
TYPE Original Research
PUBLISHED 11 October 2024
DOI 10.3389/fenrg.2024.1465167

OPEN ACCESS

EDITED BY

Joshuva Arockia Dhanraj,
Dayananda Sagar University, India

REVIEWED BY

Jesus Alejandro Franco Piña,
Universidad Nacional Autónoma de
México, Mexico
Santosh Kumar Reddy Padala,
Ashok Leyland, India
Siva Kumar Ganjikunta,
NIT Warangal, India
Umapathi Reddy P.,
Mohan Babu University, India

*CORRESPONDENCE

Jakeer Hussain,
jakeer.hussain@vit.ac.in

RECEIVED 15 July 2024
ACCEPTED 13 September 2024
PUBLISHED 11 October 2024

CITATION

Sreenivasulu P and Hussain J (2024)
Protection of rotor side converter of doubly
fed induction generator based wind energy
conversion system under symmetrical grid
voltage fluctuations.
Front. Energy Res. 12:1465167.
doi: 10.3389/fenrg.2024.1465167

COPYRIGHT

© 2024 Sreenivasulu and Hussain. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

Protection of rotor side
converter of doubly fed
induction generator based wind
energy conversion system under
symmetrical grid voltage
fluctuations

Panisetty Sreenivasulu and Jakeer Hussain*

Vellore Institute of Technology, School of Electrical Engineering, Vellore, Tamilnadu, India

This paper presents the protection of the rotor side converter in a
grid-connected doubly fed induction generator (DFIG)-based wind energy
conversion system (WECS) during a symmetrical voltage dip. In order to manage
rotor current and regulate DC link voltage, an efficient active crowbar protection
circuit is implemented in the rotor side converter (RSC). To improve the
low-voltage ride-through capability for grid-connected wind turbine systems,
an integrated DFIG-based WECS role is crucial because wind turbines must
remain connected to the utility grid during faults to ensure continuity and
reliability of power supply. This paper aims to design and implement an
efficient active crowbar protection technique to protect the RSC and avoid
excessive rotor current during a symmetrical voltage dip. Therefore, the efficient
active crowbar protection circuit is designed using MATLAB-Simulink software,
and its performance is validated using a real-time (RT) simulator. Finally, the
existing methods are compared with the proposed work outcomes, and a
conclusion is made.

KEYWORDS

doubly fed induction generator, efficient active crowbar protection circuit, rotor-side
converter, real-time simulator, symmetric voltage dip, wind turbine

1 Introduction

The depletion of non-renewable energy sources and increasing levels of environment-
unfriendly emissions have raised concerns in recent times. Hence, renewable energy
sources have very important roles in meeting the demand for electrical energy. Wind
energy is a vital and renewable source of electrical energy (Joshuva and Sugumaran,
2020); in several countries, wind turbines are used as significant intermittent renewable
energy sources to decrease energy prices and eliminate the use of fossil fuels. Power
generation using wind turbines can reduce pollution and carbon dioxide emissions;
hence, it is a rapidly expanding activity that will continue to improve as more
nations implement power generation plants using wind turbines in the future (Ganthia
and Barik, 2022). Wind turbines are categorized as horizontal- and vertical-axis
types. Of these, horizontal-axis wind turbines have better market demand worldwide
because of their better power efficiency compared to vertical-axis wind turbines
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(Ullah et al., 2017). Wind turbines contribute significantly to
power generation because of their variable-speed and fixed-speed
operational flexibility; however, variable-speed operation generates
more wind energy than the fixed-speed operation (Hussain and
Mishra, 2016).

Doubly fed induction generators (DFIGs) are the most common
type of generators used inwind energy conversion systems (WECSs)
owing to their numerous advantages. These advantages include the
ability to operate at variable speeds, torque and power control
capabilities, reduced power converter costs, maximum power
tracking features, limited speed range, and partial ratings. The
DFIG-based WECS is gaining popularity in the small-power wind
turbine segment owing to its ability to operate at variable speeds
for maximum efficiency (Hussain and Mishra, 2014b). The power
converter typically transfers only 25%–30%of the rated power, while
the rest is transmitted directly to the power grid. The DFIG has two
connections: a stator connection that is directly fed to the grid and
a rotor connection that is joined through two back-to-back power
converters (Yang and Jin, 2020). Furthermore, DFIGs operate in two
modes, namely, subsynchronous and hypersynchronousmodes.The
power transferred to and received from the grid depends on the
DFIG’s rotor speed; if the rotor speed is less than the synchronous
speed, the operation is in the subsynchronous mode, and power
is transferred from the grid to the DFIG through a back-to-back
power electronic converter. On the other hand, if the rotor speed
is greater than the synchronous speed, the operation is in the
hypersynchronous mode, and power is transferred from the DFIG
to the utility grid (Naidu and Singh, 2016). The DFIG’s rotor is
directly connected to the rotor-side converter (RSC) to control the
rotor speed and transfer energy bidirectionally (Puchalapalli and
Singh, 2020; Ma et al., 2020). Various investigators have evaluated
the performances of WECSs during symmetrical grid voltage dips
and contingencies (Yunus et al., 2020).

During and after system failures involving changes in frequency
and voltage, wind turbines are required to remain connected
to the utility grid. To overcome these issues, low-voltage ride-
through (LVRT) capabilities have been introduced (Pathak et al.,
2020; Jabbour et al., 2020). A passive crowbar circuit permits the

switch to close but not open until the sudden increase in the crowbar
current decreases. Contingencies occurring at the utility grid can
be avoided through efficient active crowbar protection (EACP)
circuitry, which are commonly employed in electronic devices to
prevent high-voltage events from affecting sensitive components,
such as semiconductor switches comprising diodes, insulated-gate
bipolar transistors (IGBTs), and resistors. Thus, this circuit enables
transfer of electricity to the utility grid during voltage dips to
improve grid stability (Dhanraj et al., 2021).

The term “voltage dip” refers to a significant drop in voltage
over hundreds of milliseconds. Initially, electrical grid faults were
responsible for separation of the wind turbine machinery from
the utility grids owing to different problems, such as symmetric
grid voltage dips, asymmetric grid voltage dips, and various grid
disturbances. Voltage dips can be divided into balanced and
unbalanced three-phase grid voltage dips (Laafou et al., 2023). The
DFIG and wind turbine condition capabilities are only investigated
during balanced voltage dips. If the system experiences a sudden
symmetric grid voltage dip, the DC bus voltage will decrease to its
rated limit, potentially damaging the DC bus capacitor and RSC
switches. Therefore, activating the EACP circuit protects the RSC
and mitigates the peak rotor current and DC link capacitance.
Once the voltage dip in the system is rectified, power flows
in a nominal state (Zandzadeh and Vahedi, 2014). The voltage
dip behaviors of the DFIG with and without EACP have been
investigated, and a rising rotor current was observed. Furthermore,
reactive power must be delivered to the utility grid during a
symmetric voltage dip to support voltage restoration. This work
discusses the design of an EACP circuit based on the rotor current
flow; the goal here is to help improve system performance as well
as ensure service continuity and power network connectivity during
and after balanced voltage fluctuations.

The significant contributions of this study are as follows:

1. To reduce the rotor current faults.
2. To maintain steady DC link voltage across the converter.
3. To improve the rapid reaction of the terminal voltage.
4. To enhance the quick response of the DFIG.

FIGURE 1
Schematic illustration of the DFIG-based wind turbine system.
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FIGURE 2
(A) Modeling characteristics of the wind turbine and (B) tip speed ratio (TSR) vs. power coefficient.

The remainder of this paper is organized as follows. Section 2
discusses the system configuration and modeling, while Section 3
presents the design of the EACP circuit. Section 4 presents
the control strategy for the EACP system, and Section 5
explains the experimental OPAL-RT real-time simulator setup.
Section 6 presents the MATLAB simulations and experimental
results, and Section 7 presents the conclusions and future scope
of this work.

2 DFIG-based wind turbine system
configuration and modeling

A typical grid-connected DFIG-based wind turbine system is
shown in Figure 1. This configuration includes a horizontal-axis
wind turbine connected to a DFIG wind turbine generator through
a gear system. The DFIG stator winding is directly connected
to the utility grid, and the rotor winding is connected to the
same grid through bidirectional power converters (Hussain and
Mishra, 2014a).

2.1 Wind turbine modeling and
characteristics

The turbine of the WECS is a vital component for
capturing kinetic energy from the wind and converting it into
mechanical energy (Kasbi and Rahali, 2021). Wind turbines
rotate when exposed to air flow and produce mechanical
power as follows:

Pmech =
1
2
ρπR2V3

wCp (λ,β) (1)

where Pmech is the mechanical power generated by the turbine; R is
the radius of the rotor blade (m); ρ is the density of air (kg/m3);Vw is
the wind speed (m/s);Cp is the power coefficient, which is a function
of the tip speed ratio (TSR) λ and pitch angle β. According to the

FIGURE 3
Turbine speed vs. torque characteristics.

Betz limit, the maximum value of the power coefficient (Cp) is 0.593
(Hussain and Mishra, 2019). The TSR is defined by Equation 2:

TSR =
ωtR
Vw
, (2)

whereωt is the angular speed of the wind turbine (rad/s).The torque
generated (Tt) in the wind turbine is given by

Tt =
Pmech

ωt
. (3)

Cp(λ,β) depends on the geometric characteristics of the
wind turbine as

Cp (λ,β) = F1(
F2
λi
− F3β− F4βF5 − F6)(e

− F7
λi ) (4)

where
1
λi
= 1
λ+ F8β
−

F9
1+ β3

(5)
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in which F1 = 0.5, F2 = 116, F3 = 0.4, F4 = 0, F5 = 21, F6 = 5, F7 =
21, F8 = 0.08, and F9 = 0.035 are empirical constants. Figure 2A
demonstrates the modeling of the wind turbine characteristics and
extraction of the peak power with respect to the angular speed
at various wind speeds. Figure 2B shows the relation between the
TSR and Cp; the maximum value of Cp is 0.44 at an optimal
TSR of 7.2. When the TSR is equal to the optimal TSR, Cp is
also optimal (Copt), and the angular speed of the wind turbine
ωm is equal to the optimal wind turbine angular speed (ωopt) at
which maximum power can be extracted. The maximum power can
be calculated from Equations 1–5 (Yunus et al., 2020; Mousa et al.,
2020).Thewind turbine angular speed and torque characteristics are
depicted in Figure 3.

2.2 Modeling of the DFIG

The vector control strategy requires that the DFIG model be
in a synchronous d-q axis reference frame. The dynamic modeling
equations of the DFIG based on the synchronous d-q axis reference
frame are as follows (Jabbour et al., 2020).

The rotating synchronous d-q frame of the stator voltage and flux
is modeled by the following Equation 6:

vsd = Rsisd +
d
dt
Ψsd −ωsΨsq

vsq = Rsisq +
d
dt
Ψsq +ωsΨsd.

FIGURE 4
Schematic illustration of the efficient active crowbar protection (EACP) circuit.

FIGURE 5
(A) Equivalent circuit of the DFIG for analyzing grid voltage dips; (B) vector diagram for the subsynchronous generator mode.
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FIGURE 6
Schematic strategy for rotor-side control.

Ψsd = Lsisd + Lmird

Ψsq = Lsisq + Lmirq. (6)

The rotating synchronous d-q frame of the rotor voltage
and flux are modeled by the following
Equation 7:

vrd = Rsird +
d
dt
Ψrd −ωrΨrq

vrq = Rsirq +
d
dt
Ψrq +ωrΨrd.

Ψrd = Lrird + Lmisd.

Ψrq = Lrirq + Lmisq (7)

Here, ωs is the synchronous speed (rad/s); ωr = (ωs − ωm) is the
relative speed (rad/s) between the synchronous and mechanical
speeds; Rr and Rs are the resistances of the rotor and stator
windings, respectively;Ls andLr are the stator and rotor inductances,
respectively; Lm is the mutual inductance; vdqs,Ψdqs,andidqs are the
stator voltage, flux linkage, and current in the rotating d-q axis
reference frame, respectively; vdqr, Ψdqr, and idqr are the rotor voltage,
flux linkage, and current in the rotating d-q axis reference frame,
respectively (Fateh et al., 2015).

The active and reactive power expressions of the stator and
rotor in the rotating d− q axis reference frame are given by

FIGURE 7
Synchronous rotating d−q reference frame aligned with the stator flux
space vector.

Equations 8–9 (Naresh et al., 2019):

Ps =
3
2
(vsdisd + vsqisq) ,

Pr =
3
2
(vrdird + vrqirq) ,

Qs =
3
2
(vsqisd − vsdisq) ,

Qr =
3
2
(vrqird − vrdirq) . (8)
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FIGURE 8
Schematic control strategy for the grid-side converter (GSC).

FIGURE 9
Control strategy of the active crowbar circuit.

The electromagnetic torque is given by

Tem =
3
2
P
Lm
Ls
(Ψsqird −Ψsdirq) , (9)

where P is the number of pole pairs in the wind turbine generator.

3 Design of the EACP circuit

The EACP circuit protects the RSC against overcurrents. The
crowbar circuit creates a low-resistance or short-circuit condition
across the generator and RSC. The EACP device circuit including
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FIGURE 10
Experimental real-time simulator setup.

TABLE 1 Specifications of the real-time simulator.

Name of the device OP5700 simulator

FPGA Virtex®7 FPGA on VC707 board

I/O lines Digital or analog, 16 or 32 channels

Ports 16SFP sockets, up to 5 GBps

I/O connectors 4 panels of 4 DB37 connectors

PC interface Standard PC connectors

Power rating Input: 100–240 VAC, 600 W, 50–60 Hz

the resistor, diodes, and IGBTs is shown in Figure 4. This device is
activated by a current-limiting circuit in the active crowbar circuit.
During a voltage dip, the rotor overcurrent destroys the power
converter in a few milliseconds, so the EACP circuit is used to
prevent this destruction. The EACP circuit operation uses the gate
turn-on and turn-off signals of the IGBTs. The gate signals are
applied to the IGBTs to protect them against overvoltages in the
stator and overcurrents in the rotor (Gencer, 2018).

3.1 Symmetric voltage dips

Voltage dips are defined as sudden decreases in the grid voltage
ranging from a cycle to a second or a few hundred milliseconds that
affect the grid voltage by up to 10% of the nominal value (called the
dip voltage).The voltage dropmust typically be between 1% and 90%
of the nominal voltage, although any decrease in the voltage drop less
than 1% is regarded as a transient interruption. In a balanced dip,

TABLE 2 DFIG parameters and values.

Parameters Values Parameters Values

Machine speed
(rev/min)

1,500 Stator connection Star

Rated power (kW) 5 Grid voltage (Vrms) 380

Stator current (Irms) 8.36 Torque (Nm) 31.8

Number of poles 2 Rated voltage (Vrrms) 205

Turns ratio 0.54 Stator resistance (mΩ) 750

leakage stator
co-efficient (Lσs) (mH)

5.8 Mutual inductance
(mH)

85.8

Rotor resistance (mΩ) 2,566 Self-inductance (mH) 91.6

TABLE 3 Wind turbine model parameters and values.

Parameters Values Parameters Values

Power coefficient (Cp) 0.44 Blade radius (R) 3.91

Air density (ρ) in
kg/m3

1.225 Pitch angle (β) 0

Optimum TSR (λopt) 7.2 switching frequency
( fsw) (Hz)

5,000

Gearbox ratio (N) 1:100 Number of blades (n) 3

Inertia (J) 0.0127 Damping (D) 10−9

Capacitance (μF) 0.0250 Vbus(V) 562
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FIGURE 11
(A) Grid voltage and (B) three-phase rotor current without the crowbar circuit.

the voltage is reduced equally on all lines, whereas an unbalanced
dip causes unequal voltage reductions on different lines.

3.2 Stator flux analysis

Voltage dips are sudden drops in the grid voltage caused by
contingencies or faults in the utility grid. This work focuses only
on symmetric grid voltage dips. When the voltage dips, it is sensed
immediately in the DFIG stator; the DFIG can analyze the flux
within the stator to determine the faults caused by voltage dips. In
such events, the flux behaviors must be investigated to understand
the issues arising fromdip interruptions (Garkki and Revathi, 2024).
The expression in Equation 10 is used to compute the flux.

dΨ⃗s
s

dt
= Vs −

Rs

Ls
Ψ⃗s

s +
Lm
Ls
⃗irr. (10)

When the voltage dips suddenly, the flux will not reach the same
final steady state as the stator voltage. Each phase flux is the sum of
sinusoidal and exponential components with a time constant Ls

Rs
, and

the rotor current (ir) degrades the flux faster.The voltagemagnitudes
must be extremely high to maintain the DFIG rotor currents within
safe limits, especially at the beginning of a voltage dip. Because of
the converter constraints, these wind turbines do not perform well
when a large voltage dip occurs. The DFIG rotor current (ir) should
be within certain limits without loss of control to ensure adequate
protection (Abu-Rub et al., 2014).

Equation 11 is obtained from the circuit depicted in Figure 5A:

⃗Vr
r =

Lm
Ls
( ⃗vrs − jωm

⃗Ψr
s) + [Rr +(

Lm
Ls
)
2
Rs] ⃗i

r
r + σLr

d
dt
⃗irr. (11)

The rotor current depends on the stator flux, equivalent resistance,
inductance, rotor voltage, and stator voltage. Hence, the space vector
diagram at subsynchronous speed is as illustrated in Figure 5B. The
sumof themain terms ⃗vrr and jωmΨ⃗

r
s must correspond approximately

to ⃗vrs. Therefore, to avoid a sudden increase in the rotor current
under steady-state operation, there should be a quick change
in the DFIG’s rotor voltage when there is a sudden dip in the
stator voltage.

4 Control strategy for the EACP
system

The EACP system improves the LVRT capability of the WECS.
When a sudden symmetric grid voltage dip occurs in the network,
the rotor current increases because of magnetic coupling between
the DFIG stator and rotor windings, making the stator and rotor
currents more transient. Furthermore, the rotor is short-circuited
by activating the EACP circuit to protect the RSC. This work aims
to limit the stator and rotor currents during sudden grid voltage
variations using the EACP circuit. Therefore, the control strategy
for the RSC, grid-side converter (GSC), and active crowbar circuit
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should be designed such that the protection circuit is enabled and
regulates the real and reactive powers during voltage dips.

4.1 RSC strategy

The block diagram of the RSC control strategy is depicted in
Figure 6 and consists of the inner and outer loop control methods
for controlling the real and reactive powers.TheClark transformation
technique involves transfer from three phase to two phase (i.e., abc to
α-β), and thepark transformation technique involves transfer fromthe
stationaryα-β torotatingd− qaxisframes.Moreover, thestatorcurrent
is representedbya two-axisorthogonal system; thus, the stator reactive
power (Qs) defines the q axis component,while the stator active power
represents the d axis component. This control block diagram consists
of two loops for the current and speed, where the current loop is
faster than the speed loop.The inner loop produces a reference voltage
for the space vector pulse-widthmodulation (PWM) technique using
two proportional–integral (PI) controllers.The outer loop produces a
reference current for the inner loop. The reactive power (Qs) is set to
0, which is usually adequate for reactive power compensation in wind
power plants. In the power network, the dynamic model of the RSC

control system in the rotating d-q reference frame at an angular speed
ωs is given by Equation 12:

vdr = Rridr + σLr
d
dt
idr −ωrσLriqr +

Lm
Ls

d
dt
|Ψ⃗s|

vqr = Rriqr + σLr
d
dt
iqr +ωrσLridr +

Lm
Ls

d
dt
|Ψ⃗s|
, (12)

where vdr and vqr are the rotor-side control voltages; σ is the
leakage coefficient; RrandLr are the rotor resistance and inductance,
respectively; LmandLs are themutual inductance and self-inductance,
respectively. Figure 7 illustrates the decoupled control scheme of the
rotating synchronous (dq) reference frame, where the d axis aligns
with the stator flux space vector |Ψ⃗s|. Because of this alignment q-axis
flux becomes zero as given in Equation 13 (Mazouz et al., 2020),

|Ψ⃗s| = Ψds

Ψqs = 0
, (13)

Ps =
3
2
v̂gsiqs, (14)

Qs = −
3
2
ωs

Lm
Ls
|ψ⃗s|(idr −

| ⃗ψs|
Lm
). (15)

FIGURE 12
(A) Grid voltage; (B) crowbar current; (C) three-phase rotor current; (D) specific duration of the rotor current.
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Equations 14, 15 represent the simplified forms of the exact real
and reactive powers, respectively, which are exchanged between the
DFIG and power grid (Abu-Rub et al., 2014).

4.2 GSC strategy

The GSC control strategy is depicted in Figure 8 and regulates
both the DC link voltage and reactive power (Yang and Jin, 2020).
This control strategy consists of inner and outer loops, where the
inner loop is faster to allow current tracking, while the outer loop
is relatively slower for reactive power regulation. Here, the reactive
power (Qs) is set to 0, which is generally adequate for reactive
power compensation in wind power plants. To enhance the transient
responses, the reference voltages vdf and vqf are as given below
(Rezaei, 2018).TheGSC dynamicmodel of the control system in the
d− q rotating frame at an angular speed ωs is given by Equation 16
(Laafou et al., 2023):

vqf = Rgiqg + Lg
d
dt
iqg + vqg +ωsLgidg

vdf = Rgidg + Lg
d
dt
idg + vdg −ωsLgiqg

, (16)

where vqfandvdf are the GSC control output voltages; vdg and vqg are
the grid voltages; Lg and Rg are the grid-side filter parameters. To
perform decoupled control of the rotating d-q axis reference frame,
the d axis of the rotating frame is orientedwith the grid voltage space

vector (v̂g). This alignment results into Equation 17:

vdg = v̂g
vqg = 0.

(17)

The simplified real and reactive powers exchanged with the
utility grid are as given by Equation 18 (Ali et al., 2020).

Pg =
3
2
v̂gigd

Qg = −
3
2
v̂gigq
. (18)

Thus, the rotating direct (d) axis current is responsible for
real power control, while the quadrature (q) axis current regulates
reactive power exchange with the utility grid. Equation 19 gives the
reference DC link voltage (Blaabjerg, 2018).

VdcRef =
3√2Vs

π
. (19)

4.3 Active crowbar circuit control strategy

This control strategy requires reactive power during the grid
voltage dip to help with voltage recovery. The active crowbar circuit
is a protection system commonly used in power electronics to
protect components such as IGBTs, metal-oxide-semiconductor
field-effect transistors, and other delicate power semiconductor
devices under excess voltage conditions. Upon detecting a grid

FIGURE 13
(A) Grid voltage and (B) bus voltage (Vbus) without the crowbar protection circuit.
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FIGURE 14
(A) Grid voltage and (B) bus voltage (Vbus) with the crowbar circuit.

TABLE 4 Conventional and designed protection circuits for rotor
current (comparisons based on only the rotor current in ampere).

Survey Without
protection
circuit

current, A
(%)

With
protection
circuit

current, A
(%)

Difference
current, A

(%)

Chakraborty
and Maity
(2023)

0.3 0.2 0.1

Chauhan and
Goel (2018)

5.8 5.6 0.2

EACP circuit 1.0 0.3 0.7

voltage dip, the crowbar circuit rapidly transfers any unused energy,
thereby mitigating damage to the protected components.

The control strategy of the active crowbar circuit is
depicted in Figure 9. This protection circuit is important for
controlling the rotor current in the event of a sudden dip in the grid
voltage. Grid voltage dips can be caused for the following reasons:

• Short circuits within the grid structure.
• Momentary interruptions in the power supply.

TABLE 5 Quantitative data comparisons.

References Methods Limitations

Duong et al. (2018) Fuzzy-PI-based control
technique

Greater system
complexity

Chauhan and Goel
(2018)

Active crowbar circuit Lower magnitude of
rotor current

Kaloi et al. (2019) Feedback linearization
controller

Higher network
complexity

Bekiroglu and Yazar
(2022)

Fuzzy logic controller Power rating is only
1 MW

Proposed control
strategy

EACP control Design of the diode
bridge circuit

• High current surges when starting heavy machinery.
• TheEACP circuit is important for detecting grid faults quickly,
protecting the RSCwhen a sudden grid voltage dip occurs, and
mitigating the rotor current.

The active crowbar circuit comprises an IGBT connected in
series with a resistor and placed across a bridge diode. At the instant
when the voltage fluctuation occurs in the grid, the active crowbar
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circuit control sends a PWM signal to the IGBT switch; this protects
the RSC by controlling the wide variations in the rotor current.
During a grid fault, the rotor current suddenly increases and may
damage the RSC; then, the active crowbar circuit turns on the IGBT
control switch and regulates the current to protect the converter.

The IGBT is turned off when the stator voltage drops below a
predetermined threshold. Next, a carefully designed process is used
to restore the RSC operation quickly. The semiconductor devices
switch off the active crowbar circuit when the grid voltage is at the
standard level.Thereafter, the wind power system operates normally
(Sreenivasulu and Hussain, 2023; Uddin et al., 2023).

During a symmetric voltage dip, the peak rotor current flows
through the semiconductor devices in the EACP circuit. Thus, the
IGBT in the active crowbar circuit protects the RSC and maintains
the voltage as given by Equation 20 (Hussain and Mishra, 2015):

̂Vr <
Vbus

√3
u, (20)

where ̂Vr is the maximum rotor voltage and u is the turns ratio.This
control strategy requires reactive power during the grid voltage dip
to help with voltage recovery.

5 Experimental OPAL-RT simulator
setup

The EACP circuit for the DFIG-based WECS was verified
through MATLAB simulations using the real-time (RT) simulator
OP5700 (RT-LAB, MSOx3014T), a field-programmable gate array
(FPGA) on a VC707 board, a programmable control board (PCB),
and probes for interfacing between MATLAB/Simulink and OPAL-
RT simulator to provide the analog outputs and digital inputs.
Figure 10 depicts the laboratory setup of the RT digital simulator.
The generator and controller are retained in the OPAL-RT digital

simulator so that the system operates according to its clock
because of the high-speed OPAL-RT sample speed of 18 ns to a
few microseconds. This timing is used for the prototype editing,
building, loading, and execution stages. Table 1 summarizes the
parameters of the RT digital simulator in the OPAL system.

6 Results and discussion

The design and implementation of the EACP circuit were
discussed for a symmetric grid voltage dip. This was also
simulated using MATLAB/Simulink and tested through the OPAL-
RT simulator. The parameters and values of the 5-kW DFIG and
wind turbine systems are listed in Tables 2, 3.

6.1 Simulation results

The RSC is protected by the EACP circuit to improve the
operation of the DFIG based on the WECS during balanced grid
voltage dips. The RSC improves the reactive power requirements
during grid faults and tracks the DFIG’s rotor and reference speeds
in the same manner. Therefore, the power converter supports
extraction of maximum power from the wind turbine.

TheGSCmaintainsVbus constant, whereas the point of common
coupling (PCC) maintains the same voltage. Furthermore, the GSC
is responsible for adjusting the system’s reactive power requirements
immediately. The EACP circuit is designed using semiconductor
devices and a resistor. During a symmetric grid fault, the EACP
circuit protects the stator windings and RSC against overcurrent.
The DFIG’s stator voltage is also the grid voltage; as noted in this
study, 90% of symmetric grid voltage dips occur between 3 and 3.5 s,
and the stator voltage decreases by 38 V due to grid integration.The
voltage then recovers between 3.5 and 4.17 s.

FIGURE 15
Three-phase rotor current during a symmetric voltage dip.
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The simulation results of the DFIG-basedWECS were observed
without and with the protection circuit for symmetric grid voltage
dips. The design is intended to not operate the protection circuit
when a fault occurs in the power grid, even if the voltage at the
PCC decreases to 0. The performance of the DFIG system with
a balanced three-phase fault is shown in Figure 11. As shown in
Figure 11A, a grid voltage fluctuation occurs at 3–3.5 s after clearing
the dip, and the grid voltage recovery time is 0.67 s (3.5–4.17 s)
to reach the nominal state. Figure 11B illustrates that the rotor
current increases to 100 A without activating the protection circuit.
Thus, the peak rotor current must be decreased to protect the
RSC, and the protection circuit should be activated. The changes
in the signals are shown in Figures 12A–D. Figure 12A illustrates
the grid voltage during a sudden grid fault; Figure 12B shows that
the crowbar current spikes to 30 A by triggering the protection
circuit alone. The RSC is then isolated from the network during
activation of the crowbar circuit upon occurrence of a sudden
grid voltage dip. During the balance fault incident, the rotor
current flowing into the crowbar circuit reaches a maximum

value of 30 A, and the active crowbar circuit operates for 3–3.5 s.
Following the dip, the crowbar current returns to a steady level.
In the simulation, the crowbar resistance used was 0.2 Ω. Hence,
when the voltage recovers over the interval of 3.5–4.17 s, the
rotor current becomes steady once the voltage dip is restored.
Figure 12C shows the three-phase rotor current during the balanced
three-phase fault condition in which the three-phase rotor current
is supplied to the power grid; when a sudden fault occurs in
the system, the rotor current falls instantaneously to 25 A upon
activation of the protection circuit. Figure 12D clearly illustrates
the activation time of the voltage dip. Figures 13A, B show the
grid voltage and corresponding bus voltage during a sudden
voltage dip. Figure 13A shows the grid voltage as explained above.
Figure 13B illustrates that the reference and measured voltages
are the same; however, the bus voltage decreases from 560 V to
481 V, and the duration changes from 3 to 4.4 s during the grid
voltage disturbance. Figure 14A shows the system grid voltage
discussed in the earlier sections. Figure 14B depicts the bus voltage
decrease from 560 V to 530 V and the interval of 3–4.3 s by

FIGURE 16
Three-phase rotor current without the crowbar circuit.
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FIGURE 17
Three-phase rotor current with the crowbar circuit.

FIGURE 18
Responses of the reference bus voltage (VRefbus) and measured bus voltage (Vbus).
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triggering of the EACP circuit. Hence, the system is protected from
overcurrents.

Table 4 compares some previous works with and without the
protection circuit for the rotor current in the symmetric voltage
dip analysis. Furthermore, it discusses the same grid voltage fault
conditions with an active crowbar circuit; the difference in rotor
currents with and without the active crowbar circuit shows that the
rotor current magnitude is maximally reduced by the EACP circuit
for the symmetric voltage dip. Table 5 quantitatively compares
data from other works implementing the EACP control strategy.
Kaloi et al. (2019) focused on enhancing the LVRT capability, and
their feedback linearization controller offers only RSC protection
and DC link voltage maintenance. Ganthia and Barik (2022) studied
PI control techniques, and fuzzy logic controllers were used to
protect the network. The proposed control strategy in this work
can mitigate the rotor current while protecting the RSC circuit.
Therefore, when the EACP circuit is active, the rotor current can
be controlled; these effects were verified through simulations in
MATLAB/Simulink and a real-time experiment using the OPAL-RT
5700 simulator with and without the protection circuit.

6.2 Experimental results

The RT digital simulations include results obtained at
various wind velocities. Figure 10 shows the experimental setup
demonstrating how the MATLAB model is converted to a C
language program through FPGA-based prototyping to achieve RT
execution. By altering the fixed-mode parameters, ode4-type solver
(Runge–Kutta), and sample time of 10 µs, the DFIG-based wind
turbine model and control strategy were written in C language and
implemented using Simulink S-function blocks. The wind turbine
emulator results were tested usingMATLAB/Simulink softwarewith

specific blocks from the OPAL-RT library. These blocks are mainly
used for communication and control between the simulation and
RT hardware. Figure 15 illustrates the three-phase rotor current
during a symmetric grid voltage dip. Figure 16 shows that the rotor
current spikes to 99.6 A during the sudden grid voltage dip when
the protection circuit is not activated. The RSC may be damaged
in this particular interval. Thus, the EACP circuit is introduced to
protect the RSC and DC link capacitor. Furthermore, from 3 to
4.17 s, the rotor current has a higher frequency and shorter period,
i.e., 1.6 s, due to the grid voltage fault. We observe the rotor current
frequency by expanding over a particular period, i.e., 7 s of rotor
current. Figure 17 shows that the rotor current spikes to 28 A at
0.2 s upon activation of the crowbar circuit in response to the grid
voltage disturbance; we also show the enlarged rotor current over a
duration of 0.5 s. When the EACP circuit is activated, the increasing
rotor current passes through the crowbar circuit, so the RSC is
demagnetized for a few seconds to clear the fault. When the fault is
resolved, the rotor current resumes a steady state; this is observed in
the expanded duration of the rotor current, i.e., 1.4 s. Figure 18
depicts the measured DC link voltage change of 560 V, whose
magnitude then decreases by 60 V after 0.6 s following the grid
voltage dip. The reference grid voltage of 561 V and measured grid
voltage are the same under normal conditions. Figure 19 illustrates
that the DC link voltage decreases by a small magnitude of 35 V
upon activation of the EACP circuit. Similarly, the crowbar current
is observed to be 25 A at 1.2 s after the sudden grid voltage dip upon
activation of the protection circuit.

7 Conclusion and future scope

This work explores integration of DFIG wind turbines into the
grid to ensure stable operation during voltage dips. Furthermore, we

FIGURE 19
Crowbar current with the active crowbar protection circuit.
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evaluate the performance of an improved active crowbar protection
circuit to mitigate the LVRT capability of the DFIG-based WECS.
The operational principle of the EACP circuit allows protecting the
RSC and DC link capacitor against symmetric voltage dips. The
results show that the peak rotor current and DC link voltage ripple
are successfully limited by the EACP circuit while allowing real
and reactive power controls. The EACP circuit performance was
evaluated through simulations in MATLAB/Simulink and further
validated by RT experiments on an OPAL-RT 5700 simulator. As
demonstrated, the voltage dip response from 3 to 4.17 s confirms the
ability of the EACP circuit to enhance the DFIG’s LVRT capability.
Additional research can be conducted for applications involving
further optimizations related to responses to unbalanced voltage
dips as well as EACP circuit design for various grid fault situations.

This study comprehensively explores the development,
implementation, and validation of protective mechanisms to
protect the RSC in a DFIG-based WECS during symmetric and
unsymmetric voltage dips. Future prospects for this work encompass
topics concerning the essential parameters, such as overcurrent
and overvoltage protection as well as improvements to the control
systems using machine learning, artificial intelligence, real-time
monitoring, and adherence to grid standards.
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