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Reliability and robustness are two main goals in developing control systems for wind turbine (WT) due
to the existence of different sources, such as unknown malfunctions or faults. Their ignorance can significantly jeopardize the system performance and even stability. This paper presents a new active fault
tolerant control (FTC) for WT system considering the fault of pitch system. The nonlinear model of WT
is constructed in the form of strict-feedback in order to design an appropriate FTC-based backstepping
control law. The mechanism of fault detection is based on a modified nonlinear fuzzy state observer,
where the estimation of unknown terms is realized via fuzzy approximators, incorporated in the fuzzy
observer. Accordingly, the rotor speed of the system can follow the desired reference in the presence of
an actuator fault. The robust behavior, fast response, and acceptable tracking performance together with
the model-free structure are the important properties of the proposed FTC-based controller. The stability
of the overall closed-loop system, including the controller and the observer, is derived by the Lyapunov
method. Simulation results highlight the superior performance of the proposed control method. © 2020
Journal of Energy Management and Technology
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NOMENCLATURE

1. INTRODUCTION

ωr Rotor speed.

This is a painful reality that air pollution is increasing in the
world by fossil energy productions [1]. Therefore, renewable
energy plays a key a role in the power policies of many countries [2, 3]. Among the clean sources, wind energy has received
much attention from researchers [4]. WT system encompasses a
large part of world power production. To achieve high power
generation, they are made on a large scale [5]. Accordingly, fault
detection and tolerance are more important for the protection of
its components in these systems [6]. Moreover, the repair and
maintenance of the WT systems compared to power production
are very expensive. Therefore, real time fault diagnosis and
tolerance are most important issues. These systems are highly
dependent on the environment. In the variable environmental
conditions when the wind speed is changing, some problem
is imposed on the system that, affects its performance. Some
relevant works were focused on a constant speed while several
studies were paid attention to the variable speed. Hence to
achieve high efficiency, the existence of controllers is undeniable. However, many different control algorithms have been
successfully reported in the literature to keep the power at a

θs Train torsion angle.
ω g Generator speed.
β Pitch angle.
k s Drivetrain stiffness parameter.
ds Drivetrain damping constant.
Jr Rotor inertia.
Jg Generator inertia.
τb Delay time constant for pitch dynamics.
Ki Parameters of observer.
ri Design parameter of adaptive rules.
γi Learning rate parameter.
ci Tuning parameter in control input.
θi Optimal parameter of FLS.
φi Fuzzy regressor.
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related interval for the WT systems, achieved by controlling the
pitch angle [7]. Some of the appropriate controllers including
PID control [8–11], LQG control [12, 13], robust control [14], gain
scheduling [15], disturbance accommodation control [16], fuzzy
logic control [17] and LPV control [18, 19], are considered as a
base-line controller for WT system.
However, the occurrence of unknown malfunctions on the
pitch actuator can be imposed serious barriers to the controller,
so that may lead to instability of the system [20]. Therefore, using
the active fault diagnosis and tolerant is a large requirement in
WT systems that can be guaranteed the efficiency and stability
of the system.
Various approaches have been proposed to deal with this
problem. In [21], FDI algorithm based on identified fuzzy models was presented for the WT system. In addition, an uncertain
TSK fuzzy based-model was exploited in which the FDI purpose
was achieved by residual generation procedure. Applying the
FDI methods for fault reconstruction is a complex manner due
to the optimal residual production design, unknown time delay
and uncertainty for the FTC system [22].
In general, FTC approaches are divided into two parts,
namely the passive FTC (PFTC) and the active FTC (AFTC).
The sliding-mode controller-based passive sensor FTC strategy
was proposed in [23] to tolerate the generator speed sensor faults
and generator torque offset faults. The aim of [19] is to present,
an AFTC and PFTC pitch system with respect to the fault detection and fault isolation (FDI) for the system. In this study, FDI
design to obtain the pitch actuator fault magnitude is unreachable or difficult. In [24], a state observer-based AFTC approach
has been proposed for the linear parameter varying (LPV) model
of wind turbine (WT), in which the faults were also estimated
as well. The problem of pitch actuator failure was tackled by
an AFTC approach using virtual actuator [25]. Furthermore ,
the linearized model was employed to build the state feedback
control law for the nonlinear WT system.
In contrast with the pervious study, the PFTC has a robust
behavior and also tackles to a specified class of faults or some
level of uncertainty. Indeed, PFTC requires neither fault detection and diagnosis (FDD) scheme nor reconfigurable term. This
is intended to apply to the fault-free system as well as faulty
system. However, it has limited fault-tolerant capabilities and
may cost nominal performance [26]. The main goal of any AFTC
system is to ensure a dependable system. This system comprises two cascaded working modules, denoted as FDD and
fault accommodation [27].
Besides, filters and observers have been widely examined
during recent years to address state/fault estimation and control of dynamical systems [28–34]. Furthermore, great attention
has been focused on sliding mode observers (SMO) for fault
reconstruction and estimation (FRE) [35–38]. Recently, SMOs
used for FRE and FTC of WT benchmark models [31, 32, 35, 36].
In [31], nominal pitch performance together with actuator fault
tolerant was achieved by a traditional Proportional-Integral (PI)
controller combined with a compensator. In [35], the reconstruction of the system against faults occurred in hydraulic pitch
actuator and generator subsystems were provided based on a
Takagi-Sugeno sliding mode observer with weighted switching
action. In [36], sensor and actuator faults were reconstructed
using the classic SMO. Estimation of faults in pitch angle sensors
and actuators was obtained using physical redundancy of pitch
sensors. However, the method was not robust against model
uncertainties and disturbances. For this reason , a robust FRE
scheme was proposed based on modified SMO to address the
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Fig. 1. The structure of WT.

reconstruction of actuator and sensor faults of WT benchmark
models [32]. Moreover, an FTC-based control law was developed for WT system in the presence of pitch actuator faults and
sensor faults simultaneously [39].
Motivated by the previous observations, this paper presents
a new AFTC scheme for WTs based on the backstepping method.
With the aid of fuzzy approximators and fuzzy observer, the
structure of the control system for this type of system is formed,
where the stability of the closed-loop system against actuator
fault is derived through the Lyapunov functions.
The remainder of this paper is structured as follows: The
modeling of the system is presented in Section 2. The nonlinear
fuzzy state observer is formulated in Section 3. The proposed
FTC approach together with the stability proof is developed in
Section 4. The simulation results are given in Section 5. Finally,
Section 6 concludes the paper.

2. MODELING
A typical WT is depicted in Fig. 1. The nonlinear model of WT
in the full load region is given as [40]:
ω̇r = −

ks
ds
ds
θs − ωr + ω g + Fωr
Jr
Jr
Jr

ω̇ g =

(1)

θ̇s = ωr − ω g

(2)

ks
ds
ds
θ s + ωr − ω g
Jg
Jg
Jg

(3)

1
1
β+ u
τb
τb

(4)

β̇ = −

where the parameters of the system are presented later.
It is worth mentioning that the wind speed term is incorporated in F. The Eqs. (1)-(4) can be rewritten as:
ẋ1 = − a1 x2 − a2 x1 + a2 x3 + d1 ( X, t)

(5)

ẋ2 = x1 − x3

(6)

ẋ3 = a3 x2 + a4 x1 − a4 x3

(7)

ẋ4 = − a5 x4 + a5 u

(8)

y = x1

(9)

where
a1 =

ds
ks
ds
1
ks
, a = , a3 = , a4 = , a5 =
Jr 2
Jr
Jg
Jg
τb

(10)

It is straightforward to show Eqs. (5)-(8) in the following
form:
ẋ1 = f 1 ( X ) + x2 + d ( X, t)
(11)
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ẋ2 = f 2 ( X ) + x3

(12)

ẋ3 = f 3 ( X ) + x4

(13)

T

ẋ4 = f 4 ( X ) + ϑ u

3

4

e T P ∑ Bi θ̃iT φi X̂i ≤ nτλ2max ( P) kek2
i =1
4
+ ∑ τ1 θ̃iT θ̃i
i =1

(14)

where f i , i = 1, . . . , 4 are:
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(24)

Thus,

f 1 ( X ) = − a1 x2 − a2 x1 + a2 x3 − x2

(15)

f 2 ( X ) = x1 − 2x3

(16)

f 3 ( X ) = a3 x2 + a4 x1 − a4 x3 − x4

(17)

f 4 ( X ) = − a5 x4

(18)

which are assumed to be unknown and will be estimated in the
next section.
Remark 1: The fault of pitch system, considered in this study
is consisted of lock-in-place and loss of effectiveness. Regarding
the actuator fault, the input signal can be written as:
u = ρν (t) + σ (ū − ρν (t))

where

4
1
1
V̇o ≤ −qkek2 + k Pk2 kδ∗ k2 + ∑ θ̃iT θ̃i
(25)
2
τ
i =1


4
q = λmin ( Q) − 1 + 0.5k Pk2 ∑ m2i + nτλ2max ( P)
i =1

4. BACKSTEPPING-BASED FTC
In this section, a new FTC is designed for the model of WT based
on observer-based backstepping model-free approach. Define
the first transformed variable as:
χ1 = y1 − y d

(19)

where ν (t) is the applied control signal. Therefore, ϑ T u is defined as ϑ T ūlock + ρϑ T bu0loss (represented as j=i and j 6= i , respectively)

(26)

The time derivative of Eq. (26) can be written as:
χ̇1 = ẏ1 − ẏd = x2 + F1 + d − ẏd

(27)

Defining e2 = x2 − x̂2 , one can have:

3. FUZZY STATE OBSERVER
One can define the following form for Eq. (4):





− K1
1
0 0


K1
ẋ1






− K2
0
1
0
 ..  

 X +  ..
 . =


 
 .
 − K3

0
0
1


K4
ẋ4
− K4
0
0
0

χ̇1 = x̂2 + e2 + f 1 + d − ẏd
Using fuzzy logic system, Eq. (28) can be expressed as:



y



χ̇1 = x̂2 + e2 + θ1T φ1( X̂ ) + θ̃1T φ1 X̂ + ε 1 +

For the first step of design, the Lyapunov function is defined as:

4

1
1 T
V1 = Vo + χ21 +
θ̃ θ̃
2
2γ1 1 1

i =1

(20)




y


i =1

4

→ X̂ = A X̂ + Ky + ∑ Bi F̂i X̂ |θ + Bϑ T u
i =1

(21)
The estimation error is defined as e = X − X̂ and the Lyapunov
function is expressed as Vo = 0.5e T Pe. The time derivative of Vo
is obtained as:

+ 12 k pk2 kδk2

+

1
τ

n

∑

i =1

(31)

θ̃iT θ̃i

Substituting Eq. (32) into Eq. (31) results in:
V̇1 ≤ −q1 e2 − c1 χ21 +
1
τ

(22)

n

r1 T
γ1 θ̃1 θ1

+ η1 +

∑ θ̃iT θ̃i + χ1 χ2

Based on Young inequality, one can write:

(33)

i =1

The time derivative of χ2 can be described as:

χ̇2 = k2 e1 + x̂3 + θ2T Φ2 X̂ − α̇1 − ÿd


+ θ̃2T Φ2 X̂ − θ̃1T Φ2 X̂

i =1

i =1


V̇1 ≤ −qkek2 + χ1 χ2 + α1 + θ1T Φ1 X̂ + χ1 ε 1

+χ1 d + χ1 ∆F1 + χ1 e2 + χ1 θ̃1T Φ1 X̂ − γ11 θ̃1T θ̇1

One can suggest the first virtual input and the adaptation law
as:

α1 = −c1 χ1 − 2χ1 − θ1T Φ1 X̂
(32)

θ̇1 = γ1 χ1 Φ1 X̂ − r1 θ1

4

e T P (∆ f + δ) ≤ e T P∆ f + e T Pδ ≤


4
0.5k Pk2 kδ∗ k2 + 1 + 0.5k Pk2 ∑ m2i kek2

(30)

The time derivative of Eq. (30) is given by:

+ ∑ Bi fˆi ( Xi |θ ) + Bω T u

V̇o = 0.5ė T Pe + 0.5e T Pė =

0.5e T A T P + PA e + e T P (∆ f + δ)
4

+e T P ∑ Bi θ̃iT φi X̂i

(29)

4 F1 + d − ẏd

+ ∑ Bi ( f i ( Xi ) + di ) + Bϑ T u
Then, the fuzzy observer can be introduced as:





− K1
1
0 0
˙ˆx1


K1






− K2
0
1
0
 ..  

 X̂ +  ..
 . =


 
 .

 − K3
0
0
1


˙ˆx4
K4
− K4
0
0
0

(28)

(34)

For this subsystem, the Lyapunov function is defined as:
(23)

1
1 T
V2 = V1 + χ22 +
θ̃ θ̃
2
2γ2 2 2

(35)
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Regarding χ3 = x̂3 − α2 − ÿd , one can obtain:
V̇2 ≤ −q1 kek2 c1 χ21 +
n

r1 T
γ1 θ̃1 θ1


(4)
χ̇4 = k4 e1 + ϑ T u + θ4T Φ4 X̂ − α̇3 − yd

(4)
= k4 e1 + θ4T Φ4 X̂ − α̇3 − yd + ∑ ϑ j ū j

+ η1
(36)

i =1

χ2 χ3 + α2 + ÿd + k2 e1 + θ2T Φ2 X̂ − α̇1 − ÿd + τχ2


+ γ12 θ̃2T γ2 χ2 Φ2 X̂ − θ̇2 + τ1 θ̃2T θ̃2



α2 = −c2 χ2 − χ1 + α̇1 − θ2T Φ2 X̂ − k2 e1 − τχ2

θ̇2 = γ2 χ2 Φ2 X̂ − r2 θ2

+ ∑ ρ j ϑ j b j u0 + θ̃4T Φ4 X̂ − θ̃4T Φ4 X̂
The final Lyapunov function is defined as:

(37)

1
1 T
θ̃ θ̃
V3 = V2 + χ23 +
2
2γ3 3 3

(38)

(39)

(40)

i =1

l =1

rl T
γl θ̃l θ̃l

+

1
τ

3

∑ θ̃ jT θ̃ j

j =2

j =i



(48)

j 6 =i
(4)
−α̇3 − yd

γ4 χ4 Φ4

+ τχ4 )

X̂ − θ̇4 + τ1 θ̃4T θ̃4


Finally, the control input and the last adaptation law is proposed
as:

θ̇4 = γ4 χ4 Φ4 X̂ − r4 θ4
! −1
u0 =

∑ ρ j ϑj bj

[−χ3 − c4 χ4 − k4 e1

j 6 =i

(49)

Substituting Eq. (49) into Eq. (48), one can obtain:
(41)

One can explain the time derivative of Eq. (40) as:
V̇3 ≤ −q1 kek2 − c1 χ21 − c2 χ22 + χ2 χ3 +
r2 T
γ2 θ̃2 θ2

3

j= j1 ,..

...
χ4 = x̂4 − α3 − yd

χ3 θ̃3T Φ3 X̂ ≤ τχ23 + τ1 θ̃3T θ̃3

∑ θ̃iT θ̃i +

n

∑ θ̃iT θ̃i + ∑


(4)
−θ4T Φ4 X̂ + α̇3 + yd − τχ4 − ∑ ϑ j ū j ]

Considering the following relationships:

i =1

1
τ

+χ4 ( ∑ ϑ j ū j + ∑ ρ j ϑ j b j u0 + k4 e1 + θ4T Φ4 X̂

Now, the Lyapunov function can be written as:

1
τ

The time derivative of V4 is calculated as:

+ γ14 θ̃4T



...
χ̇3 = k3 e1 + x̂4 + θ3T Φ3 X̂ − α̇2 − yd ± θ̃3T Φ3 X̂

(47)

V̇4 ≤ −q1 e2 − c1 χ21 − c2 χ22 − c3 χ23 + χ3 χ4

The time derivative of χ3 is obtained as:

+ η1 +

1 T
1
θ̃ θ̃
V4 = V3 + χ24 +
2
2γ4 4 4

+ η1 +

V̇2 ≤ −q1 kek
+ γr11 θ̃1T θ1 + η1
n
+ τ1 ∑ θ̃iT θ̃i − c2 χ22 + χ2 χ3 γr22 θ̃2T θ2 + τ1 θ̃2T θ̃2
i =1



j 6 =i

Then, V̇2 is simplified as:

− c1 χ21

(46)

j=





Thus, the second virtual input and the adaptation law can be
suggested as:

n

4

The time derivative of χ4 is obtained as:

+ τ1 ∑ θ̃iT θ̃i + χ1 χ2 +

2
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r1 T
γ1 θ̃1 θ1

4

4

V̇4 ≤ −q1 kek2 − ∑ cl χ2l + η1 + τ2 ∑ θ̃iT θ̃i
i =
2
l =1

T
+ τ1 θ̃1T θ̃1 + γr11 − 12 θ̃1T θ̃1 + 12 θ1∗ θ1∗


4
4
ri ∗ T ∗
+ ∑ γrii − 12 θ̃lT θ̃l + ∑ 2γ
θ θl
i l
i =2

+ τ1 θ̃2T θ̃2

(50)

i =2

Equation Eq. (50) can be written as:


...
+χ3 (χ4 + α3 + yd + k3 e1 + θ3T Φ3 X̂ − α̇2
...
−yd + τχ3 )


+ γ13 θ̃3T γ3 χ3 Φ3 X̂ − θ̇3 + τ1 θ̃3T θ̃3

V̇f ≤ − AVf + ζ

(42)
where Vf = V4 and

4

ζ=
The third virtual input and the adaptation law is considered as:

α3 = −c3 χ3 − χ2 + α̇2 − k3 e1 − θ3T Φ3 X̂ − τχ3

θ̇3 = γ3 χ3 Φ3 X̂ − r3 θ3

(51)

(43)

r

∑ 2γi i θl∗

T

θl∗ + η1

(52)

i =2

Therefore, the stability of the FTC-based backstepping is confirmed using the Lyapunov function.

5. SIMULATION RESULTS
Hence,
2

V̇3 ≤ −q1 kek − c1 χ21 − c2 χ22 − c3 χ23 + χ3 χ4

+ η1 +

1
τ

n

3

i =1

l =1

∑ θ̃iT θ̃i + ∑

rl T
γl θ̃l θ̃l

+

1
τ

3

∑ θ̃ jT θ̃ j

(44)

j =2

For the last step of design, χ4 is defined as:
...
χ4 = x̂4 − α3 − yd

(45)

This section includes different cases to indicate the effectiveness
of the proposed controller using MATLAB 2017b software. The
tuning parameters are itemized in Table 1. The controller is
tested for random variation of wind profile around the speed of
12 units, as shown in Fig. 2. The control goal is to achieve the
rotor speed to the 1.27 rad/s value while no fault occurs or in the
FTC design. Based on the previous description, the wind speed
plays a prominent role in the control design.
Case 1: without fault
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Table 1. The tuning parameters
Parameters
K

Values
[1

1

5

5]

c

[6

6

12

9]

γ

[50

10

20

20]

r

[0.1

0.1

0.1

0.1]

τ

0.2

ϕ

0.6

Fig. 4. The control signal (Case 1).

Fig. 2. The wind speed.

Fig. 6. The shape of fault.

Fig. 3. The rotor speed (Case 1).

In this experiment, the performance of the proposed method
is analyzed without the effect of fault. As shown in Fig. 3, the
tracking of rotor speed is achieved as well. Fig. 4 depicts the
control signal behavior. The Fig. 5 indicates the performance of
the nonlinear state fuzzy observer in estimating the states. From
Fig. 5, it can be concluded that the estimation of rotor speed
follows the reference as well. The rest of estimations are also
converged to a constant value accordingly.
Case 2: faulty without FTC The fault occurs in the actuator
of the WT as shown in Fig. 6. This experiment illustrates the system performance against fault without compensating signal as
shown in Fig. 7. This figure demonstrates that the performance
of the closed-loop system is affected by the fault. Generally, the
efficiency of the system is not reasonable.
Case 3: AFTC Here, the performance of the proposed FTC
is evaluated under actuator fault. Fig. 8, shows that the pro-

Fig. 7. The rotor speed (output, Case 2).

posed method tolerates the faulty system. Furthermore, Fig. 9
represents the behavior of the control input. The response of the
fuzzy observer is also given in Fig. 10. It can be concluded that
the behavior of the closed-loop system is better in comparison
with the results of the experiment 1 and the fault tolerant goal is
successfully achieved.

6. CONCLUSION
The purpose of this paper was to present a nonlinear fuzzy state
observer-based adaptive backstepping approach for the WT
system, where the pitch actuator was considered in the control
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Fig. 5. State estimations (Case 1): (a) Rotor speed (b) Train torsion angle (c) Generator speed (d) Pitch angle.

Fig. 10. State estimations (Case 3) (a) Rotor speed (b) Train torsion angle (c) Generator speed (d) Pitch angle.

Fig. 8. The response of FTC design (Case 3).

Fig. 9. The control signal (Case 3).

loop which was compensated in the framework of the control
design. In addition, the state observer was designed to estimate

the state vector. With the help of backstepping method, the
stability of the observer together with the proposed controller

Research Article

was guaranteed by the Lyapunov theorem. The reliability of the
control system was also ensured by proposing a modified FTC
design in the presence of wind speed as an external disturbance.
Finally, different experiments were carried out to illustrate the
efficiency of the proposed control strategy in terms of accuracy
and robustness against malfunctions.
Future Work
Future work in this area is to propose a new FTC including fault
estimation based on Kalman filter.
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