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Abstract: This paper deals with the development of a non-singular fast 
terminal sliding mode controller for maximum power point tracking of wind 
energy conversion system. The studied system is made up of a wind turbine 
coupled to a permanent magnet synchronous generator, a three-phase diode 
rectifier and supplying through a boost converter, a resistive load. The principle 
of the control scheme is based on electrical measurements and the choice of a 
suitable sliding surface. This approach presents a good transition response, a 
low tracking error and a very fast reaction against wind speed variations 
compared to the traditional sliding mode controller. The effectiveness of the 
proposed control scheme is demonstrated by numerical simulations under 
different climatic conditions. 
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1 Introduction 

Electricity represents a main factor for the economic development of countries. The need 
for comfort, industrialisation and technological progress are increasing the importance of 
electricity. Therefore, this factor is considered to be an indicator for measuring the level 
of development and translating the quality of life in a country. For a long time, the 
generation of electric energy relies mainly on fossil resources which take a large part of 
carbon monoxide emissions. However, these resources cause excessive release of 
greenhouse gases and are involved in global warming. Therefore it is essential to find 
remedies for these problems and to look for alternative solutions to replace these reserves 
(Zhuo et al., 2016; Kumar and Selvakumar, 2020). 

Nowadays, renewable energies are becoming widely adapted to the production of 
electricity. This kind of inexhaustible energy allows a generation of electricity less 
dependent on resources and without harming the environment (Gam et al., 2019; Xiong et 
al., 2020). Wind energy is currently the most competitive source among the various forms 
of renewable energy adopted for the production of electricity. Two techniques are 
available for regulating the power delivered by wind turbines: either mechanically by 
varying the angles of the blades or electrically by varying the electrical magnitudes. The 
first method is expensive and requires regular maintenance. However, the latter is more 
reliable and requires less maintenance (Hau, 2013). Several types of electric generators 
are used in wind power applications. In this context, synchronous generators prove their 
efficiency in several works. They have the advantage of being connected directly to the 
turbine without the need for a gearbox. In addition, electronic converters are used in wind 
system applications not only to allow the system to operate at variable speed but also to 
extract the optimum power supplied.  

To improve the efficiency of a wind energy conversion system, many researchers 
have proposed various maximum power point tracking (MPPT) algorithms. Kumar and 
Chatterjee (2016), Jayshree et al (2021) and Abdullah et al. (2012) presented a literature 
review on conventional and advanced MPPT approaches. The advantages, disadvantages 
and complete comparison of different MPPT methods are discussed in terms of 
complexity, necessity of wind speed measurement, response time, efficiency under 
variable wind profile, and also ability to acquire producing maximum power. 



   

 

   

   
 

   

   

 

   

    A robust non-singular fast terminal sliding mode controller 109    
 

    
 
 

   

   
 

   

   

 

   

       
 

Daili et al. (2015) developed a new perturbation and observation (P&O) MPPT 
algorithm to solve some problems related to the conventional P&O like rapidity, 
efficiency, divergence, etc... Kesraoui et al. (2011) used a proportional integral (PI) 
regulator for an optimal extraction of output power from grid connected variable speed 
wind energy conversion system. Nasiri et al. (2014) have been shown that the optimal 
torque control method is more efficient and has obviously good performance in 
maximum power point tracking then the tip speed ratio method. A T-S fuzzy MPPT 
control is presented in (Chiu CS et al., 2013; Allouche et al.,2019; Abderrahim et al., 
2020,2021). Recently, several authors (Ardjal et al., 2018; Yin et al., 2020; Hostettler and 
Wang, 2015; Evangelista et al., 2017; Abolvafaei and Ganjefar, 2019, 2020; Yazici and 
Yaylaci, 2019; Yin et al., 2015; Ruban periyanayagam and Joo, 2022) have proposed 
some MPPT approaches based on the sliding mode theory.  

In this paper a nonsingular fast terminal sliding mode controller (NFTSMC) is 
proposed for maximum power point tracking. The control law is applied to a wind energy 
conversion system (WECS) composed of a wind turbine, a permanent magnet 
synchronous generator (PMSG), an uncontrolled rectifier, a DC-DC boost converter and 
a resistive load. 

Compared to other recent works, the main contributions of this study can be 
summarised in three points:  

1 the proposed control scheme does not require mechanical sensors 

2 convergence is ensured in a finite time 

3 a robust tracking is ensured as shown in the analysis using the Lyapunov stability 
theorem. 

The remainder of the paper is organised into four Sections: Section 2 gives a general 
description of the considered WECS with the mathematical model of each element of the 
system. The design of the proposed MPPT algorithm is introduced in Section 3. Section 4 
illustrates some simulation results. Finally, Section 5 summarises the results of this work 
and draws conclusions. 

2 System description 

Figure 1 outlines the configuration of the WECS considered in this study. The system is 
made up of a wind turbine, a PMSG, a diode rectifier, a DC-DC boost converter and it 
supply a resistive load. 

In order to study the wind energy conversion system and synthesise MPPT control 
algorithm, it is essential to mathematically model the different elements of this system. 
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Figure 1 WECS configuration (see online version for colours) 
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2.1 Wind turbine model 

The aerodynamic power extracted from the wind by a turbine is expressed by Mousa  
et al. (2020): 

2 31 ( )
2w w pP ρπR V C λ=  (1) 

where ρ in the air density, R is the blade length, Vw represents the wind speed and defines 
the aerodynamic power coefficient generally expressed as a function of the tip speed ratio 
given by Mousa et al. (2020): 

116 21( ) 0.5176 0.4 5 exp 0.0068p
i i

C λ β λ
λ λ

   = − − − +   
   

 (2) 

2
1 1 0.055

0.08 1iλ λ β β
= −

+ +
 (3) 

where β is the pitch angle of the blades whose value is kept at zero in this work. The tip 
speed ratio λ is given as follows (Mousa et al., 2020): 

m

w

Rωλ
V

=  (4) 

where ωm is the mechanical angular shaft speed. By neglecting the mechanical and 
electrical losses, the mechanical torque available on the shaft of the wind turbine can be 
expressed as follows: 

2 31 ( )
2

w
w w p m

m

PT ρπR V C λ ω
ω

= =  (5) 

Figure 2 shows the evolution of the aerodynamic power as a function of the generator 
speed for different values of wind speed. As can be seen from these figures, for each 
wind speed, there is an optimum rotor speed that gives maximum power recovered by the 
turbine. The Cp(λ) curve is illustrated in Figure 3. From the figure, we can conclude that 
there is a single optimal point λopt = 6.9 for Cp to reach its maximum value Cpmax = 0.47. 
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Figure 2 Characteristics Pw = f(ωm) (see online version for colours) 

 

Figure 3 Cp(λ) curve (see online version for colours) 

 

2.2 Permanent magnet synchronous generator model 

The PMSG is used to convert the mechanical power produced by the rotation of the 
blades of the wind turbine into electrical energy. By neglecting the coefficient of friction 
in the mechanical equation, the dynamic behaviour of the PMSG can be represented in 
the dq synchronous rotating reference frame by the following equations (Chiu et al., 
2014). 

2 2
sd s s sd

sd p m sq
s s sd sq

di R V ii n ω i
dt L L i i

= − + −
+

 (6) 

2 2

sq p m s sqs
sq p m sd m

s s s sd sq

di n ω V iR i n ω i
dt L L L i i

= − − + −
+

φ  (7) 

m
w e

dωJ T T
dt

= −  (8) 



   

 

   

   
 

   

   

 

   

   112 K. Dahech et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

where isd and isq are the stator currents in the dq frame. Rs is the stator resistance. Ls is the 
stator inductance. ωm represents the mechanical angular speed. np is the number of pole 
pairs of the PMSG. φm designs the permanent magnet flux. J is the total moment of 
inertia. 

The expression of the electromagnetic torque Te produced by the generator is given 
by:  

dc dc dc
e

m m

P V IT
ω ω

= =  (9) 

where Pdc is the generated electric power; Vdc and Idc are the voltage and the current 
respectively at the output of the three-phase rectifier. 

The equation that describes the relationship between the DC voltage Vdc and the 
terminal Vs is as follows: 

3 3
dc sV V

π
=  (10) 

In other hand, the DC current Idc can be expressed by the following equation: 

2 2

2 3
dc sd sq

πI i i= +  (11) 

2.3 Boost converter model 

Static converters are essential components of the variable speed wind power conversion 
system. They allow operation at variable speed and thus extract the maximum of the 
power produced by the wind turbine. In this work, we consider a boost converter 
represented by the following differential equations (Dahech et al., 2017). 

( )
1

1 1

2
2 2

1

( ) ( ) ( )

( ) ( ) ( )

dc
dc L

L

C

dV I I
dt C

dI f x g x d t
dt

dV f x g x d t
dt

= −

= +

= +

 (12) 

where 

1 2
1( ) 1

1

dc c c D
L C

c ch c

ch

V R R Vf x I V
RL L R R LL
R

 = − + − − +   + 
 

 (13) 

1 2
1( ) 1

1

c c D
L C

c ch c

ch

R R Vg x I V
R L R R LL
R

 = − − + +   + 
 

 (14) 
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( )2 2
2

2

1 1( )
1

L C
c ch c

ch

f x I V
R C R RC
R

= +
+ + 

 

 (15) 

2

2

1( )
1

L
c

ch

g x I
RC
R

= −
 + 
 

 (16) 

where the three state variables Vdc, IL and VC2 are respectively the output voltage of the 
uncontrolled rectifier, the inductor current and the voltage of the capacitor. VD is the 
forward voltage of the power diode; d is the duty ratio of the PWM control input signal; 
Rch is the load resistance. 

In the following, an MPPT control approach, based on the sliding mode theory will be 
presented. The objective is to control the DC voltage Vdc in order to extract the maximum 
power delivered by the wind system. 

3 Robust MPPT control design 

3.1 Determination of Vdcref 

As follows from Figure 3 shown, there exist an unique optimal tip speed ratio λopt for 
which the aerodynamic power coefficient is maximum Cpmax. As a result, the mechanical 
power extracted from the wind is also maximum. Then, the maximum power captured 
from the wind can be expressed in term of λopt and Cpmax by the following equation. 

( )2 3
max max

1
2 w p optP ρπR V C λ=  (17) 

Using equation (4), (17) becomes 
5

max 3 3
max 32

p
m opt m

opt

ρπR CP ω K ω
λ

= =  (18) 

The control aim is to allow the generated electrical power Pdc to reach the maximum 
power Pmax. Given that Pdc = VdcLdc, the control objective can be accomplished by 
regulating the DC voltage Vdc at a reference value Vdcref. The reference voltage Vdcref is 
obtained as follows:  

max opt m
dcref

dc dc

K ωPV
I I

= =  (19) 

In the following, a non-singular fast terminal sliding mode controller is presented for 
regulating the DC voltage at the output of the uncontrolled rectifier in order to extract the 
maximum power captured from the wind energy. 
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3.2 Control law design 

Consider e1 the error between Vdc and Vdcref:  

1 dc dcrefe V V= −  (20) 

The derivative of e1 with respect to time is given by: 

( )1

1

1dcref dcrefdc
L dc

dV dVde dV I I
dt dt dt C dt

= − = − + −  (21) 

By introducing the auxiliary error e2 = IL–ILref, where 1
dcref

Lref dc
dVI I C

dt
= − , equation 

(21) can be written in another way: 

1 2

1

de e
dt C

= −  (22) 

Now, by making the changes of variable z1 = e1 and 2
2

1

ez
C

= − , we obtain the following 

second order system:  

1
2

2
3 3( ) ( ) ( )

dz z
dt
dz f x g x d t
dt

=

= +
 (23) 

where, 3 1
1

1( ) ( ) LrefdIf x f x
C dt

 = − −  
 and 1

3
1

( )( ) g xg x
C

= − . 

Consider the following non-singular fast terminal sliding mode surface S: 

1 1 1 2 2
γ p qS z k z k z= + +  (24) 

where k1 and k2 are two positive constants. γ, p and q verify 1 < p/q < 2 and γ > p/q. 
Deriving S with respect to time, we get: 

( ) [ ]

1 1 21 1
1 1 2 2

1 1
2 1 1 2 2 2 3 3( ) ( ) ( )

γ p q

γ p q

dS dz dz dzγk z k z
dt dt dt dt

z γk z z k p q z f x g x d t

− −

− −

= + +

= + + +
 (25) 

By setting 0dS
dt

= , the equivalent control law deq(t) is deduced as follows: 

12 1 2
2 1 2 3

3 2 2

1 1( ) ( )
( )

p q γ p q
eq

q k qd t z γ z z f x
g x k p k p

− − − = − + + 
 

 (26) 

The reaching law is selected as: 

3

1( ) ( )
( )swd t Ksign S

g x
= −  (27) 
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where K is a positive constant. 
Thus, the global control law is designed as: 

12 1 2
2 1 2 3

3 2 2

( ) ( ) ( )
1 1 ( ) ( )
( )

eq sw

p q γ p q

d t d t d t
q k qz γ z z f x Ksign S

g x k p k p
− − −

= +

 = − + + + 
 

 (28) 

Then, the essential outcome of the NFTSMC is stated by the following theorem 1. 

Theorem 1: Consider the overall WECS (1–8) and (12). If the sliding surface is chosen as 
(24) and the NFTSMC is designed as (28), then the DC reference voltage Vdcref is tracked 
in finite time ts. 

Proof: To study the stability of the proposed MPPT algorithm, we adopt a Lyapunov 
function candidate as follows: 

21
2

V S=  (29) 

The time derivative of V leads to: 

[ ]1 1
2 1 1 2 2 2 3 3( ) ( ) ( ) ( )γ p qdV dSS S z γk z z k p q z f x g x d t

dt dt
− − = = + + +   (30) 

Inserting (28) into (30), we obtain: 

( ) 1
2 2 ( )p qdV S k p q z Ksign S

dt
− = −    (31) 

since / –1
2  p qz  for z2 ≠ 0 , the Lyapunov function assures the following inequality: 

1
2 2( ) p qV k K p q z S μ S−≤ − < −  (32) 

Referring to He et al. (2014) and Xiong et al. (2014), the finite time convergence ts to the 
sliding surface (24) can be evaluated as follows: 

( )
( )

( )1 0
2

1

0 1 1 1

z q p

s q pγ

kt dz
z k z

=
+

  (31) 

According to Yang and Yang (2011), The finite integration of (31) can be obtained by the 
gauss hypergeometric function (Abramowitz and Stegun, 1972). 

3.3 Robustness study 

To evaluate the robustness of the controller in the presence of uncertainties, we consider 
that the functions f3(x) and g3(x) are subject to uncertainties as follows: 

3 3 3

3 3 3

ˆ( ) ( ) Δ
ˆ( ) ( ) Δ

f x f x f
g x g x g

= +
= +

 (32) 
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where, ( )3 3
ˆ ˆ;f g  and (Δf3, Δg3) are the nominal parts and the uncertain parts of f3 and g3 

respectively. We assume that these uncertainties verify the following conditions: 

3 3

1
3 3

Δ
ˆ

f F
σ g g σ−

<

≤ ≤
 (33) 

Using (32), the time derivative of the sliding surface (24) yields to:  

( )

1 1 21 1
1 1 2 2

1 1
2 1 1 2 2 2 3 3 3 3

ˆ ˆ( ) ( ) Δ ( ) Δ ( )

γ p q

γ p q

dS dz dz dzγk z k z
dt dt dt dt

z γk z z k p q z f x f g x g d t

− −

− −

= + +

 = + + + + + 

 (34) 

Then, the novel NFTSMC in the presence of uncertainties is given by: 

12 1 2
2 1 2 3

3 2 2

1 1 ˆ( ) ( ) ( )
ˆ ( )

p q γ p qq k qd t z γ z z f x K sign S
g x k p k p

− − − ∗ = − + + + 
 

 (35) 

Thus, the robustness of the NFTSMC against uncertainties is satisfied via the following 
theorem 2. 

Theorem 2: Consider the overall uncertain WECS (1–8) and (12). If the sliding surface is 
chosen as (24) and the NFTSMC is designed as (35) with a controller gain K* satisfying 
the inequality (36), then the DC reference voltage Vdcref is tracked in finite time and the 
maximum power point of the system is achieved. 

12 1 2
2 1 2 3 3

2 2*

1
2

1 ˆ1 Δp q γ p qq k qσ z γ z z f f μ
k p k p

K p k σ
q

− − −

−

 − + + + + 
 >  (36) 

Proof: To prove theorem 2, we choose the candidate Lyapunov function 21
2

V S= . The 

derivative of V with respect to time is obtained as: 

( ){ }1 1
2 1 1 2 2 2 3 3 3 3

ˆ ˆ( ) ( ) Δ ( ) Δ ( )γ p q

dV dSS
dt dt

S z γk z z k p q z f x f g x g d t− −

=

 = + + + + + 

 (37) 

Substituting (35) into (37), the above equation can be written as: 

( )

1
2 2

11 2 1 2
2 2 2 1 2 3

2 2

1 * 1 1
2 2 3 2 2

( )
1 ˆ( ) 1

( ) Δ ( )

p q

p q p q γ p q

p q p q

V μk p q S z
q k qk p q S z σ z γ z z f

k p k p

k p q S z f μ k p q K σ S z

−

− − − −

− − −

≤ −

 + − + + 
 

+ + −



 (38) 

Then, the following inequality is derived:  
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( )

1
2 2

11 2 1 2
2 2 2 1 2 3

2 2

1 * 1 1
2 3 2 2

( )
1 ˆ( ) 1

( ) Δ ( )

p q

p q p q γ p q

p q p q

V μk p q S z
q k qk p q S z σ z γ z z f

k p k p

p q S z f μ k p q K σ S z

−

− − − −

− − −

≤ −

 + − + + 
 

+ + −



 (39) 

Therefore, if the condition (36) is verified, then 1
2 2( ) p qdV μk p q S z

dt
−≤ − . 

Consequently, z1 and z2 converge to zero in finite time. Thus, e1 and e2 converge also to 
zero. As a result, the NFTSMC is able to extract maximum power captured from the 
WECS. 

4 Simulation results and discussions 

In this section, numerical simulations have been performed verifying the effectiveness of 
the developed MPPT approach. The wind speed is varied to test the operation of the 
proposed controller under various climatic conditions. The tested system is composed of 
a wind turbine coupled to a PMSG. A diode bridge is used for rectifying the output 
voltage of the PMSG. A boost converter is used to track the MPP of the wind turbine by 
adjusting the DC voltage at the output of the rectifier. The simulation parameters of the 
wind system and the control law are summarised in Table 1. 
Table 1 Simulation parameters 

Wind turbine PMSG Boost converter Control law 
3

max

1.205 /
1.74

6.9
0.47

opt

p

ρ Kg m
R m
λ
C

=
=

=
=

 

2

0.57Ω
0.55
0.196
4

0.0164 .

s

s

m

p

R
L mH

Wb
n
J Kg m

=
=
=
=

=

φ  

Rated power:  6.4kW 

1 21 ; 1
1.2 ; 2Ω

0.7 ; 25Ω
c

D ch

C mF C mF
L mH R
V V R

= =
= =
= =

 
1 25; 7; 10

9; 5; 3
k k K
p q γ

= = =
= = =

 

We first adopt a variable wind profile over three stages. Indeed, a step of wind speed 
(increase from 6 m/s to 10 m/s then a decrease to 7 m/s) is applied to the wind turbine, 
Figure 4. The simulation results relating to this first test are illustrated in Figures 5 to 10. 
By examining Figure 5, we note that the DC voltage Vdc follows its reference value Vdcref 
corresponding to each step of the wind speed. The evolution of Vdc is characterised by a 
transient without overshooting and oscillation. In addition, it can be seen from Figures 6 
and 7 that the convergence of the voltage Vdc causes an immediate convergence of the 
rotational speed ωm and the power Pdc to their optimal values. Moreover, the aerodynamic 
power coefficient is maintained at its maximum value Cpmax, Figure 8. As can be seen 
from Figures 9 and 10, the nonsingular fast terminal sliding mode controller shows 
improved reliability and remarkable chattering reduction. It can be conclude that the 
turbine mechanical power follow the optimum power curve quite well and the generator 
can extract maximum power under variable wind speeds. 
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Figure 4 Step change of wind speed (see online version for colours) 

 

Figure 5 Evolution of Vdc and Vdcref  (see online version for colours) 

 

Figure 6 Evolution of ωm (see online version for colours) 
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Figure 7 Evolution of Pdc and Pw (see online version for colours) 

 

Figure 8 Evolution of Cp(λ) (see online version for colours) 

 

Figure 9 Control law d(t) (see online version for colours) 
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Figure 10 Sliding surface S (see online version for colours) 

 

As a second scenario, we choose a wind profile that varies between 4 m/s and 8.5 m/s 
presented in Figure 11. It can be seen from Figures 12 to 17 that the developed control 
law has good performance in terms of tracking the different trajectories regardless the 
fluctuating nature of the wind speed. Besides, it is obvious to note that the aerodynamic 
power coefficient Cp presents small fluctuations in the vicinity of its maximum value 
Cpmax. This shows that the power extracted is optimised. 

Figure 11 Wind speed profile (see online version for colours) 

 

A comparative study is performed between the proposed NFTSMC and the classical 
sliding mode controller (SMC) in term of power error tracking (Pmax–Pdc). For simulation, 
the traditional sliding mode controller is obtained by setting (γ = 1; p = q) in the sliding 
function (24). Simulation results are shown in Figure 18. the application of the classical 
sliding mode controller generates a higher error rate of tracking than the NFTSMC. 
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Figure 12 Evolution of Vdc and Vdcref for variable wind speed (see online version for colours) 

 

Figure 13 Evolution of ωm for variable wind speed (see online version for colours) 

 

Figure 14 Evolution of Pdc and Pw for variable wind speed (see online version for colours) 
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Figure 15 Evolution of Cp(λ) for variable wind speed (see online version for colours) 

 

Figure 16 Evolution of d(t) for variable wind speed (see online version for colours) 

 

Figure 17 Evolution of the sliding surface S (see online version for colours) 

 

 

 



   

 

   

   
 

   

   

 

   

    A robust non-singular fast terminal sliding mode controller 123    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 18 Power error tracking (Pmax–Pdc) (see online version for colours) 

 

These simulation results show that the non-singular fast terminal sliding mode controller 
works very well. He ensured the tracking of the MPP under all variations in climatic 
conditions with precision and speed. 

5 Conclusions 

A non-singular fast terminal sliding mode control approach for maximum power point 
tracking of a wind energy conversion system is presented. The controlled system used in 
this work consists of a permanent magnet synchronous generator connected to a three-
phase diode rectifier with a DC-DC boost converter and a resistive load. Thanks to this 
architecture, the MPPT control algorithm studied has been implemented using only the 
DC voltage and the DC current measurements at the output of the rectifier, thus avoiding 
the presence of mechanical measurement devices. The efficiency of the proposed MPPT 
technique has been proved by simulation studies under two wind profiles. All the 
collected results are very convincing and attest that the behaviour of the system with this 
algorithm is significantly improved. Indeed, the proposed approach presents a good 
transition response without overshoot, a low tracking error and a fast system reaction 
against wind speed change. The benefit of the proposed NFTSMC, compared to the 
classical SMC, is the good power error tracking, the chattering reduction and the finite 
time convergence. Consequently, the approach ensured a good tracking of MPP, despite 
variations in climatic conditions. 
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