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Abstract. The purpose of this paper is to propose a
new control approach to be applied to a variable ro-
tor speed wind turbine at a low wind velocity zone.
The aim s to reduce dynamic mechanical loads and
optimize energy production by acting on the generator
torque through a new hybrid adaptive controller. This
combines two well-known nonlinear methods: nonlin-
ear control based on Radial Basis Function Neural
Networks used to estimate the nonlinear part of the
wind turbine system and Integral Sliding Mode Con-
trol to tackle system wuncertainties. Lyapunov’s ap-
proach has been applied to assess the stability of this
new controller. Then, simulations were carried out
using the Matlab/Simulink software package. The ob-
tained results demonstrated the superior performance of
the hybrid controller compared to each controller taken
alone.
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1. Introduction

Wind energy is a renewable clean energy that has be-
come competitive nowadays due to various technolog-
ical advances that have been achieved these recent
years. Optimization of energy capture from wind still
suffers from obstacles such as the stochastic nature of
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wind speed. These cause continuous fluctuations that
impede tracking the optimal rotor speed without caus-
ing variations of mechanical loads acting on key parts
of the wind turbine installation, such as torque in the
transmission line. So, the controllers are required to
ensure a safe and efficient conversion of kinetic energy
contained in wind into electricity while dealing with
the presence of these sources of disturbances. Other-
wise, these may deteriorate energy quality and reduce
the life of equipment due to accelerated fatigue [1].

Numerous approaches to controlling wind turbines
have been proposed in the literature, including both
linear and nonlinear methods [2H5]. Since wind tur-
bines are nonlinear systems, conventional linear con-
trollers are known to lack robustness and can only re-
main stable within a limited operating range [3| and [6].
Consequently, there is a growing interest in employing
nonlinear control laws, which can better adapt to vari-
ations in system parameters and environmental condi-
tions. As a result, several nonlinear control strategies
have been introduced. Notably, the works cited in [6]
and |7] represent significant approaches in the litera-
ture.

New perspectives have emerged recently in the field
of nonlinear control with the apparition of intelligent
adaptive controllers. The best-known methods in this
field are controllers based on neural networks 8], fuzzy
logic [9], and Radial Basis Function Neural Networks
(RBF-NN) which are mostly used to adjust Propor-
tional Integral (PI) gains and to perform dynamic neu-
ral approximation [10H12].

The Sliding Mode Control (SMC) is particularly
suitable for wind turbines because of its robust be-
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havior under uncertainties that can affect the system
[13H15]. The researchers have used SMC-based con-
trollers to maximize the capture of wind energy while
reducing load fluctuations on the drive train to limit
the fatigue loads |1] and [16].

SMC is recognized for its drawback of frequent
switching between various control values, leading to
a chattering phenomenon that induces increased me-
chanical stress on system components. To alleviate
this issue, researchers have introduced several tech-
niques to mitigate chattering effects |17]. Capitalizing
on the inherent robustness of SMC, a derivative tech-
nique, the Super Twisting Algorithm (STA), has been
amalgamated with other approaches. Authors in [18|
utilized STA to alleviate the chattering problem. The
integration of STA with SMC, denoted as STA-SMC,
employing Space Vector Modulation (SVM), has been
employed by [19] for the control of the Double Fed In-
duction Generator (DFIG).

The effectiveness of SMC-based Artificial Neural
Networks (ANN) has been demonstrated in various
studies. For instance, |20] applied an SMC-based ANN
to regulate the active and reactive power of DFIG. Ad-
ditionally, the STA-based ANN proposed by [21]| has
been utilized to control a floating wind turbine in Re-
gion III.

The existing literature extensively covers various
control strategies for wind turbine systems aimed at
optimizing energy production and reducing mechani-
cal loads. However, there is a clear need for further
research into integrating nonlinear control methods,
specifically combining RBF-NN for nonlinear system
estimation and ISMC for managing system uncertain-
ties. While individual studies have examined these
methods separately, there is limited research on this
joint application of wind turbine control, especially in
maximizing energy by considering the mechanical part
modeled by two masses. Additionally, there is a lack of
thorough analysis regarding the proposed hybrid adap-
tive controller using the Lyapunov approach. Address-
ing these research gaps is crucial for advancing our un-
derstanding of effective control strategies in wind en-
ergy systems and enhancing their performance under
dynamic conditions.

Contribution of this paper:
This paper focuses on a variable-speed wind turbine
operating at low wind speeds (below-rated speed) and
presents the following contributions:

e An intelligent hybrid nonlinear controller: The pa-
per proposed a controller that combines the use
of RBF-NN to estimate the uncertain variables in
the wind turbine system and Integral Sliding Mode
Control ISMC protocol to track the optimal rotor
speed. This hybrid controller aims to address the
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chattering phenomenon typically associated with
conventional SMC-based controllers while com-
pensating for the lack of an accurate wind tur-
bine model through RBF-NN training. The goal
is to synergistically leverage the strengths of both
controllers to enhance the robust behavior of the
ISMC strategy.

e Maximizing wind energy extraction: The pro-
posed control strategy aims to maximize the ex-
traction of wind energy by following the optimal
Tip Speed Ratio (TSR). By optimizing the ro-
tor speed based on TSR, the controller seeks to
achieve optimal energy capture from the wind.

e Minimizing mechanical load fluctuations: Another
objective of the proposed controller is to mini-
mize fluctuations that affect mechanical loads to
enhance the lifetime of the wind turbine system.
By regulating the electromagnetic torque, the con-
troller aims to minimize control errors while track-
ing the optimal rotor speed.

In summary, the paper introduces an intelligent hy-
brid nonlinear controller that combines RBF-NN and
ISMC techniques. The controller aims to improve the
robustness of the ISMC strategy, maximize mechanical
load fluctuations to enhance the longevity of the wind
turbine system .

2. Wind turbine modeling

Wind turbines with horizontal rotor axes are nowadays
widely used [22]. Often for control purposes, a sim-
plified mechanical model of such a complex system is
considered [23/24]. The aerodynamic power extracted
by a wind turbine can be expressed as:

(1)

where p denotes air density in (kg.m™3), R represents
the radius of the wind turbine in (m), v is the aver-
age wind speed in (m.s™!) at the rotor level, and C,
the power coefficient. This last is a characteristic fac-
tor specific to a particular wind turbine. It represents
its ability to extract energy from the kinetic energy
present in the wind. This coefficient varies depending
on the design of the wind turbine blades and the oper-
ating conditions. It can be determined through exper-
imental testing or estimated using numerical simula-
tions and computational models. For the specific wind
turbine chosen in this study, C}, can be approximated
using the following equation [25|:

Cp (A, B) = c1 (cax — c3B — ca) ™ X + coA
_ 10035
TN+0.083 B3417

1
P, = §p7rR2 Cypv?,

X (2)
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in which the constants c1, co, c3, c4, c5, cg depend on the
given wind turbine, § is the pitching angle of the wind
turbine blades in (o) and A is the tip speed ratio. This
last parameter is defined as the ratio of the linear veloc-
ity at the tip of the blades divided by the wind speed.
It is written as:

3)

where w; is the rotational speed at which the rotor
turns actually. This speed is typically measured and
expressed in revolutions per minute (rpm).

A=2R,
v

Fig. [I] presents a three-dimensional representation
of the power coefficient for the specific wind turbine
considered in this work. This figure illustrates that
the power coeflicient reaches a maximum value for an
optimal pitch 8 = B+ and an optimal tip-speed ratio
A= Aopt =T7.5.

The aerodynamic torque is obtained by dividing the
aerodynamic power, as defined in Eq. , by the rotor
speed wy:

T - Pa prR? C,y (N, B) v*
a — - .

Wt 2 Wt

(4)

In general, the drive train of a wind turbine consists
of several components, including a generator, a gear-
box, a rotor, a high-speed shaft and a low-speed shaft.
This mechanical system can be represented roughly by
a rigid one degree of freedom system in which the whole
inertia of turning parts is integrated. However, a re-
fined model that gives more insight into the transmis-
sion line dynamics has been introduced by taking into
account the flexibility of the primary shaft. The result-
ing wind turbine model takes then the form of an equiv-
alent discrete two-mass model representing the inertia
of the turbine rotor and the power train. The schematic
representation of this two degrees of freedom system is
depicted in Fig.

2
Beta(degre)

Fig. 1: 3D representation of the power coefficient as function of
blades pitch angle 8 and tip speed ratio A.

In Fig. @] Kis, K, K, denote the external damping,
By is the low-speed shaft stiffness, T;s and T} are re-
spectively the low and high-speed shaft torques, T.,,
represents the electromagnetic torque, wy is the gener-
ator speed, and J, and J, are the rotor and generator
inertia respectively.
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Fig. 2: Equivalent wind turbine model with two masses.

The dynamic equation of the inertia in the rotor
side J, in (kg.m2) expresses the evolution of the rotor
speed w; under the action of the aerodynamic torque
T, in (Nm), the torque exerted on the gearbox extrem-
ity linked to slow speed shaft, denoted Tjs, and a vis-
cous frictional torque K,w;. This equation takes the
form |[22]:

The dynamic of the inertia on the generator side J,
in (kg.m?) describes the time variation of generator
shaft speed resulting from the application of the torque
Ths on the gearbox side, as well as the torque Ty, and
a viscous frictional torque Kyw,.This equation writes
[12]:

Tem
Jg

. Ths
wg = J
g

K
- Tng - (6)

The torques Tj; and Tps vary inversely with the

speeds w; and w, since:

s
B Ths

_wg by

(7)

n _ 79
g Wt 9:&7

where ng is the gearbox ratio

The elastic behavior of the slow-speed shaft, cou-
pled with the absence of external loading between its
extremities [26], allows for the torque it experiences on
the gearbox side Tjs to be related to the elastic and
frictional effects by:

CZ—‘ls = Bls (et - 0ls) + Kls (wt - Wls) . (8)

Using w;s = wg/ng and Ths = Tj5/ng, and substitut-
ing and @ into the expression of the time deriva-
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tive of Eq. 7 one gets:

. K K, 1 (K K
Tis = (st - l}) Wi+ — (Lg —Bls> Wg

- Ng Jg
T T Jr+n2J
Ko [ 22+ = ) — K, T | ——22]. (9
+ Z<Jr+nng) ! l(”ﬁ%%) (9)

The global state system, Eq. , which describes
the dynamics of the two masses wind turbine model, is

deduced from , @, and @

3. Wind turbine control

3.1. Design of integral sliding mode

control ISMC

SMC is well suited for controlling nonlinear and uncer-
tain equilibrium trajectories and enhance control sta-
bility [27]:
de
S(t) =de+ — +Gi | e(t)dt, (11)

where 0 represents positive gain and G; is the integral
gain.

The control error (tracking error) is defined by the
optimum rotor speed w,,; and rotor speed w; as:

(12)

€ = Wopt — Wt.

The optimum rotor speed expression can be obtained
from Eq. as follows:

o )\opt’U
Wopt = R .

(13)

The control input denoted w should ensure local at-
tractiveness to surface S in its vicinity, i.e., the system
trajectory must be directed towards it and inter-
sect it. For this purpose, a sufficient stability condition
of S(z,t) = 0, called the attractiveness condition, has
to be satisfied by the controller. In the context of the
direct Lyapunov method, an unbounded function V'(S)
called the Lyapunov function should be exhibited with
V(0) =0 and V(c0) = occ. Its time derivative 4 pro-
vides information on the stability of the system, such
that if % < 0 for S # 0 then the system is asymptot-
ically stable.

One of the simplest Lyapunov functions that can
be proposed in the context of ISMC is the classical
quadratic systems. ISMC enhances SMC by integrat-
ing integral action, providing improved tracking accu-
racy and disturbance rejection compared to standard
SMC. In the context of modeling wind turbines with
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a two-mass system and enhancing control stability, in-
corporating integral action into the expression of the
sliding surface is essential. This refined surface formu-
lation aims to better describe function:

V(S) = %S(az,t)Q. (14)

The function V(.S) is positive. Then, it is sufficient
to impose its time derivative to be negative to ensure
convergence of S towards zero. This condition writes

v (S)
dt

dS(z,t) <
dt

= S(z,t) 0. (15)

In this study, the Lyapunov function is chosen to be
defined by Eq. to ensure the stability of the system
through condition (15). Forcing the quantity S(x,t)?
to decrease all the time serves to force the trajectory
of the system towards the sliding surface. In this case
it is of course assumed that the switching frequency is
infinite. The ideal sliding regime is obtained by using
the time derivative of Eq. and subsituting it into
Eq. under the following form:

dw dw d%e
o (Loopt _den el
S[(dt dt)+ } 0

dt?
ISMC' control law:
Considering the time derivative of the sliding surface

as defined by Eq. along with Eq. gives:

(16)

ds de d?e
E = (5@ + E + Gie
dwopt  dwy d?e
= — 2 G 1
5[ 7 dt]+dt + Gie (17)

Using now equations , @ and , the low speed
shaft torque can be put under the following form:

Tis = ngJgwy + Kgngwg + ngTem. (18)

Using Egs. @ and , the rotor dynamics under
the action of T,,, is obtained as:

dwr _ Ta Ky =~ ngdydwg
T A AT
K
- ”i’] 949y — T}g T (19)

To apply ISMC, Eq. must be rewritten under

the general nonlinear control form as:

dwt
E = f(wt7wg) + gTema (20)
with f(we,wg) = 7;—: - Ij—:wt - —"chq du%g - "‘f]f(q wy and
— _ Ny
9=—7.
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C;)t —KT/JT- 0 _1/Jr Wt 1/JT 0
Wy | = 0 —Ky/Jg 1/["9Jg]2 wy | + |0 To+ |—1/J, Tom.
. B. — KsKr 1 Kis Ky B K JrtnyJg
Tis ls - ng Tq ls ls n2JgJr Ty KZS/JT KZS/[ngJQ}
(10)
The control input u consists of two terms. The equiv- where ¥(e) = [¢1, P2, ..., ¥p] is a radial function vec-

alent term ueq = Tepy, is utilized to control system vari-
ations, meaning that it provides the tracking reference
for the system. On the other hand, the robustness term
u, is used to force the system to vary on the sliding
surface.

U= Ueq + Up. (21)

By subsituting w; obtained from Eq. (20) into Eq.
with imposing S' = 0, the expression of u, is then
found as follows:

(22)

1 de?

1
—fwe,wy) + Sar

]

+ge+
o

Wopt @
v odt

Ugqg =

To minimize the interference phenomenon, the hy-
perbolic tangent function (tanh) is used to obtain a
smooth control law under the form:

u, = ntanh(S), (23)

where the constant 7 represents the switching gain.

By using Egs. , and , the global law of

the control is deduced as:

1 1de? G Wopt dv
u=y (‘ﬂ“““’g)*m*a” v dt)
+ ntanh (24)
3.2.  Design of nonlinear controller

RBF-NN

RBF-NN offers several advantages such as the fact that
its local behavior is very intuitive. RBF-NN admits a
single hidden layer which makes it easier to use and
faster than conventional multilayer perceptron struc-
ture. RBF-NN has gained interest for its universal
faculty of computation, estimation and control of un-
certain systems. RBF, Fig. [3] consists of three layers,
an input layer that contains the input variables x;, a
hidden layer that is activated by radial basis function
1; and an output layer f. Taking into account the ap-
proximate network error, the output of an RBF-NN is
written as [28|:

flwe) = WT\I'(e) + v, (25)
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tor, W7 is the vector of optimal weights, and v is the
uncertainty that can be assumed to be bounded by
Vmax: V| < Vmax-

Hidden
Layer

Input Layer Output Layer

Fig. 3: RBF network architecture.

The optimal weighs are solutions to an optimization
problem which has the form [29]:

W = arg min [sup f(X) - f(X)H . (26)

To produce the output of the hidden layer, the fol-
lowing nonlinear activation function is used [29]:

)

where C; represents the center of Gaussian function 1;
and o; the width of each ;.

RBF-NN Control law:
To extract the control law v = T, the second order
dynamic is imposed on the tracking error as stated by

Eq. :

2
_lle=G5ll

2
20'j

(€)= exp ( (27)

de
+k‘1£ + koe =0,

d%e(t)

pr (28)

with k1 and ko being two positive scalars, chosen so
that s2 + kys + ko polynomial is Hurwitz. In order to
ensure stability of the equilibrium, % is substituted by
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the time derivative of the right-hand side of Eq. ,
which leads to:
dwt

d%e(t) dwopt
7 +k1( & dr + koe = 0.

(29)

Replacing the % in Eq. with the expression
from Eq. , the control law becomes as follows:

1 1 de? ko Wopt dv
Ueq = 5 (—f(wt,wg) + EE + ?16 + v dt)
Ta }(T ngJ, . ng K
f(wt,wg) = 7(]7" — 7(]7. Wy — (g]rgwg !f]r gwg

(30)

Applying the control law of the ISMC as given by
Eq. , and imposing the dynamic to the error of
speed to be that given in Eq. , the global ISMC

control law writes:

1 1de®  ky  wop dv
u_g<_f(wtvwg)+kldt+kle+ » dt>
+n tanh(S)

Ta Kr NgJy dw n, K
flosiog) = = oo = S5 = S
(31)

As f(wi,wg) is highly nonlinear which may affect
the control reliability, estimating this function by an
RBFNN allows for a more accurate representation of
the system. The estimation is considered under the
form:

fle) =WTu(e). (32)

The RBFNN control law developed of the two-

masses wind system is given by:

ﬂ:;(—f(e)—i-—i—e

The weights T can be updated using the following
rule:

W= —fe+xle| W, (34)

where ¢ > 0 and x > 0.

3.3. Hybrid control ISMC-RBF:

The ISMC controller, as described in Eq. , of-
ten exhibits a chattering phenomenon, which can have
detrimental effects on the power quality and the me-
chanical and electrical components of the wind turbine.
Given the nonlinear nature of wind turbine systems,
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Adaptive
mechanism <

RBF-WN

f(@e, wg) |— |

fG) P,
v—b —

Wopt
~ Wt
—> SMC [t=Ton| ISMC- |2
> —> RBF I,
controller
! '
Uy

Fig. 4: Block scheme of the hybrid proposed controller ISMC-
RBF.

the accuracy of uncertain components is crucial. In-
tegrating an RBF-NN representation of these nonlin-
earities is expected to be beneficial in mitigating this
ISMC perturbations.

Our proposed method aims to address the chattering
phenomenon while retaining the advantages of the slid-
ing control mode approach. The ISMP component in-
troduces integral action, effectively eliminating steady-
state errors and reducing the impact of high-frequency
oscillations. Simultaneously, the incorporation of RBF
helps to smooth the control signal transitions, provid-
ing a more continuous and stable response. Together,
these elements synergistically address the chattering
phenomenon inherent in the traditional sliding mode
techniques.

This yields a new hybrid controller that combines
both ISMC and RBF-NN methods which constitutes
the main contribution of this work, (see Fig. [4)).

Using the estimation f (w;,w,) as given in Eq. (33),
instead of the explicit expression given in Eq. (31]), the
hybrid control law writes as follows:

1 1 de? ko Wopt dv
u=y <_f(wt’wg)+kldt+kle+ o dt
+n tanh(S)

Fle)y=WTy(e)
(35)

In addition to system nonlinearities, a disturbance d
is assumed to disrupt the dynamics of the wind turbine.
The system dynamic equation in terms of the rotor
speed, Eq. (20), is then modified according to:

dwy/dt = f(we) + gu+d, (36)
in which the disturbance is considered to be bounded

such that |d| < D.
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Stability study is essential for any system control. In
this work, considering the dynamic and non-linear na-
ture of the proposed controller presented by Eq. (35),
Lyapunov’s theorem was chosen to ensure the stability
of the learning algorithm, as follows:

dW/dt = —(1/7)e¥(e), v>0, (37

Proof of stability for the hybrid controller
ISMC-RBF
Take the Lyapunov function to be:

1 g 1,
V=AW W+ -e?, (38)
2 2
with W = W — W and v > 0. Taking the time deriva-
tive of Eq. , one gets:

— T —
v 1 (dWN\T o 1 (dWV de
dt—ﬂ(dt> W (dt>+dt
- aw  dwW de
_ Tz = -
=W [dt dt] “at (39)

The stationary property of is derived from its state
of optimality and can be expressed as follows:

aw
— =0. 40
o (40)
Substituting Eq. (40) into Eq. (39)), yields:
dv (AW de
i (dt) tew (41)

By using Eqgs. and , Eq. can be sim-
plified as:

av g (dW dwopt
Fri (dt>+e< dt

By substituting Eq. into Eq. 7 the deriva-
tive of the Lyapunov function can be expressed as fol-
lows:

f —gu—d) .
(42)

dv ~ 1 [de? ko

E = e |:—f+f - E <dt> — kTe —ngtanh(S) — d:l
_ dW
T
— YW — . 4
gl ( e > (43)
The optimization error can be denoted by:

f=fr-1 (44)

By utilizing equations Eqgs. and , it is pos-
sible to express this error in the following manner:

f=WU 4+ (45)
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Substituting into , one obtains after some
obvious algebraic calculation:

dv 1 (de? ko
2 e == 2 h
7 e[kl( t)—i—kle—l—ngtan (SY+v+d

_ dw
WT [-’Y <dt> — eV

Considering the dynamics of the weight estimates ac-
cording to the learning algorithm given by Eq. ,
then the Lyapunov function derivative given in Eq.

becomes:

dv 1 de? ko
=5 <6dt) —e [y+d+ k—leJrngtanh(S) .
(47)

. (46)

We can now easily see that for v,d — 0 the condition
of stability to be met has the obvious following form:

2
av - 1 (eci;) — @62 —engtanh(S) < 0. (48)

dat ky ky

4. Results and discussion

In this study, the performance of the developed control
approach is evaluated through numerical simulations
conducted on the Controls Advanced Research Tur-
bine (CART) [3]. CART has been specifically designed
to facilitate the investigation and research of control
tests for large-scale turbines. This variable-speed wind
turbine is equipped with a flexible hub, variable pitch
mechanism, and two blades, each driven independently
by its electromechanical system, allowing for individual
pitching control. The nominal power output of CART
is 600 kW. The other characteristics of this turbine are
presented in Appendix [A]

To assess efficiency of the hybrid controller, various
parameters are taken into consideration across different
mean wind speeds. These include:

e Tracking of optimal rotor speed: This involves
minimizing tracking errors to ensure the rotor
speed closely follows the desired trajectory.

e Maximum electromagnetic torque (Max (Tem)):
This parameter determines the maximum torque
exerted on the turbine generator, providing in-
sights into mechanical loading.

e Maximum electrical power (Max (Pe)): This rep-
resents the highest level of power output generated
by the wind turbine electrical system.

e Standard Deviation (STD) of electrical power:
The STD indicates the variability or fluctuation
in electrical power output, providing information
on the stability of power generation.

121



POWER ENGINEERING AND ELECTRICAL ENGINEERING

VOLUME: 22 | NUMBER: 2 | 2024 | JUNE

(=]

“MNJmV

‘Wind apead (mix)
nu

MH VJ”

Fig. 5: Wind velocity profile with mean value = 8 m.s
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Fig. 6: The time response of the rotor speed.

Efficiency (ne;): Efficiency measures how effec-
tively the controller converts available wind energy
into usable electrical power, typically represented
as the ratio of electrical power output to the avail-
able wind power.
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Fig. 7: The time response of the tracking error.
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Fig. 9: The time response of the electrical power.

where t; and t; are the considered limits of the time
interval. P, is the actual power extracted and P, ,p; is
the optimal aerodynamic power which is given by:

Paopt = 0.5pTR*C)y maxv®. (50)

Assessing these parameters across different mean
wind speeds provides valuable insights into the hybrid
controller performance and its ability to adapt to vary-
ing environmental conditions.

The variations in wind speed are modeled to range
between 7 and 9 m.s~!, representing 50% of the stan-
dard of the deviation wind spectrum. Fig. [p|illustrates
the wind data used in the simulation, with a mean wind
speed of 8 m.s™1.

A comparison among three control techniques, RBF-
NN, ISMC, and ISMC-RBF, is conducted to ascertain
the most effective method and highlight the advantages
of combining different control techniques. The analy-
sis of results from the three controllers, as depicted
in Fig. [0 indicates that ISMC alone struggles to ac-
curately track the optimal rotor speed. However, the
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Tab. 1: Benchmarking performance of the 3 controllers with
mean speed= Tm/s.

Tab. 2: Benchmarking performance of the 3 controllers with
mean speed= 8m/s.

7 m/s Nel Max Max STD 8 m/s Nel Max Max STD

(P) | Tow) | (Tu) (P) | Tow) | (Tuw)
ISMC 90.2% | 350 1.97 0.245 ISMC 85% 385 3.88 0.474
NN-RBF 93% 296 1.50 0.120 NN-RBF 93% 296 1.50 0.227
ISMC- 95.5% 290 1.21 0.022 ISMC- 95.5% 290 1.21 0.220
RBF RBF

hybrid technique ISMC-RBF yields satisfactory results
compared to the other two methods. Moreover, the
presence of disturbance does not affect the rotor speed
controlled by the ISMC-RBF controller, which contin-
ues to precisely follow the optimal speed wep:. The
simulation of tracking error e = w; —wopt, as illustrated
in Fig. [7] confirms these observations. The controlled
speed provided by ISMC-RBF fluctuates around the
optimal speed with the least error, whereas both RBF-
NN and ISMC controllers presented higher variations
in tracking error.

The results of the electromagnetic torque T,,, sim-
ulation, as depicted in Fig. demonstrate satisfac-
tory performance for both controllers, ISMC-RBF and
RBF-NN, with smooth variations observed. To under-
score the significance of ISMC-RBF, the STD was con-
sidered about the fluctuations of the electromagnetic
torque. A lower standard deviation indicates a more
stable and consistent torque output from the gener-
ator, suggesting that the controller effectively adapts
to changing wind conditions and maintains a steady
power output. The findings presented in Table [2] indi-
cate that the STD obtained by ISMC-RBF (0.22 kN.m)
is lower than that of RBF-NN (0.224 kN.m) and ISMC
(0.474 kN.m). Additionally, Table 2] demonstrates that
the proposed ISMC-RBF achieves a maximum elec-
tromagnetic torque value of only 1.21 kN.m, whereas
ISMC reaches 3.88 kN.m. Consequently, the proposed
ISMC-RBF controller demonstrates high performance
in rejecting fluctuations, thereby minimizing mechani-
cal loads that could potentially cause fatigue.

Electrical power efficiency (7;)is a crucial factor to
consider, representing the ratio of electrical power out-
put to the available wind power. A higher efficiency
value suggests that the controller effectively converts
a larger portion of wind energy into usable electrical
power. This indicates a well-designed and optimized
control system. Referring to the temporal variations
depicted in Fig. [9]and the performance results shown in
Table[3] it is evident that the proposed ISMC-RBF con-
troller delivers the most stable electrical power among
all three considered controllers. The efficiency reaches
up to 95%. Consequently, the ISMC-RBF controller
enables higher power extraction compared to the ref-
erence controllers.

Tab. 3: Benchmarking performance of the 3 controllers with
mean speed= 9m/s.

9 m/s Nel Max Max STD

(P) | Tow) | (To)
ISMC 74% 610 4.10 0.510
NN-RBF 788 % | 454 3.99 0.254
ISMC- 79% 450 3.80 0.240
RBF

Tables and [3 present the results for wind speeds
of 7, 8, and 9 m.s~!, respectively. It is observed from
the tables that the performances of all methods de-
crease with increasing the mean wind speed. However,
the proposed ISMC-RBF method consistently outper-
forms the other two methods across all wind speeds.

5. Conclusion

A new hybrid controller ISMC-RBF was developed in
this work. Its performances were compared to those
of the classical RBF-NN and ISMC in the low wind
speed regime where the control consists of extracting
maximum energy from wind. Adding RBF to ISMC en-
abled to mitigate the main drawback of this last which
is known as chattering phenomenon, and exhibited due
to the inherent imposed fast dynamics of the controller.
Using the RBF-NN to estimate the nonlinear dynam-
ics of the two-mass model of a wind turbine has en-
abled to enhance the behavior of ISMC controller and
succeeded in limiting these perturbations. This was
achieved through ensuring Lyapunov like condition of
stability of the hybrid controller while the nonlinear
part of system dynamics was actualized through a RBF
based learning algorithm. The obtained results have
shown that the ISMC-RBF gives the best tracking of
the reference wind speed. It yields better extraction of
the electrical energy while minimizing fluctuations of
mechanical loads.
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Appendix A

e Rotor diameter = 21.65 m
e Air density 1.29 kg.m~*
e Gearbox ratio— 43.165

Hub height=36.6 m

Nominal electrical power=600 kW
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Shaft damping coefficient=9500 N.m.rad~'.s~!

Shaft stiffness coefficient =2.691 105 N.m.rad !

Rotor friction coefficient—= 27.36 N.m.rad~1.s~!

Generator friction coefficient—0.2 N.m.rad—!.s~!

1

Generator friction coefficient— 0.2 N.m.rad~!.s~
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