC

PL linei

( ) sins mV t V t=

(c)

Figure 9. Equivalent circuit for theoretical analysis: (a) During normal operation; (b) During fault;
(c) Simplified equivalent circuit during fault.

4.3.1. Normal State

The magnitude of line current is too small in this state. Hence, the voltage drop across the bridge
switch is considered negligible for the simplicity of analysis. The primary and secondary coils are
coupled magnetically and the equivalent circuit of the normal condition is depicted in Figure 9a.
The equivalent impedance of the fault current limiter can be expressed as [26],

ZFCL =RFCL + jωLFCL

=
(Rp + Rs)[RpRs + ω2(M2 − LpLs)]

(Rp + Rs)2 + ω2(Lp + Ls + 2M)2 +
ω2(LpRs + LsRp)(Lp + Ls + 2M)

(Rp + Rs)2 + ω2(Lp + Ls + 2M)2

+ jω[
[(Rp + Rs)(LpRs + LsRp)]

(Rp + Rs)2 + ω2(Lp + Ls + 2M)2 −
(Lp + Ls + 2M)[RpRs + ω2(M2 − LpLs)]

(Rp + Rs)2 + ω2(Lp + Ls + 2M)2 ],

(23)

where
Lp = Primary coil inductance of the FCR
Ls = Secondary coil inductance of the FCR
Rp = Primary coil resistance of the FCR
Rs = Secondary coil resistance of the FCR
M = Mutual inductance of the primary and secondary coils of the FCR
Applying KVL in the circuit shown in Figure 9a, we obtain,

Vmsinωt = (Lsource + LFCL + Lload)
diline(t)

dt
+ (Rsource + RFCL + Rload)iline(t) (24)
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Solving (24) we get,

iline =
Vm

ZT
sin(ωt− θZ), (25)

where,

ZT =
√
(Rsource + RFCL + Rload)2 + ω2(Lsource + LFCL + Lload)2 (26)

θZ = tan−1[
ω(Lsource + LFCL + Lload)

(Rsource + RFCL + Rload)
], (27)

where Rsource and Rload are the resistances of voltage source and load respectively, Lsource and Lload are
the inductances of voltage source and load respectively.

4.3.2. Fault State

During fault, the IGBT switch is turned OFF and the primary impedance suppresses the fault
current. However, the occurrence of fault and the operation of IGBT switch comprises of two substates:

Transient substate:

This is the time between the occurrence of the fault and the switching of the IGBT. When the
fault occurs in the system, the PCC voltage gets low drastically. When the voltage goes as low as
the threshold value (Vth), the control scheme gets activated and the IGBT switch goes OFF. But until
the voltage reaches Vth, the fault current is too small to trigger the IGBT. So, during this period,
the IGBT remains ON and the load impedance is replaced by the impedance of the fault path. However,
the magnitude of the line current is so small during this transition substate and it can be ignored for
the simplicity of analysis [26].

Suppressive substate:

This is the time period after the IGBT is switched OFF. During the suppressive substate, the PCC
voltage becomes low enough and the bridge switch turns OFF because the control scheme sends
zero signal to the IGBT. During this period, only the primary winding remains in the circuit and the
load becomes short circuited so the impedance of the fault path replaces the impedance of the load.
Applying KVL to Figure 9b, the circuit voltage during fault can be written as,

Vmsinωt = L
diline

dt
+ Riline, (28)

where L = Lsource + Lp + L f ault and R = Rsource + Rp + R f ault. For theoretical analysis, the parameters
of the system are considered to be ideal so that the resistances and inductances of the source, fault path
and resistance of the primary coil all are assumed to be zero (Rsource = Rp = R f ault = Lsource = L f ault
= 0). From the Figure 9c, it can be written as,

Vmsinωt = Lp
diline

dt
. (29)

Since the main purpose of the primary inductance of the FCR is to limit the magnitude of iline to
the expected fault current value, Iexpected, the approximate value of the primary coil inductance can be
calculated as,

Lp =
2Vm

ωIexpected
. (30)

The value of Ls is chosen greater than Lp as stated earlier to reduce the bridge switch power
loss. This value of Ls is chosen in a way that M = K

√
LpLs creates a counter-effect of resultant flux in

normal condition, where K is called the coupling coefficient. The values of Rp and Rs are taken from
Reference [26]. The parameters of BFC-NSFCL are shown in Table 1.
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Table 1. Parameters of the BFC-NSFCL.

Rp Lp Rs Ls M K

1.56 Ω 250 mH 0.21 Ω 350 mH 292.84 mH 0.99

4.4. Proposed Nonlinear Controller for the BFC-NSFCL

The BFC-NSFCL alone works fine to ameliorate the transient stability of the system. However,
the efficiency of the BFC-NSFCL can be increased to some extent by using a controller to control
the BFC-NSFCL. Since the power system is extremely nonlinear in character, here, an exponential
nonlinear controller is proposed. The proposed nonlinear controller for the BFC-NSFCL is simple
and has the advantage of exploiting a less complicated nonlinear controller for easy implementation.
Unlike other nonlinear controllers, it doesn’t need any prior training and incorporates the severity of
the fault in the controller’s design process through the duty ratio, d generated from the PWM block
of the controller. Thus, the proposed exponential nonlinear controller introduces variable limiting
effect based on the system dynamics and that is the motivation behind utilizing it than other nonlinear
controllers available in the literature [12,13,28,40,41]. The schematic diagram of the controller is
illustrated in Figure 10. The instantaneous voltage near the PCC is converted to direct (Vd,φ) and
quadrature (Vq,φ) counterparts, which eventually produces Vdq,φ.

Exponential 

Nonlinear Equation

PWM 

Generator

b

1

a
To 

IGBT

Selector 

Switch

Comparator

abc
dq

A2+B2

ɵ

Vref

V

0

1
Carrier 

Wave

Control
thV

,dqV Vabc Select a

Select b

,dq th
VV




,dq th
VV




(Equation no. 32)

d

Figure 10. Gate control of Insulated Gate Bipolar Transistor (IGBT) for nonlinear controller
based BFC-NSFCL.

This instantaneous dq voltage, Vdq,φ is compared with a reference level of the voltage, Vre f .
The difference between the Vdq,φ and Vre f , ∆V is supplied to the exponential nonlinear control block
in order to produce the duty ratio, d and it passes through the saturation block and then the PWM
generator block. The equation of d can be written as [36],

d =
To f f

Tc
, (31)

where Tc is the time period of the carrier wave, To f f is the time at which IGBT of the BFC-NSFCL does
not conduct. The instantaneous level of Vdq,φ can detect the fault more quickly and precisely. The value
of the Vdq,φ is compared to a threshold voltage level, Vth (0.9 pu) for the detection of any fault in the
system. The output of this comparator is fed to a switch selector that can select either 1 or inverted
output of the PWM generator and supply it to the gate of IGBT. During normal operating condition
(Vdq,φ > Vth), the selector output is 1 and so the IGBT is in conduction. During fault (Vdq,φ < Vth),
the selector selects the inverted PWM generator output and sends it to the IGBT gate. But, instead
of applying the full impedance of primary path during the entire fault period, a variable effective
primary impedance Z∗pr = d× Zpr is provided to the system model for flexible compensation by the
BFC-NSFCL, where Zpr denotes the primary path impedance. The magnitude of ∆V is the direct
indication of fault severity as it is higher for more severe fault and vice versa. The effective variable
impedance of the primary coil, Z∗pr depends directly on d which is eventually dependent on ∆V
regulated by the following nonlinear equation,
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d = 1− e−C∆V , (32)

where C is a constant and d is the duty ratio dependent on different values ∆V during symmetrical
and unsymmetrical faults. The response of (32) for different values of C are shown in Figure 11a.
The performance indices of the PCC voltage during a temporary 3LG fault defined by the equation
vlt(pu.s) =

∫ T
0 | ∆V | dt are also measured for different values of C. It is found that C = 15 provides

the best performance in our system model for all types of faults. Overcompensation occurs for
values greater than 15 and for values less than 15, inadequate compensation is observed. The values
of percentage vlt(pu.s) for different values of C are shown in Figure 11b. As it can be seen from
Figure 11b, for the values from 5 to 12, the indices are the largest. The percentage index begins to
decrease from C = 13 and it keeps on decreasing till 15. For C = 15, the value of percentage vlt(pu.s) is
the lowest. After that, the value starts to increase again and from C = 21, the values remained constant
for every value greater than 21.
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Figure 11. Influence of C on duty cycle and percentage indices: (a) Relation between duty cycle and
voltage deviation for different values of C; (b) Percentage index of voltage deviation for different values
of C.

5. Bridge-Type Fault Current Limiter (BFCL) and Series Dynamic Braking Resistor (SDBR)

The performance of the proposed nonlinear controller based BFC-NSFCL has been compared and
analyzed with that of the BFCL and the SDBR. Their constructions and control structures are discussed
in the subsections below.

5.1. Construction of the BFCL

The BFCL was first introduced in DFIG based wind farms in Reference [27] and has been used
successfully since then. The BFCL consists of two distinctive parts as represented in Figure 12. The main
part of the BFCL is a typical bridge circuit with four diodes (D1-D4). The other part is a shunt path
consisting of an inductor (Lsh) and a resistor (Rsh) in series. Inside the bridge, there is an IGBT switch in
series with an inductor (Ldc). Here Rdc is the intrinsic resistance of Ldc with very negligible magnitude.
This inductor Ldc works as a DC reactor because current flows unidirectionally through it during both
positive and negative half cycle of AC current. The DC reactor (Ldc) comes with a free-wheeling diode
(D5) to protect it from inductive kick during fault.
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Figure 12. Architecture of the BFCL.

5.1.1. Working Principle of the Bridge-Type Fault Current Limiter (BFCL)

During normal condition, the current passes through the path D1-Ldc-Rdc-IGBT-D4 during
positive half cycle and D3-IGBT-Rdc-Ldc-D2 path during negative half cycle. The shunt path has
a high impedance value that makes the bridge switch carry all the line current except some leakage
current of negligible magnitude [12,27–29,36].

5.1.2. Control Scheme for the BFCL

The instantaneous voltage at the PCC is used as the input for the controller of the BFCL as
represented in Figure 13. The Vdq,φ is constantly monitored and compared with the reference threshold
value, Vth. When the difference between the Vdq,φ and Vth is positive, a HIGH state signal is supplied
to the gate of IGBT. So the IGBT is ON during normal condition and the shunt path is not in use.
During fault, the Vdq,φ reduces and the difference between Vdq,φ and Vth becomes negative. When
this happens, a LOW state signal is supplied to the gate of IGBT and it is turned OFF, which makes
the bridge circuit open and the fault current gets diverted to the shunt path. The high resistance and
inductance of the shunt path cease the fault current down to a considerable limit and the system
stabilizes soon after [12,29,36].

b
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ɵ
Select b

Control

0

,dqV 

thV

,dq thVV  

,dq thVV  

Figure 13. Control scheme of the Series Dynamic Braking Resistor (SDBR), the BFCL and
the BFC-NSFCL.

5.1.3. BFCL Design Consideration

Different parameters of the BFCL are shown in Table 2. The values of Rsh, Lsh, Rdc and Ldc are
selected based on the analysis carried out in Reference [27]. For making the comparison compatible,
the value of shunt inductance is kept same as the inductance of primary coil (Lp) of BFC-NSFCL.

Table 2. Parameters of the BFCL.

Rsh Lsh Rdc Ldc

20 Ω 250 mH 0.003 Ω 1 mH
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5.2. SDBR Construction

The basic construction of a SDBR has a resistor in parallel with an IGBT switch as depicted
in Figure 14. In this study, an IGBT is used as a switch due to its special features such as quick response
and compatible design. The SDBR is a well-known and proved technique and literature agrees that it
has the potentiality to augment the FRT capability of wind power generation systems [33,34].

Control

IGBT

(From Figure 13)

shR

Figure 14. Architecture of the SDBR.

Working Principle of the SDBR

In the normal operating mode, the SDBR will operate with the closed IGBT switch. The gate pulse
ofFigure IGBT is controlled according to Figure 13. During this period, the IGBT is in HIGH state and
will bypass the braking resistor. When fault occurs, the line current rises sharply. The controller sends
a zero or LOW signal to the gate of IGBT and the IGBT is opened. The line current thus flows through
the only available shunt path [33,34]. To make a valid comparison, the braking resistor’s value is kept
20 Ω in comparison to BFCL.

6. Simulation Results and Discussions

To demonstrate the efficacy of the system model, both temporary and permanent faults are
considered at the point F of the considered system model in Figure 4. Both scenarios are discussed in
the following subsections. All the turbines in the system have same performance. However, turbine #1
performance is only shown for the comparison.

6.1. Temporary Fault Responses

In this scenario, both symmetrical (triple line to ground-3LG as the most severe) and
unsymmetrical (single line to ground-1LG as the most common) faults take place at time t = 0.1 s.
The fault is applied for 100 ms and the CBs of the faulty line are opened at t = 0.2 s to clear the fault
and reclosed at t = 1.2 s. Since the applied fault is cleared at t = 0.2 s that means successful reclosure
of CBs occurs at t = 1.2 s. Both symmetrical and unsymmetrical faults responses are discussed in the
following subsections.

6.1.1. Symmetrical Fault Responses

When the system faces a symmetrical fault, six different responses are depicted in Figure 15.
The voltage response of the farm at the PCC is illustrated in Figure 15a. In case of no FCL, the output
voltage goes to zero during fault. The BFC-NSFCL outperforms the BFCL and the SDBR in all aspect.
However, the nonlinear controller based BFC-NSFCL provides the best performance. It displays
the smallest sag and has the lowest fluctuations. It can be said that the nonlinear controller based
BFC-NSFCL is the best choice for ameliorating the voltage response of the PCC compared to other
considered devices.



Energies 2020, 13, 1696 15 of 25

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

0

0.2

0.4

0.6

0.8

1

1.2

 V
o

lt
a
g

e 
(p

u)

0.05 0.1 0.15 0.2 0.25 0.3

0.8

0.85

0.9

0.95

1

No FCL

BFC-NSFCL  
Nonlinear controller based BFC-NSFCL

SDBR
BFCL

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

-5

-4

-3

-2

-1

0

1

2

3

4

5

A
c

ti
v

e
 p

o
w

e
r

 (
p

u
)

0.05 0.2 0.15 0.2 0.25 0.3
-0.5

0

0.5

1

1.5

2

No FCL

BFC-NSFCL  
Nonlinear controller based BFC-NSFCL

SDBR
BFCL

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

0.97

0.98

0.99

1

1.01

1.02

0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22
0.999

0.9995

1

1.0005

1.001

1.0015

D
C

-l
in

k
 v

o
lt

ag
e
 (

p
u
)

No FCL

BFC-NSFCL  
Nonlinear controller based BFC-NSFCL

SDBR
BFCL

(c)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

1.05

1.1

1.15

1.2

1.25

1.3

1.35

D
F

IG
 s

p
e

e
d

 (
p

u
)

No FCL

BFC-NSFCL  
Nonlinear controller based BFC-NSFCL

SDBR
BFCL

(d)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

-3

-2

-1

0

1

2

3

4

5

R
o

to
r

 c
u

rr
e

n
t
 (

p
u

)

No FCL

BFC-NSFCL  
Nonlinear controller based BFC-NSFCL

SDBR
BFCL

(e)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

-1

0

1

2

3

4

5

S
ta

to
r

 c
u

rr
e

n
t
 (
p

u
)

No FCL

BFC-NSFCL  
Nonlinear controller based BFC-NSFCL

SDBR
BFCL

(f)
Figure 15. System responses for temporary 3LG fault: (a) Voltage at the PCC; (b) Active power at
the Point of Common Coupling (PCC); (c) DC-link voltage; (d) DFIG speed; (e) Rotor current and
(f) Stator current.

The active power response of the farm measured at the PCC is shown in Figure 15b. Without any
FCL, the active power becomes very low. There is an abrupt rise of active power because of the
mismatch between the extracted and the demanded wind power at the instant of opening of CBs.
Though the SDBR and the BFCL can minimize certain power fluctuations but the BFC-NSFCL and
the nonlinear controller based BFC-NSFCL show minimum amount of power fluctuations and sag.
Figure 15c shows the DC-link voltage profile of the DFIG associated with the WT#1. The traditional
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FCLs (SDBR and BFCL) can keep the DC-link voltage within the reference level but they have some
fluctuations. But the proposed BFC-NSFCL and the nonlinear controller based BFC-NSFCL are capable
of keeping the least voltage fluctuations. Among those two, nonlinear controller based BFC-NSFCL
provides the better result.

The speed profile of the DFIG at WT#1 is presented in Figure 15d. Without any FCL, there is
a sudden rise of speed at the instant of fault and a certain time is required to regain the pre-fault
speed level. The proposed BFC-NSFCL has the lower speed deviations compared to the SDBR and
the BFCL. However, the nonlinear controller based BFC-NSFCL shows the best performance which
is quite noticeable. The rotor and stator currents of the DFIG associated with the WT#1 are depicted
in Figure 15e,f respectively. In order to protect the converters and maintain a stable operation of the
DFIG, the abrupt rise of stator and rotor current during fault needs to be suppressed. In the case of no
FCL, rotor current and stator current become few times higher than the pre-fault level and returns to
the pre-fault level after a certain time. It is clear that the proposed BFC-NSFCL has lower current rise
in comparison with the SDBR and the BFCL but the nonlinear controller based BFC-NSFCL has the
lowest current rise and minimum fluctuations.

6.1.2. Unsymmetrical Fault Responses

When the system experiences an unsymmetrical fault, the responses of the considered scenarios
are depicted in Figure 16. The voltage profile of the farm at the PCC is represented in Figure 16a.
Without any FCL, the voltage goes to around 60% of the pre-fault level and recovers after the opening of
the breakers. The BFC-NSFCL outperforms both the BFCL and the SDBR in all aspects but the zoomed
view clearly indicates that the nonlinear controller based BFC-NSFCL has the lowest perturbation
and minimum amount of sag. Figure 16b represents the active power profile of the PCC for 1LG fault.
There is certain amount of deviations for all the methods but it is also noticeable that the nonlinear
controller based BFC-NSFCL will be the best candidate for retaining the stable output power of wind
farm. The DC-link voltage of the DFIG at WT#1 has no abrupt jump to a substantial value for 1LG fault
as shown in Figure 16c. However, the BFC-NSFCL and the nonlinear controller based BFC-NSFCL can
hold the DC-link voltage fluctuation to the minimum level compared to the other methods.

The speed profile of the DFIG at WT#1 is represented in Figure 16d for 1LG fault. In case of no
FCL, there are a certain amount of fluctuations in rotor speed. As a result, the turbine generator’s
electromechanical system confronts the maximum stress. The BFC-NSFCL has less fluctuations than
that of the BFCL and the SDBR, but the nonlinear controller based BFC-NSFCL has the best response.
It is evident from the Figure 16e,f that, the rotor and stator currents are subdued to the minimum level
by the BFC-NSFCL. Without any FCL, current becomes insignificantly high. Conventionally used FCLs
(SDBR and BFCL) are also capable of current suppression but significantly inferior to the proposed
BFC-NSFCL. The steady state operation of the DFIGs are guaranteed by the nonlinear controller based
BFC-NSFCL because it offers least stresses to the converters.
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Figure 16. System responses for temporary 1LG fault: (a) Voltage at the PCC; (b) Active power at the
PCC; (c) DC-link voltage; (d) DFIG speed; (e) Rotor current and (f) Stator current.

6.1.3. Index-Based Analysis for Temporary Fault

For the numerical verification, an index based comparison is carried out to find out the
performance of each FCLs [12,27,36]. The indices are titled as vlt(pu.s), pow(pu.s), dclink(pu.s),
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spd(pu.s), rtr(pu.s) and str(pu.s). The indices are calculated with certain mathematical expressions
which are stated from (33) to (38).

vlt(pu.s) =
∫ T

0
| ∆V | dt (33)

pow(pu.s) =
∫ T

0
| ∆P | dt (34)

dclink(pu.s) =
∫ T

0
| ∆Vdc | dt (35)

spd(pu.s) =
∫ T

0
| ∆ω | dt (36)

rtr(pu.s) =
∫ T

0
| ∆Ir | dt (37)

str(pu.s) =
∫ T

0
| ∆Is | dt (38)

here ∆V, ∆P, ∆Vdc, ∆ω, ∆Ir and ∆Is are the deviations of PCC voltage, active power, DC-link voltage,
generator speed, rotor current and stator current respectively. The indices are measured within a time
interval of T. In this work, the value of T is kept from 0 to 1 s for temporary fault. Since the equations
consist of deviations, the lesser the value of the indices the better wind generator’s fault ride through
performance. The performance indices for symmetrical (3LG) and unsymmetrical (1LG) faults are
shown in the Tables 3 and 4 respectively.

Table 3. Performance indices for temporary symmetrical (3LG) fault.

Index Parameters (%)

Values of Indices

No FCL SDBR BFCL BFC-NSFCL
Nonlinear

Controller Based
BFC-NSFCL

vlt(pu.s) 10.145 1.614 1.241 0.993 0.681
pow(pu.s) 27.327 12.281 7.151 6.165 6.112

dclink(pu.s) 0.112 0.037 0.034 0.032 0.028
spd(pu.s) 0.869 0.442 0.101 0.073 0.050
rtr(pu.s) 46.838 4.739 2.135 2.092 2.065
str(pu.s) 21.706 18.148 2.655 2.604 2.386

Table 4. Performance indices for temporary unsymmetrical (1LG) fault.

Index Parameters (%)

Values of Indices

No FCL SDBR BFCL BFC-NSFCL
Nonlinear

Controller Based
BFC-NSFCL

vlt(pu.s) 3.982 1.314 0.670 0.319 0.212
pow(pu.s) 11.808 8.483 3.057 2.566 2.106

dclink(pu.s) 0.101 0.036 0.031 0.028 0.027
spd(pu.s) 0.291 0.086 0.058 0.047 0.034
rtr(pu.s) 34.220 3.245 1.754 1.685 1.583
str(pu.s) 18.462 6.977 2.006 1.862 1.751

As it can be seen from the Tables 3 and 4, the performance indices are maximum for no FCL
and in the case of the BFC-NSFCL, the values of indices are smaller than the SDBR and the BFCL.
But for nonlinear controller based BFC-NSFCL, the values of indices are the least. This is true for both
symmetrical and unsymmetrical faults. Since the performance of the FCLs are inversely related to
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their corresponding percentage indices, it can be said that the nonlinear controller based BFC-NSFCL
performs the best to improve system stability.

6.1.4. Steady State Analysis of Temporary Faults

To understand the superiority of our proposed BFC-NSFCL and nonlinear controller based
BFC-NSFCL, a steady state analysis of the responses for different FCLs during temporary faults were
carried out. The findings of this analysis are presented in Tables 5 and 6 respectively. The tables
represent the percentage overshoot and settling time of the active power at the PCC, DC-link voltage,
DFIG speed, rotor current and stator current responses. The analysis for voltage responses of the
PCC are not shown in the tables as they do not exhibit any overshoot for any of the FCLs we used in
this work.

Table 5 represents the steady state analysis for temporary symmetrical (3LG) fault. As it can be
seen, the percentage overshoot and the settling time without any FCL is the highest in all five responses.
After implementing FCLs, the percentage overshoot and the settling time reduced significantly.
Compared to the SDBR and the BFCL, the BFC-NSFCL has smaller percentage overshoot and lower
settling time. However, the percentage overshoot and the settling time are the least for nonlinear
controller based BFC-NSFCL. Similarly, for temporary unsymmetrical fault, the BFC-NSFCL and
the nonlinear controller based BFC-NSFCL shows the best results as we can observe from the data
provided in Table 6.

Table 5. Steady state analysis for temporary symmetrical (3LG) fault.

Percentage Overshoot Settling Time (s)

FCLs Active
Power

DC-Link
Voltage

DFIG
Speed

Rotor
Current

Stator
Current

Active
Power

DC-Link
Voltage

DFIG
Speed

Rotor
Current

Stator
Current

No FCL 44.884 0.133 2.158 95.150 79.424 12.838 ∞ 16.915 4.754 1.744
SDBR 43.531 0.051 0.967 76.859 55.683 0.645 2.562 5.334 0.581 0.935
BFCL 8.263 0.048 0.210 36.387 6.798 0.178 1.079 0.134 0.572 0.585

BFC-NSFCL 6.063 0.043 0.065 27.279 2.411 0.111 0.613 0.051 0.531 0.542
Nonlinear controller
based BFC-NSFCL 5.483 0.040 0.010 25.619 1.961 0.105 0.534 0.046 0.339 0.253

Table 6. Steady state analysis for temporary unsymmetrical (1LG) fault.

Percentage Overshoot Settling Time (s)

FCLs Active
Power

DC-Link
Voltage

DFIG
Speed

Rotor
Current

Stator
Current

Active
Power

DC-Link
Voltage

DFIG
Speed

Rotor
Current

Stator
Current

No FCL 53.405 0.132 2.049 93.685 71.016 11.252 12.984 15.192 2.975 0.974
SDBR 34.248 0.049 0.474 83.028 51.382 0.506 4.168 0.269 0.395 0.751
BFCL 10.029 0.048 0.032 49.288 9.374 0.456 0.934 0.066 0.273 0.418

BFC-NSFCL 9.492 0.045 0.030 45.237 8.818 0.073 0.554 0.045 0.210 0.386
Nonlinear controller
based BFC-NSFCL 5.443 0.044 0.029 36.504 8.462 0.051 0.498 0.033 0.183 0.242

6.2. Permanent Fault Responses

This scenario represents a 3LG and 1LG permanent fault occurring at point F in Figure 4. The fault
starts at t = 0.1 s and continues for indefinite time. The CBs on the faulty lines are opened at t = 0.2 s and
reclosed again at t = 1.2 s. Unfortunately, the fault still exists at t = 1.2 s and therefore, an unsuccessful
reclosure of CBs takes place. Therefore, the CBs are opened once again at t = 1.3 s and remained open
because of permanent fault.

The voltage responses of the farm at the PCC for 3LG and 1LG permanent fault are displayed
in Figure 17. It is clearly noticeable that the BFC-NSFCL performs better than that of the SDBR and the
BFCL but the nonlinear controller based BFC-NSFCL is the best candidate during permanent faults to
augment the FRT capability of DFIG.
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Figure 17. Voltage responses at the PCC for (a) 3LG permanent fault and (b) 1LG permanent fault.

6.2.1. Index Based Analysis for Permanent Fault

Performance indices for symmetrical and unsymmetrical faults are shown in Tables 7 and 8
respectively. Similar to temporary fault analysis, the indices of permanent fault also demonstrate the
efficacy of the proposed BFC-NSFCL and the nonlinear controller based BFC-NSFCL.

Table 7. Performance indices for permanent symmetrical (3LG) fault.

Index Parameters (%)
Values of Indices

No FCL SDBR BFCL BFC-NSFCL Nonlinear Controller
Based BFC-NSFCL

vlt(pu.s) 20.266 3.226 2.491 1.993 1.294
pow(pu.s) 65.942 32.846 22.871 19.397 16.745

dclink(pu.s) 0.882 0.175 0.146 0.111 0.099
spd(pu.s) 14.675 4.437 3.148 3.088 2.966
rtr(pu.s) 108.096 23.375 15.094 14.666 13.921
str(pu.s) 55.758 42.689 23.925 21.476 18.112

Table 8. Performance indices for permanent unsymmetrical (1LG) fault.

Index Parameters (%)
Values of Indices

No FCL SDBR BFCL BFC-NSFCL Nonlinear Controller
Based BFC-NSFCL

vlt(pu.s) 7.955 2.534 1.296 0.633 0.459
pow(pu.s) 25.895 18.848 7.985 5.459 5.284

dclink(pu.s) 0.207 0.104 0.059 0.056 0.053
spd(pu.s) 10.848 3.489 1.486 1.349 1.255
rtr(pu.s) 75.949 15.895 7.386 6.386 5.898
str(pu.s) 38.848 20.846 8.488 7.885 7.579

6.2.2. Steady State Analysis of Permanent Faults

Steady state analysis for permanent symmetrical and unsymmetrical faults are shown
in Tables 9 and 10 respectively. Likewise, the BFC-NSFCL and the nonlinear controller based
BFC-NSFCL shows the best performance in terms of having lowest overshoot and settling time.
For the analysis, two different scenarios were considered that is, when CBs open for the first time
and when the CBs open again due to unsuccessful re-closure as the fault still persists. Observing the
percentage overshoot for all FCLs, it is evident that the BFC-NSFCL and the nonlinear controller based
BFC-NSFCL have the least overshoot for all responses similar to that we have seen during temporary
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faults. For some responses, calculating the settling time after the first sag is not applicable because
the CBs open again due to permanent fault before the responses can reach the steady state. These
responses are denoted by “N/A” in the Tables 9 and 10. The settling time after the CBs open for the
second time was calculated also for all the responses and the BFC-NSFCL and the nonlinear controller
based BFC-NSFCL has the least settling time than the SDBR and the BFCL.

Table 9. Steady state analysis for permanent symmetrical (3LG) fault.

Overshoot Settling Time

FCLs Active Power DC-Link Voltage DFIG Speed Rotor Current Stator Current Active Power DC-Link Voltage DFIG Speed Rotor Current Stator Current

1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag

No FCL 49.693 46.460 0.099 0.299 2.201 1.534 94.592 94.607 79.059 77.400 N/A 14.146 N/A ∞ N/A 21.264 N/A 4.980 N/A 1.989
SDBR 48.571 42.857 0.065 0.082 1.381 1.397 77.619 76.766 56.699 56.410 0.649 0.827 N/A 2.747 N/A 6.267 0.622 0.808 N/A 0.988
BFCL 17.279 17.883 0.041 0.038 1.194 1.291 33.030 36.012 9.285 13.354 0.205 0.319 N/A 1.098 1.057 0.238 0.597 0.741 0.718 0.774

BFC-NSFCL 16.123 16.589 0.027 0.030 0.908 1.153 31.544 31.917 6.491 10.901 0.158 0.163 0.636 0.737 0.102 0.111 0.564 0.660 0.603 0.619
Nonlinear controller
based BFC-NSFCL 15.174 15.572 0.015 0.017 0.249 0.332 23.219 26.275 3.519 5.869 0.105 0.151 0.619 0.668 0.032 0.036 0.314 0.321 0.242 0.250

Table 10. Steady state analysis for permanent unsymmetrical (1LG) fault.

Overshoot Settling Time

FCLs Active Power DC-Link Voltage DFIG Speed Rotor Current Stator Current Active Power DC-Link Voltage DFIG Speed Rotor Current Stator Current

1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag 1st sag 2nd sag

No FCL 56.710 52.731 0.100 0.299 1.961 3.459 92.954 92.928 70.175 69.986 N/A 11.998 N/A ∞ N/A 19.247 N/A 4.906 N/A 1.906
SDBR 36.215 28.571 0.070 0.090 1.631 1.647 66.216 66.799 42.098 37.362 0.513 0.687 N/A 2.747 N/A 5.677 0.583 0.717 N/A 1.291
BFCL 17.582 18.404 0.020 0.040 0.753 0.835 45.887 46.467 9.188 14.055 0.474 0.196 N/A 1.118 0.129 0.212 0.425 0.614 0.548 0.649

BFC-NSFCL 16.974 17.355 0.015 0.017 0.374 0.514 39.173 41.589 2.857 3.519 0.085 0.101 0.566 0.922 0.071 0.185 0.334 0.549 0.462 0.532
Nonlinear controller
based BFC-NSFCL 16.512 16.821 0.010 0.010 0.125 0.200 38.575 40.191 1.392 2.746 0.054 0.058 0.518 0.884 0.065 0.114 0.297 0.509 0.339 0.421

N/A = Not applicable as the CBs open again before the responses can reach steady state.

7. Practical Feasibility and Cost Analysis

The Flux Coupling Superconducting Fault Current Limiter (FC-SFCL) [42] works fine to
augment the FRT capability of DFIG based wind farms. However, the reactor of the FC-SFCL has
superconducting coil that is indeed a costly material and very hard to commercialize. Whereas,
the reactor of the BFC-NSFCL utilizes copper which is cheaper and more available alternative to the
superconductor. For example, if we assume the reactors as air core type, the cheapest high temperature
superconductor has 2 to 10 times the material cost than the copper [43]. That makes the FC-SFCL less
efficient and less practical for small and medium scale wind farms.

Moreover, the construction of FC-SFCL requires two reverse-blocking antiparallel IGBTs
(RB-IGBTs) connected at the secondary coil with two gate drivers one each for a RB-IGBT. But for
the BFC-NSFCL, a single bridge switch with a single gate driver can replace the two RB-IGBTs of
the FC-SFCL. Since the cost of a bridge switch is almost identical to the cost of a RB-IGBT, the cost
of the BFC-NSFCL is significantly reduced. This increases the practical feasibility of our proposed
BFC-NSFCL with a reduced cost.

8. Conclusions

This paper has proposed a BFC-NSFCL to improve the FRT capability of the grid connected wind
farm. Further, for controlling the operation of the BFC-NSFCL, a nonlinear controller is introduced to
optimally design the dynamic control variable in the control loop. The controller’s design approach
responds according to the severity level of the fault in the system. Additionally, the performance of
this proposed FCL is compared with the performance of two other frequently used conventional FCLs
(BFCL and SDBR). Observing the simulation results and several numerical analyses, the following
summaries can be reached:

• Without any FCL, the system experiences substantial consequences during fault.
• The BFC-NSFCL performs superior to that of the BFCL and SDBR under different fault conditions

such as subjecting the system to successful and unsuccessful reclosing of the CBs during
symmetrical and unsymmetrical grid fault conditions.

• Finally, the nonlinear controller based BFC-NSFCL provides smoother and faster response
compared to the BFC-NSFCL without any controller. It also provides swift convergence during
steady situation as evident from the better overshoot and settling time parameters.
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In this study, the proposed nonlinear controller based BFC-NSFCL provides good example of
solving dynamic optimization problems of the wind farm’s FRT capability. The challenges on the
application of the proposed controller as well as the FCL lies on testing its authenticity practically.
Moreover, a data driven optimization algorithm for the nonlinear controller is another challenge which
is our future research direction.
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Abbreviations

The following abbreviations are used in this manuscript:

BFC-NSFCL Bridge-Type Flux Coupling Non-Superconducting Fault Current Limiter
BFCL Bridge-Type Fault Current Limiter
FC-SFCL Flux Coupling Superconducting Fault Current Limiter
FCR Flux Coupling Reactor
FRT Fault Ride Through
GSC Grid Side Converter
IGBT Insulated Gate Bipolar Transistor
MFCL Magnetic Fault Current Limiter
MOV Metal Oxide Varistor
NSFCL Non-Superconducting Fault Current Limiter
PCC Point of Common Coupling
RSC Rotor Side Converter
SDBR Series Dynamic Braking Resistor
SFCL Superconducting Fault Current Limiter
SMES Superconducting Magnetic Energy Storage

Appendix A

The parameters of the DFIG and the drive train are provided in the Table A1.

Table A1. Each DFIG and drive train data.

Parameter Value

Rated power 1.5 MVA
Rated voltage 0.69 KV

DC-link nominal voltage 1.2 KV
DC-link capacitance value 12,000 µF

Wind speed 14 ms−1

Frequency 50 Hz
Resistance of stator 0.005 pu

Magnetizing inductance 3.95279 pu
Leakage inductance of stator 0.09321 pu

Inertia 0.80
Leakage inductance of wound rotor 0.09955 pu

Wound rotor resistance 0.0055 pu
Friction factor 0.01
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