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Abstract This paper develops a novel observer-based fault-
tolerant control (FTC) for wind turbine blade pitch system
subjected to simultaneous actuator and sensor faults. The
main contribution of this paper is the proposal of new archi-
tecture based on a combination of sliding mode control
(SMC) and a proportional–proportional–integral-observer
(PPIO) to provide tight reference blade pitch angle track-
ing regardless of the effects of actuator and sensor faults.
Within this architecture, an integral sliding surface-based
SMC (ISMC) has been developed to stabilize tracking error
dynamics during sliding phase while the system is subjected
to actuator faults. The robust PPIO-based sensor fault esti-
mation is utilized to compensate sensor fault from the input
of ISMC and thereby guarantee closed-loop system robust-
ness against actuator and sensor faults. Stability analysis has
clearly demonstrated using linear matrix inequality and Lya-
punov approach. The proposed method is applied to 4.8MW
wind turbine FTC benchmark model.

Keywords Sliding mode control · Proportional–
proportional–integral-observer (PPIO) · Wind turbine
control · Robust control · Robust fault estimation

1 Introduction

The last decades have witnessed an increasing interest in
maximizing the percentage of green energy over the fossil
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fuel energy resources.However, installation andmaintenance
costs are real challenges to the rapid growth in the use of green
energy [1].Recently, research studies paid great attention into
methods that relax these challenges. In this context, wind
turbine control systems have played vital role in maximiz-
ing the conversion efficiency of wind energy into electrical
energy [2,3]. Specifically, research into FTC methods offer
significant reduction of plant downtime and, thus, avoid the
unscheduled maintenance costs [4–9].

In this perspective, [10] presents the recent developments
that aim to increase reliability and availability of large scale
wind turbine systems. The authors of [11] assisted the wind
turbine baseline controller by a linear parameter varying
(LPV) descriptor observer to provide closed-loop system
robustness against sensor fault. In [12], an FTC scheme
exploits disturbance compensator approach to robust con-
trol design has been developed to tolerate the effect of high
air content, pump wear, and hydraulic leakage faults of
pitch actuator system. The design of fault tolerant LPV con-
troller has been addressed in [13] where the performance
of active and passive fault-tolerant controllers designed to
tolerate pitch system fault and model parameter uncertainty
has been compared. The authors in [14] adopt the Takagi-
Sugeno fuzzy approach to synthesis a multiple-model active
sensor FTC strategy for 4.8MW wind turbine system. The
proposal generates observer-based sensor fault estimate sig-
nals to compensate the effects of generator speed and/or rotor
speed sensor faults from the controller inputs. The simula-
tion results confirm the ability of the proposed FTC strategy
to maintain the nominal control system response over a wide
variety of sensor fault scenarios. In [15], an interesting fault-
tolerant dynamic output feedback fuzzy controller has been
developed for wind turbine systems operating in the low
range of wind speed. The proposed controller guarantees
maximum conversion efficiency regardless of the effects of
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sensor faults. Badihi et al. [4] integrates model-based fault
detection and diagnosis scheme with proportional integral
fuzzy controller to ensure closed-loop system robustness
against sensor faults.

On the other hand, several publications have shown inter-
est in the use of the relative design simplicity and the
robustness of SMC forwind turbine control applications. The
work in [8] exploits the robustness of SMC against matched
uncertainty to tolerate the effect of generator torque scale
fault and thereby preserve the conversion efficiency at its
optimal value. A chattering free second-order SMC-based
wind turbines fault ride-through capability enhancement has
been developed by [16] as an improved solution to avoid the
negative effects of SMC chattering.

While the FTC proposed in [12] tackles the high air con-
tent, pump wear, and hydraulic leakage faults which have
direct effects on the transient response performance of the
pitch actuator system, the control system lacks the robust-
ness against sensor fault. Similarly, the passive and active
FTC proposed in [13] has been designed under the assump-
tion that the sensors are fault free. The work in [11,15,17,18]
focuses only on compensating sensor faults from the input
of the baseline controllers.

Compared with the aforementioned literature of FTC-
based sustainablewind turbine control, themain contribution
of this paper is the proposal of a new FTC loop capable of
maintaining nominal pitch actuator response even when the
system is affected by simultaneous actuator and sensor faults.
Within this framework, the inherent robustness of SMC is
exploited to ensure acceptable tracking performance when
the pitch actuator is affected by high air content or hydraulic
leakage faults. On the other hand, the PPIO is employed
in this proposal to provide sensor fault estimation signal to
actively compensate sensor faults.

2 Wind Turbine Model and Fault Analysis

Generally, wind turbine models are obtained via combining
its individual component models. Specifically, in this paper,
the drive train subsystem includes a flexible rotor side shaft,
generator side shaft, and a gearbox. Its model is given as:
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⎣
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where Jr, Br, Jg,ωg, Tg, Bg, ng, Kdt, Bdt, θ and Ta are the
rotor inertia, the rotor external damping, the generator inertia,
the generator speed, the generator torque, generator, external
damping, the gearbox ratio, the torsion stiffness, the torsion
damping coefficient, the torsion angle, and Ta is the aerody-
namic torque and has the form:

Ta = 0.5ρaπR2Cp (λ, β)
ν3

ωr
(2)

where ωr, β, and v are the rotor speed, the blade pitch angle,
and the wind speed respectively. ρa, R, and Cp are the air
density, the radius of the rotor and the power coefficient. The
Cp depends on the blade pitch angle and the tip-speed-ratio
(λ) defined as:

λ = ωrR/ν (3)

The electrical subsystem is given by the following linear rela-
tion

Ṫg = − 1

τg
Tg + 1

τg
Tgr (4)

where Tgr is the reference generator torque signal and τg is
the time constant.

The hydraulic pitch system for each blade pitch system is
modeled as a closed-loop2nd order transfer function between
the measured pitch angle β and its reference βr. The state
space model of the system can be written as:

ẋ = Ax + Bβr + Dψ(x, βr)

y = Cx

}
(5)

where

A =
[

0 1
−ω2

n −2ζωn

]
, B =

[
0
ω2
n

]
,

C = [
1 0

]
, D =

[
0
1

]

x = [
β β̇

]T
is the state vector, ψ(x, βr) represents system

and/or actuator fault, ζ is the damping factor, and ωn is the
natural frequency. The nominal values of the parameters are
ζ = 0.6 and ωn = 11.11 rad/s [7].

From system reliability standing point, faults could affect
any part of the wind turbine system. Therefore, robust con-
trol objective is to tolerate the effects of wind turbine faults
so that desired closed-loop performance can be maintained.
Analyses of some fault scenarios are given below:
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• Rotor speed sensor scaling fault: this fault drives the tur-
bine away from the optimal operation. The control signal,
generated based on faultymeasurement,will steer the tur-
bine away from its optimal rotational speed (ωropt). On
the other hand, at the high range of wind speed, the con-
troller steer the turbine belowor above the rated rotational
speed.

• Stuck rotor speed sensor fault: based on the difference
between of the stuck fault magnitude and ωropt, the con-
troller will either force the system toward the cut-off
region whenever ωropt is lower than the rotor stuck mea-
surement or simply release the turbine to rotate without
control if ωropt is higher than the stuck fault.

• Generator torque scaling fault: in this fault scenario
the controller minimizes the difference between the Tgr
and the measured generator torque Tgm. In fact, Tgm is
obtained via soft sensing. Therefore, measurement fault
will decrease the power conversion efficiency.

• Blade pitch sensor scaling fault: clearly, the blade pitch
controller minimizes the difference between the βr and
β. Thus, faulty β causes incorrect control of the rotor
blades and thereby unevenness in the forces of the rotor.
Clearly, this will increase the probability of turbine struc-
ture damage.

• Stuck blade pitch sensor fault: depending on the mag-
nitude of stuck fault, the controller will pitch the blade
toward themaximumorminimummagnitude of the blade
pitch angle. Again, this could cause system damage due
to the increased structural loads on the wind turbine.

• Bladepitchactuator fault:This fault scenario is attributed
to the drop of oil pressure or the increase in air content
of the pitch actuator. This fault will directly affect the
tracking performance of the actuator.

Remark 1 In the blade pitch system, the drop of oil pressure
fault or the increase in air content fault is represented as a
deviation in the nominal values of the parameters ζ and ωn

[7,19]. Thus, the model parameters (ζ and ωn) of (5) could
have the following generalized form:

ω2
n = ω2

no + �
(
ω2
nf − ω2

no

)

2ζωn = 2ζoωno + �(2ζfωnf − 2ζωno)

where� ∈ [
0 1

]
is the fault severity parameter. Specifically,

� = 0 corresponds to fault-free system and � = 1 corre-
sponds to complete faulty system. The parameters ζo, ωno,
ζ, ωn and ζf , ωnf are the nominal, generalized and faulty
model coefficients respectively. Hence, the coefficients of
(5) become:

A ∈ R(n∗n) =
[

0 1
−ω2
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]
, B ∈ R(n∗mb) =
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0
ω2
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]
,
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Fig. 1 The proposed control structure

C ∈ R(r∗n) = [
1 0

]
, D ∈ R(n∗d) =

[
0
1

]

ψ(x, βr) = �(2ζoωno − 2ζfωnf)β̇ + �(ω2
no − ω2

nf)β . . .

−�(ω2
no − ω2

nf)βr

Assumption 1 the function ψ(x, βr) satisfies the condition
‖ψ(x, βr)‖ ≤ ϕ. Where the scalar ϕ represents the known
upper bound of ψ(x, βr). Practically, this is an acceptable
assumption since all the variables of ψ(x, βr) are bounded.

In this work, the pitch actuator system is studied since its
faults have the highest failure rate [7].

3 The Proposed Control Structure

This section presents the proposed control structure that
exploits the robustness of SMC assisted by PPIO within
a feedback loop. Specifically, the next subsection presents
the SMC design methodology for the pitch actuator system
affected by actuator and sensor faults. On the other hand,
Sect. 3.2 will present a new control structure that combines
the SMC and PPIO in order to tolerate simultaneous actuator
and sensor faults (see Fig. 1).

3.1 Sliding Mode Controller Design

The ability of SMC to compensate matched disturbances
has been clearly investigated in the robust control literature.
Briefly, the SMC design procedure encompasses two steps
[20,21]; (1) the sliding surface design to which the states
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are confined during the sliding phase. (2) The control sig-
nal that makes the sliding surface attracts the states during
the reaching phase. In the SMC framework, the control law
has two feedback control terms; (i) a linear control term, and
(ii) a discontinuous term. While the linear control term guar-
antees the reachability condition, the discontinuous control
term ensures the sliding condition.

The rest of this section presents the ISMC design steps for
pitch actuator subsystem (5).

Remark 2 1. The system given in (5) represents the closed-
loopmodel of the blade pitch actuator system. According
to [7,19], a faulty pitch system, e.g., the drop of oil pres-
sure, can be modeled as a change in the parameters ζ and
ωn of this system.

2. In this section, the sliding mode controller can be consid-
ered as a supplementary controller designed for tolerating
the effects of pitch actuator faults and thereby maintain-
ing the fault-free system response unchanged.
The dynamics of the error e = β −βr of the pitch actuator

system combined with the supplementary controller is given
as:

ė = β̇ − β̇r

ë = −2ζωnoβ̇ − ω2
noβ − β̈r + ω2

noβr . . .

+ω2
nou

smc
ftc + ψ(x, βr)

⎫⎬
⎭ (6)

The first design step is to propose a sliding surface capable
of achieving control goals whenever the system reaches this
surface. The following integral surface has been proposed for
the blade pitch system in (5):

S = ė + k1e + k2

∫
e (7)

The proposed sliding surface has the form of Eq. (7) to
bring the effect of the controlled input to the Ṡ term and
thereby achieving the reachability and sliding conditions.
Moreover, it is clear that while the system is in the slid-
ing mode (i.e. S = Ṡ = 0), the unique solution occurs
for (e = 0). Furthermore, while the system trajectory is
in the sliding manifold, the dynamics are governed by the
design parameters (k1, k2) which can be selected such that
the desired tracking performance is achieved.

Now, the challenge is to find the control action that
achieves the objectives of satisfying the reachability con-
dition and the sliding condition.

To guarantee the reachability condition, the control signal
must achieve the following condition:

SṠ ≤ −ε |S| (8)

where ε is small positive constant. Using (7) gives the fol-
lowing expression of Ṡ:

Ṡ = ë + k1ė + k2e

= −2ζωnoβ̇ − ω2
noβ − β̈r + ω2

nou
smc
ftc + ω2

noβr . . .

+ψ(x, βr) + k1ė + k2e (9)

Hence, when the system reaches the sliding manifold (i.e.,
S = Ṡ = 0), the equivalent control signal could have the
form:

ueq = 1

ω2
no

[
2ζωnoβ̇ + ω2

noβ + β̈r − ω2
noβr . . .

−ψ(x, βr) − k1ė − k2e (10)

A more realistic expression for the equivalent control (10)
could be of the form:

usmc
ftc = 1

ω2
no

[
2ζωnoβ̇ + ω2

noβ + β̈r − ω2
noβr + · · ·

k1(β̇r − β̇) + k2(βr − β) − ηsgn(S)
]

(11)

where η = ϕ + ε. Substituting (11) into (9) gives:

Ṡ = ψ(x, βr) − (ϕ + ε)sgn(S) (12)

Multiplying both sides of equality (12) by the sliding variable
(S) gives the reachability condition (8).

SṠ ≤ −εSsgn(S) ⇒ SṠ ≤ −ε |S| (13)

Hence, regardless the effects of low pressure fault and/or
increase air content fault, the supplementary sliding mode
controller ensures accurate tracking of the reference pitch
angle.

It should be noted that the ISMC design procedure is
addressed in terms of finding a control law for the input usmc

ftc
that verifies the reachability and sliding conditions. Subse-
quently, with reference to inequality (13), since SṠ = 1

2
d
dt S

2,
it follows that the function V (S) = 1

2 S
2 is a Lyapunov func-

tion for the sliding dynamic S

Remark 3 • Although the proposed controller (11) is capa-
ble of maintaining robust closed-loop tracking perfor-
mance against some fault scenarios, the sensor fault has
direct effects on the sliding surface (7) and hence cannot
be tolerated using (11).

• To avoid the chattering accompaniedwith slidingmotion,
a well-known approximation to the function sgn (S) is
given by sgn (S) = S

|S|+τ
where τ is a small positive

constant. This will ensure the sliding motion to be in the
vicinity of the line(S = 0) [22].

• The SMC based on surface (7) guarantees closed-loop
robustness against the matched and mismatched uncer-
tainty components of the pitch actuator system. For
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instance, suppose the system (6) is affected by mis-
matched uncertainty (i.e., ė = β̇ − β̇r +d where d repre-
sents mismatched uncertainty that satisfies lim

t→∞ ḋ = 0).

It should be noted that while sliding, the dynamics of
system (6) become (ë + k1ė + k2e = ḋ) which is homo-
geneous differential equation since lim

t→∞ ḋ = 0. This

implies that the state in (6) moves toward the equilibrium
point asymptotically regardless the effect of unmatched
uncertainty.

3.2 PPIO-Based Sensor Fault Estimation

In this section, the fault estimation/compensation approach
to FTC is nominated to correct the faulty blade pitch
angle sensor. A proportional state observer augmented by
proportion–integral feedback term for fault estimation is
proposed to provide accurate estimates for wider ranges of
sensor fault scenarios. Themodel of the actuator systemwith
sensor fault can be of the following form:

ẋ = Ax + Busmc
ftc + Dψ(x, βr)

y = Cx + Ds fs

}
(14)

where Ds = [
1 0

]T
and fs is the unknown sensor fault

signal. To cope with the sensor fault estimation problem, an
augmented system assembles the model (14) and an output
filter is constructed. The output filter is represented by the
following form:

ẋs = −Asxs + AsCx + AsDs fs (15)

where −As ∈ Rl∗l is a stable filter matrix. The augmented
model is given as follows:

˙̄x = Āx̄ + B̄usmc
ftc + D̄ψ(x, βr) + D̄s fs

ȳ = C̄ x̄

}
(16)

Ā =
[

A 0
AsC −As

]
, x̄ =

[
x
xs

]
, B̄ =

[
B
0

]
, D̄ =

[
D
0

]
,

D̄s =
[

0
AsDs

]
, C̄ = [

0 Il
]

As illustrated in Remark 3, in order to guarantee robustness
against sensor fault, the proposed control strategy requires
compensation of the sensor faults affecting the system. The
PPIO for the system (16) is given as:

˙̂x = Āx̂ + B̄usmc
ftc + D̄s f̂s + LC̄ex

ŷ = C̄ x̂
˙̂fs = ρ

[
K1C̄ ėx + K2C̄ex

]

⎫⎪⎬
⎪⎭

(17)

where x̂ is the estimated state, ŷ is the estimated output,
ey = ȳ− ŷ = C̄ex , K1 ∈ R(mf∗r), K2 ∈ R(mf∗r) are the pro-
portional and integral gains, respectively, andρ ∈ R(mf∗mf ) is
a symmetric positive definitematrix. Subtracting theobserver
in (17) from the system (16), the state estimation error will
be defined as:

ėx = (
Ā − LC̄

)
ex + D̄ψ(x, βr) + D̄sefs

ey = C̄ex

}
(18)

where efs = fs − f̂s. Using (18), the fault estimation error
dynamics will become:

ėfs = ḟs − ˙̂fs
ėfs = ḟs − ρK1C̄ Āex + ρK1C̄ LC̄ex − ρK2C̄ex . . .

−ρK1C̄ D̄sefs − ρK1C̄ D̄ψ

⎫⎪⎬
⎪⎭
(19)

by combining (18) and (19), the state and fault error dynamics
can be assembled as in (20):

˙̃ea (t) = Ãẽa + Ñ z̃ (20)

where

Ã =
[

Ā − LC̄ D̄s

−ρK1C̄ Ā + PK1C̄ LC̄ − ρK2C̄ −ρK1C̄ D̄s

]
,

z̃ =
[

ψ

ḟs

]
, Ñ =

[
D̄ 0

−ρK1C̄ D̄ I

]
ẽa =

[
ex
efs

]

Now, the objective is to compute the gains L , K1 and K2 that
attenuate the effects of the input z̃ on the estimation error via
minimizing the L2 norm ‖z̃‖2, which should stay below a
desired level γ .

Theorem The augmented estimation error in (20) is stable
and the L2 performance is guaranteed with an attenuation
level γ , provided that the signals

(
ḟs, ψ

)
, are bounded, rank

(C̄ D̄s) = mf , and the pair ( Ā, C̄) is observable, if there
exists a symmetric positive definite matrices P1, ρ−1 and
G, matrices H, K1 and K2, and a scalar μ satisfying the
following LMI constraint

Minimize γ̄ such that

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ϕ11 ϕ12 ϕ13 ϕ14 0 ϕ16 0
∗ ϕ22 ϕ23 ϕ24 ϕ25 0 0
∗ ∗ −γ̄ I 0 0 0 0
∗ ∗ ∗ −γ̄ I 0 0 0
∗ ∗ ∗ ∗ −G−1 0 0
∗ ∗ ∗ ∗ ∗ −2μP1 μI
∗ ∗ ∗ ∗ ∗ ∗ −G

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

< 0 (21)
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where w1 and w2 are weighting matrices, and

L = P−1
1 H, γ = √

γ̄

ϕ11 = P1 Ā + (
P1 Ā

)T − HC̄ − (
HC̄

)T + w1

ϕ12 = P1 D̄s + ĀT C̄T K T
1 − C̄T K T

2 , ϕ13 = P1 D̄s,

ϕ16 = (HC̄)T , ϕ22 = −K1C̄ D̄s − (
K1C̄ D̄s

)T + w2

ϕ23 = −K1C̄ D̄, ϕ24 = ρ−1, ϕ25 = K1C̄

Proof see [23]

Remark 4 • Based on the available information of D̄s and
D̄, the inequality (21) attenuates the effects of the dis-
turbance (z̃) on fault estimation signal via L2 norm
minimization.

• The robustness of the sliding motion against faulty mea-
surements is assured via integrating the ISMC by PPIO
responsible for estimating sensor faults as shown in
Fig. 1.

• By constructing the augmented system in Eq. 16, this
paper has extended the linear matrix inequality (LMI)
design algorithm of PPIO-based actuator fault estima-
tion, proposed recently in [23], to the case of sensor fault
estimation.

4 Simulation Results

The aim of this section is to verify the effectiveness of the
proposed control scheme (Fig. 1) for the blade pitch actuator
of the wind turbine FTC benchmark model [7,19].

Remark 5 • Form design complexity standing point, the
proposed ISMC makes use of the available output data
and hence the complexity of observer-based state feed-
back based SMC is avoided.

• A filtered derivative of the form ( s
Tf s+1 ) could be used to

approximate the derivative in (7) where Tf is a positive
scalar that can be selected to attain acceptable approxi-
mation.

• Practical implementation of sliding mode controller has
been addressed in several research papers for mechani-
cal and electrical systems using field programmable gate
arrays [24] or digital signal processing system [25].
The first design step of the controller (11) is to determine

the switching gain (η) and the sliding surface parameters
(k1, k2). Satisfying assumption 1 ensures a sliding motion
governed by the following second-order dynamics:

0 = ë + k1ė + k2e (22)

Specifically, the design parameter η = 50 is selected to sat-
isfy the reachability condition.
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Fig. 2 The tracking performance of the pitch actuator system

Additionally, the performance parameters of the error sys-
tem, governed by k1 and k2, are adopted to preserve the
nominal time response of the pitch actuator (i.e., ζo = 0.6 and
ωno = 11.11 rad/s). Specifically, the sliding surface param-
eters (k1, k2) can be selected such that the error dynamics
satisfy specific bound on transient response characteristics
such as the settling time (Ts) and the peak time (Tp) [26]:

Ts = 4

ζoωno
= 8

k1
, (Tp)

2 = π2

ω2
no(1 − ζ 2

o )
= π2

k2(1 − ζ 2
o )

.

Figure 2 shows the nominal tracking response of the 2nd
order blade actuator system to a multilevel reference pitch
angle.

It is expected that the model parameter faults, i.e., the
effect of low oil pressure and/or increase air content fault,
will disturb the transient performance of the pitch actua-
tor system. Consequently, these faults will limit the blade
actuator tracking capability of the reference pitch angle.
Figures 3 and 4 demonstrate the blade actuator tracking per-
formance for two sets of faulty model parameters ζ = 0.25,
ωn = 5.73 rad/s and ζ = 0.9, ωn = 3.42 rad/s respectively.

The purpose of the fault-tolerant controller is to force the
faulty system to follow as closely as possible the response of
the nominal (i.e., fault-free) system. Specifically, while the
effects of model parameter fault, the proposed ISMC should
maintain the nominal time response characteristics (i.e., set-
tling time, peak time, rise time, and maximum overshoot).
The effectiveness of the proposed ISMC is shown in Figs. 5
and 6.

On the other hand, the ISMC shows inability to tolerate
the effects of sensor faults. This is because the generated
control signal is based on faulty measurement and hence the
controllerminimizes the error e = (β+ fs)−βr. Hence,when
the ISMC makes e = 0 = (β + fs) − βr, the actual pitch
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Fig. 6 The SMC performance of the faulty pitch actuator system (ζ =
0.9ωn = 3.42 rad/s)
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Fig. 7 The integrated SMC+PPIO performance against simultaneous
actuator system fault (ζ = 0.25ωn = 5.73 rad/s) and sensor fault
( fs = 0.5β)

angle isβ = βr− fs. Therefore, it is suggested to integrate the
ISMC with PPIO in order to provide fault tolerance against
simultaneous parameter and sensor faults. Solving the LMI
constraints of the PPIO gives the following values:

G =
⎡
⎣
8 0 0
0 8 0
0 0 8

⎤
⎦ , ρ = 0.1, As = 10, γ = 0.3549,

L = [
0.4122 0.2456 −0.6107

]T
,

K1 = 1.1052, and K2 = 82.2216

Figure 7 clarifies the effect of the sensor fault and the perfor-
mance of the proposed integrated ISMC and PPIO.

It should be noted that the sensor fault (Ds fs = 0.5β) has
been tolerated using estimation and compensation approach
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Fig. 8 Sensor fault estimation using PPIO
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Fig. 9 The tracking performance of the faulty pitch actuator system
(ζ = 0.9ωn = 3.42 rad/s) under realistic wind data

to FTC (see Fig. 1). Figure 8 shows the sensor fault estimation
accuracy.

The proposal has been tested using the realistic faults and
wind data of the wind turbine FTC benchmark model [7].
The model represents a three-bladed variable-pitch variable-
speed horizontal axis 4.8MW wind turbine with a realistic
windmodel has been included that comprises stochasticwind
behavior, wind shear effects, and tower shadow effects. In
this benchmark model, it is required to tolerate the effects of
sensor, actuator, and process faults in different parts of this
benchmark model. For instance, it is important that the pro-
posed FTC scheme be able to tolerate the parameter change
and sensor faults of the pitch actuator system simultane-
ously since these faults will influence the pitch positions as
demonstrated above. Figure 9 illustrate the effects of model
parameter fault as well as the fault tolerance capability of
the ISMC. In Figs. 10 and 11, fault estimation capability of

0 1000 2000 3000 4000
-2

-1

0

1

2

3

4

5

6
fs=stuck fault=5 (deg)

Time (sec)

β 1 S
en

so
r 

fa
u

lt
 e

st
im

a
ti

on
 (

d
eg

)

Fig. 10 Blade-1 stuck sensor fault estimation using PPIO
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Fig. 11 Blade-2 scale sensor fault estimation using PPIO

the PPIO has been exploited to estimate blade-1 stuck sensor
fault and blade-2 scale sensor fault separately. Additionally,
the benefits of using the integrated ISMC and PPIO scheme
to tolerate simultaneous actuator and sensor faults have been
demonstrated in Fig. 12.

5 Conclusions

This paper proposes a robust slidingmode controller for pitch
actuator systemofwind turbine contaminated by actuator and
sensor faults. The results have shown that the sliding mode
controller is capable of compensating the effects of actua-
tor faults. However, sensor fault has a direct effect on SMC
performance since this fault affects the sliding variable and
thereby the SMC signal steers the system to follow incorrect
measurements. Subsequently, this paper proved that com-

123



Arab J Sci Eng (2017) 42:3055–3063 3063

0 1000 2000 3000 4000

0

5

10

15

20

25
Actuator system fault + stuck sensor fault

Time (sec)

 (
d

eg
)

2000 2100

0

2

4

6 SMC+PPIO
SMC

β

Fig. 12 The performance of integrated SMC+PPIO against simulta-
neous actuator system fault (ζ = 0.25ωn = 5.73 rad/s) and blade-1
stuck sensor fault

bining the SMC with PPIO solves the robustness problem of
simultaneous actuator and sensor fault.
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