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Comparative analysis between classical and third-order sliding mode controllers
for maximum power extraction in wind turbine system

Introduction. Maximizing power extraction in wind energy conversion systems is crucial for efficiency but remains a challenge due to rapid
wind speed variations and the high inertia of the generator. Conventional controllers, such as the PI controller, struggle to maintain optimal
performance under such dynamic conditions, leading to suboptimal power capture and increased system oscillations. The goal of this study
is to enhance the efficiency of wind turbine systems by applying linear and nonlinear controllers in a maximum power point tracking
(MPPT) strategy. This approach focuses on improving generator speed regulation and power conversion performance. Methods. A
comparative analysis is conducted using three different control strategies: third-order sliding mode control (TO-SMC), classical sliding
mode control (SMC) and PI control. These controllers are implemented in the generator speed loop of a wind turbine system, and their
performance is evaluated through MATLAB/Simulink simulations. The assessment focuses on key performance metrics such as tracking
accuracy, total harmonic distortion (THD), response time, and system stability. Results. The simulation results confirm that all controllers
achieve MPPT, but with varying levels of effectiveness. The TO-SMC outperforms both SMC and PI controllers, offering higher efficiency,
reduced chattering, better disturbance rejection, and lower THD (reduced from 73 % in SMC to 68.09 %). Additionally, TO-SMC
significantly improves dynamic response, reducing overshoot and enhancing system stability. Originality. This study introduces a TO-SMC
for MPPT in wind turbine systems, demonstrating its superiority over conventional control techniques. The findings highlight its ability to
maintain optimal power extraction even under rapid wind variations, making it a promising solution for advanced wind energy systems.
Practical value. By improving power quality, reducing system oscillations, and enhancing overall wind turbine efficiency, the proposed TO-
SMC contributes to the reliable integration of wind energy into power grids. These advancements can benefit renewable energy operators,
power system engineers, and researchers seeking efficient and robust MPPT solutions for wind turbines. References 13, figures 11.
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Bemyn. Maxcumizayisn 6i0bopy nomyscHocmi 8 CUCeMAax NepemseopeHHst eHepeii 6impy Mmae 8azome 3HaueHHs O eqeKmugHocmi, ane
3AMUAEMbCst NPOONEMOIO uepe3 WEUOKI 3MIHU WEUOKOCI 6impy ma GUCOKY THepyilo 2eHepamopa. 3euuaiini konmponepu, maxi sk I1l-
KOHMpONEp, 6adlCcKO NIOMPUMYIOMb ONMUMATLHY NPOOYKMUGHICIG 6 MAKUX OUHAMIYHUX YMOBAX, W0 NPU3600UMb 00 HEONMUMATLHO20
6i000py nomyaicHocmi i 30inbuienHs Konueans cucmemu. Memoro cmammi € nidguwjents epeKmusHOCmi CUCEM GIMPHUX MYPOTH WIAXOM
3aCMOCY8anHsL UHIUHUX MA HEIHIIHUX KOHMPOAEPI8 Y cmpamezii Gi0CmedlceHHs mouKku makcumanvhoi nomyosicnocmi (MPPT). Leit nioxio
@oKycyembCs Ha NOKPAWeHHi pe2yioBanHs WEUOKOCHI 2eHepamopa ma npooyKmusHocmi nepemsopetns enepeii. Memoou. ITlopisnsnohuii
aHantiz NPOBOOUMBCSL 3 BUKOPUCIAHHAM MPbOX PI3HUX CIpame2itl YNpasiHHa. Kepy8aHHs KOG3HUM pedicumom mpemvoeo nopaoky (TO-SMC),
Kiacuute kepysanhsi kogzuum pesicumom (SMC) ma Il-xepysanns. L]i konmponepu peanizoeami 6 KOHMYPL WEUOKOCHIE 2eHepamopa CUCmeMmu
simpsiHux mypoiH, a ix npoOyKmusHicmb OYIHIOEMbCsL 3a donomocoio mooemosantsi MATLAB/Simulink. Oyinka ghokycyembcs Ha K0OH08UxX
NOKA3HUKAX NPOOYKMUSHOCII, MAKUX AK TOYHICIb 8I0CMediceHHs, NnosHe 2apmoHiune cnomeoperts (THD), uac 6iozyky ma cmabinbHicmo
cucmemu. Pesynvmamu mooemosanis niomeepoxcyioms, wo yi konmponepu docsieaiomv MPPT, ane 3 pisnum pisnem epexmusrnocmi. TO-
SMC' nepesepuiye ax SMC, max i Ill-pecynsimopu, npononyiouu it 6UCOKY eeKmusHICIb, 3HUMCEHe KOMUBAMb, Kpauje 3MEHULyE
nepewkoou ma mae merwe THD (3uuscenuii 3 73 % y SMC 0o 68,09 %). Kpim mozo, TO-SMC 3uauno noxpawye ounamiunuii 8io2yx,
BMEHULYIOUU nepepecyIiosanis ma nioguwyouu cmabitbHicmes cucmemu. Opucinanvricms. 1le oocniosicenns npedcmasnsic TO-SMC MPPT 6
cucmemax 6iMpaHUx mypoin, OeMOHCIMPYIOUU 1020 nepeéazy Had MpaouyitiHuMu Memooamu ynpaeninus. Pesytemamu niokpecmiooms 11020
30amHicme NIOMpPUMY8AMU ONMUMATbHULL 8I00ID NOMYHCHOCI HAGIMb 30 UBUOKUX 3MIH GIMpY, WO pobUmb 1i020 NEPCREKMUBHUM DIUUEHHAM
oA cyuachux eimpoenepeemuynux cucmem. Ilpaxmuyuna yinnicms. 3a paxyHox nokpawenns aKocmi eleKmpoenepeii, 3HUNCEHHS KOTUSaHs
cucmemu ma nioguwenns 3a2anvhol eghexmusnocmi gimposux mypoin nponorosanuii TO-SMC cnpusie Haoiuiniti inmezpayii enepeii’ 6impy 6
enekmpomepedici. L]i 0ocsznents Modcyms npuHecmu KOpuchis Onepamopam iOHOGIIOBAHUX Odiceper enepeil, iHoicenepam enepocucmem ma
odocionukam, sKi wiykaioms eghexmueni ma naoivini pivenns MPPT ons eimposux mypoin. bion. 13, puc. 11.

Kniouosi crosa: BiTpsina TypOiHa, BiACTeskeHHS] TOUKH MAKCHMAJbHOI NOTYKHOCTIi, KepYBaHHS KOB3HUM Pe:KMMOM TPeThOro
NOPSIAKY, BITPsAHi TYpOiHM 3i 3MiHHOI0 IIBUAKICTIO.

Introduction. The use of renewable energies is
increasing day by day, all over the world to reduce
pollution and carbon dioxide emissions, and to reduce
climate change. Due to the significant rise in oil and gas
prices many countries have put within their strategies to
develop the electricity sector the exploitation of wind
energy as a priority because it is one of the cleanest and
most preferred sources of electricity generation [1]. Among
the most widely used wind energy conversion systems that
depend on the doubly fed induction generator (DFIG) [2,
3], its main advantage is that the rotor side converter, which
exceeds 30 % of the rated power and therefore the lowest
cost of the power converter, and their capacity to power at
constant voltage and frequency, whatever the speed of the
rotor rotation [4, 5]. There are modern methods developed
to control wind turbines in order to maximum power point
tracking (MPPT) [6, 7]. The principle of the method is
modeling turbine and the DFIG, and then a synthesis of the
different control strategies [8, 9]. We can cite some

strategies which are used. The vector control is the most
popular method used in the DFIG [10].

The goal of this paper is the enhancement of wind
turbine system performance through the application of a
third-order sliding mode control (TO-SMC) controller.
This controller improves performance by minimizing
overshoot, ensuring a more stable and controlled
response, reducing response time to enhance efficiency,
and eliminating the error between reference and
measured values. Additionally, addressing the chattering
problem is crucial, as it mitigates high-frequency
disturbances around the sliding mode surface, leading to
smoother operation and greater overall stability. This
controller can also reduce the mechanical stresses by
isolating the vibration between the rotor blades and
generator shaft. The TO-SMC controller is used to
perform the non-linear system compared to PID
controller which can only be used for linear system.
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Modeling of wind turbine. The main purpose of
wind turbines is to convert kinetic energy into
aerodynamic power through the blades. In order to model
a wind turbine, the following elements must be modeled:
Modeling of the wind speed, modeling of the
aerodynamic part and modeling of the mechanical system.

Modeling of wind speed. It is usually modeled by
complex and random variations with deterministic effects
and stochastic fluctuations due to turbulence:

V(t)=A0+zn:Ai sin-[z—m], (1)
i=1 T;
where 4, is the average wind value; 4; is the amplitude of
each turbulence; 24/7; is the pulsation of every
turbulence.

Modeling of the aerodynamic part. This model
represents the aecrodynamic power at the slow part level of
a turbine. In addition, it evaluates the aerodynamic torque
T, as a function of wind turbine angular speed @. In
general, the aerodynamic power available form a wind
turbine changes with wind speed and can be expressed as:

1
Py = PCp(2, BSV3, 2)

where P, is the aerodynamic power; p is the air density;
C, is the power coefficient; A is the tip-speed ratio; S is the
pitch angle; S is the blade surface; 7 is the wind speed.
Knowing the speed of the wind turbine, the
aerodynamic torque can be expressed as [5-8]:

_ L 3
Tar_zgt pcp(l’ﬁ)SV > (3)

where (), is the turbine speed.

Modeling of the mechanical system. In fact, the
mechanical system of wind turbines consists of many
elements, and therefore its entire representation is complex.
In this system, there are many models: 6 masses, 3 masses,
2 masses and 1 mass. It is hence essential to choose the
dynamics to represent and the typical values of their
characteristic parameters. In this work, the mechanical
system is represented by one mass model. In this model,
the inertia of the wind turbine on the slow shaft is
transferred to the fast shaft. The turbine speed (2 and
driving torque 7, in the fast shaft are given by:

2, =0Q,/N;
T,=T1, /N @
g ar >
where N is the gearbox ratio.
The generator speed £2, is given by:
d,
Jt_:Tg_Tem_ft-an (%)

dr
where

Ji=J, IN*+J, and f;=f,/N*+f,,

Jg is the inertia of the generator; J, is the inertia of the
wind turbine; J; is the total moment of inertia; f, is the
viscous friction coefficient of the generator rotor; £ is the
viscous friction coefficient of the turbine rotor; f; is the
total viscous friction coefficient.

To optimize the power generated, it is therefore
appropriate for the generator to have a power or
characteristic torque follows the maximum line C, . with

the angle of £ = 0°. Figure 1 shows an example of power
coefficient curves of a wind turbine, showing the evolution
of the power coefficient C, as a function of the tip-speed
ratio A for different values of the pitch angle £.
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Fig. 1. Power coefficient C, as a function of A and S

Figure 2 shows the block diagram of the aerodynamic
and mechanical modeling for the wind turbine.

Fig. 2. Modeling of the mechanical part of the wind turbine

Control of variable speed wind turbine below rated
power. The objective of variable speed wind turbine control,
when the wind speed is below the rated speed, is to
maximize the aerodynamic power by using the different
power maximization strategies. This power is maximized
through the electromagnetic torque control. At a wind speed
above the rated speed, the objective of the control is to limit
the aerodynamic power transmitted to the generator and to
keep the turbine within its operating limits by using the
different control strategies. Indeed, effective control of
variable speed wind turbines can improve the dynamic
characteristics, increase the turbine lifetime and reduce the
transient load on the drive shaft. Many techniques have been
proposed for the maximum extraction or limitation of
aerodynamic power from variable speed wind turbine in the
last decade. Generally, the control of wind turbine goes
through 3 different operating zones which depend on the
wind speed, the maximum allowable generator speed and the
desired power (Fig. 3) [8].
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Fig. 3. Wind region classification

Zone 1. In this zone, the generator is stopped,
because the wind speed is not high enough to operate the
wind system, and therefore it does not produce any
electrical power P,
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Py =0. ©

Zone I1. This area is characterized by operation at
wind speeds less than or equal to the nominal speed. For
this reason, we seek to maximize the aerodynamic power
in order to extract the maximum aerodynamic power.
With this strategy, we seek the maximum power point for
each wind speed, it is the MPPT. This area is called is
characterized by operation at partial load. In this case, it
should be noted that the orientation angle of the blades
must be constant and always equal to zero (£ = 0°), and
the relative speed of the turbine is at its optimum value
(Aops)- In this area:

Vinin <V <V,
3
Paer,max =0.5- Cp,maxpSV .

Zone I11. This zone is characterized by operation at
wind speeds higher than the nominal speed. It is called the
nominal load operating zone. In this zone, a control action
is used on the turbine blades to maintain the aerodynamic
power P, within its nominal power value P,, to ensure
the safety of the generator and to limit the mechanical
loads transmitted to the nacelle and the tower. If the wind
speed exceeds the maximum speed, the control system
adjusts the blade pitch angle to the value (£ = 90°) to stop
the generator. In this zone:

Vi <V <Viaxs
P, =P

aer n:

{V <Viins

(7

®)

The synthesis of this controller can be carried out in

3 successive steps [11, 12]:

o definition of the surface;

e choice of the Lyapunov’s function to ensure the
stability of the system;

e determination of the equivalent control law.

The purpose of the TO-SMC controller is to ensure
that the measured value follows the trajectory of the
reference value. The generator speed tracking error can be
defined as follows. To apply the SMC strategy a surface
must be defined. Equation (9) represents a sliding surface
for controlling the speed generator:

From (9) the derivative of the error is given by:
Sy =402y -2, + 02, -2, . (10)
Substituting (5) and the derivative of (5) into (10)
we obtain:

. . )
S =22 —J—[Tg e

g
1 an

+82 _J_[Tg ~Tem _fg'Qg]
g
For the stability study of the closed-loop system, we
will use the Lyapunov’s stability theorem. The
Lyapunov’s candidate stability function is defined by:
1 2
Vag =5 5(2)" (12)
The derivative of the Lyapunov’s function is defined
in the next expression:

Ve =S8(82,)-5(£2,)<0. (13)
The control law has to ensure the stability condition

and the convergence of the trajectories of the system on
the sliding surface S(¢2,) = 0 from:

e if §(¢2) < 0 and S(Qg) <0, therefore S(£2) will
increase to 0;
o if S(¢%) > 0 and S(£2,)<0, therefore S(£2) will
increase to 0.
In steady state, the equivalent control is calculated

by considering that the developed electromagnetic torque
and its reference are equal, so the control law becomes:

s (2, )|sign(S(.Qg))+ B[ sign(S(2,)lt . (14)

where @, and Bg, are the controller gains and must be

*

Tom =0y

positive.

Simulation results and discussion. In order to
highlight the performance of the MPPT control
algorithms applied to the one-mass wind turbine and the
objective a comparison of the control techniques that we
have presented, we will carry out a series of simulations
in MATLAB/Simulink environment (Fig. 4). All these
simulations will be carried out under the same conditions:

A4
31

d(.Q* —2,) o the wind speed profile by (1);
So. =A0Q" 10 48 78 9 o the blade orientation angle is maintained at its zero
2 g gt : ©) ) .
dt value (f = 0°). The wind turbine parameters are reported
in[12, 13].
o Tubine . ‘r" Multiplier © ,*~ Mechanical part .
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Fig. 4. Block diagram of the TO-SMC
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Figures 5-10 illustrate wind turbine MPPT
performance as a function of wind speed using (1). From the
simulation results it is observed that for TO-SMC the power
extracted by the turbine follows the desired trajectory with
good efficiency. For the SMC and PI controllers the
variations of the wind speed cause significant oscillations of
the aerodynamic torque, which increases the mechanical
stress of the turbine and electromagnetic vibrations at the
generator level, which affects the quality of the electrical
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energy supplied to the electrical grid. From Fig. 5-10 it can
be seen that this proposed TO-SMC strategy has better
response characteristics in settling time and overshoot
compared with both SMC and PI.

Figures 11,a,b show harmonic spectral analysis,
which show the total harmonic distortion with the SMC
controller (THD = 73.2 %) are significantly attenuated
with the TO-SMC controller (THD = 68.09 %).
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Conclusions. In this study, the TO-SMC is used to
perform the tip speed ratio strategy in order to extract
maximum power from the wind energy. The results
obtained illustrate that non-linear controller TO-SMC can
improve the performance of wind turbine system by
accurately tracking the generator speed reference and
achieving the maximum power coefficient. A comparative
analysis of PI, SMC and TO-SMC controllers highlights
the superior effectiveness of TO-SMC controller.
Compared to the other controllers, TO-SMC generates
less chattering, provides better disturbance rejection, and
reduces mechanical stress on the transmission shaft. In
contrast, conventional PI-based direct speed control and
classic SMC exhibit lower efficiency, increased
oscillations, and diminished overall performance.

The practical significance of this work is evident in
the improved wind turbine efficiency, reflected by a
reduction in THD from 73 % to 68.09 %, along with
enhanced dynamic response, minimized overshoot, and
faster settling time. These improvements contribute to
more stable and higher-quality power generation,
supporting the seamless integration of wind energy into
electrical grids.
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