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Abstract

The grid-connected doubly fed induction generator (DFIG) driven wind
turbine (WT) system encounters voltage fluctuations due to severe grid faults.
The rise in DC-link voltage imbalances the system under voltage sag con-
dition. The system’s protection should ensure that the WT generator meets
the grid requirements through a low voltage ride through (LVRT) technique.
This paper proposed the modified 2°¢ order sliding mode (MSOSM) control
with gain added super twisting algorithm (GAST) for LVRT enhancement
under voltage sag. This controller adds the low positive gains to the switching
functions of the super twisting (ST) algorithm. As a result, it maintains the
proper variation margins and constant DC-link voltage of the WT-DFIG sys-
tem under grid fault. The MSOSM controller suppresses the chattering effect,
achieves better zero convergence, and eliminates the coordinate transforma-
tions. Moreover, the performance of the proposed controller is compared with
existing controllers in the literature with the help of MATLAB/SIMULINK.
The hardware-in-loop (HIL) validates these simulation results performed on
the OPAL-RT setup. Based on the studies, it is found that the proposed
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controller enhances the performance of the WT-DFIG system under transient
conditions.

Keywords: WT, Gridcodes, DFIG, LVRT, SMC, OPAL-RT, MATLAB.

1 Introduction

Renewable energy sources like solar and wind are gaining much importance
over the conventional sources. The more penetration of wind energy sig-
nificantly raises its industrial sector and market share [1]. Moreover, WT
generators are flexible, and offer both fixed speed and variable speed [2]. The
DFIG is more preferred in WT generators mainly due to its low losses and less
cost over the PMSG during the grid integration. DFIG is one of the variable
speed WT generators, where the speed is £30% around the synchronous
speed. Further, rotor side converter (RSC) and grid side converter (GSC)
are connected in back-to-back (B2B) form to DFIG system [3]. The main
drawback of the DFIG system is sensitivity to faults occurring in it. As a
result, it leads to huge generation losses and system would be disconnected.
Based on these drawbacks, the literature has suggested the LVRT technique
for the DFIG system. Basically, the LVRT keeps the DFIG to remain con-
nected to grid even under the grid faults. The generic control scheme for the
WT generators to support LVRT is shown in Figure 1.
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Figure 1 Generic control scheme for the WT generators to support LVRT capabilities.
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Table 1 Improved control strategies of DFIG based WT generator system

Author  Sontroller g gge  Targetted o ication  Complexity Remarks
Strategy Parameters
[12] CFFFB No Yes Vde,PQ  WTGrid  Moderae _ompensation voltage is added to

voltage drop at machine terminals
Error compensation term and
[13] IARC Yes No PQ WF High control variables are considered
during design process
Error signals between references
[14] Robust SMC  Yes No PQ WT-Grid Simple and measured rotor currents
are presented
Fractional order uncertainity
is integrated into control law to

[15] FOSM Yes No Tem WT-Grid Simple

compensate parameter

uncertainities

Extra input is added to
[16] iPISMC Yes No P WT-Grid Moderate compensate the estimation

error

. Boolean control scheme

[17] NERL Yes No PQ WT-Grid Moderate

is highlighted
CFFFB-combined feed-forward and feedback, IARC-Improved Adaptive Robust Control, FOSM-

fractional order sliding mode control, iPISMC-intelligent proportional-integral sliding mode control,
NREL- Novel exponential reaching law

The literature has presented various control strategies for the DFIG sys-
tem under fault. According to the researchers, the non-linear sliding mode
control (SMC) is more preferable for the DFIG system. Further, some of
the approaches including higher order and 2°¢ order SMC (SOSMC) have
been developed for the applications such as aerodynamic control [4, 5] and
power converters control [6,7]. In [8], its detailed about the grid fault ride
through, where rotor side controller induces the electro-motive force (emf)
to DFIG system during fault. An improved rotor side control strategy is
developed as rotor power feedback to minimize variations in the voltage
of DC link in the WT-DFIG system [9]. The rotor side control improves
the internal dynamics and strengthens the DFIG’s dynamic behaviour after
the fault clearance [10, 11]. In addition, many authors have highlighted the
effectiveness of the SMC for WT applications, which is given in the Table 1.

As per the literature, the fault at point of common coupling (PCC) or
grid causes more problems, importantly rise in rotor current beyond the rated
value, stator current distortion, real and reactive power imbalances, DC-link
voltage overshoots to higher nominal value, electromagnetic torque fluctua-
tions, and synchronizing angle variations. The stator side of the DFIG system
is more effected as it is directly connected to grid. Further, this undesirable
condition violates the grid codes, and consumption of reactive power results
in penalty. There are only a few authors, who have addressed these problems
and observed less percentage of LVRT enhancement. Therefore, this paper
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proposed MSOSM controller (a rotor side controller), emphasizes on some of
the problems such as improvement in rotor current, real and reactive power,
DC-link voltage, electromagnetic torque, as discussed earlier.

The main focus of the paper is to improve the DC-link voltage in order to
stabilize the DFIG system. This improvement in DC-link voltage avoids the
reactive power consumption, and tries to maintain the nominal rotor speed
and rotor current under the fault condition. The significances of this paper are
described as follows:

i. This paper proposes MSOSM controller for improving the LVRT and
DC-link voltage of the DFIG system.

ii. This proposed controller is operated with gain added super-twisting
(GAST) algorithm.

iii. This paper focuses on improving the DC-link voltage and its other
system parameters such as real power, reactive power, rotor current and
electromagnetic torque under the voltage sag condition.

iv. The switching controls (Sp and Sg) are effective with positive gain in
them.

v. The analysis of stability and chattering issues strengthen the proposed
controller.

vi. This controller regulates the real and reactive power without the flux
measurement.

vii. These simulation results are validated with the HIL conducted on the
OPAL-RT 4510 setup.

The proposed controller achieves better steady state and transient response
when the disturbances arise in the system. Hence, this paper is organized
into different sections. In Section 2, modelling of the DFIG based WECS
is discussed, Section 3 presents designing of proposed MSOSM controller,
Section 4 analyses the stability of the system. In Section 5, simulations and
experimental validations are addressed, and then followed by the conclusion.

2 Modelling of DFIG Based Wind Energy Conversion
System (WECS)

2.1 WT Modelling
The WT’s mechanical power output is set by [11],

1
Py = 5pCy(), B) Av? (1)
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Where, P,,, = Mechanical power transmitted to the shaft, C;,, = Power co-
efficient, and it relies on pitch angle of the rotor blades (3) and tip speed ratio
(A),v = Wind velocity(m/s), p = Air density (1.225 Kg/m3), and A = Rotor
area (m?).

The calculated power co-efficient is given by,

Cyp(\, B) = C1(Co — C38 — C4f* — Cs)e™ % (2)
Where Cl = 0.5, CQ = 116/>\i, 03 = 0.4, 04 = 0, C5 = 5, Cﬁ = 12.5/)\1',

and L= 1 0035
Ai — (A+0.088) " (B3+1)
The tip speed ratio is given by,
R
A= 3)
v

Where, w is rotor rotational speed in rad/sec, R is the radius of the rotor blade
in m.

2.2 DFIG Modelling

DFIG is one of the variable speed wind generators, whose speed varies by
approximately +30% of the rated speed [18]. DFIG based WECS is shown
in Figure 2. DFIG is essentially a wound rotor, where the stator is associated
directly while the rotor is linked to the grid with a back-to-back (B2B)
converter [19,20].
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Figure 2 Basic layout of the WT generator with DFIG.
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DFIG is modelled using the set of stator and rotor equations. Hence, stator
and rotor dynamic voltage equations in a synchronous reference frame are
provided by [21,22]

d

Ugs = %(Ads) - Ws/\qs + Rslys
d
qu = %()\qs) + wsAas + Rqus
d
Var = %(Adr) - (Ws - pwr))\qr + Ry 1gy
4
d
‘/q'r = %(Aq'r) - (ws _pw'r“))\dr + RrIqr

3
Ps = i(UdIds + Uqus)

3
Qs = §(Uqus - UdL]s)

where U and V are the constant grid voltage and the voltage controlled, A
stand for flux, p is number of pole pairs, R is stator resistance, R, is rotor
resistance, and L,,, is mutual inductance.

Besides, the realized standard frame technique for DFIG operation is
stator-flux-oriented controller frame. This method consistently recognizes
the DFIG’s synchronous rotating flux axis [23]. The S-FOC primarily reg-
ulates the electrical torque and stator flux independently by orthogonal rotor
currents %4, and ¢4, respectively.

The stator flux control technique is used to align the frame of refer-

ence with the d-axis stator flux component, it means \,s = 0. Hence,
electromagnetic torque reduces to
3 L,
e — _ipfs()\dsjqr) (5)

On the other side, C), value would be maximum at A = Aopt for the
maximum power extraction. It can be accomplished with optimum rotational
speed by the generator, and is given by

Aopt T
Wr opt = %U (6)

Where n is the gear ratio. The rotor side controller therefore adapts the speed
of the generator wref = Wr,opt
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2.3 DFIG Control Strategy

The DFIG control strategy deals with the designing of the SMC, which is
based on the Lyapunov application. The basic idea of the SMC technique is to
bring the system state vector towards the sliding surface and then the system
slides to the desired equilibrium point on that surface. The sliding surface on
the sliding motion specifies a system’s position or relative degree. Relative
degree of the system with grid-connected is controlled by the 15* order SMC
(FOSMC) or SOSMC.
To define the sliding surface, the fundamental equation is given by

S(X) = (i + /\> ) )

e = X* — X is the error, n is relative degree and A is a positive co-efficient.

2.3.1 First-Order SMC (FOSMC)

Since the control method is used to identify the active power reference, the
first-order sliding surfaces reflect the error between the measured powers and
their references can be expressed as follows [15].

_ [ Sa@s) ] _ [e(@s)
Sdq = [Sz(PS)] = L(PS)] (®)
Where e(Qs) = QF — Qs and e(Ps) = P¥ — P,. Then, their derivatives are:
&“_[iﬁw}_[ﬁ>ﬂ} 2

The chattering effect is the disadvantage of this SMC. However, lya-
punov theory is used in this sliding mode control, which verifies the zero-
convergence of sliding surfaces and also improves the stability. Thus, the
following condition is satisfied [8]

V=5TS<0 (10)

2.3.2 Second-Order SMC (SOSMC)
The second order slides around the boundaries are defined as follows:

_ | Sa@Qs) | _ e(QSH"bQ fe(QS)
Saq = {Si(Ps)] - |:€(Ps)+bpfe(Ps)] (1

The discontinuous function is replaced by a smooth approximation to
overcome the chattering effect. The higher-order is a good alternative for



722  R. Hiremath and T. Moger

rd

€.,

'V

Figure 3 Super-twisting algorithm phase trajectory.

reducing the chattering effect [16]. The main problem in the higher order
is requirement of the more information. Notably, the application of an nt"
order controller involves the knowledge of S s S ,...S™" 1 To overcome this
problem, the super-twisting algorithm is used, which requires only sliding
surface information and is shown in Figure 3.

3 Designing of Proposed MSOSM Controller

The switching controls for RSC interms of stator real and reactive power are
chosen for improving the dynamic response and is given by

Sp= (P! —P,)+cp /(P; — P)dt + G, (12)

So = (Q: — Q) +cg / (Q — Q)dt + G (13)

Where, cp and c( are added to eliminate steady state errors, G and G2
are the gains to smoothening the variations, P; is stator real power reference
and Q% is the reference value of stator reactive power.

The time derivatives of the Sp and Sg are given by:

: L : . L
SP = O—L:}/T Ug |:(Rr - CPO'LT)Zrd — a-wlerqu + wslfij‘)\s

(14)

+ P +cpP; — UslUpd

L
oLgL,
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L, oL,

SQ — . us |(=Ry — Qo Ly)irg — ows1 Lyiyg — c@ ” As
. (15)
+ Q: + CQQ: + Kerusurq

The RSC voltages regulate the stator real and reactive power of the DFIG
and is given by

OSP — L ug
Ourq  oLgL, 70
. (16)
0Sq Lous
Otrg - oLgL, 70

However, as per the literature, the non-linear 2°¢ order and higher-
order SMC suppress the chattering effect and enhances the controlling effect
precisely [15]. Here, if the partial derivatives of Sp and Sg are equal to zero,
then equivalent control terms in Equation (17) would be zero. Then, it leads
to poor controller performance. Further, the control laws are applied on the
rotor side voltages, which is given by,

Urd = AUpg + Uprdeq 17
Urg = Dl + Urgeq

where, Au,q, Auyq are control terms and Uyqeq, Urgeq are equivalent control
terms by letting Sp, Sg = 0.

The Equation (17) [19], composed of switching control terms, which
converges the sliding surface to zero in finite time with the help of gain
added super-twisting (GAST) algorithm. In addition, this algorithm speed up
the system transient response and reduces the steady-state errors. According
to the Lyapunov application [17], the rotor side voltages as per the GAST
algorithm are given by

Aung = Kpi\/| Sp [sgn(Sp) 4+ Kpe / sgn(Sp)dt + G15¢

oLsL,
Updeq = I

[P} + cp(PF — Py)] + Ryivg — 0w Lyirg (18)
mUs
wlem

-I-LS

As
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Figure 4 Proposed controller of MSOSMC diagram.

Aurg = —Kq MSQH(SQ) - Kq2/sgn(SQ)dt — G9Sp

oLsL,
Urqgeq = L

19)

[Q: + CQ(Q: - Qs)] + Rrirq — owg Lyirq

mUs

where, K1, K;1=0.1, K2, K;2=3, and G1,G2=2 are tuned positive con-
stants. The equivalent control terms are obtained after solving the Equa-
tions (14) and (15). Besides, the rotor side control strategy, which is applied
for DFIG system is depicted in Figure 4.

3.1 Chattering of the Proposed MSOSM Controller

The chattering effect in the SMC is unavoidable. This effect is mainly due to
high frequency switching control action and can be mitigated by the higher
order SMC methods. Some of the authors have compared the chattering
amplitudes of various conventional SMC. Based on this comparison, it is
found that chattering problem delays the finite time convergence (FTC) s =0
of a system.

The chattering problem is a presence of unmodelled dynamics with
discontinuous control. These dynamics of a system is given by the transfer
function (TF) m This transfer function is modelled with the plant in
order to suppress the chattering effect. The block diagram of plants with
chattering effect shown in Figure 5 are of conventional ST algorithm and
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Figure 5 Block diagram of plants with chattering problem (a) ST algorithm (b) GAST
algorithm.

Table 2 Comparison of the proposed controller with conventional SMC

1st
Order ST Controller  Proposed Controller
Controller
Ampli f th
mplitde of the o\ y5-a 57« 1074 124 x 10~°

output chattering

GAST algorithm respectively. Here, the block diagram included the 274
order TF as a chattering effect, and sign(s) indicates the signum fuction of
sliding surface. Amplitudes of the chattering is given in Table 2 to highlight
the advantage of GAST algorithm in the proposed MSOSM controller. The
outputs of these plants are shown in Figure 6, and observed more variations
in ST algorithm compared to GAST algorithm. Based on these outputs, it is
found that GAST algorithm in the proposed controller is more effective than
ST algorithm in the conventional SM controllers.

4 Stability Analysis

The stability analysis is done for the DC-link voltage of a DFIG system under
the sag condition. The dynamics of the DC-voltage interms of 2°¢ order
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Figure 6 Chattering output of the plants (a) ST algorithm (b) GAST algorithm.

transfer function is extracted, and is given by

AVie S/CViy

APcom} B 52 + 71'25% (kG + kp) + 71'525]{1

(20)

where, AV}, is Disturbance in the DC-link voltage, k, = %’c, Vy is grid side

voltage (V), kg = %, ig is grid side current (A), and APy, is rotor side
quantity.

The Equation (20) is used for obtaining the bode plots and step responses
with varying damping ratios as shown in Figure 7. The increasing in damping
ratios indicate the reduction of peak DC ripples, later it results in reduction of
current overshoot. Importantly, the main function of DC-link control is only
to smoothing.

In the Figure 7, damping ratios are varied from 0.1 to 2.5 in order to
inspect the disturbance rejection and settling time period. The bode plots
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Figure 7 Bode plots and step responses for various damping ratios under disturbance
(a) bode plot (b) step response.

switch from instability to stable loops as it moves from 0.1 to 2.5. But, the set-
tling time period of the step response increases as the damping ratios progress
in ascending order. Also, the significant smoothing can be observed in it.

5 Simulations and Experimental Validations

This section evaluates the performance of proposed MSOSM controller using
the MATLAB/Simulink software and validated with OPAL-RT 4510 setup, as
shown in Figure 8. The parameters employed in the simulation are listed in
Table 3. The schematic control strategy for the proposed MSOSM controller
is shown in Figure 4.

The hardware setup for the simulation model is done through OPAL-RT
4510. The OPAL-RT is a hardware-in-loop (HIL) and its specifications are
given in Table 4. The simulink model is built in this OPAL-RT by creating



728 R. Hiremath and T. Moger

Powergus Lave

Opetrl
+OpWrite

x--""ﬁﬂpTrigcr

T Analog /0
s CRO

& )
RTL!?B-Z!]ZDA CPU Ethernet RFaI Time
built with Opcvomm Simulator
Simulation model OPAL-RT 4510

Figure 8 Hardware-in-loop setup in OPAL-RT 4510 simulator.

Table 3 1.5MW DFIG based WT parameters
Symbol Value
0.023 pu
0.016 pu
0.18 pu
0.16 pu
2.9 pu
1.15 pu
3
35m
0.00015 N*m*sec/rad
765.6 kg*m?
62.5
0°
p 1.2 kg/m?
Aopt 6.325
W 2750 rad/sec

Vud, + ulg 575 V (rms)

Fhem

3

ST T O~

]
<

=

the master and slave subsystem as shown in Figure 8. In addition, the master
subsystem includes hardware interfaces, such as OpWrite and OpTrigger
block which helps to store model data, OpCtrl block which provides the
binstream files for the simulator to execute the model, and Analog I/O block
which helps to record the waveforms in CRO. Further, in the slave subsystem,
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Table 4 Specifications of OPAL-RT 4510 simulator
Real time Simulation

1 RT-LAB
Software
p Realtime Linux REDHAT
operating system
3  FPGA Xilinx KINTEX-7
4 Sampling time 200MHz
5 CPU Intel Xeon E3 4-core 3.5 GHz
6  Connectivity Ethernet RS-232
High- d optical
7 187-spesd optica 4 SFP sockets, up to 5Gbps

interface
Analog 1/0 systems 16 channels
9  Digital I/O systems 32 channels

Grid voltage (pu)

1.0H

0.75

T

VRT limit

line
Fault clearing
&~ instant

00 100 750 1500 Time (ms)

Figure 9 Danish grid code.

May disconnect
upon agreem ent

0.25

Fault
instant

the OpComm block is used to verify the offline simulation results prior to the
interfacing with simulator, later model is built in RTLAB-2020.4 software,
and model is loaded to the simulator for validating the simulation results.
The voltage sag is created as a fault at PCC. The 60% of the voltage
sag is active for the duration of 100 ms and after that the fault has been
cleared. This proposed DFIG based WECS model follows the Danish grid
code specifications as shown in Figure 9 [24]. According to this grid code,
the system under fault for 100 ms has to recover 75% of the nominal grid
voltage within 750 ms, otherwise system to be disconnected from the grid.
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5.1 Control Performance Under No Fault/Disturbance

The performance evaluation of the DFIG based WT generator is carried out
using the MSOSM controller and is shown in Figure 11. This proposed
controller enables the DFIG system for maintaining the constant DC-link
voltage of 1.15 pu between the RSC and GSC. As a result, the 1.5 MW
of constant power is transferred to the grid without the consumption of
reactive power. The rotor current is undistorted and also helps in providing the
constant power. The electromagnetic torque is constant without affecting the
rotor speed of the DFIG. The hardware validation for these simulation results
of the proposed controller is not shown as it is under no fault condition.

5.2 Control Performance During Voltage Sag

The control performance of the proposed controller during voltage sag is
shown in Figure 11 and the hardware-in-loop setup is shown in Figure 8.
Here, the hardware validation is shown for the proposed controller under the
voltage sag condition.

This sag is created for 100 ms, which is initiated at t = 0.3 s and cleared
at t = 0.4 s. Thereby, the DC-link voltage fluctuated from 1.25 pu to 1.2 pu
during fault initiation and clearance. The hardware results can be seen in Fig-
ure 11, and are approximated to the simulation results as shown in Figure 12.
The amplitude of this capacitor voltage comes down due to GAST algorithm.
This GAST based MSOSM targetted the DC-link voltage in order to balance
the system during sag. As a result, the rotor current distorts and reaches up
to 1.85 pu during the fault period, but the rotor current in the hardware result
is 1.2 pu as it is due to interfacing effect and changes in the initial condition
settings in the model. Later it takes fraction of seconds to recover and settle.
The fluctuations of active power is from 0.5 pu to 2.5 pu during the sag period,
but in the hardware, it is showing approximated result. Then, the reactive
power varies from 0.6 pu to —1.1 pu and same variations can be seen in
hardware results. The sag effect fluctuates the voltage even after the fault
clearance. Moreover, the electromagnetic torque rises from —0.1 pu to —2.5
pu during the instant of fault and clearance of fault respectively.

The DFIG system under the fault has been discussed in three cases by
comparing the 1% order SMC, 2"¢ order SMC, and proposed controller.
These cases are studied as follows:

Case A: Effect of 1* order SMC on DFIG system
The system under this controller is ineffective due to inefficient operation of
switching functions during fault. Also, the chattering effect is the common
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Figure 10 LVRT capability of DFIG without grid fault with the proposed controller (a) rotor
current (b) active power (c) reactive power (d) DC-link voltage (e) electromagnetic torque.

problem in 15¢ order SMC. In view of these problems, the DFIG system
under fault is unable to enhance the LVRT technique. The system parameters
especially DC-link voltage is below the rated value with large chattering and
never settled after the fault clearance. The simulation results of this controller
can be observed in the Figure 13.
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Figure 12 Simulation results of LVRT capability of DFIG with the proposed controller
under 60% voltage sag (1) stator voltage (2) rotor current (3) active power (4) reactive power
(5) DC-link voltage (6) electromagnetic torque.
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Figure 13 Comparison of FOSMC and proposed controller during LVRT mechanism of
DFIG system during grid fault (a) rotor current (b) active power (c) reactive power (d) DC-
link voltage (e) electromagnetic torque.

Case B: Impact of 2°¢ order SMC on DFIG based WT generator
The switching functions are efficient and super-twisting algorithm is used in
SOSM. But, the peak amplitudes of the system parameters, importantly DC-
link voltage is a concern on the stability of the system. Also, some amount of
chattering is a problem. The simulation results compared with the proposed
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Figure 14 Comparison of SOSMC and proposed controller during LVRT mechanism of
DFIG system during grid fault (a) rotor current (b) active power (c) reactive power (d) DC-
link voltage (e) electromagnetic torque.

controller under sag can be seen in the Figure 14. However, 2" order SMC
is better compared to 15* order SMC.

Case C: Performance of the proposed controller on DFIG system
The modification in the switching functions and GAST algorithm of the
MSOSM resulted in large improvement in the behaviour of DFIG system
under fault condition. This proposed controller enhances the LVRT by reduc-
ing the peak values of the DC-link voltage and other system parameters and
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Table 5 Comparison of the proposed controller with 15* order SMC [15]

Parameters

15* Order SMC  Proposed

Rotor current

Stator real power
Stator reactive power
DC link voltage
Electromagnetic torque

0.2 pu
0.15 pu
0 pu
1.12 pu
0 pu

1.7 pu
1pu
—0.4 pu
1.25 pu
—1.7pu

Table 6 Comparison of the proposed controller with 2 order SMC [16]

Parameters 274 Order SMC ~ Proposed

Rotor current 1.6 pu 1.2 pu

Stator real power 0.05 pu 0.35 pu

Stator reactive power —0.5pu —0.35 pu

DC link voltage 1.18 pu 1.12 pu

Electromagnetic torque —1.8pu —1.6 pu

1 " Sustainability at post-fault

Modified 2nd order SMC Tl

2nd oder SMC

1stoder SMC

Linear mode controllers

i
o

™ Sustainability at faultinstant

®LVRT Enhancement

20 40

| =8
e

60

Percentage(%o)

80

Figure 15 Comparative study of efficient controllers.

validated by the HIL as shown in Figure 11. The comparison is done with
the existing controllers in the literature. This comparison is also tabulated in
Tables 5 and 6. The system parameters values given in these tables reveal the
attained peak values during the grid fault. The comparisons clearly show the
merits of the proposed controller as it makes the system convergence better.
In addition, the comparison chart between the controllers are made, as seen

in Figure 15.
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6 Conclusion

This paper proposed the MSOSM controller for grid-connected DFIG system.
The perspective of the LVRT enhancement is analysed through this proposed
controller under the voltage sag condition, and the conclusions are drawn as
follows:

i. The hardware in loop (OPAL-RT 4510) results are closely matched with
the simulation results, which is validation to the proposed controller
under the voltage sag.

ii. The model’s hardware RT-LAB interface and initial condition settings
are mainly responsible for the approximate matching from the exact
matching, while comparing the results.

iii. The Lyapunov analysis brought the modification in the proposed con-
troller and improved the system’s performance.

iv. The analysis of stability and chattering problems indicated the effective-
ness of the proposed controller.

v. The GAST algorithm based proposed controller improved the transient
behaviour of the machine parameters, such as DC-link voltage, real
power, reactive power, rotor current, and electromagnetic torque under
the voltage sag.

vi. The proposed controller suppressed the uncertainties and its minimal
discontinuous component as it overcame the chattering problem and
peak amplitude.

vii. This paper simplified the controller design by choosing the SMC
approach over the coordinate transformations.

viii. The MSOSM controller provided better results as compared to 15 order
SMC, and 2" order SMC.

ix. Based on the results, it is found that LVRT enhancement is achieved with

the improved transient performance.
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