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Abstract. The paper presents a model-based fault detection
method for pitch actuators faults using the normalized gradient
method to estimate the parameters of the pitch actuator. One major
difficulty is that the input signal to the parametric estimation method
must be a persistent excitation. To circumvent this, a chattering term
is added to the pitch control law and the usual low-pass filters
are not used for the parametrization in the normalized gradient
method (thus acceleration information is used). In order to verify the
proposed method, simulations are conducted within a Hardware in
the Loop (HiL) platform using the wind turbine simulation software
FAST (Fatigue, Aerodynamics, Structures, and Turbulence).
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1. Introduction
Wind energy is rapidly emerging as a cost-effective
sustainable technology. The demand of higher power
production installation and the continuous increase of the
size of wind turbines (WT) have led to new challenges
in the WT systems. Fault detection and isolation (FDI)
techniques are fundamental to detect and locate degradations
and failures in the operation of WT components as early
as possible. In consequence to this, the FDI research has
witnessed a steady increase in interest in this application
area. Publications can be named, among others, such as
an H-infinity based technique to detect and estimate the
magnitude of blade bending moment and pitch actuators
faults [1], an unknown input observer designed for the
detection of sensor faults around the wind turbine drive train
[2], a model-based system identification technique for pitch
actuator faults [3], FDI and fault tolerant control (FTC) for a
wind turbine generator and converter system [4] and doubly
fed induction generator sensor fault diagnosis [5]. The FDI
and FTC systems use fault detection (FD) techniques to
achieve their goals. A FD technique detects faults by means
of a residual signal produced by available measurements.
It must be a signal that is close to zero in the absence of
a fault, and significantly affected in the presence of faults
[6], [7], [8]. The main components of a fault detection

system are the following [6], [7]: a residual generator signal,
residual evaluation method, and a prescribed threshold to
decide whether a fault occurs or not [6], [7], [9].

This paper proposes a model-based fault detection
method that detects a fault whenever a change occurs in
the dynamics of the pitch actuator [10]. The normalized
gradient method [11] is used to estimate the parameters of
the pitch actuator and a residual signal is obtained. A 5MW
wind turbine based on FAST will be used in the simulations.
Moreover, tests will be conducted in a HiL platform using
the Arduino microcontroller [17].

The paper is organized as follows. In Section 2, the Na-
tional Renewable Energy Laboratory (NREL) wind turbine
simulator FAST [12] code, the pitch actuator model and the
generator and converter model are given. Section 3 states the
control strategies. The FD method is conceived in Section 4.
Finally, in Section 5 the Hardware in the Loop platform, and
the simulations are presented.

2. Wind Turbine Model

A. FAST

The FAST code [12] is an aerolastic simulator capable
of predicting the extreme and fatigue loads of two and
three bladed Horizontal Axis Wind Turbines (HAWTs).
This simulator was developed by the National Renewable
Energy Laboratory (NREL) and has been accepted by the
scientific community and is used by many researchers in the
development of new control systems for wind turbines. We
select this simulator for validation due to the fact that in
2005 the Germanischer Lloyd WindEnergie evaluated FAST
and found it suitable for the calculation of onshore wind
turbine loads for design and certification [13]. Numerical
validation with FAST were performed with the NREL 5MW
on-shore wind turbine. The wind turbine characteristics are
summarized in Table I, see [16].
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Rated power 5 MW
Number of blades 3
Height of tower 87.6m
Rotor diameter 126m
Cut in, Rated, Cut-Out Wind Speed 3m/s,11.4m/s,25m/s
Gearbox ratio 98
Nominal generator speed(Ωng) 1173.7 rpm

TABLE I

WT CHARACTERISTICS .

New wind data sets are generated with TurbSim [14],
a stochastic, full-field, turbulent-wind simulator developed
by NREL. This wind inflow (see Fig. 1) is used in the
simulations of Section 5. Note that the mean wind speed at
the hub height is18.5m/s, thus the wind turbine is working
in the full load region (also called Region 3).
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Fig. 1. Wind speed profile.

B. Pitch actuator model

The hydraulic pitch system can be modeled by a second
order system, see [10], with reference angleβri and actual
pitch angleβi as

βi(s)

βri(s)
=

ω2
n

s2 + 2ζωns+ ω2
n

, i = 1, 2, 3, (1)

where ζ is the damping factor andωn is the natural
frequency. This transfer function is associated to the control
system of the pitch angle of every blade (i = 1, 2, 3) and
the values of its parameters are identical when no fault
exists. For the healthy case, the parametersζ = 0.6 and
ωn = 11.11rad/s are used [10]. When a fault occurs, these
parameters will change.

The proposed FD method will estimate the values ofζ

andωn and, whenever a change in these estimated values is
observed, a fault can be detected.

C. Generator and converter model

The generator and converter dynamics are modeled by a
first-order transfer function [15]

τg(s)

τg,r(s)
=

αgc

s+ αgc

, (2)

whereτg is the generator torque,τg,r is the torque reference
to the generator andαgc is the generator and converter model
parameter (in the simulationsαgc = 50 [16]). The electrical
power produced by the generator is given by

Pg(t) = ηgΩg(t)τg(t), (3)

whereηg is the generator efficiency (in the simulationsη =
0.98) andΩg is the generator speed measurement. See Fig.
2.
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Fig. 2. Block diagram. Note that the torque control is allocated in a
controller hardware (see, Section 5).

3. Control Strategy
A. Torque control

The 5MW reference wind turbine given by FAST contains
a torque controller. In Region 3, this controller maintains
regulated the generated power, thus the generator torque
is proposed inversely proportional to the filtered generator
speed [12], or,

τg =
Pr

Ω̂g

, (4)

wherePr is the electrical rated power, and̂Ωg is the filtered
generator speed. Note thatΩ̂g is used as proposed by [16]
to mitigate high-frequency excitation by using a recursive,
single-pole low-pass filter with exponential smoothing.

As the generator may not be able to supply the
desired electromechanic torque depending on the operating
conditions, and in the case of overshooting, the torque
controller is saturated to a maximum of47402.9Nm and a
maximum rate limit of15000Nm/s [16]. See Fig. 2.

This controller will be allocated in a controller hardware
(see [17]) performing a HiL simulation.

B. Pitch control

To assist the torque control with regulating the wind tur-
bine electrical power output, while avoiding significant loads
and maintaining the rotor speed within acceptable limits, a
pitch control is added to the generator speed tracking error.
The pitch angle control is a gain scheduling PI-controller
[16] to which we add a chattering term, that is
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βri=Kp(γ)(Ωg−Ωng)+Ki(γ)

∫ t

0

(Ωg−Ωng)dτ+Kαsgn(Ωg−Ωng),

(5)
i = 1, 2, 3,

where Ωng is the nominal generator speed (at which the
rated electrical power of wind turbine is obtained) and
the scheduling parameterγ is obtained by averaging the
measurements of all pitch angles as

γ =

3
∑

i=1

βi

3
.

The scheduled gains are calculated following [16]. In
the numerical simulation,Kα is set to 0.05. Finally, to not
exceed the mechanical limitations of the pitch actuator, the
input signalβri is saturated to a maximum of45◦ and a
rate limit of 8◦/s [16]. See Fig. 2. Actually, this rate limit
acts as a low-pass filter. This is one of the main difficulties
for the parameter estimation method as this is the input
signal which should be a persistent excitation.

Note that to obtain a greater excitaton signal, Eq. (5) uses
an unfiltered generator speed (Ωg) and an added chattering
term. Moreover, the unfiltered generator speed improves the
regulation of the generated power as has been observed in
numerical simulations.

4. Fault Detection Method
This section describes the proposed method to estimate

the pitch actuator parameters given in (1) as well as the
design of two residual signals for FD purposes.

Equation (1) can be written as

Y (s)

U(s)
=

ω2
n

s2 + 2ζωns+ ω2
n

, (6)

where Y (s) is the actual angleβi(s), and U(s) is the
reference angleβri(s). In time domain

ω2

nu = ÿ + 2ζωnẏ + ω2

ny, (7)

and isolating the acceleration

ÿ = ω2

nu− 2ζωnẏ − ω2

ny, (8)

that can be rewritten as

ÿ = (ω2
n,−2ζωn,−ω2

n)
(

u
ẏ
y

)

= θTφ ,

whereθT is the vector of parameters andφ is the regression
vector.

Using the normalized gradient method [11], we obtain the
following estimation

ˆ̈y = (θ̂1, θ̂2, θ̂3)
(

u
ẏ
y

)

= θ̂Tφ ,

where

˙̂
θ =

−ρeφ

1 + kφTφ
; k > 0, (9)

whereρ is a positive number called the estimator gain,k is
a design parameter (for the simulationρ = 20 andk = 100)
ande is the error defined by

e = ˆ̈y − ÿ. (10)

Note thatθ̂1, θ̂2 and θ̂3 are the estimations ofω2
n, −2ζωn

and−ω2
n, respectively, and̈y is the acceleration signal.

Remark: Note that the usual low-pass filters are not
utilized in the parametrization and therefore acceleration
information is employed. Different parameter estimation
methods were tested with and without the usual low-pass
filters and the results showed that the estimated values
approached much faster the real values when the filters
were not used.

We propose the following residual signalsr1 andr2

r1 = ˆ̈y − ÿh, (11)

r2 = || θ̂ − θh ||, (12)

whereθh = (ω2
n, −2ζωn, −ω2

n)
T = (123, −13, −123)T

are the healthy parameter values andÿh is the healthy pitch
actuator acceleration which is numerically obtained using

ÿh = ω2

nu− 2ζωnẏh − ω2

nyh,

with the healthy parameter values.

5. Experimental Setup
A. Hardware in the Loop

In this section, the experimental setup used for the simu-
lations is explained. The dynamics of the wind turbine are
simulated in FAST, which emulates all the input signals
needed by the controllers. The torque controller is imple-
mented in the open source Arduino microcontroller, which
will be connected via USB to a computer where the turbine
is simulated. Fig. 3 shows the experimental configuration of
the HiL, for more details see [17].

Torque control hardware

(Arduino)

Wind turbine simulator

(FAST)

Ωg

τc

Fig. 3. Diagram of the experimental configuration of HiL.

The proposed HiL platform allows to test the performance
of the torque controller when running in real-time and a fault
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exists in the pitch actuator. Note that testing these cases
experimentally can seriously damage the WT, thus a HiL
approach is preferable.

B. Fault description

The considered fault is a high air content in the oil [10].
Air is much more compressible than oil, so it changes the
dynamics of the hydraulic actuator. The fault is modeled by
changing the parametersζ andωn in the pitch actuator model
of blade 3 (the other blades are healthy). The used values for
this faulty case areζ = 0.9 andωn = 3.42 (see [10]). The
fault is linearly introduced from300s to 320s and is fully
active from320s to 600s (see [10]).

C. Simulation results

To finally setup the FD method a threshold is prescribed
for the residual signals using their maximum values (in
absolute value) in the healthy case. Forr1 the prescribed
threshold is0.4 and for r2 is 0.85. Fig. 4 shows that with
signal r1 the fault is detected at around308s, while Fig. 5
shows that with signalr2 the fault is detected at around302s.
In both cases the fault is detected before it is fully active,
i.e. during its linear introduction.
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Fig. 4. Residual signalr1.
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Fig. 5. Residual signalr2.

In Fig. 6, 7 and 8 it can be seen that, when a fault appears,
the estimated parametersθ̂1, θ̂2 and θ̂3, in a very short time,
differ from the healthy reference values as they start the
(slow) convergence to the faulty reference values. Recall that

the main contribution of this work is a FD method and this
is accomplished even with a slow parameter convergence.
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Fig. 6. Estimation of θ1.
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Fig. 7. Estimation of θ2.
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Fig. 8. Estimation of θ3.

The following results will show that the proposed closed-
loop is robust against the studied fault.

Fig. 9 shows that the torque controller has an acceptable
performance, maintaining the generated power closed to the
desired value (5 MW) despite the appearance of a fault at
time 300s. From Fig. 10, the torque action of the proposed
controller achieves reasonable values.
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Fig. 9. Generated electrical power.
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Fig. 10. Torque control.

The generator speed, as shown in Fig. 11 is near its
nominal value due to the controllers action. Figures 12 and
13 show that the pitch control signal is regulated within the
authorized variation domain. That is none of the variations
exceed the mechanical limitations of the pitch actuator. Note
also that, when all the pitch actuators are in healthy condition
all blades have the same behavior, however when a fault
exists in one of them a difference between the variation of
the pitch angle 1 (healthy) and the pitch angle 3 (faulty) can
be observed.
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Fig. 11. Generator speed.
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Fig. 12. Pitch control.
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Fig. 13. Zoom of the pitch control signal.

It can be seen in Figures 14, 15, 16 and 17 that the fore-aft
and the side-to-side accelerations at different tower heights
are of the same magnitude than the case presented in [16]
(where a gain-scheduling PI is used for the pitch controller).
Thus the addition of the chattering term helps to the FD
method without much variation in the tower accelerations.
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Fig. 14. Fore-aft accelerations at mid-tower.
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Fig. 15. Side-to-side acceleration at mid-tower.
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Fig. 16. Fore-aft acceleration at tower top.
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Fig. 17. Side-to-side acceleration at tower top.

6. Conclusions

A WT fault detection method for pitch actuator faults is
studied in this paper. Although only one type of fault is pre-
sented in the simulations, any fault that implies a change in
the dynamics of the pitch actuator will be detected using this
method. Note that, even if the approximation of the estimated
parameters to the fault values is slow, the two proposed
residual signals detect in short notice the appearance of the
fault. Moreover, according to the experiments, the overall
closed-loop system is robust against the studied faults. The
numerical simulations in HiL platform have demonstrated
the performance of the proposed fault detection method.
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