
Energy Reports 6 (2020) 2560–2576

a
3
i
c
c
t
l
m
m

h
2

Contents lists available at ScienceDirect

Energy Reports

journal homepage: www.elsevier.com/locate/egyr

Development and performance analysis of intelligent fault ride
through control scheme in the dynamic behaviour of grid connected
DFIG basedwind systems
C.R. Raghavendran a, J. Preetha Roselyn a,∗, D. Devaraj b
a Department of Electrical and Electronics Engineering, SRM Institute of Science and Technology, Chennai, India
b Department of Electrical and Electronics, Kalasalingam Academy of Research and Education, Krishanankoil, India

a r t i c l e i n f o

Article history:
Received 31 March 2020
Received in revised form 3 July 2020
Accepted 14 July 2020
Available online xxxx

Keywords:
Doubly fed induction generator
Wind energy conversion systems
Fault ride through
Maximum power point tracking
Intelligent GA-PQ controller
DC chopper

a b s t r a c t

As the penetration of wind power increases, the fault ride through requirements imposed by grid
code is important in grid connected wind systems. The wind systems should remain connected to the
grid during grid faults satisfying the grid code which ensures grid stability during fault and post fault
conditions. This paper proposes an intelligent fault ride through strategy for Doubly Fed Induction
Generators (DFIG) based Wind Energy Conversion Systems (WECS) to achieve real and reactive
power control during grid faults. The transient behaviour of the system is investigated under normal
conditions and during grid faults. A fuzzy based wind speed estimation method in Maximum Power
Point Tracking (MPPT) mode under normal conditions and coordinated Genetic Algorithm based Real-
Reactive (GA-PQ) controller with DC chopper in Fault Ride Through (FRT) mode during grid faults is
developed in this work. The proposed control scheme provides smooth operation of DFIG during grid
faults by controlling the rotor and grid side converters, providing reactive power support to the grid
and relieving stress on power converters thereby achieving system stability. The proposed strategy
maintains the system parameters during the grid faults by suppressing the rotor and stator over
current, dc link voltage overshoot, power oscillations and support the grid voltage under both balanced
and unbalanced grid fault conditions with different voltage dips at PCC. Computer simulations in time-
domain are performed by verifying the MPPT and FRT capability of the proposed strategy for 6.5MW
grid connected DFIG based WECS in MATLAB/SIMULINK 2018b. The proposed coordinated intelligent
PQ and DC chopper FRT strategy is compared against existing FRT schemes like crowbar, SDBR, DC
Chopper, PQ controller and its hybrid combinations which yields satisfactory results. The proposed
scheme is also validated in Opal-RT hardware for LLG fault at 75% dip in voltage. The simulation and
real time results observed in the work station demonstrates the effectiveness of the proposed strategy
in enhancing the FRT capability of the system.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The growth of wind power generation is increasing rapidly
nd the total installed wind power capacity in India is around
6.625 GW till the end of July 2019. This is the fourth largest
nstalled wind power capacity in the world. Wind power ac-
ounts for nearly 10% of India’s total installed power generation
apacity (Anon, 2019, 2018; Gitano et al., 2007). As the pene-
ration of wind power is increasingly high, the grid faces chal-
enges to ensure stability. DFIG based WECS are considered as the
ost widespread renewable energy resource in today’s environ-
ent because of variable speed operation, active and reactive
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352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access art
power control, voltage sag mitigation and high-efficiency with
partial rated converters. The maximum power extraction from
the wind systems is made possible by the MPPT controller under
normal system conditions. Many MPPT algorithms have been
proposed to enhance the efficiency of the WECS such as Tip
Speed Ratio (TSR) (Naba, 2016), Perturbation and Observation
(P&O) (Mousa Hossam et al., 2019) and Wind Speed Estimation
(WSE). In Abdel Raheem et al. (2015), the TSR technique is imple-
mented which uses the anemometer to evaluate the wind speed,
which is costly and need maintenance. The P&O based MPPT
method has an accurate power tracking capability with higher
efficiency but the major drawback of this method is low tracking
speed and it is suitable only for low power capability of WECS.
Due to the problems in TSR and P&O techniques, the wind speed
estimation based MPPT is proposed in Jiao et al. (2017) to get the
maximum available power in WECS. The WSE based PI controller
icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. FRT requirements for wind system in different countries.

is implemented to track the rotor speed quickly and implemen-
tation cost is low. In Bo et al. (2018), perturbation observer
based sliding mode control is proposed for optimal power extrac-
tion under normal conditions and reduces the power oscillations
maintaining wind power extraction during fault conditions. Bo
et al. (2016) proposed a feedback linearization controller based
on the detailed model of the DFIG wind system to maximize the
energy extraction from the wind turbine. The nonlinear controller
provides better performance with respect to LVRT capabilities in
various wind operation ranges.

Some of the major issues which occur in grid connected wind
ystem during grid faults are: the rotor current oscillation due to
igh EMF induced in the rotor winding which damages the power
lectronic switches on the Rotor Side Converter (RSC). The over-
oltage in the dc link due to an imbalance between the active
ower flowing through RSC and Grid Side Converter (GSC) could
amage the dc link capacitor. The transient currents in the rotor
nd stator windings due to the electromagnetic torque oscilla-
ions would reduce the overall lifetime of the wind system. In
arlier years, disconnecting the wind turbines from the grid dur-
ng grid faults is to protect the wind system from being severely
amaged, which leads to disconnecting significant part of the
oad. The new standards in grid codes provide the need of the
ind turbine to stay connected to the grid even during the grid

aults for the specified level and support the grid by injecting
eactive power during voltage dips and offer rated active power
mmediately after fault clearance. This is known as Fault Ride
hrough capability of wind turbine.
Researchers have proposed many FRT schemes to secure the

ind system against the low grid voltage and over grid cur-
ents during grid faults (Poitiers et al., 2001; Tsili and Pap-
thanassiou, 2009; Geng et al., 2013). A crowbar-based pro-
ection scheme (Alvaro et al., 2008; Morren and Sjoerd, 2007;
athabadi, 2014) is investigated to secure the rotor winding of
he DFIG, which protects the switching of the rotor side con-
erter during faults. Peng et al. (2009) proposed the control
trategy equipped with active crowbar to act against severe
rid faults incorporating simple demagnetization method to re-
uce the oscillations of the transient current during the voltage
ips and supports in power recovery in post fault condition.
o reduce the crowbar activation time, a hysteresis control strat-
gy is proposed to improve the overall performance of the system.
eman et al. (2006) proposed the use of active crowbar circuit
mploying fully controllable bidirectional switches to protect
he converters of DFIGs. A flux weakening control strategy to
nhance reactive power support in DFIG based wind system
uring grid faults is proposed in Wang et al. (2017). Mohammadi
t al. (2014) proposed a DC link chopper controlled braking
esistor with rotor current control which provides good per-

ormance compared to other conventional schemes. Wenye and
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Raymundo Enrique Torres-Olguin (2016) proposed a FRT method
for VSC-HVDC connected offshore wind system, which allows a
power reduction by reducing the offshore grid voltage. The com-
bined power reduction provides reliable improved protection of
the HVDC system against the dc overvoltage. Hybrid combina-
tion of FRT schemes which combines dynamic variable resistor
with synchronous reference frame strategy for the improvement
of FRT capability in DFIG based wind system is discussed in Lin
et al. (2011). A comprehensive study on the dynamic behaviour
of grid connected DFIG based WECS during grid faults is inves-
tigated in Ekanayake et al. (2003). A rotor side control scheme
to mitigate rotor side over voltage and current transients is
discussed in this paper. Jafar et al. (2016) proposed active and
passive FRT compensator to support the grid voltage recovery. A
combined vector direct power control with hysteresis regulators
to control RSC is presented. A fault tolerant control paradigm for
micro grid integrated wind system using sliding mode controller
to support stator voltage levels during grid faults is presented in
Morshed and Fekih (2018). Rahimi and Parniani (2010) proposed
a passive crowbar arrangement in series with stator winding
and active compensators for rotor voltage control. This method
reduces the rotor inrush currents during and after faults. A coor-
dinated reactive power control to share reactive power between
GSC and RSC is discussed in Rahimi (2017). The traditional GSC is
replaced with nine switch converters for transient free operation
in the DFIG wind system. Yassin et al. (2016) introduced the PI
controller for improving the overall capability of the wind turbine
but during the tuning of control parameters, it becomes difficult
to get an optimal response around one operation point.

In order to tune the control parameter effectively, many soft
computing approaches have been proposed by researchers. Sami
et al. (2016) implemented artificial intelligence-based gain
scheduling technique to provide an optimal response under vary-
ing operating conditions. Jazaeri and Samadi (2014) introduced a
control scheme based on self-tuning fuzzy based PI for controlling
the power electronic converters of the DFIG system. The per-
formances of the DFIG with fuzzy controllers in three operating
modes are compared with the conventional PI controller dur-
ing unbalanced system faults. The system is investigated under
super-synchronous, synchronous, and sub-synchronous modes
of operation. Jafari et al. (2014) proposed a fuzzy controller
that controls the slip of the DFIG and utilizes the stored kinetic
energy of the rotor to manage the output power and improve
the critical clearing time. Also, the controller reduces the dc link
voltage fluctuations, which results in a better voltage control and
enhances transient stability of the system. The PI gains of the
controller in DFIG and superconducting magnetic energy storage
are formulated as multi objective problem in Sedighizadeh et al.
(2019). Theodoros et al. (2013) presented a coordinated control
strategy using GA tuned fuzzy controller without any additional
hardware for FRT strategy.

Minh et al. (2018) proposed an intelligent reactive power
control based on crowbar, RSC and GSC during large disturbances.
The paper proposed cascade fuzzy based PI controller to enhance
the transient performance of the system. Mostafa et al. (2019)
formulated a multi objective problem in fuzzy framework to op-
timize the PI gains of DFIG, superconducting current limiter and
superconducting magnetic storage which act as supplementary
devices to enhance the FRT capabilities of the wind system. Ali
(2020) proposed a robust perturbation observer based fractional
order sliding mode controller for DFIG to extract the maximum
power as well as to enhance the fault ride through capabilities
of the wind system. The multi objective optimization algorithm
optimizes the control parameters for better performance under
various system conditions. In Thang et al. (2019), an improved

stochastic fractal search algorithm is proposed which yields good
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Fig. 2. Proposed coordinated control strategy schemes in DFIG based grid connected WECS.
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erformance in terms of solution quality, execution speed and
uccess rate in obtaining optimal operation of transmission power
etworks. Bo et al. (2017) proposed grey wolf optimization to
ptimize the PI control parameters of MPPT and FRT algorithms in
FIG wind systems. The proposed algorithm effectively extracts
aximum wind power, restores the system after the system

aults and minimizes the control costs using the optimization
lgorithm.
Many research papers have focused on limited system pa-

ameters and improvement in system parameters such as grid
oltage, grid current, dc link voltage, real power, reactive power,
otor speed, rotor and stator current have not been achieved
omprehensively during fault conditions. The seamless power
ransfer between normal and fault conditions is not investigated
n many literatures. Also, many existing works depends on addi-
ional hardware for fault ride through in wind systems. Some lit-
ratures have focussed on intelligent fault ride through schemes
n which the combined strategy of conventional schemes like
C chopper, SDBR and crowbar resistance are not investigated
long with the intelligent control schemes. The main novelty and
ontributions of the paper are as follows:
The novelty of this paper is to introduce the coordinated

ntelligent Real-Reactive control strategy and DC chopper fault
ide through scheme for DFIG basedWECS satisfying the grid code
equirement under different grid fault conditions and Fuzzy based
ind Speed Estimation based MPPT controller under normal

onditions. The proposed system also provides seamless power
ransfer operating between the two control modes of operation,
amely MPPT mode under normal condition and FRT mode dur-
ng grid faults. Under the MPPT mode of operation, the extraction
f maximum power from the wind turbine is achieved by fuzzy
ased wind speed estimation method. The Genetic Algorithm
GA) based Real and Reactive Power FRT control scheme coor-
inated with DC chopper is developed to improve the fault ride
hrough capability of the system during both balanced and unbal-
nced grid faults. The proposed strategy independently controls
eal and reactive power thereby enhancing the system param-
ters. The GSC using the proposed controller injects reactive

ower into the grid during system faults and hence supports in
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grid voltage recovery. The proposed scheme considerably reduces
stator and rotor over currents and dc link overvoltage. The pro-
posed control scheme ensures smooth operation during system
variations which achieves enhanced fault ride capabilities in 6.5
MW DFIG based WECS satisfying the grid code requirement. The
simulation is carried out in MATLAB/Simulink version 2018b and
the hardware results are obtained in Opal-RT platform for the
same system. The proposed coordinated intelligent PQ and DC
chopper strategy is compared with existing FRT schemes like
crowbar, SDBR, DC Chopper, PQ-FRT and combination of two FRT
hybrid schemes.

The paper is organized as follows: The FRT capability of WECS
according to the different countries grid code requirement is
provided in Section 2. The proposed coordinated control scheme
under MPPT and FRT modes of operation are explained in Sec-
tion 3. The performance evaluation in simulation environment
under various balanced and unbalanced fault conditions at differ-
ent voltage dips are discussed in Section 4. The real time Opal-RT
results are provided in Section 5 and the work and future scope
are concluded in Section 6.

2. FRT capability of WECS

The grid code requirements of major countries are shown in
Fig. 1. This figure indicates that the wind turbine should remain
connected to the grid during grid faults (Fortmann et al., 2014).
When the actual system voltage at the point of common coupling
during grid faults is higher than the FRT requirement curve, then
the wind turbine remains connected to the grid. If the system
voltage during grid faults is lower than the FRT curve, then the
wind turbine is disconnected from the grid. According to Indian
grid code, the wind system remains connected to the grid when
the grid voltage is above 20% of the nominal value during grid
faults. The wind system remains connected to the grid for a
specified time within which fault need to be cleared.

The fault clearing time varies for different levels of system
voltage is provided in Table 1, where Vpf is 80% of and Vf is 20% of
he nominal system voltage based on CWET report (Katyal, 2017).
n this work, the Southern Indian grid is considered for study and
ence 132 kV is selected as a nominal system voltage with fault
learing time of 160 ms.
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Fig. 3. Proposed rotor side converter control.
.

able 1
ault clearing time and voltage limit according to Indian grid code requirement
S.no Nominal system

voltage (kV)
Fault clearing
Time (ms)

Vpf (kV) Vf (kV)

1 400 100 360 60
2 220 160 200 33
3 132 160 120 19.8
4 110 160 96.25 16.5
5 66 300 60 9.9

3. Proposed coordinated control strategy

The grid-connected DFIG based wind system along with the
roposed control schemes suitable for normal and system fault
onditions is depicted in Fig. 2. The main task here is to reduce
he over current in the rotor and over voltage in the dc link
ide by controlling the power injected by wind turbines during
he fault conditions. The proposed control strategy operates the
otor side and grid side converters to control the real and reac-
ive power injected into the grid thereby improving the system
arameters namely, grid voltage, grid current, dc link voltage, real
nd reactive power injected to the grid. The proposed control
cheme switchover from MPPT mode of operation under normal
ondition to FRT mode of operation during grid faults. RSC is
ontrolled to regulate the maximum available wind power and
SC is controlled to regulate the dc link voltage and the terminal
oltage under normal system conditions.
In MPPT mode of operation, the maximum power is extracted

rom the wind turbine through the rotor side converter control
sing fuzzy based wind speed estimation MPPT controller. In
SC, the DC link voltage controller is activated to regulate the
eal power and the reactive power is maintained as zero. During
rid faults, RSC is controlled to regulate the torque and GSC is
ontrolled to regulate the real and the reactive power injected
nto the grid. Under FRT mode of operation, the GSC is controlled
y intelligent Real-Reactive FRT controller tuned by real coded
enetic algorithm by deactivating the MPPT mode of operation.
his enables to control independently the real and reactive power
njected into the grid. The proposed GA tuned PQ-FRT controller
mproves the grid voltage, dc link voltage and grid current during
rid faults by injecting the reactive power. In addition, a DC
hopper is connected between RSC and GSC which is activated
uring grid faults thereby increasing the FRT capability of the
ystem by controlling the dc link voltage.

.1. Rotor side converter control

The proposed rotor side converter control used for controlling
he dq component of the current in the RSC under MPPT and
RT modes of operation is illustrated in Fig. 3. The fuzzy based
ind speed estimation algorithm is developed for extracting the

aximum power from the wind under normal system conditions.

2563
Table 2
Fuzzy rule table for WSE MPPT.
Error/change
in error

NH NM NL Z PL PM PH

NH PH PH PH PM PM PL Z
NM PH PM PM PM PL Z NL
NL PH PM PL PL Z NL NM
Z PM PM PL Z NL NM NM
PL PM PL Z NL NL NM NH
PM PL Z NL NM NM NM NH
PH Z NL NM NM NH NH NH

In the proposed system, fuzzy based wind speed estimation
based MPPT controller as shown in Fig. 4 is used for normal grid
conditions.

The output mechanical power extracted from the wind tur-
bine (Barambones et al., 2014) is given as:

Pm = 0.5Cp(λ, β)ρπR2v3 (1)

To obtain maximum power from turbine, the Cp and λopt must
be at the optimum value of λopt = 8.1 and Cp = 0.48. The
wind speed, Vwind is estimated using the measured rotor speed
and turbine rotor radius and optimal TSR (λopt ) as follows:

Vwind =
ωmea · R
λopt

(2)

The rotor reference speed, ω∗ iscomputed with estimated wind
speed and the optimal TSR (Wei et al., 2008) as follows:

ω∗
=

λopt

R
· Vwind (3)

The power captured by the wind turbine is a function of the
rotational speed and is maximal at λopt , and hence, for each wind
velocity, maximal power can be extracted at a given rotor speed.

The rotor reference speed, ω∗ and rotor measured speed, ωmea

is used to calculate ω′ as follows:

ω′
= ω∗

− ωmea (4)

The error of the rotor speed, ω′ and the change of rotor speed
error, dω′/dt are fed as inputs to the Mamdani based FLC to
generate i∗dr . Before defining the fuzzy rules, the wind speed error
and the change in rotor speed error is divided into 3 regions of
low, medium, high and the output i∗dr is divided into low, medium,
high. The fuzzy logic rule table is framed for the WSE MPPT
controller as shown in Table 2.

The proposed intelligent MPPT algorithm generates the cur-
rent, i∗dr which is fed into the current regulator to generate v∗

dr
∗ .
and the reactive power controller is used to generate the vqr
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The dq component of rotor currents, idr and iqr are obtained
from three phase rotor currents, ira, irb, and irc using the transfor-
mation equations (Tapia et al., 2003) as follows:

idr =
2
3

[
irasinθslip + irb sin

(
θslip −

2π
3

)
+ ircsin

(
θslip +

2π
3

)]
(5)

iqr =
2
3

[
iracosθslip + irb cos

(
θslip −

2π
3

)
+ irccos

(
θslip +

2π
3

)]
(6)

The dq component of rotor voltages, vdr and vqr are obtained from
hree phase rotor currents vra, vrb, and vrc using the transforma-
ion equations as follows:

dr =
2
3

[
vrasinθslip + vrb sin

(
θslip −

2π
3

)
+ vrcsin

(
θslip +

2π
3

)]
(7)

vqr =
2
3

[
vracosθslip + vrb cos

(
θslip −

2π
3

)
+ vrccos

(
θslip +

2π
3

)]
(8)

The slip angle, θslip is given by, θslip = θe-θr. The actual value of
direct and quadrature axis rotor currents, idr and iqr are compared
with reference direct and quadrature axis rotor currents i∗dr and i∗qr
in the inner current control loop and generates error values of ro-
tor current, i′dr and i′qr . The i∗dr and i∗qr are obtained from the MPPT
controller and reactive power controller blocks respectively.
2564
During normal condition, the MPPT mode of operation is acti-
vated and hence Fuzzy based WSE MPPT controller transfers max-
imum real power which generates i′dr (Naba, 2014) as follows:

i′dr = i∗dr(MPPT ) − idr (9)

During grid faults, MPPT mode of operation is deactivated and
FRT mode is activated in which the torque controller is used
to generate the v∗

dr . The rotor side converter is controlled by
voltage-oriented reference frame (v′

dr and v′
qr ) respectively.

During fault condition, as MPPT is deactivated, the i∗dr is calcu-
ated depending upon the severity of the fault and hence the i′dr
s as follows:

′

dr = i∗dr(FRT ) − idr (10)

he reactive power controller generates i′qr on comparison with
he reactive power reference values.

′

qr = i∗qr − iqr (11)

irect and quadrature axis rotor voltages are obtained from direct
nd quadrature axis rotor current errors as follows:

′

dr = −Kpii′dr − Kii

∫
i′drdt + (vdr + ωLiqr ) (12)

v′

qr = −Kpii′qr − Kii

∫
i′qrdt + (vqr − ωLidr ) (13)
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The actual value of direct and quadrature axis rotor currents,
dr and iqr are compared with reference direct and quadrature axis
otor currents, i∗dr and i∗qr in the inner current control loop and
enerates error values of rotor current, i′dr and i′qr . The reference
irect and quadrature voltages, v′

dr and v′
qr are transformed into

hree phase reference rotor voltages, vra, vrb, vrc (Byeon et al.,
010) as follows:

ra = v′

dr sinθslip + v′

qrcosθslip (14)

rb = v′

dr sin
(

θslip −
2π
3

)
+ v′

qrcos
(

θslip −
2π
3

)
(15)

rc = v′

dr sin
(

θslip +
2π
3

)
+ v′

qrcos
(

θslip +
2π
3

)
(16)

he reference rotor voltages are used to generate PWM signals
hich are fed to the rotor side converter.

.2. Grid side converter control

The grid side converter shown in Fig. 5 is controlled using the
oordinated control scheme of GA based Real and Reactive power
ontrol strategy and DC chopper during grid faults. The DC link
oltage controller maintains the dc link voltage under MPPT mode
f operation. The active and reactive power component of grid
urrents, idg and iqg are obtained from the three phase currents,
, i , and i using transformation equation (Kaloi et al., 2016) as
a b c o
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follows:

idg =
2
3

[
iasinθe + ib sin

(
θe −

2π
3

)
+ icsin

(
θe +

2π
3

)]
(17)

iqg =
2
3

[
iacosθe + ib cos

(
θe −

2π
3

)
+ iccos

(
θe +

2π
3

)]
(18)

he dq axis grid voltages, vdg and vqg are obtained from three
phase grid voltages, va, vb, and vc using the transformation equa-
tion as follows:

vdg =
2
3

[
vasinθe + vb sin

(
θe −

2π
3

)
+ vcsin

(
θe +

2π
3

)]
(19)

vqg =
2
3

[
vacosθe + vb cos

(
θe −

2π
3

)
+ vccos

(
θe +

2π
3

)]
(20)

nder normal system conditions, MPPT mode of operation is
ctivated in which the i∗dg is obtained from the DC link voltage
ontroller which controls the active power component of grid
ide converter by comparing the dc link voltage, vdc with the
eference dc link voltage, v∗

dc . The reactive power component, i∗qg
s forced to zero for maximum power injection into the grid.

The equation for i′dg and i′qg are calculated as follows during
he MPPT mode of operation:
′

dg = i∗dg(MPPT ) − idg (21)

i′qg = i∗qg(MPPT ) − iqg (22)

A based Real-Reactive power (PQ) controller:
During grid faults, the system is switched to FRT mode of
peration in which the real coded GA based PQ controller is
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activated depending on the level of voltage sag in the utility grid
which generates i∗dg . The reference reactive grid current, i∗qg (Aman
t al., 2015) is also obtained using the GA based PQ-FRT controller
epending upon the calculated reactive power as in Eq. (23).
In the proposed work, the reference reactive power of the grid

ide control is calculated as follows:

∗

FRT =

{ 0 If vg > 0.8vgn
2 − 2.(vg/vgn) If 0.8vgn >= vg and vg > 0.5vgn
1 If vg < 0.5

(23)

Hence, the real power reference of the grid side converter control
is calculated as follows:

P∗

FRT =
√
S − Q ∗

FRT (24)

he GA based PQ controller is tuned in such a way that during
RT mode of operation, when the grid voltage is less than 0.5
.u, the Q ∗

FRT is set as 1 p.u to support the grid stability by
ufficient reactive power support. The problem of optimal tuning
f two PI controller in the proposed PQ controller is formulated
s an optimization problem with minimization of Integral Time
bsolute Error (ITAE) as the objective. Real coded genetic algo-
ithm (Devaraj and Preetha Roselyn, 2010) is applied to solve the
ptimization problem. The minimization problem aims to tune
he PI gains with minimum error between the desired output and
ctual output as follows:

ITAE =

∫ T

0
t
(
ep (t)

)
dt (25)(

Kp, Ki
)

= P (ITAE1) + Q (ITAE2)

ubject to the constraints of 0 ≤ K ≤ 600 and 0 ≤ K ≤ 500
p i e
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During fault condition, i∗dg and i∗qg are obtained from the intelli-
gent PQ controller depending on the level of fault conditions. The
actual value of direct and quadrature axis grid currents, idg and
iqg are compared with reference direct and quadrature axis grid
currents, i∗dg and i∗qg in the inner current control loop and generates
error values of grid current, i′dg and i′qg .

i′dg = i∗dg(FRT ) − idg (26)

i′qg = i∗qg(FRT ) − iqg (27)

The real and reactive power components are fed into the
current regulator to generate active and reactive components of
voltage for the control of the grid side converter. The reference
direct and quadrature voltages, v′

dg and v′
qg are transformed into

three phase reference grid voltages vga, vgb, vgc (Byeon et al.,
2010) as follows:[

vga
vgb
vgc

]
=

⎡⎣ sinθe cosθe 1
sin

(
θe −

2π
3

)
cos

(
θe −

2π
3

)
1

sin
(
θe +

2π
3

)
cos

(
θe +

2π
3

)
1

⎤⎦⎡⎣ v′

dg
v′
qg
v0

⎤⎦
(28)

he three phase grid reference voltages, vga, vgb, vgc are used for
enerating PWM signals for the grid side converter.

. Performance evaluation in simulation environment

The performance of the proposed fault ride through control
trategy is investigated in a 6.5 MW grid-connected DFIG based
ind system through simulation in MATLAB/SIMULINK 2018b
nvironment. The parameters of the DFIG are given in Appendix.
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Fig. 9. Response of the system under 3 phase symmetrical fault condition (a) Real power (p.u) (b) dc link voltage (V) (c)Reactive power (p.u) (d)Stator current (p.u)
e)Rotor speed (ms) (f)Rotor current (p.u) (g)Voltage at PCC (p.u).
able 3
ontrol strategies based on Indian Grid Code.
Voltage dip level Voltage at PCC range Control strategy

Normal 80% ≥ Vg MPPT activated
Less severe 15% ≤ Vg < 80% FRT Partially activated
More severe Vg < 15% FRT Fully Activated

The single line diagram of the test system is shown in Fig. 6. The
DFIG is operated at a fixed wind speed of 15 m/s which is con-
sidered as super synchronous mode of operation and also tested
under different wind speeds. DFIG WT is connected to medium
voltage network of 120 kV through a step-up transformer (575
V ∆/25 kV ∆) and a transmission line of 25 kV. The fault ride
through capability and the dynamic performance of the system
are tested under both balanced and unbalanced fault conditions.

The effectiveness of the proposed control strategy to achieve
ault ride through is evaluated by studying the dynamic behaviour
2567
Fig. 10. Convergence curve of GA under balanced fault.
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able 4
A tuned control parameters under balanced fault.
Method Kp Ki Reference tracking

response

Model based 496 17 5.035
Proposed GA 515 25 6.0

Fig. 11. Convergence curve of GA under LLG fault.

of the grid connected DFIG-WT system. The performance of the
proposed control strategy is evaluated under 3 phase symmetrical
fault and LLG fault at 25 kV bus. During the grid faults, the
voltage at the PCC dips and depending upon the level of voltage
dip, the proposed control strategy is activated. The performance
of the proposed intelligent control scheme is compared with
other FRT schemes like DC chopper, Crowbar resistance, Series
Dynamic Braking Resistor and PQ-FRT and the combinations of
FRT schemes. The proposed control scheme is also validated by
conducting stability and robustness test. Table 3 shows the var-
ious PCC voltage levels and their corresponding control schemes.
According to grid code compliance, for the wind energy based
renewable power generation (Katyal, 2017) it is reported that if
the voltage level is above 80% of nominal value, the MPPT mode
of operation is activated. If the voltage dip is below 15% of the
nominal value, the FRT mode of operation is fully activated. If
the voltage at PCC is in between the range of 15% to 80% of
rated nominal voltage, the FRT controller is operated in partial
condition with a low level of injection of reactive power which
leads to balance of real power and other system parameters.
2568
Table 6
Optimal GA parameters for PQ-FRT control.
Parameters Values

Population 30
Mutation probability 0.1
Maximum Iteration levels 20
Cross Over Probability 0.8
Number of Bits per Chromosome 18

Table 7
GA tuned control parameters under LLG fault.
Method Kp Ki Reference tracking

response

Model based 478 9 8.02
Proposed GA 493 14 4.96

4.1. Performance of proposed MPPT control strategy under normal
grid conditions

Before evaluating the FRT capability, the performance of the
system under normal condition is studied first. The DFIG based
WECS under normal grid condition for fixed and variable wind
speed is studied which validates the performance of the proposed
fuzzy based WSE-MPPT controller. The WECS with the proposed
fuzzy based WSE-MPPT controller is operated at fixed wind speed
of 15 m/s during which the maximum power reaches 1 p.u. The
system parameters namely real power, reactive power, dc link
voltage, voltage at PCC, stator current, rotor current and rotor
speed waveforms are shown in Fig. 7. The reactive power is
maintained at 0 p.u which represents no injection of reactive
power to the grid during normal system conditions. The DC link
voltage controller maintains the dc link voltage at 1150 V under
MPPT mode of operation. The rotor speed is regulated and the
voltage at PCC is maintained at 1 p.u which ensures that the grid
voltage is stabilized.

Then the system is studied under variable wind speeds of 14
m/s, 11 m/s and 9 m/s. The proposed fuzzy based WSE-MPPT
provides satisfactory results in extracting the maximum power
from the wind when compared with conventional WSE-MPPT
and is shown in Fig. 8. The stator and rotor currents are well
within the specified range during the normal system conditions.
From the studies under fixed and variable wind speeds, it is clear
that the system is stable during normal grid conditions using the
proposed MPPT control scheme in the rotor side and grid side
converters and yields satisfactory results.
Table 5
Improvement in system parameters using proposed control strategy under balanced fault.
Controllers Voltage

at PCC
(p.u)

Real
power
(p.u)

Reactive
power
(p.u)

dc link
voltage
(V)

Stator
current
(p.u)

Rotor
current
(p.u)

Without FRT control scheme 0 0 0.1 1350 1.7 1.6

Conventional FRT schemes
Crowbar Resistance (Kenan Dosoglu, 2020) 0.1 1.3 0.05 1700 1.6 3.75
DC Chopper (Pannell et al., 2013) 0.2 1.45 0.1 1355 1.25 3.8
Series Dynamic Braking Resistor (Okedu et al., 2012) 0.2 0.6 0.05 1325 1.4 2.4
Conventional PQ-FRT scheme (Elyaalaoui et al., 2019) 0.8 0.7 0.1 1345 1.5 1.3

Hybrid FRT schemes
Crowbar resistance & RL circuit (Justo and Ro, 2012) 0.1 0.7 0.1 1700 3 2
DC chopper & Crowbar resistance (Justo et al., 2015) 0.1 0.6 0.05 1550 3.3 3.3
DC chopper & SDBR (Justo et al., 2015) 0.2 0.8 0.5 1350 1.7 1.5
Proposed coordinated FRT scheme 1 0.9 0.4 1270 0.9 1.0
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Table 8
Performance comparison of FRT controllers under LLG fault.
Controllers Voltage

at PCC
(p.u)

Real
power
(p.u)

Reactive
power
(p.u)

dc link
voltage
(V)

Stator
current
(p.u)

Rotor
current
(p.u)

Without FRT Control scheme 0.45 0.3 0 1256 1.6 3

Conventional FRT schemes
Crowbar Resistance 0.5 0.75 0.1 1270 1.5 0.85
DC Chopper 0.7 0.7 0.2 1265 1.25 1.21
Series Dynamic Braking Resistor 0.5 0.5 0.05 1268 0.5 0.8
Conventional PQ-FRT scheme 0.5 0.6 0.35 1255 1.5 1.8

Hybrid FRT schemes
Crowbar resistance & RL circuit 0.6 0.7 0.3 1260 0.8 1.25
DC chopper & Crowbar resistance 0.7 0.7 0.2 1255 0.85 1.1
DC chopper & SDBR 0.7 0.6 0.05 1255 0.9 0.5
Proposed coordinated FRT scheme 1 0.85 0.5 1254 0.9 1.0
Fig. 12. Response of the system under LLG fault with 60% of dip in grid voltage (a) Real power (p.u) (b) dc link voltage (V) (c) Reactive power (p.u) (d) Stator
current (p.u) (e)Rotor speed (ms)(f) Rotor current (p.u) (g)Voltage at PCC (p.u).
2569



C.R. Raghavendran, J. Preetha Roselyn and D. Devaraj Energy Reports 6 (2020) 2560–2576
Fig. 13. Root locus plot of proposed controller.
Fig. 14(a). Experimental RT-LAB FRT control scheme in DFIG-WECS setup.
Fig. 14(b). Modelling of proposed FRT control strategy in DFIG based WECS using RT-Lab.
4.2. Performance of FRT control scheme under balanced fault with
98% dip in grid voltage

The three-phase symmetrical fault is applied at the point of
common coupling with severe voltage dip for a duration of 0.15 s
2570
(2.0 to 2.15 sec). When the grid fault occurs, stator and rotor cur-
rent increases to 1.7 p.u and 1.6 p.u respectively which leads to
heavy dip of 98% in the grid voltage. As the rotor current shoots to
a high value which is above the safety limits of RSC in the absence
of the proposed FRT controllers, the rotor side converters may get
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Fig. 14(c). RT-Lab model of grid connected DFIG based WECS.
,

Fig. 15. Convergence curve of GA in Opal RT.

amaged. The rotor speed increases from 1.23 to 1.28 p.u during
he fault period which creates mechanical stress on turbine shaft
nd gears. The dc link voltage rises from 1150 V to 1350 V which
ay damage the capacitor in the dc side. The system parameters
amely real power, reactive power, dc link voltage, voltage at PCC,
tator current, rotor current and rotor speed are analysed after
he application of proposed strategy and is depicted in Fig. 9. The
A tuned control parameters under 3 phase symmetrical fault is
iven in Table 4. The DC chopper is activated for a switching duty
ycle of 60% during fault conditions. Table 5 demonstrates the
mprovement in system parameters using the proposed control
cheme against the conventional, FRT schemes namely, crowbar
esistance, DC chopper and series dynamic braking resistor, PQ
chemes and different hybrid FRT schemes.
The various parameters of GA for the proposed control scheme

re given in Table 6 and the GA took 0.03 s for convergence. The
p and Ki values of the PQ-FRT controller is tuned by the real
oded genetic algorithm and is tracking response is compared
2571
Table 9
GA control parameters under LLG fault in Opal-RT environment.
Method Kp Ki Reference tracking

response

Model based 421 18 6.02
Proposed GA 434 27 3.27

with model-based PI tuning and the convergence curve of GA
under balanced fault condition is shown in Fig. 10.

When the proposed intelligent control strategy is implemented
the grid voltage recovers to 1 p.u during fault duration. Using the
proposed scheme, as the RSC of wind turbine is not disconnected
during the fault, reactive power of 0.4 p.u is injected to support
the grid voltage. The rotor over current and dc link over voltage
are effectively suppressed below the maximum acceptable levels
of 0.9 p.u and 1270 V using the proposed algorithm. When
the fault is cleared, rotor speed recovers to its pre fault value
of 1.23 p.u and MPPT mode is activated which ensures ade-
quate real power transfer of 6.5 MW to the grid. The dc link
voltage fluctuations are greatly attenuated using the proposed
scheme. The rotor speed is settled in 1.23 p.u using the proposed
controller. The results clearly demonstrate that the proposed
control scheme effectively works under symmetrical faults which
is better than conventional PQ-FRT control scheme by preventing
damages to the converters, maintaining the system parameters
within acceptable ranges and thereby supporting the grid.

4.3. Performance of FRT control scheme under unbalanced (LLG)
fault with 60% dip in grid voltage

The performance of the proposed fault ride through control
strategy in DFIG configuration is evaluated under Double Line to
Ground (LLG) fault with 60% voltage dip for a duration of 0.15 s
in the grid side. The Kp and Ki values of the PQ-FRT controller
is tuned by the real coded genetic algorithm and is response
tracking is compared with model-based PI tuning and is provided
in Table 7 and the convergence curve of GA under balanced fault
condition is shown in Fig. 11.

The voltage at PCC, dc link voltage, real power, reactive power,
stator current, rotor current and rotor speed waveforms under
LLG fault are shown in Fig. 12. The active power fed to the grid
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Fig. 16. Real power and Reactive power during LLG fault.
f

T

during fault is almost zero and hence there is high stress on
the mechanical system which leads to increase in rotor speed of
1.26 p.u. The rotor current increases which leads to heavy dip
in voltage in the PCC. The voltage dip reaches to 0.4 p.u when
there is no GA based FRT scheme in the system. The proposed
intelligent control scheme, when compared with conventional
control strategies in terms of various parameters, are shown in
Table 8. When the GA based scheme is introduced to the system,
the PCC voltage reaches to 1 p.u during the fault period which
shows 100% recovery in PCC voltage. The proposed GA based PQ
FRT controller maintains the real and reactive power by 0.85 p.u
and 0.5 p.u, which is better than the conventional PQ-FRT scheme.
The rate of rising in rotor speed is limited during grid faults using
the proposed scheme which ensures system stability.

Also, the proposed scheme seamlessly rides the fault with
fewer transients. The proposed scheme achieves 0.5 p.u of reac-
tive power to support grid stability during faults. The acceptable
ranges of stator and rotor current are achieved using the control
scheme and hence FRT requirement is greatly satisfied. The rotor
oscillation is greatly reduced to 1.23 p.u using the proposed
scheme.

4.4. Stability analysis of the proposed controller

The stability analysis of the proposed controller in DFIG based
wind generation model is carried out using the control gains of PI
2572
controllers which are optimally tuned using GA in the proposed
model. Based on the GA tuned control gains of Kp, Ki, the transfer
unction of the proposed controller is given below:

(s) =
170s6 + 1380s5 + 3970s4 + 11990s3 + 20840s2 + 17900s + 2160

0.01s5 + 2.7s4 + 183.9s3 + 1415s2 + 2803s + 2160

(29)

The stability analysis of the proposed model is carried out using
the root locus method and is shown in Fig. 13. In the root locus,
the locations of poles are on the left side of s-plane. The gain and
phase margins are positive with values of Gm = 9.47 × 10−7,
Pm = 177.14 respectively, which indicates that the control loop
is stable with the gain value of 160.

5. Real time simulation of proposed FRT control scheme under
LLG fault with 75% dip in grid voltage

The proposed control algorithms are developed in RT-Lab in
OP4510 HIL simulator block sets and the real-time simulator
performs the function of proposed controller and plant (DFIG)
model in real-time. OPAL-RT real-time digital simulator (OPAL-
RT OP4510) is a powerful tool for Hardware-in-the-loop (HIL)
and for rapid control prototyping applications and it is equipped
with a processor Intel Xeon four-core processors with a powerful
Xilinx Kintex 7 FPGA for effective operation and the input/output
package has 80 digital I/O points and 64 analog I/O channels with
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Fig. 17. DC link voltage during LLG fault.
minimum step time of 7 µs. The RT-lab has MATLAB/Simulink
ased modelling tools such as ARTEMIS and RT-Events allows
eal-time simulation in multi-core processors.

Fig. 14(a) shows the real-time simulator setup of DFIG system
n OPAL-RT environment. The HIL configuration communicates
ith the physical system through the RT-Lab, which compiles
he developed model and executes it in the OPAL-RT model real-
ime simulator. The 6.5 MW grid connected DFIG model along
ith the proposed controller developed in MATLAB Sim power
ystems is integrated with RT lab block sets and it complies
ith real-time RT lab platform. The system is made to run at
he fixed step time of 30 ns. The model configurations along
ith the proposed controller are realized in RT-Lab are shown

n Figs. 14(b) and 14(c). The maximum power of 6.5 MW is
enerated at the wind speed of 15 m/s during normal system
onditions. The performances of the proposed control strategy
n DFIG based WECS under real time environment are evaluated
nder LLG fault condition with 75% dip in grid voltage and are
iscussed in the following sub-sections.
The GA control parameters under LLG fault in Opal-RT envi-

onment is provided in Table 9. The convergence curve of GA in
pal-RT system is depicted in Fig. 15. The improvement in system
arameters using the proposed control strategy is validated and
ompared with a conventional PQ-FRT control scheme and with-
ut controllers in the experimental setup. The real and reactive
ower injected into the grid during grid faults is illustrated in
ig. 16. The reactive power injected to the grid by the proposed
cheme during fault is 0.7 p.u which is 20% and 40% higher than
2573
conventional PQ-FRT scheme and without control schemes. In
addition, real power oscillations are greatly reduced during the
fault period and clearing time using the proposed scheme.

Fig. 17 shows the dc link voltage which rises instantaneously
to 1600 V because of the rotor inrush currents injected from the
rotor side converter into the dc link capacitor. The proposed PQ-
FRT scheme suppress the dc link voltage to 1400 V, which is 60%
more effective than the PI based PQ-FRT scheme.

The dip in the grid voltage occurs at the point of common
coupling due to the occurrence of the LLG fault in the system.
The grid voltage reduces to 0.1 p.u during fault condition which is
improved to 0.3 p.u by the conventional FRT scheme as depicted
in Fig. 18. When the proposed control scheme is introduced in the
system, the voltage improves to 0.9 p.u and the recovery time of
2.15 s is achieved in the system when the fault is cleared. Hence
an improvement of 75% in the grid voltage is achieved using the
proposed control strategy when compared to the conventional
PQ-FRT scheme. The proposed control scheme which is imple-
mented in the real time simulation environment can be readily
deployed in the real time grid connected wind system.

6. Conclusion

This paper has proposed a coordinated GA based PQ-FRT
and DC chopper strategy which is effective in controlling the
real and reactive power control during grid faults in grid con-
nected DFIG based WECS. The better performance in system
parameters namely, real power, reactive power, dc link voltage,
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Fig. 18. Voltage at PCC during LLG fault.
,

voltage at PCC, stator current and rotor currents are observed un-
der different system conditions. The proposed model implements
fuzzy based wind speed estimation MPPT controller during nor-
mal conditions and are tested under different wind speeds. The
proposed system combines the operations of MPPT and FRT modes
and hence the system performs better both under normal and
grid fault conditions and also has smooth transition between the
two modes of operation. During grid faults, the reactive power is
controlled which regulates the grid voltage and hence ensures the
protection of the WECS. The simulation results of the proposed
method are compared against the conventional and hybrid FRT
schemes under different system conditions of 98%,75% and 60%
voltage dips at PCC due to symmetrical and unsymmetrical faults.
The experimental results in Opal-RT prove that the proposed FRT
control strategy effectively enhances the system parameters in
grid connected DFIG based wind system. The acceptable ranges
of stator and rotor current are achieved using the control scheme
and hence protection of power converters are ensured which
makes the model highly efficient. The theoretical validation of
the proposed control scheme is tested using root locus plot.
The smooth switchover under changeover of different modes of
operations is carried out. In addition, the risk of damaging power
2574
converters is avoided using the proposed scheme. In future,
transient stability analysis and energy management system in
a grid connected wind system implementing the proposed control
scheme will be carried out.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgment

The authors thank SRM Institute of Science and Technology,
for their support and facilities provided for executing this project.

Appendix

See Tables A.1 and A.2



C.R. Raghavendran, J. Preetha Roselyn and D. Devaraj Energy Reports 6 (2020) 2560–2576

T
D

A

A

A

A

A

B

B

B

B

able A.1
FIG wind turbine parameters.

DFIG parameters
Rated power (MW) 6.5
Rated voltage (V) 575
Rated frequency (Hz) 50
Stator resistance (pu) 0.004843
Rotor resistance (pu) 0.004377
Stator leakage inductance (pu) 0.1248
Rotor leakage inductance (pu) 0.1791
Mutual inductance (pu) 6.77

Transmission line parameters
Positive sequence resistance (ohm/km) 0.1153
Zero sequence resistance (ohm/km) 0.413
Positive sequence inductance (H/km) 0.00105
Zero sequence inductance (H/km) 0.00332
Positive sequence capacitance (F/km) 11.33 X 10−9

Zero sequence capacitance (F/km) 5.01 X 10−9

Transformer(T1) parameter
Rated power (MVA) 12
Turns ratio 575V/25KV
Impedance (pu) 0.0017+j0.05

Transformer( T2) parameter
Rated power (MVA) 47
Turns ratio 25KV/120KV
Impedance (pu) 0.00534+j0.16

Grid impedance
Impedance (pu) 0.0004+j0.004

Table A.2
Different PI values in the controllers.

Controllers Kp Ki

RSC

Torque Controller 0.5 8
Current regulator 1 0.3 8
Current regulator 2 0.6 11
Reactive power controller 0.05 5

GSC

GA based P Controller 515 25
GA based Q Controller 549 12
Current regulator 1 1 100
Current regulator 2 2.1 115
DC Link Controller 0.2 0.05
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