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1. INTRODUCTION

The rapid increase in energy demand, coupled with the need to minimize carbon dioxide emission, has
led to a massive adoption of renewable energies in the power generation sector. Among these sources,
wind power has come to dominate due to its inexhaustible potential, its relatively widespread
availability, and its ability to make a significant contribution to decarbonizing the world's electricity
grids (Chien Feng Sheng, et al., 2023). Small and large-scale WES are now widely deployed in many
parts of the world, either as wind farms connected to distribution networks or in stand-alone mode in
rural or remote areas. grids (Roy, Anindita, et al., 2019) However, the integration of WESs offers several
technological solutions. The intermittency and unpredictability of the wind create difficulties in terms
of grid stability and the reliability of electricity production. This variability requires the development of
advanced control strategies for wind generators to guarantee stable production in line with grid
requirements. In addition, the issues surrounding integrating wind power systems into the power system
include power flow management, frequency and voltage regulation, and coordination with other energy
sources, particularly when these also include renewable sources grids (Khalid Muhammad, et al., 2024,
Belgacem, Moussa, et al., 2021). Energy management in wind power systems relies on the optimization
of storage and distribution strategies, as well as the use of hybrid solutions integrating different energy
sources to compensate for wind variability. The improvement of wind forecasting technologies and the
development of new adaptive control approaches, such as the use of algorithms based on artificial
intelligence, are promising avenues for overcoming current limitations (Barelli Linda, et al., 2020).
Therefore, the objective of studying this area is to maximize wind power systems' contribution to the
global energy transition while minimizing their negative effects on the environment and enhancing their
performance. Since PMSGs have so many benefits over other generator types—Ilike induction or
separate excitation—they have emerged as the preferred technology in contemporary WESs, especially
for offshore wind turbines and large-scale applications. One of their key strengths is the use of
permanent magnets, which eliminates the need for an external excitation system. This not only simplifies
the design but also improves overall energy efficiency by reducing excitation losses Mahmoud,
Mohamed Metwally, et al., 2022, Podmiljsak, Benjamin, et al., 2024), thereby increasing system
reliability. In addition, PMSGs are characterized by a higher power density, enabling the design of more
compact and lighter machines. This is particularly advantageous for large offshore turbines, where
weight reduction is crucial to minimize structural and maintenance costs while facilitating installation
(Benhacine, Tarek Zine-eddine, et al., 2024). In addition, PMSGs offer better performance in variable
conditions, being able to operate efficiently over a huge variety of speeds, which is important for making
the most of wind energy in environments where wind speeds are unpredictable and fluctuate. Another
important aspect is their ability to offer better integration with modern energy conversion systems,
particularly variable frequency converters, which improves the energy quality injected into the power
network. Unlike induction generators, which require constant support from the grid to maintain their
magnetic field, PMSGs are completely autonomous in terms of magnetic field generation, reducing
dependence on the grid and increasing system flexibility in microgrids or isolated systems. (El Attafi,
Abdelhafid, et al., 2024, Hannan M. A., et al., 2023, Mayilsamy Ganesh, et al., 2023) Finally, the
absence of mechanical friction associated with an excitation system reduces wear and tear and extends
the life of the equipment, making PMSGs more cost-effective over the long term in terms of
maintenance. PMSGs are the perfect answer to the rising needs of contemporary WESs because of their
energy efficiency, compactness, robustness, and flexibility—especially in maritime areas where
maintenance is costly and conditions are harsher. (Mseddi Amina, et al., 2024, Belabbes Abdallah, et
al., 2024) However, integrating permanent PMSG into WESs poses complex control challenges because
of the nonlinear, dynamic nature of these systems. PMSGs are often exposed to significant disturbances
caused by rapid changes in wind speed and fluctuations in electrical load. These changes, if not properly
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managed, can lead to significant instabilities, a reduction in the quality of the power injected into the
grid, as well as risks of disconnection of the wind systems (Raouf Amir, et al., 2023). To control
electromagnetic torque and rotor speed, conventional control methods like proportional-integral (PI)
control are frequently applied. However, these methods are not working well enough to deal with the
variable uncertainties and non-linearities that come with WESSs, especially when there are erratic and
turbulent winds. (Mughees Neelam, et al., 2022, Nguyen Hoach The, et al., 2020). The non-linear
behavior of WTSs equipped with PMSGs becomes particularly critical with the introduction of
stochastic and intermittent variations in wind speed, which directly influence the rotation of the turbine
blades, the speed of the generator, and, consequently, the production of electrical power. An effective
control strategy must be able to adapt in real-time to fluctuations in wind speed while maintaining
precise regulation of torque and power. The aim is to optimize energy capture and guarantee the system's
operational stability. (Bonfiglio Andrea, et al., 2017, Milles Abdessmad, et al., 2024) Furthermore,
control strategies must take into account several additional factors, such as uncertainties in the
generator's internal parameters (stator resistance, inductance, magnetic flux, etc.) as well as external
disturbances such as wind gusts or sudden changes in electrical load. These disturbances can lead to
significant oscillations and, without a robust control method, compromise system performance Stiti,
Chafea, et al., 2024). To meet these challenges, advanced control techniques like model predictive and
adaptive controls and intelligent systems based on neural networks or optimization algorithms have been
proposed. These methods aim to improve system robustness and responsiveness to PMSG uncertainties
and non-linearities, while maximizing stability and energy efficiency (Chirantan Shaswat, et al., 2024,
Stiti Chafea, et al., 2024). SMC is a widely employed nonlinear control technique for systems where
robustness is essential, particularly in environments subject to large disturbances, such as wind power
systems. Unlike linear control methods, which generally assume deterministic behavior and stable
operating conditions, SMC is specifically designed to adapt to rapid and unexpected variations in the
system's internal and external conditions. This allows for accurate and stable control even when there
are significant parametric and dynamic uncertainties. The characterization of a sliding surface in state
space serves as the foundation for the SMC concept. To ensure a quick and reliable response, the goal
is to push the system's state to this sliding surface, where it is then pushed to "slide" toward the origin.
Once on this surface, the system's behavior becomes independent of uncertainties and external
disturbances, ensuring high robustness against these disturbances. The capacity of SMC to properly
handle parametric uncertainty and external disturbances is one of its most significant advantages. This
is especially important for wind power systems since changes in temperature, wind speed, and other
external factors can cause operational conditions to alter quickly. SMC allows optimal performance to
be maintained in real-time, even when the system model is not perfectly known or when certain
characteristics are not modeled. However, despite its undeniable advantages, the classic SMC method
suffers from a major drawback: the chattering effect. This phenomenon manifests itself in the form of
high-frequency oscillations due to the rapid switching of the control law, caused by changes in the sign
of the switching function. As well as degrading system performance, chattering can cause premature
wear on mechanical and electrical components, reducing system (Mousavi Yashar, et al., 2022, Kelkoul
Bahia, et al., 2021, Achar Abdelkader, et al., 2024, Bouguerra Zahira, et al., 2023). To overcome this
problem, various variants of SMC have been proposed. The second-order SMC is one of the most
common solution controls, which reduces the switching frequency while maintaining the robust
properties of the SMC. Other approaches include the use of state observers and boundary band
controllers to smooth the control without compromising accuracy (Ding Shihong, et al., 2020). These
improvements not only significantly reduce the effect of chattering, but also maintain better control
accuracy, particularly in high-dynamic applications such as wind power systems (Desalegn Belachew,
et al., 2022), SMC remains a powerful and widely used technique, especially for systems facing large
disturbances and uncertainties. Recent improvements have made it possible to overcome some of its
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limitations, in particular the chattering effect, while retaining its intrinsic characteristics of robustness
and efficiency. Applications in in the field of renewable energies, including wind power systems,
exemplify this approach’s interest in highly variable situations (Herrera Marco, et al., 2020, Infield
David, et al., 2020). In this research, we combine a second-order chattering minimization strategy with
an SMC approach applied to a wind system with a PMSG. This paper's primary accomplishments are as
follows:

1. WECS modeling at PMSG: Detailed system modeling, including generator dynamic equations and
wind characteristics.

2. Construction of an SMC: The creation of an SMC technique that can lessen chattering while managing
the wind's quick dynamic swings.

When compared to standard control approaches, the acquired findings demonstrate an improvement in
the quality of power delivered and the stability of the system. Thus, our study shows that SMC is a
reliable and effective method for controlling non-linear wind systems, especially when there are
disturbances and dynamic uncertainties present. The remainder of the document is arranged as follows:
In Section 2, relevant studies on SMC of a WTS based on a PMSG are presented. The mathematical
modeling of the system is examined and explained. The SMC of the grid side converter is fully designed
in Section 4. The effectiveness of the proposed technique is demonstrated by analyzing the simulation
results in Section 5. In Section 6, the conclusion is discussed and a brief recommendation for additional
research is made.

2. RELATED WORKS

Several research studies have dealt with SMC strategies for WTSs based on PMSG, each contributing
valuable insights while also highlighting some limitations. In (Laabidine Nada Zine, et al., 2021), a SMC
design for a wind power generation system was proposed; however, it faced challenges related to
robustness under varying operating conditions. In (Valenciaga F, et al., 2008), high-order sliding control
was explored, which improved performance but increased complexity in the implementation process. A
PID-type terminal SMC was introduced in (Nasiri Mojtaba, et al., 2021), enhancing speed response but
struggling with sensitivity to parameter variations. A robust SMC approach was presented in Zhuo
Guangping, et al., 2016), effectively rejecting disturbances but not fully addressing transient response
issues. SMC for variable-speed wind energy conversion was demonstrated in (Hostettler Jacob, et al.,
2015), yet concerns about stability at low wind speeds were noted. Experimental validation was
performed in (Benelghali, Seifeddine, et al., 2010), revealing the need for further refinements. Small-
scale WTSs were focused on (Boudries Z. O. U. B. |. R, et al., 2019), although the findings indicated
room for improvement in efficiency. Adaptive SMC for floating offshore wind turbines was investigated
in (Zhang Cheng, et al., 2021), achieving good performance but encountering challenges in
environmental adaptability. The study by (Valenciaga Fernando, et al., 2015) on multiple-input—
multiple-output high-order SMC provided robust grid support but also increased the complexity of the
control strategy. A variable gain real-twisting SMC was proposed in (Chirantan Shaswat, et al., 2024),
which improved performance but highlighted the difficulty of tuning gains in practical applications.
Adaptive for PMSG WTSs was addressed in (Ullah Ameen, et al., 2020), but this method required
careful parameter selection. The integration of a high-speed SMC in grid-connected systems was studied
in (Lee Sung-Won, et al., 2019), emphasizing the need for rapid response. Research on neural observers
in dynamic SMC was discussed in (Tola, Omokhafe James, et al., 2022), showing potential
improvements but introducing new layers of complexity. Furthermore, An enhanced sliding-model-
adaptive system speed observer was highlighted in (Karami-Mollaee Ali, et al., 2024), which faced
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challenges in practical implementation. Recent work combining fuzzy logic with SMC demonstrated
effectiveness in (Yan Jianhu, et al., 2013) but necessitated hybrid tuning methods. Non-linear extended
state observer-based SMC was utilized in (YACHIR Amina, et al., 2024), yet this method raised
guestions about observer design robustness. A thorough SMC system for generator and grid control was
created (Tang Yongwei, et al., 2019), although it required additional validation for various operational
circumstances. Full-order sliding-mode current control was investigated by (Merabet, Adel, et al., 2016),
which successfully rejected disturbances but necessitated sophisticated parameter tuning. Finally, an
upgraded exponential reaching law-based SMC was developed (Wei Chun, et al, et al., 2022, Mozayan,
Seyed Mehdi, et al., 2016), successfully minimizing chattering concerns but still posing difficulty in
parameter tuning. Through addressing the issues raised in these earlier studies and putting forth a more
straightforward strategy that preserves reliable performance in the face of varying wind conditions and
system uncertainties, this paper seeks to enhance the SMC methodologies currently in use for WTSs
based on PMSG. The full model was simulated in MATLAB using a 2-MW PMSG at variable wind
speed. The simulation findings highlight the usefulness and importance of the proposed SMC in this
system by showing high speed, accuracy, stable performance, and reduced output current variation.

3. WIND ENERGY CONVERS SYSTEM MODELLING

3.1 Wind Turbine Model

Wind turbines convert wind energy from mechanical to kinetic energy, which can then be converted
into electrical energy (Krumbein, S., et al., 2024, Bouddou Riyadh, et al., 2020) The fundamental
principles governing the operation of wind turbines may be expressed using several different theoretical
and mathematical models. The energy obtained from the wind can be stated as follows:

1
R = Esvsventcp(/lvﬂ) (1)

The power coefficient is unique for each turbine; it is given as:

C.(1p) =073 058500252132 %
p(,ﬂ)—--T—-ﬁ—-ﬁ—-e
1
A= 1 ~ 0.003
— 37
A-0028 p°-1 (2)

Aerodynamic torque: The instantaneous variation of wind kinetic energy captured by the aero turbine is
transformed into mechanical power P, which develops a driving torque Ci,thus making the rotor rotate
at a speed Q.

Rr =Ci L2y (3)
C, = 4)
Qtl’

The mechanical torque produced by the turbine is stated as follows:
Cu = 5 PR Cq (2. 9) (5)

The torque coefficient is expressed as follows:

c, (2. B8) :w (6)
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3.2 Mechanical Drive Train Model

In energy conversion devices like wind turbines, the mechanical drive train model is vital because it
transfers the mechanical energy generated by the rotor to the generator. This model includes different
components, such as the rotor, driving shaft, sprockets, and brake devices, to assess the overall efficiency
and performance of the system. Since the three blades' designs are thought to be equal, they share the
same turbine moment of inertia and generator moment of inertia. The speed's dynamic equation is
provided by:

dQ
Cc,—-C,,=1J. 9 _ f,.Q,
dt (7)
Qtr =324
J=J,+J,

The where is Cy.and Cey, is the mechanical and electrical torque respectively, Q, is the generator
rotational speed, £, turbine rotational speed, and f,, is the damping coefficient, (Kim Dongmyoung, et
al., 2024)

3.3 Model of PMSG

Used primarily in wind turbines, PMSGs offer an efficient solution for generating electricity from
renewable energy sources. Their design is based on well-established physical principles, exploiting the
properties of permanent magnets and the principle of electromagnetic induction. The operation of a
PMSG is based on the rotation of the rotor, which is equipped with permanent magnets, within a
magnetic field generated by the stator windings. As the rotor rotates, it induces an alternating voltage in
the stator coils, generating electricity. This process is governed by the laws of electromagnetism, where
the relative movement between the magnetic field and the conductors in the coils generates an
electromotive force. (Zhang Jian, et al., 2020) The PMSG can be stated, in the reference frame d-q with
synchronous rotation, by the following system equation,

dl R, L 1 0 o0

- - W — | r Vy (8)
dt _ Ly Ly d | | Vv

dl, L, R I, 0 1 w, 4

— w,— - T |9
dt L L L L

In this paper, the authors adopted a smooth pole Lq = Lq of PMSG for the simulations of the offshore
wind power system. The conversion of electrical energy into mechanical energy in synchronous
machines is given by the following relationship:

%:%Gp[((g{q)ldlq)wﬂ ]—C,—chj ©)

3.4 Back-to-back converter modeling

The analytical model for the three-phase back-to-back converter (rectifier and inverter) is presented in
this section. By Figure 1, the measured currents in the DC-bus can be expressed as shown in (10), where
C represents the DC-bus capacitor, I,,,4 is the inverter input current, and Iy, and I5,are the rectifier
input currents. The DC bus capacitor plays a crucial role in maintaining a stable voltage and filtering
current ripples, reacting to variations due to load fluctuations or changes in the power source. In parallel,
While the inverter, which is frequently driven by PWM, transforms the stored DC energy into AC form
and modifies the duty cycle to obtain the required voltage and frequency, the rectifier must be modeled
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to comprehend its interaction with the power network. Optimizing energy conversion systems'
performance in a range of operational conditions requires this modeling. He Yingjie, et al., 2024)

dVac

Irea = Sals1 + Splsa4Sals3 (10)
C*T — lred — Iond

Three-phase PWM signals used by the inverter are represented by the symbols s;, s,and s;in the
analytical model of the inverter found in equation (11). V. is the DC-bus voltage.

Vsa
Vsb
Vsc

v 2 - —17 [51
==F|-1 2 -1].[s2 (11)
1 -1 21 Iss3

3.5 Electrical grid modelling

Power system modeling is a crucial aspect of power systems engineering, which involves creating a
mathematical and computational representation of the electricity network. The grid is the backbone of
modern society, delivering electricity from generators to consumers over vast distances. Effective
modeling is essential to analyze grid behavior, optimize operations, improve reliability, and integrate
renewable energy sources. (Oree Vishwamitra, et al., 2017) This section's objective is to create the
perfect electrical grid model. The balanced three-phase system, with V.51, Vyes2, and V.3 cOupled to
the inverter via a transformer with a ratio of m, is taken into consideration to build this model. Based on
Figure 1, the analytical model of the electrical grid is shown in (12), where e;, e,, and e3, present the
usual three-phase emf.

_ dlires
( Vresl_el - Rresllres + Lres dt
Vyesa—€s = Ryoslyres + Lygs 22 12
res2 €2 = Myeslares res " gf (12)
—_— d13T€S
Vres3_e3 - RresISres + Lres dt

Rrac

Ve

Fig 1. Ideal model of the electrical grid

3.6 Active and reactive power

The accurate calculation and management of active and reactive power are fundamental to the effective
functioning of the electrical grid, influencing everything from individual device performance to the

overall stability and efficiency of power systems. It is expressed in (13), where (Vdres 'Vqres) and

(Vares- 1qres ) @F€ respectively the grid voltage and current in dg axis.

3
IDres = E(Vdres Idres +Vqres I qgres )

Qres = g(vqres Idres _Vdres Iqres )

(13)
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4. WES CONTROL STRATEGIES

Control solutions for wind systems are crucial for maximizing the output of renewable energy and
guaranteeing a smooth integration into the electrical grid. Among these tactics, maximum power point
tracking (MPPT) maximizes energy acquisition by constantly adapting wind turbine operation to
fluctuations in wind speed. Furthermore, grid stability is maintained by adjusting energy output to
maintain proper levels through voltage and frequency regulation. The incorporation of energy storage
devices, such as batteries, provides flexibility and resilience by mitigating variations in output. Lastly,
diagnostic devices monitoring wind turbine characteristics reduce downtime and foresee maintenance
needs. When combined, these control techniques enhance WESS' sustainability, dependability, and
efficiency, which is crucial for the switch to renewable energy sources. Figure 2 presents the technique
of converting wind energy by applying synchronous permanent magnet generators. (Apata O, et al.,
2020, De Siqueira, et al., 2021)

Turbine
WIND
i GRID

<

. H
MPPT 9| Control || H Control

-t |
controller MsC & GSC ....E

Fig 2. Technique for converting wind energy by applying synchronous permanent magnet generators

4.1 Proposed MPPT control strategy

The suggested plan offers a proportional-integral controller-controlled MPPT system that can be used
with PMSG in variable-speed wind turbines. To effectively harvest the most electricity possible from
wind turbines operating at changing speeds, several solutions have been devised. Because these MPPT
systems make sure the turbine constantly runs at its optimum performance, they are essential to
improving wind energy production regardless of changing wind conditions. Commonly used techniques
include tracking algorithms based on wind speed variation, allowing the blade position to be adjusted
and the angle of attack to be optimized to maximize energy capture. In addition, the use of advanced
controllers, such as those based on adaptive control methods, has improved the responsiveness and
accuracy of MPPT systems, ensuring optimal energy extraction even in fluctuating wind conditions. By
integrating these approaches, the proposed scheme aims to improve overall system efficiency while
reducing energy losses, which is essential for the sustainable exploitation of wind resources. Figure 3
present the ideal model of the electrical grid. (Rachedi Meriem Otmane, et al., 2020, Balbino Anderson
José, et al., 2021).

The greatest power extracted and the coefficient of power conversion occurs at a specific tip speed ratio
value known as the optimum tip speed ratio, or Aopt. Because of this, Cppax(4, ) = 0.45is the
maximum value of C,, (4, B).

The wind turbine speed reference, which controls PMSG speed, is written in (14), where v represents
the wind speed. The MPPT technique is the source of this reference.
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V.Aopt

o (14)

-Qref =

Fig. 3 shows the PMSG speed control approach. The closed-loop analysis PI controller coefficients are
represented in (15), where w, qand Tsq stand for the system's dynamics and time constant, respectively.

K; = Wrzld * ] 5.8
Kp = 28wpq *] sd
E Model
s MSAP
£l.
|
— S5 of
- 'l Ly ~
A e — .
: Cem

Fig 3. Ideal model of the electrical grid.

4.2 Theory of SMC

SMC is a variable structure control method that aims to stabilize non-linear systems by forcing them to
evolve around a predefined sliding surface, representing the desired equilibrium state. Once the system'’s
trajectory reaches this surface, it is maintained in its vicinity using appropriate switching logic,
guaranteeing specific dynamics toward the equilibrium point. This approach is particularly
advantageous because of its robustness to system disturbances and uncertainties, making it an effective
method for complex environments. However, SMC can cause unwanted oscillations, known as
chattering, due to the discontinuous nature of the control. To mitigate this, advanced techniques such as
smooth SMC or adaptive approaches have been developed. In short, this method makes it possible to
ensure system stability and performance while maintaining a high degree of tolerance to variations in
conditions, particularly in critical applications. The system's transient dynamic reaction is determined
by the state trajectory that leads to the sliding surface, which symbolizes the intended equilibrium state.
(Wu Ligang, et al., 2021) Let a nonlinear system be in its canonical form:

) =f(x,t) +glx,t).u(t) +dt
{ y(©) = x(t)

Where the system'’s state, input, and output vectors are, respectively, represented by the vectors x(t) €
Rnu(t)eRm,andy (t) e Rn; f(x,t), and g(x, t)are non-linear functions; p(t) denotes the external
disturbances, which are considered to be bounded. To cancel the tracking, which is indicated by the
tracking errors, the goal is to create a control law ( )that forces the output y(t) to follow the reference
trajectories y*(t) in finite time from an arbitrary initial condition.

(16)

e(t) = y* (1) —y(t) =x(t) —x(¢) (17)

The following is the general equation that [15] suggested be used to find the sliding surfaces and
guarantee that the variables converge to the desired value:
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S = (L4 A)H Le(x) (1) 0) (18)

The relative degree, or r, is the quantity of output needed to cause the command to appear. The system
enters the sliding mode if the convergence condition (19) is met with S(x)=0.

S(x).S(x) (0 (19)

When this requirement is met, the sliding surface becomes invariant and attractive, and the sliding mode
with an infinite switching frequency is ideal. By combining two words, the control law is obtained in
the following way:

Ugme = Ueqy T Uy (20)

The equivalent control, or u.g, , is a low-frequency term that affects how an object approaches the
sliding surface. The discontinuous high-frequency term that affects the sliding mode by maintaining the
system on the general form of discontinuous control is the u,,, which represents the non-linear control.

u, = —k.sign[S(x)] (22)

k is a diagonal matrix that allows for the desired dynamics to be adjusted and has constant positive
coefficients. In actuality, there is no perfect sliding mode since there would need to be constant control
changes. This is not feasible because of the time needed for the control computation and the restrictions
on the inverter switches' switching frequency. As a result, rather than moving directly across the surface,
the state trajectory tends to fluctuate. Chattering is a behavior that results in high-frequency oscillations
caused by control discontinuities that produce control frequency oscillations. Talking is bad for the way
things work. By stimulating dynamics that were overlooked in the modeling, it can weaken the system
or harm the actuators from excessively high stresses.

4.3 SMC for generator

The PMSG control and the control of the DC-Link are based on the measurement not only of the
rotational speed €, but also the direct i d and quadrature 14 of the stator current of the PMSG. (Kelkoul
Bahia, et al., 2021) From these measurements and the reference values of the current components I4*
and I4*, the objective of control is to calculate the values of the direct V;* and quadrature components
V,* of the stator voltage. Considering the PMSG model given by equations (8) and the control quantities
V4™ and V,*, we define that the system to be controlled is of unitary relative degree (r = 1), the control
variables control variables appearing in the first derivative of the of the output variables. Therefore, the
sliding surface S associated with the currents. Where, I3 and I4can be chosen such that:

S(Ia1y) = 2e(lg, 1) +&(1a,1,) (22)

S=|:Sld:|e:|:eld:|:|:|;_ld:|etﬂl=|:ﬂ’ld O:|
S eq| | 1i-1, 0 A,

Applying equation (22) to the machine model the following relationships are obtained:
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*

Coody 1 V,
€ =d_td+_'[RS|d ~Wlylg |-+
Ly Ly
. v (23)
| :diJri.[Rsl ~W,Lglg +¢fwe]——q
odt gt L,

The equivalent control is obtained by imposing an invariant sliding surface (St. S < 0) and attractive

(S =0), hence,

diy
Vi, = Ld.d—td+[Rsld ~w,Lglg ]

_ q
- _Lq.E{RSIq—WeLqu + oW, |

(24)
The discontinuous control is then chosen in the following form:
{Vdn =Kig xS(ey9)
V, =K, xS(e
(" q % S(8q) (25)

kiq and k;, , being positive constants. The command wgy,. = [Vy * V, #] T is the combined use of
equivalent and discrete control. It is expressed as:

{Vd*zvdequ +Vd—n
Vq*zvq-equ +Vq-n (26)
Ultimately, the tracking errors of the stator currents tracking errors, iz, and i,, will converge
exponentially to zero under the influence of the control voltages Vy = and V, =. The wind power
system's SMC architecture is presented in Figure 4.

s .. 4 3
Id Iq ld 1q
y y
.
PIXCH d sliding
mode

Selection ] control
MPPT/Pitch

Fig 4. Structure of the SMC of the wind power system.

5. RESULTS AND DISCUSSION

This section assesses the performance of the suggested method for the entire system in the dynamic
regime using MATLAB/Simulink simulation. Replicating realistic operating conditions for WESs is
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made possible by varying the wind speed for 15 seconds between 5 and 9 meters per second. This
fluctuation in wind speed is used to examine how well the system responds and adjusts to abrupt or
gradual changes. The outcomes of the simulation highlight various significant facets of the system's
behavior. First, the Cp, stall angle (), and peak speed ratio (A) show how well the rotor converts energy
as a function of wind speed. To maximize energy generation, one must be capable of maintaining an
ideal tip-speed ratio. The PMSG mechanical speed displays how the machine behaves differently in
response to differences in wind speed. At the same time, the Pmec delivered by the wind turbine varies
proportionally, highlighting the importance of good synchronization between the rotor and the generator
to optimize the conversion of mechanical energy into electrical energy. The Tem also fluctuates,
indicating that the generator is adapting to variations in mechanical power. This rapid response ensures
that the system runs smoothly and minimizes efficiency losses. The DC voltage regulation system is
effective because the DC bus voltage stays constant despite changes in wind speed. Lastly, the smooth
energy injection into the grid, which is necessary to prevent disruptions in the distribution system, is
demonstrated by the amplitude of the grid voltage and current. These outcomes demonstrate the system's
resilience in a range of dynamic scenarios while ensuring effective conversion and handling of the
generated electrical energy. Throughout the simulation time, the Cp and specific speed (1) essentially
stay at their optimal reference values of 0.48 and 8, respectively, as seen by the findings exhibited in
Figure 6. These results confirm that the system manages to maintain high energy efficiency, despite
variations in wind speed. As for Figure 7, the mechanical speed (W) of the PMSG faithfully follows the
wind speed profile, proving that the generator correctly adjusts to the reference speed imposed by wind
variations. In addition, Figure 8 shows that the Pmec has a curve similar to that of the wind speed profile,
reflecting the efficient conversion of kinetic energy into mechanical energy. Figure 9 In section 2, the
Tem is shown in figure 9 to follow exactly the optimum torque imposed by the MPPT algorithm. This
illustrates the efficiency of the MPPT control, which allows the maximum amount of wind energy to be
exploited to produce the maximum amount of electrical energy. Figure 10 highlights that the DC bus
voltage remains stable despite variations in wind speed, demonstrating the robustness of the voltage
control system. Finally, as a function of wind speed, Figure 11 illustrates how the amplitude of the
current injected into the grid changes. Additionally, the SMC produces a superior sinusoidal waveform
with a reduced ripple rate at a fixed frequency of 50 Hz. Furthermore, it is discovered that the injected
current and the grid voltage are in phase, indicating that the power factor is nearly one, ensuring the
highest possible efficiency in the transfer of electrical energy to the grid. These outcomes support the
evidence of the control system's excellent performance, which not only maximizes the utilization of
wind energy but also maintains an ideal power factor while providing the stability of the injected
current's voltage and waveform.
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Fig 5. Wind speed profile

214



Journal of Renewable Energies ICREPS 24 Naama (2024) 203 — 221

=] _ 2 rar T
2 : sl .
" L]
_ llllul llllll =+ — - - - A -
L] - — " L]
- I " 1
1 '
=2 H 1 '
E : : ;
8 H ' '
'
e o4 o - o o o o ol o o o —
_ - v -— " "
i " '
' " H
] " L]
' " '
' " '
] " L]
1 '
I =3 I -
ul - " [
' " '
L] " L}
] " L]
' " '
L] — " L]
' @ " 1
'
R B R
'
H Lo ' '
'
H ' H
H ' ,
||I*II||_| |||||| w F-t-T--==a-----
' " '
' " '
] " L]
'
. ' .
] " L]
' " '
L) ' L]
- -r---F--=-=--- -t F-1-7--—--a-----
' " '
L] " L]
'
H ' H
' " 1
'
" - -y ___
- -F---Fr------ o~ — i —
'
H ] H
. ' '
] " L]
' '
rl_l . 1
- ] =

0

1«..u..wm pue epguieTy

=
do jusio

15

10 12 14

8
Time(s)

190 Jomod

Fig 6. Tip speed ratio A (lambda), Beta p and power coefficient (Cp)

ST = — =
b ] ] Il '
EE " i i [
-] el o iaale -l 2
i :
- FIS- M- L ]
il Sl H b
I I %" "
1 1 o, '
=1 ]y  ejmmeepm e J— )
oo e H -
~ = r=" 2] '
i " i o, '
o R K- _
A IR AR oA S Y 1---4 e ﬂ
L L} L 3. L}
H R : kn
-H-r-a4 8 f
I i T = et wiadal il il Bt ik M
--rRhi-14 S! :
' " o, ]
L =N === X e
N i
o a '
L 0 - ~
gty il
T . T T B R
- - - - - - - = = =]
(s/ped) peeds |es|uelosly

Fig 7. Mechanical speed (WMEC) of the PMSG

-

(M) 1emod [eoiueyas

T T

' H " '
" '

' ' " '

[ T Y B b __

" d

' ' " '
" '

' " '

] ' " '
" '

" '

[ '

U T T T N < [Ep—

] [ '
" '

' " '
[ '

' " '

" '

' ' " '

' " '
L [ PRp—
] ' [ '

' " '

' [ [ '

" '
' " '
" '
" '
" '
e e T LR TR
" '
" '
" '
" '
" '
" '
[ '
" '
ket B LR ELEES LA L TR T
" '
" '
[ '
" '
" '
" '
T " '
" '
L A e =S L
' " '
[ '
" '
" '
" '
" '
[ '
I T T Y BN S [ S
" '
" '
" '
' " '
] ' " '
[ ' ' " '
' ' ' [ [ '
| + = Il L 1 |
= ™~ = [--] w = ™ o
- -
N

10

Time(s)

Fig 8. Mechanical power (Pmec)

215



Journal of Renewable Energies ICREPS 24 Naama (2024) 203 — 221

o
W =Y

o

Electromagnetic Torque(N.m)
LN &
nm A o

[

o
tn

5020

5015

5010

5005

DC bus voltage (v)

5000

4995

=]
[ XY S———
A=

6 8 10 12 14 15
Time(s)

Fig 10. DC link voltage

1500
1000

|—ia —ib

it ==va =—vh=—v¢

0

Voltage (V),Currents{A)

Zoom1

4000¢
4500

0 001 002 0.03 0.04 005 0.06

1500
1000

0

Zoom2

«1000

| I
; T=20ms f=50Hz |

0 2 4 6 8
Time(s)

0 12 1415 -2000

8.00 901 902 9.03 904 90
Time(s)

Fig 11. Grid voltage and current amplitude

216



Journal of Renewable Energies ICREPS 24 Naama (2024) 203 — 221

6. CONCLUSION

With an emphasis on the integration of SMC for the PMSG, we have built and analyzed a comprehensive
control strategy for a WECS in this work. The system, encompassing wind turbine aerodynamics, MPPT
control, PMSG, AC/DC rectification, and DC connection, was exhaustively tested under varied wind
conditions. The SMC method showed significant advantages in terms of robustness, fast dynamic
response, and resilience to external disturbances, while effectively controlling the PMSG. In addition, a
simple PI control loop was used to regulate the stall angle, ensuring efficient extraction of mechanical
power. According to simulation results, the suggested system can effectively harvest the most power
from the wind, use the rectifier to provide a steady and high-quality DC voltage and preserve the system's
overall stability. These results highlight the relevance of combining SMC with traditional P1 control for
advanced wind power systems. The findings of this study pave the way for further exploration of
advanced control strategies, particularly for large-scale WECS where non-linearity and uncertainty are
ubiquitous. Future work could focus on expanding these control techniques for multi-machine
configurations and grid-connected systems, improving the scalability and applicability of WECS in the
renewable energy sector.

NOMENCLATURE

The nomenclature section is not numbered. Variables are listed alphabetically in Times New Roman,
normal font, size 11.

(WECS) Wind energy conversion systems Pw Output power (W)

(SMC)  Sliding mode control

(PMSG) Permanent magnet synchronous Cp Power coefficient
generator

p The density of air (kg/m3)

A The surface swept by the turbine blades

\ The wind speed (m/s)

Vis  The direct and quadrature mechanisms
of the generator voltages

Wind turbine system
(WTS)  wind energy system
(WES)

. . lag The equivalent current of the ’d ' and
(PWM)  Pulse width modulation ‘q axis
(Pmec) ddg The flux of the ’d ' and ‘q' axis
(Cp) The mechanical power ol The flux of the permanent magnets

La,Lq The inductances of the generator on the
‘d'and ‘q' axis
we@¢ Electromotive force induced only on
the "q" axis
R, The stator phase resistance

(Tem) The power coefficient
Electromagnetic torque

REFERENCES

Achar, A., Djeriri, Y., Benbouhenni, H., Bouddou, R., & Elbarbary, Z. M. S. (2024). Modified Vector-
Controlled DFIG Wind Energy System Using Robust Model Predictive Rotor Current Control. Arabian
Journal for Science and Engineering, 1-25.

217



Journal of Renewable Energies ICREPS 24 Naama (2024) 203 — 221

Apata, O., & Oyedokun, D. T. O. (2020). An overview of control techniques for wind turbine systems.
Scientific African, 10, e00566.

Balbino, A. J., Nora, B. D. S., & Lazzarin, T. B. (2021). An improved mechanical sensorless maximum
power point tracking method for permanent-magnet synchronous generator-based small wind turbines
systems. IEEE Transactions on Industrial Electronics, 69(5), 4765-4775.

Barelli, L., Ciupageanu, D. A., Ottaviano, A., Pelosi, D., & Lazaroiu, G. (2020). Stochastic power
management strategy for hybrid energy storage systems to enhance large-scale wind energy integration.
Journal of energy storage, 31, 101650.

Belabbes, A., Laidani, A., Yachir, A., Bouzid, A. E. M., Bouddou, R., & Litim, O. A. (2024). Advanced
Control of PMSG-based Wind Energy Conversion System Using Model Predictive and Sliding Mode
Control. Przeglad Elektrotechniczny, 2024(2).

Belgacem, M., Khatir, M., Djehaf, M. A., Zidi, S. A., & Bouddou, R. (2021). Implementation of DC
voltage controllers on enhancing the stability of multi-terminal DC grids. International Journal of
Electrical and Computer Engineering (IJECE), 11(3), 1894-1904.

Benelghali, S., Benbouzid, M. E. H., Charpentier, J. F., Ahmed-Ali, T., & Munteanu, I. (2010).
Experimental validation of a marine current turbine simulator: Application to a permanent magnet
synchronous generator-based system second-order sliding mode control. IEEE Transactions on
Industrial Electronics, 58(1), 118-126.

Benhacine, T. Z. E., Mouzai, A., Azaz, A. A., & Boudraf, M. (2024). MPPT Optimal Torque Control
Strategy for a PMSG-based Wind Turbine Emulator. Journal of Renewable Energies, 289-295.

Bonfiglio, A., Delfino, F., Gonzalez-Longatt, F., & Procopio, R. (2017). Steady-state assessments of
PMSGs in wind generating units. International Journal of Electrical Power & Energy Systems, 90, 87-
93.

Bouddou, R., Benhamida, F., Haba, M., Belgacem, M., & Meziane, M. A. (2020). Simulated Annealing
Algorithm for Dynamic Economic Dispatch Problem in the Electricity Market Incorporating Wind
Energy. Ingénierie des Systemes d Inf., 25(6), 719-727.

Boudries, Z. O. U. B. I. R., & Tamalouzt, S. (2019). Study on sliding mode control of a small-size wind
turbine permanent magnet synchronous generator system. Revue Roumaine des Sciences Techniques-
Serie Electrotechnique et Energetiqu, 64(2), 157-162.

Bouguerra, Z. (2023). Comparative study between Pl, FLC, SMC, and Fuzzy sliding mode controllers
of DFIG wind turbine. Journal of Renewable Energies, 26(2), 209-223.

Chien, F., Chau, K. Y., Sadig, M., Diep, G. L., Tran, T. K., & Pham, T. H. A. (2023). What role
renewable energy consumption, renewable electricity, energy use and import play in environmental
quality?. Energy Reports, 10, 3826-3834.

Chirantan, S., & Pati, B. B. (2024). Integration of predictive and computational intelligent techniques:
A hybrid optimization mechanism for PMSM dynamics reinforcement. AIMS Electronics & Electrical
Engineering, 8(2).

De Siqueira, L. M. S., & Peng, W. (2021). Control strategy to smooth wind power output using battery
energy storage system: A review. Journal of Energy Storage, 35, 102252.

Desalegn, B., Gebeyehu, D., & Tamrat, B. (2022). Wind energy conversion technologies and
engineering approaches to enhancing wind power generation: A review. Heliyon, 8(11).

218



Journal of Renewable Energies ICREPS 24 Naama (2024) 203 — 221

Ding, S., Park, J. H., & Chen, C. C. (2020). Second-order sliding mode controller design with output
constraint. Automatica, 112, 108704.

El Attafi, A., El Alami, H., Bossoufi, B., AlQahtani, D., Motahhir, S., Almalki, M. M., & Alghamdi, T.
A. (2024). Robust control of a wind energy conversion system: FPGA real-time implementation.
Heliyon, 10(15).

Hannan, M. A., Al-Shetwi, A. Q., Mollik, M. S., Ker, P. J., Mannan, M., Mansor, M., ... & Mahlia, T.
I. (2023). Wind energy conversions, controls, and applications: a review for sustainable technologies
and directions. Sustainability, 15(5), 3986.

He, Y., Tang, Y., Gao, X., Xie, H., Wang, F., & Kennel, R. (2024). A Cascade-Free Model Predictive
Control Scheme for Back-to-Back Converter-Fed PMSM Drive System. IEEE Transactions on Power
Electronics.

Herrera, M., Camacho, O., Leiva, H., & Smith, C. (2020). An approach of dynamic sliding mode control
for chemical processes. Journal of Process Control, 85, 112-120.

Hostettler, J., & Wang, X. (2015, July). Sliding mode control of a permanent magnet synchronous
generator for variable speed wind energy conversion systems. In 2015 American Control Conference
(ACC) (pp. 4982-4987). IEEE.

Infield, D., & Freris, L. (2020). Renewable energy in power systems. John Wiley & Sons.

Karami-Mollaee, A., & Barambones, O. (2024). On Neural Observer in Dynamic Sliding Mode Control
of Permanent Magnet Synchronous Wind Generator. Mathematics, 12(14), 2246.

Kelkoul, B., & Boumediene, A. (2021). Stability analysis and study between classical sliding mode
control (SMC) and super twisting algorithm (STA) for doubly fed induction generator (DFIG) under
wind turbine. Energy, 214, 118871.

Kelkoul, B., & Boumediene, A. (2021). Stability analysis and study between classical sliding mode
control (SMC) and super twisting algorithm (STA) for doubly fed induction generator (DFIG) under
wind turbine. Energy, 214, 118871.

Khalid, M. (2024). Smart grids and renewable energy systems: Perspectives and grid integration
challenges. Energy Strategy Reviews, 51, 101299.

Kim, D., Jeon, T., Paek, I., & Roynarin, W. (2024). Comparison of the Wind Speed Estimation
Algorithms of Wind Turbines Using a Drive Train Model and Extended Kalman Filter. Applied
Sciences, 14(19), 8764.

Krumbein, S., Jentzsch, M., Saverin, J., Nayeri, C. N., & Paschereit, C. O. (2024, June). The Underwater
Berlin Research Turbine: A Wind Turbine Model for Wake Investigations in a Water Towing Tank. In
Journal of Physics: Conference Series (Vol. 2767, No. 4, p. 042011). IOP Publishing.

Laabidine, N. Z., Errarhout, A., El Bakkali, C., Mohammed, K., & Bossoufi, B. (2021). Sliding mode
control design of wind power generation system based on permanent magnet synchronous generator.
International Journal of Power Electronics and Drive System (IJPEDS), 12(1), 393-403.

Lee, S. W., & Chun, K. H. (2019). Adaptive sliding mode control for PMSG wind turbine systems.
Energies, 12(4), 595.

Mahmoud, M. M., Khalid Ratib, M., Aly, M. M., & Abdel-Rahim, A. M. M. (2022). Wind-driven
permanent magnet synchronous generators connected to a power grid: Existing perspective and future
aspects. Wind Engineering, 46(1), 189-199.

219



Journal of Renewable Energies ICREPS 24 Naama (2024) 203 — 221

Mayilsamy, G., Palanimuthu, K., Venkateswaran, R., Antonysamy, R. P., Lee, S. R., Song, D., & Joo,
Y. H. (2023). A Review of State Estimation Techniques for Grid-Connected PMSG-Based Wind
Turbine Systems. Energies, 16(2), 634.

Merabet, A., Ahmed, K. T., lIbrahim, H., & Beguenane, R. (2016). Implementation of sliding mode
control system for generator and grid sides control of wind energy conversion system. IEEE
Transactions on Sustainable Energy, 7(3), 1327-1335.

Milles, A., Merabet, E., Benbouhenni, H., Debdouche, N., & Colak, I. (2024). Robust control technique
for wind turbine system with interval type-2 fuzzy strategy on a dual star induction generator. Energy
Reports, 11, 2715-2736.

Mousavi, Y., Bevan, G., Kucukdemiral, I. B., & Fekih, A. (2022). Sliding mode control of wind energy
conversion systems: Trends and applications. Renewable and Sustainable Energy Reviews, 167,
112734.

Mozayan, S. M., Saad, M., Vahedi, H., Fortin-Blanchette, H., & Soltani, M. (2016). Sliding mode
control of PMSG wind turbine based on enhanced exponential reaching law. IEEE Transactions on
Industrial Electronics, 63(10), 6148-6159.

Mseddi, A., Dhouib, B., Zdiri, M. A., Alaas, Z., Naifar, O., Guesmi, T., ... & Alqunun, K. (2024).
Exploring the Potential of Hybrid Excitation Synchronous Generators in Wind Energy: A
Comprehensive Analysis and Overview. Processes, 12(6), 1186.

Mughees, N., Jaffery, M. H., & Jawad, M. (2022). A new predictive control strategy for improving
operating performance of a permanent magnet synchronous generator-based wind energy and
superconducting magnetic energy storage hybrid system integrated with grid. Journal of Energy Storage,
55, 105515.

Nasiri, M., Mobayen, S., & Arzani, A. (2021). PID-type terminal sliding mode control for permanent
magnet synchronous generator-based enhanced wind energy conversion systems. CSEE Journal of
Power and Energy Systems, 8(4), 993-1003.

Nguyen, H. T., Al-Sumaiti, A. S., Vu, V. P., Al-Durra, A., & Do, T. D. (2020). Optimal power tracking
of PMSG based wind energy conversion systems by constrained direct control with fast convergence
rates. International Journal of Electrical Power & Energy Systems, 118, 105807.

Oree, V., Hassen, S. Z. S., & Fleming, P. J. (2017). Generation expansion planning optimisation with
renewable energy integration: A review. Renewable and Sustainable Energy Reviews, 69, 790-803.

Podmiljsak, B., Saje, B., Jenus, P., Tomse, T., Kobe, S., ZuZek, K., & Sturm, S. (2024). The Future of
Permanent-Magnet-Based Electric Motors: How Will Rare Earths Affect Electrification?. Materials,
17(4), 848.

Rachedi, M. O., Saidi, M. L., & Arbaoui, F. (2020). MPPT control design for variable speed wind
turbine. International Journal of Electrical and Computer Engineering (IJECE), 10(5), 4604-4614.

Raouf, A., Tawfig, K. B., Eldin, E. T., Youssef, H., & EI-Kholy, E. E. (2023). Wind energy conversion
systems based on a synchronous generator: comparative review of control methods and performance.
Energies, 16(5), 2147.

Roy, A., & Bandyopadhyay, S. (2019). Wind Power Based Isolated Energy Systems. Cham: Springer
International Publishing.

220



Journal of Renewable Energies ICREPS 24 Naama (2024) 203 — 221

Stiti, C., Benrabah, M., Aouaichia, A., Oubelaid, A., Bajaj, M., Tuka, M. B., & Kara, K. (2024).
Lyapunov-based neural network model predictive control using metaheuristic optimization approach.
Scientific Reports, 14(1), 18760.

Tang, Y., Li, J., Li, S., Cao, Q., & Wu, Y. (2019). Non-linear extended state observer-based sliding
mode control for a direct-driven wind energy conversion system with permanent magnet synchronous
generator. The Journal of Engineering, 2019(15), 613-617.

Tola, O. J., Umoh, E. A., Enesi, Y. A., & Osinowo, O. E. (2022). Permanent magnet synchronous
generator connected to a grid via a high speed sliding mode control.

Ullah, A., Khan, L., & Khan, Q. (2020, January). Variable Gain Real-twisting Sliding Mode M PPT
Control for Permanent Magnet Synchronous Generator based Wind Energy Conversion System. In 2020
3rd International Conference on Computing, Mathematics and Engineering Technologies (iCOMET)
(pp. 1-7). IEEE.

Valenciaga, F., & Fernandez, R. D. (2015). Multiple-input—-multiple-output high-order sliding mode
control for a permanent magnet synchronous generator wind-based system with grid support
capabilities. IET Renewable Power Generation, 9(8), 925-934.

Valenciaga, F., & Puleston, P. F. (2008). High-order sliding control for a wind energy conversion system
based on a permanent magnet synchronous generator. IEEE transactions on energy conversion, 23(3),
860-867.

Wanjekeche, T., Ndapuka, A. A., & Mukena, L. N. (2023). Strategic Sizing and Placement of
Distributed Generation in Radial Distributed Networks Using Multiobjective PSO. Journal of Energy,
2023(1), 6678491.

Wei, C., Xu, J., Chen, Q., Song, C., & Qiao, W. (2022). Full-order sliding-mode current control of
permanent magnet synchronous generator with disturbance rejection. IEEE Journal of Emerging and
Selected Topics in Industrial Electronics, 4(1), 128-136.

Wu, L., Liu, J., Vazquez, S., & Mazumder, S. K. (2021). Sliding mode control in power converters and
drives: A review. IEEE/CAA Journal of Automatica Sinica, 9(3), 392-406.

Yachir, A., Boulouiha, H. M., Belabbes, A., Khodja, M., & Bouddou, R. (2024). Control Of a Grid-
Connected PMSG-Based Wind Energy System with A Back-To-Back Converter Using a Hybrid Fuzzy
Sliding Mode Control. Przeglad Elektrotechniczny, 2024(9).

Yan, J., Lin, H., Feng, Y., Guo, X., Huang, Y., & Zhu, Z. Q. (2013). Improved sliding mode model
reference adaptive system speed observer for fuzzy control of direct-drive permanent magnet
synchronous generator wind power generation system. IET Renewable Power Generation, 7(1), 28-35.

Zhang, C., & Plestan, F. (2021). Adaptive sliding mode control of floating offshore wind turbine
equipped by permanent magnet synchronous generator. Wind Energy, 24(7), 754-769.

Zhang, J., Cui, M., & He, Y. (2020). Parameters identification of equivalent model of permanent magnet
synchronous generator (PMSG) wind farm based on analysis of trajectory sensitivity. Energies, 13(18),
4607.

Zhuo, G., Hostettler, J. D., Gu, P., & Wang, X. (2016). Robust sliding mode control of permanent
magnet synchronous generator-based wind energy conversion systems. Sustainability, 8(12), 1265.

221



