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ABSTRACT The smooth and robust injection of wind power into the utility grid requires stable, robust,
and simple control strategies. The super-twisting sliding mode control (STSMC), a variant of the sliding
mode control (SMC), is an effective approach employed in wind energy systems for providing smooth
power transfer, robustness, inherent chattering suppression and error-free control. The STSMC has certain
disadvantages of (a) less anti-disturbance capabilities due to the non-linear part that is based on variable
approaching law and (b) time delay created by the disturbance and uncertainties. This paper enhances the
anti-disturbance capabilities of STSMC by combining the attributes of artificial intelligence with STSMC.
Initially, the STSMC is designed for both the inner and outer loop of a doubly fed induction generator
(DFIG) based wind energy conversion system (WECS). Then, an artificial neural network (ANN)-based
compensation term is added to improve the convergence and anti-disturbance capabilities of STSMC. The
proposed ANN based STSMC paradigm is validated using a processor in the loop (PIL) based experimental
setup carried out in Matlab/Simulink.

INDEX TERMS Sliding mode control, wind energy, super-twisting, artificial intelligence.

I. INTRODUCTION
The high penetration of renewable energy (RE) power gener-

electronics are used to integrate the generated electricity into
the utility grid after the wind energy is converted to elec-

ation system in the power grid has decreased the consumption
of fossil fuels, evident from the decrease of 81 % in 2016 that
was 86 % in 1973 [1]. Major part in this RE integration is
played by the wind energy. The wind energy is transferred
to the main grid through a composite system called as wind
energy conversion system (WECS) that consists of wind tur-
bine, generator, gear box, and control equipment. The power

The associate editor coordinating the review of this manuscript and

approving it for publication was Anandakumar Haldorai

VOLUME 10, 2022

tricity by the WECS [2]. The rapid advancement of power
converters has resulted in the WECS getting smaller and less
expensive [4], [5], [6], [7].

Control of WECS is critical in renewable energy technolo-
gies. Various generators are used in WECS having complex
structures and highly nonlinear dynamics. Such a highly
nonlinear system needs robust control to tackle external
disturbances, nonlinearities, and uncertainties. Sliding mode
control (SMC), widely known as variable structure control,
is a good solution that meets the requirements of WECS.
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TABLE 1. Nomenclature.

P Air density R ‘Wind turbine rotor radius
v Wind speed Cp(X, B) Power coefficient
A Tip speed ratio B Pitch angle
wt Turbine shaft angular speed k1, ka,, k3,kq Positive constants
G Gear ratio Wr Generator speed
T Generator torque T Aerodynamic torque
lds, Iyqs Stator (dq) currents Lg, L, Stator and rotor inductance
Lm Stator mutual inductance Rs, Ry Stator and rotor resistance
E DC Link Voltage p Number of pole pairs
wr and ws | Rotor and stator angular speed Pds> Pqs Rotor (dq) fluxes
Vis, Vgs Stator (dq) voltages Tem Electromagnetic torque
fr Viscous friction coefficient J Moment of inertia
Ty, Load torque Ps Active power
Qs Reactive Power w:e'f reference generator speed
S sliding surface Pgrrfdf the reference grid power
Vyds Vaq grid (dq) voltages (o, B)w, (o, B)1,2, (o, B) g | Positive constants

Classical SMC is a power control method widely used in
WECS. The most fundamental and straightforward control
design for DFIG-based WECS is the first order SMC. A good
compromise between torque oscillations and the effectiveness
of power conversion is offered by the SMC. The surface for
the first order SMC, proposed in [8], is selected as the error
between reference power and actual power. For frequency
change under sudden load conditions, the reference power is
chosen to be less than the maximum power. The suggested
scheme is verified using a test bench created at NREL FAST.
For grid-connected WECS, a similar idea has been introduced
in [9] and [10]. The previously mentioned first-order SMC
schemes are continuous. The SMC based control schemes
inherit an undesirable phenomenon of chattering and proved
it to be harmful to the system as stated by Utkin and Lee [11],
that results in high wear and tear, excessive power losses,
and low control accuracy of the system. This phenomenon
is due to the discontinuous switching control law in the
continuous control schemes. Instead of a constant reaching
law, the author in [12] proposes an exponential reaching law
to solve the chattering issue. The exponential reaching law-
based SMC gains are scheduled in accordance with the error
magnitude. The gain increases as the error increases, and
decreases as the error decreases. According to [12], the
enhanced reaching law is expressed as follows:

> — — _L Yx Q3
6 =-A6 D(6)|G| sign(S) )

where
D(S) =a + (1 —a)e AIC

and 0 < a < 1 and B > 0. It is evident from the surface
equation given above, that the gain modification is performed
between Q|S|"* and Q|G| /«,as per the magnitude of error.
Digital control schemes are also introduced to enhance the
SMC schemes. In order to implement a switching-free con-
trol strategy, digital sliding mode control (DSMC) based on
the adaptive reaching law was first presented in [13] by
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Milosavljevic. The authors introduced the concept of quasi-
sliding mode (QSM), where the system’s trajectory is along
a surface that produces motion similar to sliding rather than
switching surfaces. The digitalized SMC guarantees to slide
at each sampling instant [14], [15]. The digital SMC are fur-
ther studied and elaborated in [13] and [16]. Other enhance-
ment techniques use approximation of signum function using
sigmoid function or continuous saturation function [17] for
chattering elimination at the expense of system robustness.
A new family of classical SMC was proposed to reduce
the chattering known as boundary layer SMC, whereas the
terminal SMC concept has been used to provide finite-time
convergence. Another variant of SMC known as second-
order SMC (SOSMC) is a successful technique in removing
the shortcomings of SMC (i.e., chattering and infinite-time
convergence) while retaining the inherent robust nature of the
classical SMC [18]. A high order sliding mode control using
a super-twisting algorithm (STA) has been proposed by [19]
for wind energy systems. The STA-based SMC schemes are
easy to implement and this is implemented to make the
wind energy systems more robust. Various variants of super-
twisting SMC (STSMC) are also reported in the literature.
For instance, the author in [20] combines the STSMC and
fractional order calculus to improve the performance of the
system with a chattering elimination approach. The author
in [21] uses a novel optimization method with STSMC for a
direct torque-controlled wind energy system and minimizes
the ripples in the torque and flux. The literature depicts that
STSMC has certain advantages of chattering elimination,
finite-time convergence, no knowledge of perturbations for a
system of relative degree one, continuous nature, and ensures
robustness against Lipschitz continuous disturbance having
bounded gradients.

Although the STSMC improves the system performance,
it has certain drawbacks under disturbing scenarios. The stan-
dard STSMC having fixed gains is not capable of handling the
uncertainties and disturbances growing with the state variable
or with time due to the homogeneous nature of the STSMC
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scheme [22]. Several efforts have been made to improve the
performance of standard STSMC for timely growing uncer-
tainties. The performance of STSMC has been improved by
using variable gains. The variable gains were initially intro-
duced to the first order SMC applied under the perturbations
with known bounds a priori [23], [24]. The same concept was
also applied in [25] with a non-homogeneous control struc-
ture and timely growing correction terms. This concept has
been employed to improve the performance of wind energy
conversion systems. For instance, the authors in [26] and [27]
proposed the STSMC scheme based on the variable gain
structure proposed in [25] and achieved rare output chatter-
ing, maximized power, low stress, and smoother firing angles
of converters. The variable gain STSMC has further been
modified using fuzzy logic theory [28], ANFIS [29], and bar-
rier function [30] for wind energy systems. Although, these
variations in standard STSMC improve the performance, but
increases the mathematical and computation complexities
of the applied control schemes. Artificial intelligence tech-
niques that include deep reinforcement learning and feedfor-
ward techniques are also employed to update the weights of
the STSMC scheme as reported in [31], [32], and [33]. These
techniques serve as adaptive control schemes and improve the
performance of STSMC, and at the same time adding more
complexity to the system. To assess this situation and improve
the performance of STSMC scheme, this paper introduces
the artificial intelligence with STSMC paradigm for DFIG-
based wind energy systems. The proposed Al based STSMC
(AISTSMC) system shown in Fig. 1, which results in the
following major contributions:

e The SMC is enhanced using super-twisting SMC
scheme. The problems generated from using high order
control schemes are evaluated theoretically and math-
ematically. The non-linear part that is based on the
variable approaching law lacks the anti-disturbance
capability. This may result in system inability to follow
the ideal trajectory and convergence delay. Thus, a new
controller is then synergized with STSMC to cope with
the aforementioned problems.

o A new AISTSMC technique is proposed using artifi-
cial neural network to reduce the tracking error and
improve the convergence trajectory of STSMC scheme.
The new control law adequately compensates the highly
non-linear internal and external disturbances, modeling
errors, and parametric uncertainties. The disadvantages
of STSMC are convergence delay due to uncertainty and
degraded transient performance, which are addressed
using AISTSMC scheme.

o The proposed strategy exhibits improved performance,
validated through extensive numerical simulations and
experimental environment based on processor in the
loop (PIL) concept. The results are numerically pre-
sented and compared with conventional SMC and
STSMC schemes for chattering elimination and robust-
ness against disturbances of step and stochastic nature.
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Il. SYSTEM DYNAMICS OF DFIG-WECS

The implementation of SMC law utilizes the dynamic model
of DFIG-based WECS. The DFIG-based WECS comprises
a hub, low and high-speed shafts, gearbox, brake, and a gen-
erator. The model order is determined by the number of joints
or degrees of freedom; thus, a two-mass model is adopted in
this paper. The aerodynamic power from the wind speed is
given as follows:

_ 1 2 3
P = E,orrR Cp(A, B)v

where 2
QR
»= 3)
1%
¢ —a
C, = ci (f—l)ef )

At A = Agp, the Cp reaches its maximum value, thus C, =
Cp—max. In this case, the torque of the wind turbine is as
follows:

T; Wy
T, = —w = — 5
r G wy G (5
The reference generator speed is given as follows:
AoptG
o = =22 ©)

The reference speed is calculated using (6) when the system is
operating at maximum power point, whereas, it is calculated
from power curve data and look up tables in other cases. The
reference grid power is given as follows:

1
;er{d = 577)07'[2Cp7maxv3 @)
d
Vis = Relgs + E‘Pds — WsPqgs

d
Vqs = Rslqs + E‘pqs + Ws@ds

i ®)
Var = Rplys + E(ﬂdr — (w5 — wy) Dys
d
Vqr = RrIqs + Eﬁoqr — (w5 — or) Q45
The rotor dynamics of DFIG is given by:
d
Jawr =Tey — Ty _frwr ©)]
where the electromagnetic torque is given as follows:
MV,
Tem = P(,()_Ls (@qsldr - @dslqr) (10)

S8

As per the concept of vector control, aligning the reference

frame to the d-axis of stator flux one gets ¢z = ¢5 and
@gs = 0. The electromagnetic torque is given as follows:

MV

wsLs

Tep = —P ©slyr (11)
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TABLE 2. SMC techniques applied in literature for WECS.

SMC
Technique

Ref. (year)

Errors and Surfaces

System information

Remarks

High Order
SMC

[34] (2008)

S = Koptﬂg - §§¢5Tiq
62 = Pref(t) - §¢sriqwe

PMSG,
Rectifier and Inverter,
No experimental

Two different surfaces are used to control
the rectifier using STSMC in order to
operate it in the best power conversion and

validation power regulation modes.
ew = wy. T - wr DFIG, The optimal power conversion and power
(35] (2012) e; =Ipqg—1 :sf Back—to—bapk converters, regulation operation modes of the rectifier
G, = w:fif — Wy Experimentally are controlled using STSMC with two
S = I, — I:S f validated different surfaces.
e —oref _ DFIG, The modified STSMC is based on Lyapunov
[36] (2012) Y T rep o No experimental and has variable gains. Detailed simulations
Gw = Fwr —Qr validation are used to validate the results.
er =T0 — T, DFIG,
€ = Qs ref — Qs Back-to-back converters, This paper presents STSMC with variable
[37] (2013) Sr = Tg@f _ 3pLm Vs igr RSC control, gains and provides convergence analysis for
ref | 8L, V. 2“"5 Ls V. No experimental DFIG-based WECS.
6 =Qs + 5= (ldr ~ il validation
er =TT —T. DFIG,

[38] (2014)

e; = ]’V‘d - I:sf
& =T/ T,

Back-to-back converters,
No experimental

A STSMC based second order SMC is
presented using FAST code

S; = Iy — I:Sf validation
_ ref PMSG,
= IGBT 8837,
[39] (2016) er = ref Back-to-back converters,
Suw = wr L e Experimentally
Gg=F"-F validated
i =1Irag — I DFIG,
ep = Logy — et Back-to-back converters, Fuzzy integral terminal theory based
[40] (2017) 994 f_‘é;{ RSC and GSC control, STSMC is utilized to present a fault ride
Si=lraqg —1 rdgq No experimental through technique.
Sp =1Ig4q — I;;S validation
DFIG, The proposed second order SMC employs a

[41] (2016)

Sr =T, + 1,
GE = Zef - Qg

Back-to-back converters,
No experimental
validation

time-varying receding horizon to make it
adaptive. After calculating the conservative
bounds, an adaptation strategy is suggested.

[21] (2019)

Cp = W:ef - $r
er =Tr" — T,
Sy = ‘P:'cf - Pr
€T = TJEf —Te

DFIG,
RSC control,
No experimental
validation

The STSMC gains are best chosen using
new rooted tree optimization in the
proposed STSMC .

— ref RSC control (outer loop) To reduce the chattering phenomenon, a
[42] (2020) Cw = Wr * — Wr No experimental new switching sector-based SMC structure
Guw=¢uwthkes validation is presented.
e — W€ f_ w RSC control, new inertial perturb and observe MPPT
[43] (2019) “ T, Experimentally method is presented. The STSMC of third
Gu = éw + k |ew]|3 sign(ew) validated order is suggested for speed tracking.
PMSG,
* Rectifier + . .
eg1 = (F — EY) boost converter + To control the DC link voltage in
[44] (2020) ege=— [ (E— E%)dt inverter PMSG-based WECS, an SOSMC is
G = Xeg1 +egso No experiméntal presented for the boost converter.
validation
_ pref
ep(t) : Pief _ Ps RSIC) Eéﬁ{rol Six power cc_)mpensgtion technique_s are
[45] (2020) eq(t)G_ s B Qs Experimeman’y suggested for improving power quality to a
=e
G; = ez(t) validated HOSMC.

[46] (2020)

ep = P17 — Py
€q = gef*Qs
&, =P — P,

RSC side control,
No experimental

Performance is assessed and SMC and
STSMC stability analysis are given.

validation
6q = gef - Qs
ep=Ps — P17 DFIG,
[47] (2021) €qg=Qs — ref RSC cqntrol, The DFIG WECS is controlled using novel
S1 = ep(t) No experimental, adaptive STSMC paradigm
G2 = eq(t) validation
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FIGURE 1. DFIG-based WECS operating under proposed control scheme.

The rotor currents, active and reactive power at constant

stator flux, Vg = 0, and V,, = Vi = V4, = w,gs are given

as follows:
%Idr = 7 (Vdr — R/ 1y + SULrwqur)
o (12)
Ll = oL (Vy, — Relyr — so Lyooslyy)
Py = MVSI 10 = v I MVSI (13)
s = Ls qrs s — wsLs qr Ls dr

A. GRID MODEL

The grid side model in terms of grid voltages, currents, and

grid parameters are given as follows:

. d
Vea = wglgigqg — Lg gilga +eq — Relga

} (14)

- d
Veg = —wglgiga — Lg gilgq +eq — Relgq

Rearranging the above equations, one gets the grid model in

terms of current dynamics:

d 1
Elgd =1 (€a = Relga = Ve + wgLglq)
d 1g (15)
s T L (eq — Rglgy — Vg — a)ngIgd)
g

The DFIG rotor experiences a dynamic and variable wind

flow as a result of the wind’s stochastic and gusty nature.
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Therefore, it is necessary to an effective paradigm should
be implemented to complete the challenging task of regu-
lating a constant DC link voltage. To accomplish this task,
a vector control strategy will be used. The orientation of
reference frame is aligned with grid or stator voltage using
the vector control strategy. Thus when Vg = Vp and Vo =
0, active power and reactive power adapts a new structure
given as:

P, =

(Veala + Vegleq) = 5 (Veala)

(ng]gq)

(16)

QO = (nglgd + Vd]gq) =

N W W
N W W

As shown in (16), I; and I, directly impacts the flow of
electric power from grid to the converters that equalizes to
the DC power given as follows:

3
Is = ﬁvgdlgd (I7)
dE
CE = Ilps — Loy (18)
Substituting (17) in (18), we get:
. 1 13
E = g(x)lgd - Elur where  g(x) = ZE gd (19)
97629
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The uncertain term Ag(x) is added to g(x) in (19),and is given
as follows:

1
8() = go(x) + Aglx); go(x) = — Vea (20

2Eref
where E,s is the reference value of E. Putting g(x) from (20)
in to (19), it gives us:

. 1
E = o)y = —lor +dE: dE = Mgl (21)

lll. PROBLEM FORMULATION AND DESIGN OF
STANDARD STSMC

This section initially formulates the mathematical model of
DFIG-WECS for developing the problems in the system due
to non-linear uncertainties. Various controllers have been
developed and discussed in this section to mitigate the prob-
lems arising from uncertainties and perturbation.

A. STATE SPACE MODELING AND

PROBLEM FORMULATION

The classical linear controllers have satisfactory performance
in linear time-varying systems. Contrary, the DFIG is a highly
non-linear and strongly coupled system and becomes more
complex when operated in grid-connected mode. The varying
operating and environmental conditions make the control
more difficult. A robust non-linear control system like SMC
is necessary for the efficient control of the DFIG-based wind
energy systems under both normal and disturbed conditions.
The SMC principle is to bring a system to the proposed
sliding surface with a non-linear control law consisting of a
switching function resulting in the gradual stabilization to the
equilibrium point of the system on that surface. The DFIG-
based non-linear system needs to be represented in state
space form along with the uncertain dynamics to understand,
design, and improve the SMC design. The non-linear system
given in section II is represented as follows in its state space
form:

%(t) = F(x) + G(x)u (22)

The states and the non-linear dynamic function F'(x) and G(x)
are given as follows:

. . T
x() = [x1 23] = [or i 1] (23)
- - (lR/J) (Tr + f+<2)
w r
Fx)=|F, | = oL, ar + sslar
Fa —er — swgl —sMVS
oL, T A T L
(24
1
-0 0
G, 0 0 I
G =] 0G0 |=|0—0 25)
0 0 Gy -
0 0
oL,
u=[Tom Vgr Varl" (26)
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Once the system is defined in the desired state, the control
objective is defined. In the presence of system uncertainties
and disturbances, the control objective is the convergence of
the current state vector to the desired or reference state vector.
For this purpose, a sliding variable G is designed to achieve
the required dynamic of the system given in (22) during the
sliding mode & = &(x,t) = 0. Also, it is assumed that
the relative degree of the input-output (u# — &) is one,
with stable internal dynamics. Therefore, the input-output
dynamics can be presented as:

. 9 9 9
=241 B rm+ Z6mou 27)
Jt 0x 0x
——— —
S(x,1) B(x,t)

Also, it is assumed that:
Al: The uncertain function &(x, t) € R exists and can be
shown as follows:

B(x, 1) = Bo(x, 1) + AS(x, 1) (28)

where &q(x, ) > 0 is a function that is known and A®&(x, 1)
is a bounded uncertainty so that
|AG(x, 1)]
- @ 7 = x’t < < 1 29
Botr. 1) olx, 1) < 01 (29)

Vx € R" and ¢ € [0, oo) with an unknown boundary 0.
A2:. The function §(x, ) € R is presented as
S, 1) = F1(x, 1) + Falx, 1) (30)
with the bounded terms
I10x, )] < 8yls|'/? }
|S20x, )| < 82
where the finite boundaries 81, 5 > 0 exist but is unknown.
A final equation is given is follows:

€1y

AS(x, t)

S =3F, 1 1+=—" 32
S, )+ |1+ Botr. 1) M (32)
——
G(x,1)
L —
& (x,1)
where © = &g(x, 1)u. From Al, one gets
A3:
l—01 <&1x,n)<1+0 (33)

The objective now is to drive the sliding surface & and & to
zero under disturbance and perturbations in finite-time. SMC
can efficiently fulfill this objective when the boundary of the
disturbance is known.

B. FIRST ORDER SMC DESIGN FOR DFIG-WECS

The surfaces that will be used in the design of first-order
SMC are selected as an error between the reference and actual
states. The surfaces are suggested based on the difference
between the reference and the state variable. In DFIG-based
WECS, the controllable state components include current,
speed, and DC link voltage. These controllable state compo-
nents will be used to control the WECS in this section.

VOLUME 10, 2022
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C. ROTOR SIDE CONTROL

1) SPEED CONTROL

The speed control is the first step to in the RSC control, where
speed error is taken given as follows:

o =w, — ' (34)

Taking its derivative as ¢, = @, —'¥ ; and putting the values

from (9) we have:

Tem
b = T +d;y — 'Y (35)
The surface is selected as (35) and is given as follows:
Guw =ew (36)

Taking derivative of the above surface, one gets the following
relation:
. Tem
Gw_ew:T—i—d — o (37)
The SMC law consists of an equivalent terms which is
acquired here by selecting S, = 0. The equivalent term is
given as follows:

7o =7 (6 — dy) (38)

The final control law Tm{ syc 1s obtained using To1 in (38)
and switching control part T, = —J(k3sgn(&,)) and is

given as follows:

T _suc = Tem+ T3,

em—
T .y (w:ef _ d3) (39)
TS, = —J (k3 sgn (6,))

2) CURRENT CONTROL
The objective of current control law derivation is to ensure the
current x tracking of x"¢ where the x* is given as follows:

= (40)

r

The reference g—axis current (Iq ) is obtained from(11) and
is given as follows:

L
I = ST (1)
s

The d-axis reference current is derived by substituting /¢ =

re, y2
0, in reference reactive power Qg f = -~ = M V‘ Id, and is
sy

given as:
V.
== 42
dr oM (42)
The current control is the second step to in the RSC control
that takes the reference current from speed control loop and
uses the current error, given as follows:
ei=x—x"
ei=ler e]” (43)
(=1 11

VOLUME 10, 2022

The next step is to take the derivative of current errors given
in (43). The values of variables are substituted in derivatives
of current errors from (12) and are given as follows:

1 < of

Var — Rplar + SO’Lrwslqr - Iéff
ol ' (44)
(Vgr = Relgr + soLywsly — 11

er =

e =
O Ly

Hence (44) can be written as:

1
=G Vi — —R/I
1+ oL, dr oL, ridr
: ! LR
ey = —_—
oL, " oL ") , (45)
G = (soLywsly — 1))
where oLy _ '
G, = oL (soLyaly — 1))

The current control loop derivation is performed by select-
ing the surface same as the dq current errors, given as follows:

61| e
R

The derivative of the above surface is given as follows:

. [&] _Ja
[a)[a]

Selecting & = 0, and the using the SMC theory, a final
current control law consisting of equivalent control and dis-
continuous control terms is derived given as follows:

R,
Vi e = oL (— —lar = G ki sgn (1))
_’,_/
Vj"
i (48)
v Iy — Gy —ka sgn (62))
V,j,‘?
here Vd and Vqrf are the references voltages to be fed to

modulation stage.

D. GRID SIDE CONTROL

The third step in the control of DFIG-WECS is DC link
voltage control scheme derivation, that is performed by taking
the DC link voltage error eg shown as below:

ep = E — Eyy (49)

Now, to get the final control law, derivative of voltage error
is first taken and then values from (21) are substituted to get

the following equations:
op = E— B
. 1 , (50)
eg = g()(x)lgd - Elor +dE — Eref

Now selecting the surface for GSC control law same as the
voltage error given as follows:

G =eg (51)
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The derivative of the surface for GSC control law is given as:
Sp =éx (52)

Now using the SMC theory, the equivalent part is derived
from above equation equalizing to zero, and taking the dis-

1
= —— (—k4sgn (SEg)), the fol-

continuous term as Iy_g
go(x)

lowing control is obtained:
given

re,

IdeMC = Idfeq +1i—s

. 1
_ ref 4
“am(Eren) e

Ii—y = ——(—ksasgn(Sg))
go(x)

The control laws for RSC and GSC derived in the above
section can improve the performance of DFIG-WECS but it
can also result in degraded performance due to the inherent
chattering. A number of techniques are present in literature
to attenuate the chattering phenomenon in which high order
sliding mode control (HOSMC) schemes are widely adapted.
A type of HOSMC known as STSMC can successfully elim-
inate the chattering phenomenon.

Idfeq

E. SUPER-TWISTING SMC DESIGN FOR DFIG-WECS

AND LIMITATIONS

The sliding mode control is divided into five generations,
according to Fridman et al. [48] (1) first Sliding mode control,
super-twisting algorithms, arbitrary order SMC, and contin-
uous arbitrary SMC. The third-generation STSMC benefits
from Lipschitz uncertainties with control signal of a con-
tinuous type. For WECS, the authors of [49], [50], [51],
[52], [53], [54], and [55] proposed STSMC. The HOSMC
maintains the benefits of the FOSMC, such as invariance
and robustness, chattering elimination and control accuracy
improve by removing the relative degree limitations [56]. The
simplified structured super-twisting algorithm (STA), which
requires least target information, is the most widely used
algorithm for achieving HOSMC [57], [58]. The control law
is deduced here using the STA structure described in [38].

1
uo=o= [—5Cx, 1) + 1 + p2l

w1 = —a/|6(1)] sign (&(1)) (54)
2 = £ sign (@)

where the bounded control gains, « and $, are determined
by the system’s operating under unknown disturbances.
Using the attributes of STSMC, a speed control is derived
using the STA and equivalent term from (39). The STSMC
based control paradigm is given as follows:

ref
Ton—stsuc = Tem—eq + Tems
Tem—eq =J (d);':q( - d3)
i . .
Ton-s =J (—t 10| sign (8) — B [ sign (&) )
(55)
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FIGURE 2. STSMC trajectory comparison under normal and disturbed
conditions. (a) Normal view. (b) Zoomed view portraying delay in the
system trajectory.

In the similar way, the STA (54) and the equivalent
part in (48) are used to obtain the RSC control law given
as follows:

r

L
Iy — G —a1 |61 sign (&)

ref _
Var—stsme = o Lr( pn
.

Vi
—p1 fsi%n (61)
L
Iyr — G2 —az |62 2 sign (&2)

-
oL

ref
Ver—stsme = o Lr(

Vgd
—pB2 [ sign (S3))

(56)

To transfer power from RSC to grid, the GSC employs the
same surface made up of the difference between the DC link
voltage and its reference. The new HOSMC law for GSC
using (54) and equivalent law from (53) is given as follows:

1 . 1 1
1 = E 4 — Iy — ag |SE|? sign (&
d—STSMC go(x) |: + C or — af |GE| SIgn( E)
s / sign (6@} (57)

The DFIG-based WECS is prone to certain uncertainties.
The ideal convergence trajectory cannot be achieved under
these uncertainties. The STSMC law consists of two compo-
nents: (1) integral part —g f sign(S(t))dt and nonlinear part
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FIGURE 3. Proposed AISTSMC based control scheme.

—a+/|6(1)|sign(S(t))dt. The non-linear part that is based on
variable approaching law lacks the ant-disturbance capability.
Thus, under the disturbed condition, the system cannot follow
the ideal trajectory resulting in convergence delay as shown
in Fig. 2. The convergence delay based on the analysis of [24]
is given as 7p in the following equation:

fo <1a+1p
_ 2/e(0) |
T« _ (58)
. _A6O+ (B+1A8]) 14
B = D
B —1AG]

where, 7p can be seen as the convergence delay cause by the
system disturbance. The trajectory of the STSMC scheme
under normal and uncertain situation is shown in Fig. 2 that
clearly shows the convergence delay. The asymptotic stability
of STSMC control scheme using Lyapunov stability theorem
is given as under:

v=6T.6
V =67 (—ay/[8]sgn(®) — [ Bsgn(G)dt + AB(1))
V=-—6"Ta/[&]sgn(®) — &7 [ Bsgn(G)dt + ST A&(r)

(39)
Putting the value of sgn = % = |g—| in the above expression,
one gets:
< —a|6"| Vi6I - ‘GT‘/ﬂdt-l- &7 as0)|
= —a|6"| /i8] - ‘GT‘/,Bdt—i—‘GT‘ /A'@(z)dt

< —a)GT‘\/@— ‘GT‘/ﬁdt+‘6T‘/|Aé5(t)|dt

(60)
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where A®(t) is uncertainty in the system. Because |A(’3(t)| <
01 < «a, then

V< —a‘GT‘\/@—‘GT‘/ﬁdt+‘6T‘/AQ§dt
- —a‘GT‘\/@—’GT’ (/ﬁdr—fA@dt)
< —‘GT‘\/@
<0 (1)

One of the most widely used control methods for WECS
has been proved to be STSMC. Table 3 lists the various
systems using the STSMC scheme along with their surfaces,
errors, and system types. In [49] and [55], the author uses
STA to extract the most power possible while maintaining
robustness, chatter-free control, finite reaching time, and
upper bounds on externally applied disturbances. The authors
in [47] have found a solution to the problem with upper bound
presumption where an adaptive multivariable control scheme
with finite-time convergence and adaptive gain adjustment.
To demonstrate the finite-time convergence and stability of
the suggested control scheme, a novel Lyapunov stability the-
ory is put forth by [47]. For floating wind turbines, an adap-
tive super-twisting control scheme has been presented in [59].
In STA algorithm-based control laws, the two controller
gains, o and S are fixed and selected to control performance.
These gains in each of the aforementioned control laws are
typically established by the uncertainties boundary, which
depends on several variables. In the process of designing
control laws, the uncertainty boundary is typically estimated
sufficiently, leading to unnecessary gains. Adaptive sliding
mode control (ASMC) schemes are used to address the prob-
lems of unnecessary constant gains. The gain is adjusted to be
small enough to maintain the sliding motion using ASMC-
based schemes that combine SMC theory and adaptive
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algorithm characteristics [47]. A recent adaptive STA-based
SMC scheme for PMSG-based tidal stream turbine was pro-
posed by Chen et al. [60]. The gains listed below can be used
to adapt the HOSMC scheme previously mentioned:
§— {om, if 6#0
0, if 6=0
B =ex (62)

where y; and ¢ are positive constants. The adaptive gains
given in (62) can sufficiently minimize the chattering and
increase the robustness of STSMC scheme, yet the over-
estimation problem of the adapted gains still persists. The
stability proof for the HOSMC can be found in [60] with the
Lyapunov function given by [61]. Thus, due to decrease in
the robustness of STSMC, an intelligent approach is adapted
in this study to enhance the performance of STSMC scheme.

IV. PROPOSED AISTSMC BASED CONTROL SYSTEM

The disadvantages of STSMC discussed in the previ-
ous section are convergence delay due to uncertainty and
degraded transient performance. A new AISTSMC technique
is proposed in this section to reduce the tracking error and
improve the convergence trajectory of the STSMC scheme.
The new control law consists new term anyy, Which com-
pensates for the highly non-linear internal and external dis-
turbances, modeling errors, and parametric uncertainties. The
artificial neural network and STSMC synergized operation
is shown in Fig. 3. The new AISTSMC based control law is
given as follows:

U= Ueg + [n + U2 + LANN (63)
The Al based part pany in (63) is given as under:

k
pany =Y _ Jiei (64)
i=1

The pany represents the ANN controller with single neuron,
adjustable weights, and two inputs. The adjustable weights
represented by J; and J; for i = 1,2. The inputs to the
ANN controller part are speed, current, and DC link voltage
error E; = e and their integral £, = Z;(:l e(i). Hebbian
algorithm is used to update the adjustable weights represented
in implicit scalar form as follows:

1=+ my®x (65)

here y (x,) is again the output, this time explicitly depen-
dent on its input vector X. The Hebbian algorithm with its
input, ), Jix;, followed by a response function f() can be
represented as follows:

N
y=f (Z Jm) : (66)
i=1

The synaptic weight J; evolution with time is described by
Hebbian plasticity as under:
dl;

o (67)
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The response function y can be represented in a more
simpler form is given as under in (68) followed by its version
in matrix form in (69):

dJ; al
= = Z:Ijx, (68)
dt j=1
% = nxx'J. (69)

The data variable x in (69), when taken as an average over
continuous (time) or discrete, can be written as:

j—f = <77XXTJ> =n<xx' >w=nCl. (70)

In eigenvectors basis form, J(¢) is written as follows:
It) = kie"™Vey + koe"™ ey + ...+ kye™Vey  (71)

It is clear from (71) and eigenvectors theory, that one term
in (71) dominates others on with the passage of sufficient time
and thus:

1) ~ " ¢* (72)

where o* is the largest eigenvalue of C. The postsynaptic
neuron performs the following operation at this instant:

y a1 ¢*x (73)

The largest eigenvalue ¢* is related to the computation
of first principal component. Hebbian algorithm using the
double integrated values of the error is used to tune the
weights J; making it adaptive. The adaptive weights are given
as follows:,

S=3+nzU (74)

where ,Z; = fnk=1 fnk=1 e,U is the control signal, and 7;

is the learning rates. Equation (74) is implemented using
discontinuous projector operator shown as follows:

5 = profi[ 3] 75)
where ¢ represents the learning gain. The projection operator
is defined as follows:

0 if 3 = Jimax and % > 0
ijji(*) = 0 if J; = Jiminand x < 0
* otherwise
(76)

This completes the description and stability analysis of pro-
posed loop synergized with STSMC scheme. Using the pany
from (64). The new AISTSMC based control scheme adapts
the following structure:

1
Ueg = —— [=F(x, D]

&,
un = —ay/|S(1)] sign (6(1))
fo = —g sign (&(1)) (77)

i=n

paany (k) =Y Jik)xi(k)

i=1
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As described earlier, that eh inputs to the ANN controller
part are errors £y = e and their integral £, = f ed(t),
thus (77) can be expanded as follows:

1
Ueqg = 6_ [—5x, )]

Wy = —oc;\/ [&(1)] sign (&(2)) + Jye(t)
fr2 = —psign (&(1)) + Jae(t)

using the relation e = |e| sign(e), the above equation can
be further summarized to:

(78)

1
Ueg = Q5_ [—35x, D]

s = (—a + Ty DTS sign (S(1) (79
f2 = (=B + Tle]) sign (&(1))

Taking Oy = («¢ — J14/]e]), and Og = (B — Lolel), (79)
can be written as follows:

1
Ueg = Qf_ [=Sx, )]

fn = — O /T sign (&(1))
fia = —Op sign (&(1))

The control law in (80) depicts that new ANN based control
loop results in a adjustable gain that varies with the error
magnitude.

The DFIG-WECS control consists of two major compo-
nents: rotor side control (RSC) and grid side control (GSC).
The main objective in SMC of DFIG-WECS is to track the
reference speed in the outer loop of RSC. The error between
reference and generator speed is used to generate reference
g-axis current. The rotor currents are controlled in the inner
control loop of RSC using the error between reference cur-
rents and actual currents.

The derivatives of the sliding surfaces given in (36), (46),
and (51) when combined with (63) with ANN part in (80)
gives the required control law using SMC theory given as in
(81), shown at the bottom of the page.

(80)

V. PERFORMANCE EVALUATION OF THE PROPOSED
CONTROL SCHEMES

This section presents the performance comparison of the
proposed AISTSMC with conventional SMC and STSMC

schemes through a processor in the loop (PIL) based exper-
imental setup. The PIL-based setup, shown in Fig. 4,
uses a Dual Core Processor TMS320F379D integrated with
MATLAB/Simulink at a sampling rate of 5 x 107> s in dis-
crete time. In the adapted PIL environment, the control board
is physically connected to the DFIG-WECS model operat-
ing in Simulink. The dual core processor programming is
done using rapid prototyping environment from Simulink.
The discussed controllers are discretized, and compiled from
MATLAB/Simulink and then hex version of these controllers
is programmed into the RAM of processor, where data
exchange takes place using high speed serial port. Two types
of tests are conducted for various control schemes. In the first
test, a deterministic wind speed waveform is used as input
wind with external disturbance applied as a step load to testify
to the robustness of the proposed control scheme. In the
second test, a stochastic wind speed waveform is used as input
wind. In this test, a lumped uncertainty d(#) commissioning
external and parametric uncertainty with 25% variation is
added to the DFIG-based WECS. Response optimization is
used in this paper to select the SMC and STSMC gains.
The Optimization toolbox in MATLAB/Simulink is used to
perform the optimization process where integral absolute
error has been used as criteria to minimize the objective func-
tion. The introduction of ANN to STSMC can cause some
problems due to the Hebbian algorithm. The neurons in the
ANN controller updated by Hebbian algorithm are activated
to increase the weights, that can cause instability. Thus, the
weights are normalized in every iteration to limit the infinite
increase using the relation J/(k) = J;(k)/ ZLI 13:(K)).

The outcomes of the two case studies considered are
explained as follows:

A. CASE 1: PERFORMANCE EVALUATION UNDER

STEP UNCERTAINTY

In this test, an external disturbance is applied as a step
signal to testify to the chattering elimination capabilities
and robustness of the proposed control scheme. The DFIG
speed response to the deterministic wind speed waveform
is shown in Fig. 5. The zoomed-in view in Fig. 5(a) shows
the chattering phenomenon in the speed waveform due to
the discontinuous nature of the equivalent control law in
SMC.On the other hand, both the STSMC and AISTSMC
are of continuous nature, and successfully eliminates the

) 1. .
L. Terre;{—AISTSMC =J (wr—ref —d3 — OuE |G| 2 sign (8,) — Ogg / sign (Gw)>

1 1 .
2. V;;ef—AISTSMC =olL, (_Gl + oL, Ry lgr — Oug |GE|2 sign (&1) — ®ﬁE / sign (61)>

1 L, .
3. Vz;;e*—AISTSMC =olL, <—G2 + ERrIqr — OuE |€5E|7 sign (62) - ®ﬁE / s1gn (62)>

r

; 1 of, 1
4. Ige—AISTSMC = M (E* + EIOF -

VOLUME 10, 2022

Our |51 sign (65) — Opg / sign <6E>) @81)
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FIGURE 5. Reference speed tracking comparison under step disturbance
conditions. (a) Normal view with chattering comparison. (b) Zoomed view
depicting speed response at time of step uncertainty.

chattering in SMC. A step uncertainty is applied at# = 5 s and
the response of the SMC, STSMC, and AISTSMC schemes is
given in Fig. 5(b). The robust nature of SMC is evident from
Fig. 5(b), as it shows a little deviation in response to the step
uncertainty, but it loses its efficiency due to severe chattering.
The lack of robustness described insection 3.3 is visible from
the speed waveform in Fig. 5(b). It can be seen that the
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FIGURE 6. Active power comparison under step disturbance conditions.
(a) Normal view with chattering comparison. (b) Zoomed view depicting
active power at time of step uncertainty.

speed waveform for STSMC loses its tracking at t = 5s and
converges very slowly to the reference value. The ANN-based
AISTSMC compensates for the STSMC problem and gives
improved performance when step disturbance is applied.
The speed deviation for STSMC is 158.1545rads™! from
reference value, whereas AISTSMC gives much lesser devi-
ation of 158.154rads™!. Similarly, the AISTSMC shows
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FIGURE 7. Reactive power comparison under step disturbance conditions.

faster convergence and converges back to the reference value
after + = 0.023 s, whereas STSMC loses its convergence at
this time.

The DFIG active power response to the deterministic wind
speed waveform is compared in Fig. 6. The zoomed-in view
in the Fig. 6(a) shows chattering in the active power waveform
due to the discontinuous nature of the equivalent control
law in SMC.Contrary, STSMC and AISTSMC gives smooth
waveform with less chattering. The variation in active power
for SMC, STSMC, and AISTSMC when step disturbance is
applied is given in Fig. 6(b). The SMC shows robustness
and has less deviation (compared to the active power under
normal condition). Thelack of robustness in STSMC is visible
from the active power waveform in Fig. 6(b). It can be seen
that the active power waveform for STSMC deviates at a large
scale compared to the active power under the normal condi-
tion at = 5. The ANN-based AISTSMC compensates for
the STSMC problem and gives improved performance when
step disturbance is applied. The peak active power deviation
for normal active power is 0.02 kW, whereas AISTSMC gives
a much lesser deviation of 0.01 kW at ¢ = 5.1s. Similarly,
the AISTSMC converges back to the normal power after
t = 0.398 s, whereas STSMC loses convergence and provides
excessive power of 0.01 kW at this point.

The DFIG reactive power response to the deterministic
wind speed waveform is shown inFig. 7. The reactive power
converges to zero in a finite-time. The zoomed-in view in
Fig. 7 shows excessive chattering in reactive power under the
SMC scheme due to the discontinuous nature of the equiva-
lent control law. A step uncertainty is applied at t = 5s and
the response of the SMC, STSMC, and AISTSMC schemes
is given in Fig. 7. The robustness of SMC is evident from the
figure, as it shows a little deviation from zero, but it loses its
efficiency due to severe chattering. The STSMC disadvan-
tages of less robustness is evident from the reactive power
waveform in Fig. 7. It can be seen that the reactive power
waveform for STSMC deviates from 0 K VAR att = 55
and converges very slowly to the zero value. The ANN-based
AISTSMC compensates for the STSMC problems and gives
improved performance when step disturbance is applied.
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FIGURE 8. Grid side performance analysis. (a) DC Link Voltage
comparison under step disturbance. (b) DC-link voltage error comparison
under step disturbance.

The reactive power deviation for STSMC is 0.807 k VAR
from zero value, whereas AISTSMC gives much lesser devi-
ation of 0.0013 kVAR. Similarly the AISTSMC converges
back to the zero value after t = 0.05s, whereas STSMC
convergence to zero after r = 1 s.

A similar analysis is also made for grid-side control. The
DC link response to the deterministic wind speed waveform is
shown in Fig. 8. A constant voltage of 760V is selected as ref-
erence voltage (E*). It can be observed that SMC is showinga
fast convergence of 0.97 s, but it suffers from severe chatter-
ing in the Vpc. The SMC shows an overshoot 18.1 V, STSMC
offers a larger overshoot of 40 V, whereas the AISTSMC has
alesser overshoot of 23 V with improved and much smoother
Vpc. Similarly, att = 5 s, where a step uncertainty is applied,
the SMC offers good robustness followed by AISTSMC with
an overshoot of 8 V. The STSMC, due to less robustness,
offers a high overshoot of 106 V compared to the proposed
AISTSMC scheme that offers an overshoot of 80 V. Thus,
it is validated that the STSMC exhibits inherent chattering
elimination feature due to its continuous nature, whereas the
AISTSMC enjoys both the robustness and chattering elimina-
tion features and proves itself to be a viable option for DFIG-
based WECS. The error waveform for the Vpc is shown in
Fig. 8 (b) where it is clear that the AISTSMC provides less
error than the STSMC scheme.
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FIGURE 10. Active power comparison under lumped disturbance.
(a) Normal view. (b) Zoomed view depicting variation in active power
under lumped disturbance.

B. CASE 2: PERFORMANCE EVALUATION UNDER
PARAMETRIC UNCERTAINTIES AND DISTURBANCES

In this test, a lumped uncertainty d(#) commissioning external
and parametric uncertainty with 25% variation is added to
the DFIG-based WECS. This uncertainty is mathematically
expressed as follows:

X =FX)+Hu=f(x)+hu+d@) 82)
d(t) = 25%f (x) + 25%hu + 2 — sin(wt)

A similar disturbance imitating 25 % variation is also added
to the grid side and expressed as follows:

dE = 25%g(x) + 5 sin(wt) (83)
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FIGURE 12. Grid side performance analysis under lumped disturbance.
(a) DC Link Voltage comparison. (b) DC-link voltage error comparison.

The DFIG speed response to the stochastic wind waveform
is shown in Fig. 9. The zoomed-in view in Fig. 9 shows
that the SMC has robust performance as compared to the
STSMC scheme under lumped uncertainties. The total devi-
ation for SMC is 0.02rads™!, whereas the deviation for
STSMC is 0.03 rad s~!, which is much higher than the SMC
scheme. On the other hand, the AISTSMC shows a negligible
deviation under lumped uncertainties. It can be seen from
Fig. 10 that the active power waveform for STSMC deviates
at a large scale as compared to the active power under the
normal condition at # = 5s. The ANN-based AISTSMC
compensates for the STSMC problem and gives improved
performance when step disturbance is applied. The active
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TABLE 3. Parameters [36].

DFIG and Wind Turbine Parameter Values Control Parameters Values
Aopt 6.325 k 0.5—5
No. of pole pairs 3 ¥ 0.7
Rs 1.40hm a 0.8
Rr 1.20hm k1 0.02
M 0.0051839H ko 5
Lr=1Lg 0.0053H k3 0.005
Ir 0.00015Nms T ks 1

J 765.6kg/m? a1 0.0015
DC Link Voltage (E) 760V a9 5
DC Link Capacitor 0.01 farad ap 0.02
Frequency 50Hz Qg 5
Blade radius 35m

Gear ratio 62.5

power deviation as compared to power under normal condi-
tions, shown in Fig. 10 (b), is 0.01 kW for SMC, 0.018 kWfor
STSMC, and 0.013 kWfor AISTSMC.

The DFIG reactive power response to the stochastic wind
speed waveform under lumped uncertainty is shown in
Fig. 11. The reactive power converges to zero in a finite-
time. Fig. 11 shows excessive oscillations in the reactive
power using the SMC scheme and STSMC scheme due to
the lumped uncertainty. On the other hand, the AISTSMC
scheme exhibits significant robustness to the lumped uncer-
tainties. It can be seen that the reactive power waveform
for SMC and STSMC schemes have a similar response,
whereas the ANN-based AISTSMC scheme compensates for
the STSMC problems and gives improved performance under
lumped uncertainties. The AISTSMC converges to the zero
value at t = 0.7s, whereas SMC and STSMC are much
slower with a convergence time of 1.2s.

A similar analysis is also carried out for the grid-side
control. The DC link response to the stochastic wind speed
waveform is shown in Fig. 12 (a). A constant voltage of
760V is selected as a reference voltage (E*). It can be seen
that SMC is showing a fast convergence of 0.36s with an
overshoot of 22V, but it suffers from severe chattering in
the Vpc. The STSMC offers a larger overshoot of 42.2'V,
whereas the AISTSMC has a lesser overshoot of 24 V with
improved and much smoother Vpc. Similarly, in case of
lumped uncertainty, the SMC performance is deteriorated in
terms of chattering and unwanted oscillations. The STSMC
shows the highest steady state error of 1V as compared to
reference value, whereas the AISTSMC shows an almost
negligible steady state error . The error plot in Fig. 12 (b) also
verifies the robustness and chattering elimination of the pro-
posed AISTSMC scheme. It can be seen that STSMC pro-
vides an error of 1 V, whereas the AISTSMC gives an almost
negligible error.

VI. CONCLUSION

For DFIG-based WECS, this research presents a high-
performance super-twisting sliding mode control (STSMC)
synergized with the artificial neural network. The suggested
control scheme is a hybrid of artificial intelligence and
STSMC that addresses the problem of robustness of STSMC
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schemes while retaining system robustness and stability.
To eliminate the lack of robustness in STSMC, the signum
function is initially replaced by a super-twisting algorithm.
Then, to improve the robustness of the STSMC-based system,
the ANN theory is introduced which increases the robustness
against external disturbances and parametric uncertainties.
Under uncertain situations, the performance of the ANN-
based STSMC approach is compared with the SMC and
STSMC benchmarks. The suggested technique outperforms
the SMC and STSMC in terms of lowest chattering, quick
dynamic response, higher accuracy, and disturbance rejec-
tion. It is evident from the DC link voltage that the SMC
offers an overshoot of 8 V, STSMC offers a high overshoot
of 106V, and the proposed AISTSMC scheme offers 80 V.
In summary, the results show that the ANN-based control
method established in this study is a viable and desired option
for DFIG-based WECS.
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