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Abstract: This paper presents some novel fractional-order nonlinear sliding 
mode controllers for maximum power extraction of a grid-connected wind 
energy conversion system. Two similar fractional-order controllers with 
nonlinear sliding manifolds are proposed for generator-side and grid-side 
converters. The main role of the generator-side controller is regulating the 
mechanical speed of wind turbine to follow an optimum speed. On the other 
hand, the grid-side controller main goal is governing the active and reactive 
power by tuning DC-link voltage. Practical stability of both controllers is 
achieved by fractional-order nonlinear stability theorems. Comparative 
simulations are presented to show the effectiveness of the proposed controllers. 
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1 Introduction 

Nowadays, wind power is most rapidly growing renewable and clean energy source. A 
wind energy conversion system (WECS) operates either at a constant or variable speed. A 
variable speed wind turbine is more interesting than a constant speed turbine mainly 
because of the maximum power point tracking (MPPT) capability. The variable speed 
turbines are usually based on doubly fed induction generators (DFIGs) or permanent 
magnet synchronous generators (PMSGs). The application of the PMSG-based wind 
turbine has increased due to the efficient energy production and simple structure  
(Li et al., 2012; Morimoto et al., 2005; Chinchilla et al., 2006; Uehara et al., 2011). 

So far, many valuable control techniques have been reported for the maximum power 
extraction of the PMSG-based WECS. For instance, proportional integral (PI) control  
(Li et al., 2012; Morimoto et al., 2005; Chinchilla et al., 2006; Uehara et al., 2011; 
Kasem-Alaboudy et al., 2012), feedback linearisation technique (Qiao et al., 2009), gain 
scheduling (Bianchi et al., 2007), fuzzy control (Eltamaly and Farh, 2013; Aissaoui et al., 
2013), neural networks approach (Cadenas and Rivera, 2009), and some sensorless 
control techniques (Thongam et al., 2012; Qiao et al., 2012) have been developed to deal 
with the control of the PMSG-based WECS. In addition, in order to have a robust 
response against model uncertainties, the conventional sliding mode control (SMC) and 
its higher-order forms have been presented in Lin et al. (2011), Corradini et al. (2012), 
Valenciaga and Puleston (2008), Beltran et al. (2009) and Benelghali et al. (2011). It is 
rewarding to note that all the mentioned studies have been designed based on the integer 
calculus. 

Fractional calculus idea was established in the 17th century. This field of mathematic 
discusses about arbitrary-order derivatives and integrals. For three centuries, this topic 
was developed as a pure theoretical subject with no applications (Podlubny, 1999). 
However, in recent years, the fractional calculus has been applied in different branches of 
engineering and science, such as finance systems (Laskin, 2000), biological systems 
(Petras and Magin, 2011), thermoelectric systems (Ezzat, 2011), reaction-diffusion 
systems (Gafiychuk et al., 2008), electrical circuits (Luo et al., 2011), rotor-bearing 
systems (Cao et al., 2011) and so on. In addition, fractional-order control of integer-order 
systems is another important application of the fractional calculus. Compared with 
integer-order controllers, fractional-order controllers provide some extra tuning 
parameters, which may provide a better closed-loop performance (Chen, 2006). 

To enhance the conventional SMC’s performance, combining it with the fractional 
calculus found so interesting. This combination is called fractional-order sliding mode 
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control (FoSMC). Recently, the FoSMC applications have been reported in various 
literatures such as: robot manipulators (Efe, 2008), permanent magnet synchronous 
motors (Zhang et al., 2012), antilock braking systems (Tang et al., 2012), induction 
motors (Chang et al., 2011), vibration suppression (Aghababa, 2013), cognitive lighting 
control (Yin et al., 2013), and PMSG-based WECS (Melicio et al., 2010). All of these 
studies (except Yin et al., 2013) are common in employing a linear sliding surface. But 
the linear sliding surface shows a slow response with a considerable tracking error. To 
attenuate the mentioned drawbacks, the FoSMC with a nonlinear sliding surface has been 
presented in a few references (Dadras and Momeni, 2012; Aghababa, 2013) for nonlinear 
systems. This technique is known as the fractional-order nonlinear sliding mode control 
(FoNSMC). Fast response and low tracking error are dominant specifications of the 
FoNSMC. 

In this paper, two novel forms of the FoNSMCs are designed for mechanical speed 
and DC-link voltage in order to extract maximum power. Our proposed controllers 
provide three extra adjusting parameters to reach a fast and high precision response. The 
controllers are verified by fractional-order nonlinear stability theorems. 

This paper is organised as follows: Section 2 expresses the dynamic model and 
configuration of WECS. Section 3 presents some preliminaries from fractional calculus. 
Section 4 develops the FoNSMC and presents the stability analysis. Section 5 provides 
the simulation results and some comparisons with the conventional SMC base controllers. 
Finally, Section 6 concludes the paper. 

2 WECS modelling 

The WECS consists mainly of three parts: a wind turbine, a PMSG, and two back-to-back 
converters which are connected through a DC-link. The configuration of the whole 
system is described in Figure 1. 

Figure 1 Configuration of the PMSG-based WECS (see online version for colours) 

 

2.1 Wind turbine model 
The mechanical power captured by a wind turbine can be expressed as (Li et al., 2012; 
Kasem-Alaboudy et al., 2012): 
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2 21 ( , )
2m p wP C λ ρπr V= β  (1) 

where  ρ is the air density (kg/m3), r is the radius of the turbine blades (m), Vw is the wind 
speed (m/s) and Cp(β, λ) is the power coefficient which is a function of the tip speed ratio 
λ and pitch angle β, of the blades. In this paper, we assumed that the pitch angle β, be 
zero, which is a reasonable assumption for low and medium wind speeds. In addition, the 
tip speed ratio is given by 

t

w

rωλ
V

=  (2) 

where ωt is the turbine shaft rotational speed (rad/s). 
The turbine mechanical torque can be obtained as: 

m
m

t

PT
ω

=  (3) 

2.2 PMSG transient model 

Generally, the dynamic model of a PMSG is the same as a permanent magnet 
synchronous motor (PMSM) (Uehara et al., 2011). The voltages of the PMSM in the  
dq-reference frame are given by (Li et al., 2012; Kasem-Alaboudy et al., 2012): 

sd
sd s sd sd sq e sq

dIv R I L L ω I
dt

= + −  (4) 

sq
sq s sq sq sd e sd e f

dI
v R I L L ω I ω φ

dt
= + + +  (5) 

where Rs is the resistance of the stator winding, Lsd and Lsq are the generator winding  
dq-axis inductances, ωe is the generator electrical rotational speed, ϕf is the flux linkage 
produced by the permanent magnet, vsd and vsq are the dq-axis voltages, Isd and Isq are the 
dq-axis currents. 

The electrical torque is given by from the following expression: 

( )3
2e f sq sd sq sd sqT p φ I L L I I⎡ ⎤= + −⎣ ⎦  (6) 

where p is the number of pole pairs. Generating operation starts when the torque Te is 
negative. 

For a surface mounted PMSG, Lsd and Lsq are quiet similar (Lsd = Lsq = L). Then, the 
equation (6) can be simplified as: 

e sqT KI=  (7) 
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where 

3 .
2 fK pφ=  

The mechanical speed dynamic of a gearless machine (ωm = ωt) is described by: 

m
e m m

dωT J Fω T
dt

= + +  (8) 

where J is the inertia of the whole system including the generator and turbine (Kg.m2).  
F is the rotational damping (N.m.sec), and ωm is the mechanical angular velocity of the 
generator rotor (ωe = pωm). 

2.3 Power electronic converters and vector control 

In wind turbines, the back-to-back converters are widely utilised. The first converter is 
known as the generator-side converter, which is connected to the DC-link, and its 
dominant duty is converting the AC to DC signal. In the other word, the converter acts as 
a rectifier. The second converter is named the grid-side converter, which transforms  
the DC to AC signal. In this case, the converter acts as an inverter. Generally, the 
generator-side converter controls the mechanical speed, while the grid-side converter 
keeps the DC-link voltage constant and manages the delivered active and reactive power. 

2.3.1 Generator-side converter 

Based on (1), the maximum extracted power depends on the power coefficient  
Cp(0, λ), while this coefficient is not constant for different wind speeds. The turbine must 
operate in Cp-max in order to capture the maximum power (Kasem-Alaboudy et al., 2012). 
On the other hand, there is an optimum tip speed ratio λopt that leads to maximum  
power coefficient Cp-max. The ratio λopt is corresponds to an optimal speed ωopt. Therefore, 
it is important to keep the mechanical speed ωm at the optimal speed ωopt which is 
produced by MPPT block. If the optimum speed fluctuates, ωm should be tuned to track 
the fluctuations. The mentioned idea is realisable by controlling the generator-side 
converter. 

Substituting (7) in (8), results in 

( )1m
sq m m

dω KI Fω T
dt J

= − −  (9) 

From (9), it is obvious that the mechanical speed ωm is related to the quadrature current 
component Isq. Then, the speed ωm can be controlled by changing Isq. In addition, the 
direct current component Isd should be set zero to minimise the resistive losses. We 
selected two PI controllers to converge the currents Isd and Isq to the reference values  
(Isd-ref = 0and Isq-ref). More details about the generator-side converter control are presented 
in Figure 2 and the next sections. 
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Figure 2 Generator-side converter control (see online version for colours) 
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2.3.2 Grid-side converter 

The dynamic model of the grid-side converter in dq-reference frame is expressed as 
(Chinchilla et al., 2006): 

gd
gd d g gd g g g gq

dI
V u R I L L ω I

dt
= − − +  (10) 

gq
gq q g gq g g g gd

dI
V u R I L L ω I

dt
= − − −  (11) 

where Rs and Lg are the supply side resistance and inductance, respectively, Igd and Igq are 
the direct and quadrature components of the grid-side converter currents, and ud and uq 
are the grid voltage components. 

With the reference frame oriented along the grid voltage (Vg = Vgd + j0), the active 
and reactive power can be given and simplified as follows: 

( )3 3
2 2g gd gd gq gq gd gdP V I V I V I= + =  (12) 

( )3 3
2 2g gd gq gq gd gd gqQ V I V I V I= − =  (13) 

From (12) and (13), it is evident that the active and reactive power (Pg and Qg) can be 
controlled by changing the dq-current components. Generally, applying two internal 
current-control-loops is a proper method in order to control the active and reactive power. 

On the other hand, the DC-link voltage should remain constant in order to transfer all 
the active power produced by the turbine. Using the power balance principle and 
neglecting the converter losses, the dynamic behaviour of the DC-link voltage Vdc can be 
written as: 

gdc t

dc dc

PdV P
dt CV CV

≅ −  (14) 

Using (12), equation (14), will be as 

3
2

gddc t
gd

dc dc

VdV P I
dt CV CV

≅ −  (15) 

From (15), it is apparent that the voltage Vdc is governable by controlling the direct 
current Igd. This goal is achievable by considering Igd as a reference signal to the internal 
current-control-loop. The global grid-side converter control configuration which is used 
in this study is illustrated in Figure 3. Also, more explanations are presented in Section 4. 
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Figure 3 Grid-side converter control (see online version for colours) 
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3 Fractional calculus preliminaries 

In this section, some useful definitions, properties and theorem of the fractional calculus 
are expressed. 

Definition 1 (Hewitt and Stromberg, 1965): The f(t): R → R function is continuously 

differentiable if f(t) be differentiable and ( )f t  be continuous. 

From this definition, f(t) ∈ C0, C1 are the classes of all continuous and continuously 
differentiable functions, respectively. 

Definition 2 (Li and Deng, 2007): The αth order Riemann-Liouville fractional integration 
of function f(t) with respect to t is given by 

0, 0, 10

1 ( )( ) ( )
( ) ( )

t

t t
f τI f t D f t dτ

t τ
−

−
= =

Γ −∫α α
αα

 (16) 

where Γ(α) is the Gamma function. 

Definition 3 (Li and Deng, 2007): The αth order Caputo fractional derivative of 
continuous (f(t) ∈ Cm [0, t]) function f(t) is defined as follows: 

( )
( )

0, 0, 10

1 ( )( ) ( )
( ) ( )

mt
m m

C t t m

f τD f t D D f t dτ
m t τ

− −
− +

= =
Γ − −∫αα

αα
 (17) 

where m − 1 < α < m, m ∈ N. 

Property 1 (Li and Deng, 2007): If f(t) ∈ C0 [0, T] for T > 0 and α > 0, then 
00, ( ) | 0.ttD f t = =−α  

Property 2 (Li and Deng, 2007): If (t) ∈ C1 [0,∞), 0 < α < 1, then 0, 0, ( ) ( ).C t tD D f t f t=α −α  

Property 3 (sequential property) (Shoja-Majidabad et al., 2014): If s(t) ∈ C1 [0, T] for 
some T > 0, αi ∈ (0, 1) (i = 1, 2) and α1 + α2 ∈ (0, 1], then 

1 2 2 1 1 2
0, 0, 0, 0, 0,( )  ( )  ( )C C C C Ct t t t tD D t D D s t D s t+= =α α α α α α  (18) 

Theorem 1 (Li et al., 2010): Let x = 0 be an equilibrium point for the non-autonomous 
fractional-order system 

( )0, ( ) , ( )C tD x t f t x t=α  (19) 

where f(t, x(t)) satisfies the Lipschitz condition with the Lipschitz constant l > 0 and  
α ∈ (0, 1). Assume that there exists a Lyapunov function V(t, x(t)) satisfying 
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( )1 2|| || , ( ) || ||ax V t x t x≤ ≤α α  (20) 

( ) 3, ( ) || ||d V t x t x
dt

≤ −α  (21) 

where α1, α2, α3 and a are positive constants. Then the equilibrium point of the system 
(19) is asymptotically stable. 

Remark 1: Sequential property is an attractive tool for the FoSMC technique. But the 
continuously differentiability condition restricts this property. To clarify this concept, 
consider α1 = α and α2 = 1 − α, then the equation (18) can be written as: 

1 1
0, 0, 0, 0,( ) ( )  ( )C C C Ct t t ts t D D s t D D s t− −= =α α α α  (22) 

from mathematical point of view and according to Property 3, equation (22) holds for 
continuous s(t) and ( ).s t  However, discontinuous sgn(s(t)) function, non-smooth  
desired signals and sudden changes in the disturbance can cause ( )s t  discontinuity, 
which degrades C1 condition. Using fuzzy approximations, smooth functions 

0,(tanh( ( )), ( ( )), ( ( )))ts t sat s t D s t−α  instead of sgn(s(t)) and smooth desired signals are 
approximate practical remedies for the mentioned problem. 

4 Fractional-order nonlinear sliding mode control of the power converters 

In this section, two FoNSMCs are designed for the generator-side and the grid-side 
converters in order to control mechanical speed and regulate the DC-link voltage, 
respectively. Both of the controllers are on the outer-loop and they generate reference 
signals for the internal current-control-loops. 

4.1 Generator-side converter control 

The mechanical speed dynamic (9), can be rewritten as: 

( ) ( ) ( ) ( )m m m sqω t aω t bT t cI t= − − +  (23) 

where the parameters are given by: 

1,   ,   B Ka b c
J J J

= = =  (24) 

Now, by considering the uncertainties and parameter variations, the equation (24) will be 
as follows: 

( ) ( ) ( )ˆˆ ˆ( ) ( ) ( ) ( )m m m sqω t a a ω t b b T t c c I t= − + Δ − + Δ + + Δ  (25) 
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where ˆˆ,  a b  and ĉ  represent the estimated values, and Δa, Δb and Δc are unknown 
uncertainty terms of parameters a, b and c. By defining the global uncertainty term  
M(t) = −Δaωm(t) − ΔbTm(t) + ΔcIsq(t), the mechanical speed dynamic (25) can be 
rearranged in the following form: 

ˆˆ ˆ( ) ( ) ( ) ( ) ( )m m m sqω t aω t bT t cI t M t= − − + +  (26) 

Assumption 1: Assume that the uncertainty term M(t) satisfies the following condition: 

11
1( )C D M t δ− ≤α  (27) 

where δ1 is a positive and known constant. 
Now, by defining the speed tracking error em(t) = ωopt(t) – ωm(t), we propose the 

nonlinear sliding surface in the following form: 

11 11
1( ) ( ) ( )μ

ω C m ms t D e t γ D e t− −= +α α  (28) 

where ωopt(t) is the reference speed, 0 < α1 < 1, γ1 > 0, and 0 < μ1 < 1 is a rational number 
with odd numerator and denumerator. 

Taking 1C Dα  derivative from (28), yields 

11 1 1 1 11
1( )  ( ) ( )μ

C ω C C m C mD s t D D e t γ D D e t−= +α α α α −α  (29) 

and using Properties 2 and 3, we can get 

11 1( )  ( ) ( )μ
C ω m mD s t e t γ e t= +α  (30) 

Substituting (26) in (30), results in 

11 1
ˆˆ ˆ( ) ( ) ( ) ( ) ( ) ( ) ( )μ

C ω opt m m m sqD s t ω t aω t bT t γ e t cI t M t= + + + − +α  (31) 

Theorem 2: Consider the mechanical speed dynamic (26) with the nonlinear sliding 
manifold (28) and Assumption 1, then the following control law 

( )(
( )( ))

1 11
1

1 1 1

1 ˆˆ( ) ( ) ( ) ( ) ( )
ˆ

               ( ) tanh ( )

μ a
sq m m m opt

w sw w

I t aw t bT t γ e t w t D
c

η s t K s t ε

− −= + + + +

+
 (32) 

guarantees the speed tracking error convergence. Where η1 is a positive constant, ε1 is an 
enough small positive constant, Ksw is the switching gain which satisfies 

11
1 1  | ( ) |,sw CK δ D M t−= ≥ α  and tanh(·) is the hyperbolic tangent function. 

Stability proof: Let us define the following Lyapunov function: 

( ) ( )ωV t s t=  (33) 
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The time derivative of V(t) can be calculated as: 

( )( ) sgn ( ) ( )ω ωV t s t s t=  (34) 

Based on Property 3, we have 

( ) ( ) 1 11( ) sgn ( ) ( ) sgn ( ) ( )ω ω ω C C ωV t s t s t s t D D s t−= = α α  (35) 

Substituting (31) and (32) into (35), yields 

( ) ( )( )( )
( ) ( )( )

1 1

1

1 (1 )
1 1 1

1
1 1 1

( ) sgn ( ) ( ) ( ) tanh ( ) /

sgn ( ) ( ) ( ) tanh ( ) /

ω C C ω sw ω

ω C ω sw ω

V t s t D M t D η s t K s t ε

s t D M t η s t K s t ε

− − −

−

= − +

= − −

α α

α
 (36) 

Assuming ε1 → 0, results the approximation tanh(sω(t)/ε1) ≅ sgn(sω(t)), then we can get 

( ) 11
1 1( ) sgn ( ) ( ) ( )ω C ω swV t s t D M t η s t K−≅ − −α  (37) 

Selecting the sliding gain 11
1 1 | ( ) |,sw CK δ D M t−= ≥ α  results in 

1( ) ( )ωV t η s t≤ −  (38) 

which guarantees the closed-loop system stability based on Theorem 1.  
Although the control law (32) provides the reference current Isq-ref for the inner-loop, 

but this law is not able to guarantee the dq-currents convergence. Therefore, two PI 
controllers are employed for the internal current-control-loops in order to promise the 
currents convergence. The complete configuration of the generator-side controller is 
presented in Figure 2. In this figure, Isd-ref is considered zero to minimise the resistive 
losses. 

Remark 2: Inserting the control law (32) in (31) results the following closed-loop system 
dynamics 

( )( )1 1(1 )
1 1 1( ) ( ) ( ) tanh ( ) /C ω ω sw ωD s t M t D η s t K s t ε− −= − +α α  (39) 

which has fractional-order dynamics and requires fractional-order stability theorems. 

4.2 Grid-side converter control 

Generally, the goal of the grid-side converter controller is to transfer the maximum active 
power of the wind turbine to the grid with no reactive power. In this part, the FoNSMC is 
designed to adjust the DC-link voltage. In addition, the conventional SMC is applied to 
the internal current-control-loops. 
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4.2.1 DC-link voltage control 

Let us arrange the DC-link voltage dynamic (15) in the following form: 

( ) ( )( ) ( )
( )

dc t
gd

dc

dV t P tH t I t
dt CV t

= − +  (40) 

where ( )
( )

t

dc

P t
V t

 is the generator-side converter discontinuous output current, and 

3
( ) .

2 ( )
gd

dc

V
H t

CV t
=  Now, we can rewrite (40) as follows: 

( ) ( ) ( ) ( )dc
gd

dV t H t I t L t
dt

= − +  (41) 

where 

( )( ) ( )
( )

t
losses

dc

P tL t P t
CV t

= +  (42) 

is called the lumped uncertainty term. 

Assumption 2: Assume that the lumped uncertainty L(t) fulfils the following condition: 

21
2|  ( ) |  C D L t δ− ≤α  (43) 

where δ2 is a positive and known constant. 
Based on (41), consider the following nonlinear sliding surface: 

22 21
2( )  ( ) ( )μ

v C v vs t D e t γ D e t− −= +α α  (44) 

where ev(t) = Vdc-ref – Vdc(t) is the DC-link voltage tracking error, Vdc-ref is the reference 
voltage, 0 < α2 < 1, γ2 > 0, and 0 < μ2 < 1 is a rational number with odd numerator and 
denumerator 

By taking 2C Dα  derivative from both sides of (44) and substituting (41) in it, we  
can get 

22 2( )  ( ) ( ) ( ) ( )μ
C v gd vD s t H t I t γ e t L t= + −α  (45) 

Theorem 3: Consider the DC-link voltage dynamic (41) with the nonlinear sliding 
manifold (44) and Assumption 2, then the following control law 

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

1( ) ( ) ( ) tanh ( ) /
( )

μ
gd v v sw vI t γ e t D η s t K s t ε

H t
− −−

= + +α  (46) 
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guarantees the DC-link voltage tracking error convergence for 
21

2 2 |  ( ) | .sw CK δ D L t−= ≥ α  Where η2 is a positive constant, and ε2 is an enough small 
positive constant. 

Stability proof: Similar to the previous section.  

Remark 3: The nonlinear terms 111 ( )μ
mγ D e t−α  and 222 ( )μ

vγ D e t−α  with parameters  
γ1 = γ2 = 1 are only effective for systems with small variation states. But since the 
variation range of the errors (γ1 and γ2) is wide, then selecting enough big values for the 
parameters γ1 and γ2 is necessary. On the other hand, high values of γ1 and γ2 may amplify 
the system chattering. Therefore, these parameters should be selected by considering a 
trade-off between a better response and low chattering. 

Remark 4: It is worthy to note that the suggested FoNSMC controllers will be  
integer-order if α1, α2 = 1. This type of controllers is known as the nonlinear sliding 
mode control (NSMC). 

4.2.2 DQ-current control 

The dynamic equations (10) and (11) of the grid-side converter can be rearranged as:  

( )1gd
d g gd g g gq gd

g

dI
u R I L ω I V

dt L
= − + −  (47) 

( )1 0gq
q g gq g g gd

g

dI
u R I L ω I

dt L
= − − −  (48) 

Now, consider the following sliding surfaces: 

_d gd gd refS I I= −  (49) 

_q gq gq refS I I= −  (50) 

where Igd_ref and Igq_ref are direct and quadrature desired currents. The quadrature current 
is selected Igq_ref = 0 in order to achieve the zero reactive power delivery. 

The time derivative of the sliding surfaces Sq and Sq can be calculated as: 

_d gd gd refS I I= −  (51) 

0q gqS I= −  (52) 

Substituting (47) and (48) into (51) and (52), yields 

1 1
ref

g
d gd gd g gq gd d

g g g

R
S V I ω I I u

L L L
= − − + − +  (53) 

1g
q gq g gd q

g g

R
S I ω I u

L L
= − − +  (54) 
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In order to guarantee the sliding surfaces Sq and Sq convergence, the following current 
control laws are proposed: 

( )sgnrefd gd g gd g g gq g gd d du V R I L ω I L I K S= + − + −  (55) 

( )sgnq g gq g g gd d qu R I L ω I K S= + + −  (56) 

where Kd, Kq > 0 are the switching gain parameters. 

5 Simulation results 

Comparative simulations have been carried out in MATLAB/Simpower environment to 
verify the effectiveness of the proposed controllers for a 10-kW wind turbine. The 
sampling time of the simulations is selected Ts = 5 μsec. The simulations are performed 
for both DC and AC-grid connections. 

5.1 WECS connected to the DC-grid 

In this state, the grid-side converter is replaced with a 750 volt DC-grid to test the 
generator-side converter controller performance. In the other word, the generator-side 
converter is connected to the DC-grid. Three methods (SMC, NSMC, FoNSMC) 
performances are tested in this case, and the results are presented in Figure 4. 

We selected the wind speed variations and the parameters of the tested methods as 
follows: 

Wind speed variations: 

10 m/sec   0 1
14 m/sec   1 2
10 m/sec   2 3

w

t
V t

t

< <⎧
⎪= < <⎨
⎪ < <⎩

 

• SMC parameters: η1 = 0, Ksw1 = 50, ε1 = 0.01 

• NSMC parameters: λ1 = 219, μ1 = 1/3, η1 = 0, Ksw1 = 50, ε1 = 0.01 

• FoNSMC parameters: α1 = 0.3, λ1 = 219, μ1 = 1/3, η1 = 0, Ksw1 = 50, ε1 = 0.01. 

Some other common parameters among the three approaches are selected as: 

ˆˆ ˆ7,  10.5,  0.05.a b c= = =  

In addition, the PI controller parameters of the internal current-control-loops are 
considered as: 

1,  10.P IK K= =  

 

 



   

 

   

   
 

   

   

 

   

   16 S. Shoja-Majidabad et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 4 WECS connected to the DC-grid, (a) generator mechanical speed (b)–(d) generator 
electrical torque (e)–(g) generator-side converter currents (h) THD of the generator-side 
converter current (see online version for colours) 
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Figure 4 WECS connected to the DC-grid, (a) generator mechanical speed (b)–(d) generator 
electrical torque (e)–(g) generator-side converter currents (h) THD of the generator-side 
converter current (continued) (see online version for colours) 
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(h) 

Generator mechanical speed, electrical torque, generator-side converter currents, and 
THD of the currents are presented in Figure 4. Figure 4(a) confirms that the mechanical 
speed tracks the optimal value for the three methods. But the SMC presents a slow 
response, and the NSMC shows large overshoot, while the FoNSMC has an enough fast 
response with small overshoot. In the other word, the FoNSMC is a balance between the 
SMC and the NSMC. In addition, the FoNSMC indicates small speed tracking error in 
comparison with the other methods. In Figures 4(b) to 4(g), the electrical torque and the 
generator currents are presented. From these figures, it is evident that the electrical torque 
and the generator currents have low chattering for the FoNSMC against the two other 
methods. Also based on Figure 4(h), the total harmonic distortion (THD) of the FoNSMC 
is lower than the SMC and the NSMC. 
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In the FoNSMC, the system convergence speed, overshoot and chattering are tunable 
by 0 < α1, μ1 < 1 and λ1 parameters. The mentioned parameters effects are discussed in 
below: 

1 α1: The system overshoot can be decreased by reducing the integral term 1D−α  of the 
sliding manifold (28) for small values of α1. Also, small values of α1 can increase the 
effect of the integral term 1(1 )D −− α  in the control law (32), which is the main reason 
of decreasing the chattering. On the other hand, small values of α1 can decrease 
convergence speed. As a result, determining a proper α1 is a delicate matter and 
needs a trade-off. 

2 μ1: Small value of μ1 improves the system convergence speed, while very small 
value (μ1 → 0) can amplify the system chattering and it is not desirable. 

3 λ1: Effective value of λ1 is achievable by simulation. But high values of λ1 can 
magnify the PMSG current and electrical torque chattering. 

5.2 WECS connected to the AC-grid 

In this section, to examine the performance of the proposed FoNSMCs on both 
converters, the PMSG is connected to an AC-grid. Specifications of the proposed 
controllers are compared with the SMC and the results are presented in Figures 5 and 6. 

Wind speed variations and the parameters of examined methods are selected as 
follows. 

Wind speed variations: 

10 m/sec   0.5 1
14 m/sec   1 1.5
12 m/sec   1.5 2

w

t
V t

t

< <⎧
⎪= < <⎨
⎪ < <⎩

 

• SMC parameters: η1 = 0, Ksw1 = 50, ε1 = 0.01 and η2 = 100, Ksw2 = 200, ε2 = 0.01 

• FoNSMC parameters: α1 = 0.3, λ1 = 219, μ1 = 1/3, η1 = 0, Ksw1 = 50, ε1 = 0.01 and 
α2 = 0.3, λ2 = 200, μ2 = 1/3, η2 = 100, Ksw2 = 200, ε2 = 0.01. 

The DC-link voltage, maximum captured power, mechanical speed, and THD of the  
grid-side currents are presented in Figure 5. Figure 5(a) demonstrates the DC-link voltage 
tracking. This figure confirms that the voltage tracking error of the FoNSMC is 
considerably lower than the SMC. In Figure 5(b), although the desired power is higher 
than the extracted power due to the turbine rotational and converters losses, but the 
maximum extracted power of the FoNSMC is higher than the SMC. For example at  
t = 1.25 sec., the maximum extracted power of the FoNSMC is 8000 W, while SMC’s 
maximum power is 7600 W. As a result, the effectiveness of the FoNSMC is revealed by 
capturing 400 W extra power. From Figure 5(c), it is evident that the speed tracking error 
of the FoNSMC is small in comparison with the SMC. Figure 5(d) shows that the THD of 
the both methods is around 0.5% and is acceptable. 
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For more details, the active and reactive power, and the generator and grid-side 
converters currents of the SMC and the FoNSMC are presented in Figure 6. Finally, it is 
worthy to note that choosing the grid-side FoNSMC parameters is more delicate in 
comparison with the generator-side FoNSMC, and more attention is needed. For 
example, the grid-side controller is really sensitive to big sampling times and it can cause 
the reactive power oscillation. 

Figure 5 WECS connected to the AC-grid, (a) DC-link voltage tracking (Vdc-ref = 750 V)  
(b) active power delivered to the AC grid (c) generator mechanical speed (d) THD of 
the grid-side converter current (see online version for colours) 
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Figure 6 (a)–(b) Active and reactive power delivered to the AC-grid (c)–(d) Grid-side converter 
currents (see online version for colours) 
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In addition, the internal current-control-loops parameters for the grid-side converter are 
considered as: 

400.d qK K= =  

6 Conclusions 

In this paper, two novel FoNSMC controllers have been developed for maximum power 
extraction of the PMSG-based WECS. The first controller sets the generator speed, and 
the second controller regulates the DC-link voltage. The proposed fractional controllers 
possess extra tuning parameters, which make them powerful to achieve fast and high 
precision responses. The controllers have been verified by fractional-order nonlinear 
stability theorems. The simulation results have shown the superiority of the proposed 
designs over the conventional SMC-based controllers. 
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Appendix 

Specifications of the wind turbine, DC-link and PMSG. 

Table 1 Parameters of wind turbine 

Parameter Value 

r (turbine blade length) 2 m 
ρ (air density) 1.225 kg.m3 
λopt (optimal tip speed ratio) 8.1 
Cmax (maximum power coefficient) 0.48 

β (pitch angle) 0 deg 

VW (wind speed cut-in and cut-off region) [3 14] m/sec 

Table 2 Parameters of PMSG, DC-link and grid filter 

Parameter Value 
Rs (stator resistance) 0.00829 Ω 
Lsd (stator direct inductance) 0.174 mH 
Lsd (stator quadrature inductance) 0.174 mH 
φf (permanent magnet flux) 0.071 Wb 
p (number of pole pairs) 6 
J (inertia) 0.089 kg.m2 
F (rotational damping term) 0.005 N.m.sec 
C (DC-link capacitance) 6,000 μF 
Vdc (DC-link voltage) 750 V 
Rg (grid filter resistance) 0.02 Ω 
Lg (grid filter inductance) 20 mH 
Vg rms L–L (grid voltage) 400 V 
fg (grid frequency) 60 Hz 

 


