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Abstract. The paper presents a model-based fault detectiogystem are the following [6], [7]: a residual generator aign

method for pitch actuators faults using the normalized igr#d residual evaluation method, and a prescribed threshold to

method to estimate the parameters of the pitch actuator.n@jer ide whether a faul s or n 7
difficulty is that the input signal to the parametric estiimatmethod decide whether a fault occurs or not [6], [7], [9].

must be a persistent excitation. To circumvent this, a ehatj term
is added to the pitch control law and the usual low-pass dilter This paper proposes a model-based fault detection
are not used for the parametrization in the normalized gradi method that detects a fault whenever a change occurs in
method (thus acceleration information is used). In ordeetdy the e gynamics of the pitch actuator [10]. The normalized
proposed method, simulations are conducted within a Haliva dient thod [111 i dt timate th t f
the Loop (HiL) platform using the wind turbine simulationfiveare gra |¢n method [11] is use_ 0 e,s |ma.e e parame ers o
FAST (Fatigue, Aerodynamics, Structures, and Turbulence) the pitch actuator and a residual signal is obtained. A 5SMW
wind turbine based on FAST will be used in the simulations.
Key words Moreover, tests will be conducted in a HiL platform using

. . . . . he Arduino microcontroller [17].
Parameter estimation, fault detection, wind turbine, FAS‘II [17]

Hardware in the Loop.
P The paper is organized as follows. In Section 2, the Na-

1. Introduction ti_onal Renewable Energy Labor_atory (NREL) wind turbine
) _ ) ) ~ simulator FAST [12] code, the pitch actuator model and the

Wind energy is rapidly emerging as a cost-effectivgyenerator and converter model are given. Section 3 stages th

sustainable technology. The demand of higher powghnirol strategies. The FD method is conceived in Section 4.

production installation and the continuous increase of theinaly, in Section 5 the Hardware in the Loop platform, and
size of wind turbines (WT) have led to new challengesne simulations are presented.

in the WT systems. Fault detection and isolation (FDI)

techniques are fundamental to detect and locate degradatio

and failures in the operation of WT components as earl?. \Wind Turbine Model

as possible. In consequence to this, the FDI research has

witnessed a steady increase in interest in this applicatig pasT

area. Publications can be named, among others, such as

an H-infinity based technique to detect and estimate the The FAST code [12] is an aerolastic simulator capable
magnitude of blade bending moment and pitch actuatord predicting the extreme and fatigue loads of two and
faults [1], an unknown input observer designed for théhree bladed Horizontal Axis Wind Turbines (HAWTS).
detection of sensor faults around the wind turbine drivimtra This simulator was developed by the National Renewable
[2], @ model-based system identification technique fortpitcEnergy Laboratory (NREL) and has been accepted by the
actuator faults [3], FDI and fault tolerant control (FTCy# scientific community and is used by many researchers in the
wind turbine generator and converter system [4] and doubljevelopment of new control systems for wind turbines. We
fed induction generator sensor fault diagnosis [5]. The FDdelect this simulator for validation due to the fact that in
and FTC systems use fault detection (FD) techniques #005 the Germanischer Lloyd WindEnergie evaluated FAST
achieve their goals. A FD technique detects faults by meaasid found it suitable for the calculation of onshore wind
of a residual signal produced by available measurementsrbine loads for design and certification [13]. Numerical
It must be a signal that is close to zero in the absence wélidation with FAST were performed with the NREL 5MW

a fault, and significantly affected in the presence of faulten-shore wind turbine. The wind turbine characteristics ar
[6], [7], [8]. The main components of a fault detectionsummarized in Table I, see [16].



Rated power 5 MW whererT, is the generator torque, . is the torque reference

Number of blades 3 -
Height of tower 87.6m to the gener_ator anq!gc is the generator and converter model
Rotor diameter 126m parameter (in the simulations,. = 50 [16]). The electrical
Cut in, Rated, Cut-Out Wind Speed 3m/s, 11.4m/s, 25m/s power produced by the generator is given by
Gearbox ratio 98
Nominal generator spegd2,. ) 1173.7 rpm
Py(t) = ngQ ()74 (2), ©))
TABLE |
WT CHARAGTERISTICS . wherer, is the generator efficiency (in the simulations=
0.98) and (), is the generator speed measurement. See Fig.
2.
New wind data sets are generated with TurbSim [14], _ -
a stochastic, full-field, turbulent-wind simulator deveal img\?\,_, . Q| (Generaigr 75 Powef p,
by NREL. This wind inflow (see Fig. 1) is used in the < (2) R
simulations of Section 5. Note that the mean wind speed at _ } Tg.r
the hub height is8.5m/s, thus the wind turbine is working t v |
. . . Pitch N Torqus
in the full load region (also called Region 3). o | |actuato Filter |22, Contro _,@aturato Rate
v Limiter
Systent (7) (4)
Br;

N
N

Pitch |Q
Rate Saturatd Control ’

Limiter] ) Qg
20
Y
£ Fig. 2. Block diagram. Note that the torque control is altedain a
5 18 controller hardware (see, Section 5).
3
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3. Control Strategy
A. Torque control

=
N

100 200 300 400 500 600 The SMW reference wind turbine given by FAST contains

time (s) a torque controller. In Region 3, this controller maintains
regulated the generated power, thus the generator torque
is proposed inversely proportional to the filtered generato
speed [12], or,

o

Fig. 1. Wind speed profile.

B. Pitch actuator model

The hydraulic pitch system can be modeled by a second Ty = ) (4)
order system, see [10], with reference angle and actual Qg
pitch angles; as

whereP, is the electrical rated power, aid], is the filtered
Bi(s) w? ' gene.rgtor spged. Note thé’g, is.us.ed as pro_posed by [1_6]

5, (5) =77 Cns L w2’ 1=1,2,3, (1) to mitigate hlgh—frequ_ency excitation by_usmg a recursive
T " " single-pole low-pass filter with exponential smoothing.

where ( is the damping factor andv, is the natural
frequency. This transfer function is associated to therobnt ~As the generator may not be able to supply the
system of the pitch angle of every blade=£ 1,2,3) and desired electromechanic torque depending on the operating
the values of its parameters are identical when no fautionditions, and in the case of overshooting, the torque
exists. For the healthy case, the parameters 0.6 and controller is saturated to a maximum ¢7402.9Nm and a
wy = 11.11rad/s are used [10]. When a fault occurs, thesmaximum rate limit ofL5000Nm/s [16]. See Fig. 2.
parameters will change.

This controller will be allocated in a controller hardware

The proposed FD method will estimate the valuesCof (see [17]) performing a HiL simulation.

andw,, and, whenever a change in these estimated values is

observed, a fault can be detected. )
B. Pitch control

C. Generator and converter model To assist the torque control with regulating the wind tur-
The generator and converter dynamics are modeled byP#e electrical power output, while avoiding significanads
first-order transfer function [15] 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 Pl-controller
[16] to which we add a chattering term, that is

Tg (5) —_ Qge (2)

Tga"'(s) s+ Qge ,




where

t
Br; :Kp(’Y)(Qg*Qng)+Ki(7)/(Qg*Qng)dT+Ka39n(Qg*Qng): é —ped k
‘ =7 >0, 9)
’ (5) L+ koTo
1=1,2,3, wherep is a positive number called the estimator gdinis

& design parameter (for the simulatipr= 20 andk = 100)

where Q,,, is the nominal generator speed (at which th ; :
J g P ( dinde is the error defined by

rated electrical power of wind turbine is obtained) an
the scheduling parameteyr is obtained by averaging the

measurements of all pitch angles as e=y-4y (10)
3 Note thatd,, 0, and 05 are the estimations af2, —2¢w,
> Bi and —w?, respectively, andj is the acceleration signal.

v = =1
3

Remark: Note that the usual low-pass filters are not
Nytilized in the parametrization and therefore accelenatio
information is employed. Different parameter estimation
hmethods were tested with and without the usual low-pass
filters and the results showed that the estimated values

rate limit of 8°/s [16],' See Eig.. 2. Actually, thig rat.e_limi_t approached much faster the real values when the filters
acts as a low-pass filter. This is one of the main d|ff|cult|e§vere not used.

for the parameter estimation method as this is the input
signal which should be a persistent excitation.

The scheduled gains are calculated following [16].
the numerical simulationk’,, is set to 0.05. Finally, to not
exceed the mechanical limitations of the pitch actuata, t
input signal 5., is saturated to a maximum ef5° and a

We propose the following residual signals andr,

Note that to obtain a greater excitaton signal, Eq. (5) uses

an unfiltered generator speed,) and an added chattering =YY (11)
term. Moreover, the unfiltered generator speed improves the ro=16—0y | (12)
regulation of the generated power as has been observed in

numerical simulations. whered, = (w2, —2Cw,, —w2)’ = (123, —13, —123)T

are the healthy parameter values dhdis the healthy pitch
) actuator acceleration which is numerically obtained using
4. Fault Detection Method

This section describes the proposed method to estimate
the pitch actuator parameters given in (1) as well as thaith the healthy parameter values.
design of two residual signals for FD purposes.

iin = wiu — 2Cwnln — WaYn,

5. Experimental Setup

Equation (1) can be written as A. Hardware in the Loop
Y (s) w2 In this section, the experimental setup used for the simu-
= - (6) lations is explained. The dynamics of the wind turbine are

2 27
Uls) 8%+ 2was +wi simulated in FAST, which emulates all the input signals

where Y(s) is the actual angles;(s), and U(s) is the needed by the controllers. The torque controller is imple-

reference angles,., (s). In time domain mented in the open source Arduino microcontroller, which
will be connected via USB to a computer where the turbine
wiu = § + 2¢wny + W3y, (7) is simulated. Fig. 3 shows the experimental configuration of

and isolating the acceleration the HiL, for more details see [17].

Torque control hardware Wind turbine simulator
i = WZU — 26wny — wiy, (8) (Arduino) (FAST)

that can be rewritten as
i = (2, 2w, —w2) (§) =079,

whered” is the vector of parameters ands the regression
vector.

Using the normalized gradient method [11]’ we obtain the Fig. 3. Diagram of the experimental configuration of HiL.

following estimation
u The proposed HiL platform allows to test the performance

= (él, 0, é3) (5) =0T¢, of the torque controller when running in real-time and atfaul



exists in the pitch actuator. Note that testing these cas#¥e main contribution of this work is a FD method and this
experimentally can seriously damage the WT, thus a Hiis accomplished even with a slow parameter convergence.

approach is preferable.
—Param. estin
—Healthy ref.
- - -Faulty ref.

B. Fault description 120°

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 80"
changing the parametefsandw,, in the pitch actuator model
of blade 3 (the other blades are healthy). The used values for
this faulty case aré¢ = 0.9 andw,, = 3.42 (see [10]). The 40
fault is linearly introduced fron800s to 320s and is fully

100-

61

60-

20r i
active from320s to 600s (see [10]). Fremmmmmmmmmmssossoseeeoeooooooooos
. . % 100 200 300 400 500 600
C. Simulation results time (s)
To finally setup the FD method a threshold is prescribed Fig. 6. Estimation of 0;.

for the residual signals using their maximum values (in

absolute value) in the healthy case. Fgrthe prescribed

threshold is0.4 and forr, is 0.85. Fig. 4 shows that with 50
signalr; the fault is detected at aroursd8s, while Fig. 5
shows that with signal, the fault is detected at arouB@?2s.
In both cases the fault is detected before it is fully active, 30
i.e. during its linear introduction.

40
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2 . . . . L
- --Threshold 10
1.5¢ 1
or —Param. esti
"""""""""""" —Healthy ref.
-10, - --Faulty ref.
0 100 200 300 400 500 600
- time (s)
Fig. 7. Estimation of 5.
- : : ‘ : : 0
0 100 200 300 400 500 600 L
time (s) 20
Fig. 4. Residual signalr;. —a0
160 : < 59
- --Threshold
1401 1 -80-
1207
104 —Param. esti
100¢ —Healthy ref.
80t 1 -12 ‘ ‘ ‘ - - -Faulty ref.
= 0 100 200 300 400 500 600
60F ] time (s)
40 .
Fig. 8. Estimation of 6.
201
o—
0 100 200 tirigo(s) 400 500 600 The following results will show that the proposed closed-

loop is robust against the studied fault.
Fig. 5. Residual signalrs.

Fig. 9 shows that the torque controller has an acceptable
In Fig. 6, 7 and 8 it can be seen that, when a fault appearserformance, maintaining the generated power closed to the
the estimated parameteﬁ‘ﬁ, 6, andfs, in a very short time, desired value (5 MW) despite the appearance of a fault at
differ from the healthy reference values as they start théime 300s. From Fig. 10, the torque action of the proposed
(slow) convergence to the faulty reference values. Relgatl t controller achieves reasonable values.
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Fig. 9. Generated electrical power.
Fig. 12. Pitch control.
= [ mo ]
c L I\ \
;Z.c 16,51 B] (deg) | [\ f\« 4
= 37 q 161 7[33 (deg) | \‘ i
- 36 | 155 { ’ ‘ i
15/ “ | 4
35 1 14.5] “ “ A
24 14 \ 4
135 \‘ I 4
0 100 200 300 400 500 600 " Vv Y1) /
time (s) 125 4 Y
12 4
Flg 10. Torque control. 285 % 25 Umzet‘)g) 305 310 31

Fig. 13. Zoom of the pitch control signal.

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. donjai.n. That is none of the variations It can be seen in Figures 14, 15, 16 and 17 that the fore-aft
exceed the mechanical _Ilmltatlons of the pltch actuatpteNoand the side-to-side accelerations at different towerHtsig
also that, when all the pitch actuators are in healthy coordit are of the same magnitude than the case presented in [16]

aII_ bla(_jes have the same behavior, however Whe_n a fa %here a gain-scheduling P1 is used for the pitch contrpller
exists in one of them a difference between the variation hus the addition of the chattering term helps to the FD

the pitch angle 1 (healthy) and the pitch angle 3 (faulty) cag,othod without much variation in the tower accelerations.
be observed.
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Fig. 11. Generator speed. Fig. 14. Fore-aft accelerations at mid-tower.
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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 thi
method. Note that, even if the approximation of the estighate
parameters to the fault values is slow, the two proposed
residual signals detect in short notice the appearanceeof th
fault. Moreover, according to the experiments, the overall
closed-loop system is robust against the studied faults. Th
numerical simulations in HiL platform have demonstrated
the performance of the proposed fault detection method.



