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Abstract: In this paper, parameter-varying technique is firstly addressed for modelling a 4.8MW
wind turbine system which is nonlinear in essence. It is worthy to point out that the proposed
parameter-varying model is capable of describing a nonlinear real-time process by using real-
time system parameter updating. Secondly, fault reconstruction approach is proposed to
reconstruct system component fault and actuator fault by utilizing augmented adaptive observer
technique with parameter-varying. Different from the offline tuning adaptive scheme, the
proposed adaptive observer includes adaptive tuning ability to online adjust the observer based
on varying parameter. The effectiveness of the proposed parameter-varying modelling and fault
reconstruction methods is demonstrated by using a widely-recognized 4.8 MW wind turbine

benchmark system.

Keywords: Adaptive observer; Fault diagnosis; Fault reconstruction; Parameter-varying

modeling; Wind turbine systems;
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1. Introduction

Recently, wind turbine industries have been rapidly developed which have dominated renewable
energy market. Since most of the wind power systems are placed along mountains, farmland, coastline,
and even in seas, it is challenging to maintain and repair them timely when any unexpected faults occur in
the wind turbine system. Therefore there is a high demand to improve the system reliability of the wind
turbine systems by implementing effective real-time monitoring and fault diagnosis [1, 2]. Fault diagnosis
methods can be generally categorized into model-based approach, signal-based approach and data-driven
approach [3-6]. Model-based fault diagnosis is one of the most powerful and popular system monitoring
and fault diagnosis methods for wind turbine systems, and some results were reported in [7-13], generally
utilizing linearized time-invariant models of wind turbine systems. However, wind turbines are nonlinear
or parameter time-varying in nature. Therefore, linear time-invariant models at some operation points
would fail to describe the global wind turbine system performance. In particular, nonlinearities in the
aerodynamic torque are indispensable [14, 15]. In order to better describe wind turbine systems,
parameter-varying models or fuzzy models were utilized for modelling wind turbine systems [16-19].
Based on linear parameter-varying models, a variety of approaches for control synthesis, monitoring and
fault diagnosis for wind turbine systems were also addressed in [20-25]. However, a big concern is the
complexity of the design and implementation by using the aforementioned methods in [20-25]. In
addition, it could cause system oscillation when control or observation switching strategies were used.
Therefore, there is a strong motivation to develop a novel modelling and real-time monitoring techniques
for wind turbine systems. In this paper, a novel parameter-varying model for wind turbine systems is
established, which is used for real-time monitoring and fault reconstruction in wind turbine systems.

Adaptive observation and regulation play an important role in system analysis and control synthesis,

and some interesting results are reported on the basis of time-varying parameter models. In [26], an

2/22



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

adaptive control method with exponential regulation in a parameter-varying model was addressed. In [27],
time-varying parameter adaptive control was investigated. A periodic parameter adaptation approach for
time-varying parametric uncertain systems was discussed in [28]. It is noticed that most of the approaches
in [26-28] are Lyapunov function based methods, where it is a challenging to find a proper Lyapunov
function for the system stability analysis, as well as not easy to solve and implement for some cases, for
instance, the case for system with varying parameters at arbitrary velocity [28].

In this paper, a novel observer is constructed with adaptive parameters tuning for fault reconstruction
based on the proposed parameter-varying model. It is designed offline, but performed and regulated
automatically on-line for real-time monitoring and fault diagnosis. The augmented system approach and
the parameter-varying model are integrated for designing this novel fault estimator to simultaneously
reconstruct the concerned faults as well as system states. From the error dynamics analysis and simulation
results, it can be concluded that the proposed adaptive parameter-varying observer possesses a certain
ability of disturbance rejection, apart from being able to estimate system states and reconstruct system
faults.

The paper is organized as follows. Parameter-varying modeling for wind turbine is discussed in Section
2. Faulty system for wind turbine systems with concerned component fault and actuator fault is addressed
in Section 3. Parameter-varying-model based states observation and fault reconstruction for wind turbine
systems is investigated in Section 4. Validation studies on a 4.8 MW wind turbine benchmark are

addressed in Section 5. The paper is ended with conclusion in Section 6.

2. Parameter-varying Modeling for Wind Turbine

Due to highly nonlinearity and random uncontrolled driving wind, wind turbines should be identified
along the global operating region. Parameter-varying modelling is an effective method to build a model to
describe the wind turbine operation. However, conventional parameter-varying models generally possess

nonlinear switched affine structures, which may bring complexity and challenges in the design and

3/22



70

71

72

73

74

75

76

77

78

implementation of the model-based controller and fault detector. In order to overcome the potential

drawbacks of the conventional parameter-varying modelling methods, a novel parameter-varying model

for wind turbine system is built by using real-time parameter updating.

A 4.8MW benchmark wind turbine system [25] is depicted by Figure 1, which is composed of

aerodynamics and blade system, drive train and generator, and the symbols in Figure 1 are listed in Table

1.

—> Blade
UT
Aerodynamnic
P
=
Controller | Fy

E

Figure 1. Wind turbine’s architecture

Table 1. System parameters |

Symbols Quantity Unit
vy Wind speed m/s
Ta Aerodynamic torque Nm

2 Tip-speed-ratio [-]
B Blade pitch angle °
Br Reference blade pitch angle °
or Rotor speed Rad/s
Tgr Reference generator torque Nm
g Generator speed Rad/s
Tg Generator torque Nm
Py Generator power MW
P Reference generator power MwW
N Torsion angle of the drive train ~ ©
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2.1. Aerodynamic Model

The aerodynamic torque T, acting on the blades is:

T, =P L Ric, (2, ) €y
o 2

a
r

where P denotes the mechanical power, p is the air density [Kg/m®], R is the radius of the rotor [m],

and v, is the wind speed limited to 0~25[m/s], C, (4, ) is the torque coefficient which is a strong non-

linear term, depending on the blade pitch angle S, and the tip-speed-ratio A defined as 4 =w,R/v, .

The relationship between C,(4,8) and A,p is generally characterized by a Lookup Table scheme,

which cannot be utilized directly in model-based control and observation design and implementation.
From Eq.(1), one can see the nonlinearity of the torque T, is caused by v? and C,(4, B). In this study,

we construct a nonlinear polynomial function to illustrate the nonlinear dynamics. Here, C, (4, ) will be

identified by the curve fitting method using the real data and Linear Least Square method, which is
carried out by using Matlab Curve Fitting Toolbox, described as follows by using the polynomial of the

two input parameters:

C, (4, 8) = Poo t ProA + P S+ PuAB + pzo}L2 + pozﬂ2 tee-t pkoﬂ'k + pongI 2)
where py,, Py, Por* - Py are the coefficients of the polynomial, k and I are the orders of the polynomial

illustrating the curve fitting accuracy. By replacing the Lookup Table, the obtained polynomial equation

of Cq can be used on line.
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(a) (b)
Figure 2. (a) Real data (Dot) and fitting curve result (Color surface) of torque coefficient C, ;
(b) Zoom-in curve of C, .

Figure 2 depicts the curve C, (4, B) against the pitch angle £ and tip-speed-ratio 4. In Figure 2a, the
black dot shows the real data of the measurement used as the Lookup Table in [25], and the color surface
shows the curve fitting result of C (4, ). It is noticed that C (4, ) can take values either positive or
negative, which correspond to the generation mode or motor mode, respectively [29]. From the zoom-in
Figure 2b, one can see C, (4, B) takes positive values when the generator works in generation mode.

Substituting v, = w,R/A4 to Eq.(1), T, is rewritten as:

T,=Fn =% prR°C, (4, B) & | X 3)
,

a
r

Obviously, the nonlinearity of the torque T, is caused by @, /4 and C (4, f).

For the above mentioned £, the state-space representation is given as follows [25]:

syl [0 @ [B®] [0
[Bo(t)}_{_l —2gwf}{ﬁo(t)}+{l}ﬂ’(t) (4)
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where o, and ¢ denote the natural frequency and damping ratio respectively; g and g, are respectively

the pitch angle and its reference value with the changing range [-2°~95°], and g, = izﬂ IS proportional
a,

n

to the change rate of the pitch angle.
2.2. Drive Train and Generator Model

From [25], we can see the drive train dynamics including gear box is subjected to the most of
prominent nonlinear dynamics of a wind turbine system. The two-mass drive train model is driven by the

two inputs: the aero dynamic torque T, and the generator torque T, , which make the nonlinear dynamics

distributed in the state matrix and input matrix separately in the state-space equation. In this paper, the

system is expressed as a parameter-varying model with only one input from the generator torque T, as

follows:
o, [a.(LBo) 35 — ) w ) (0
o, |=| T A B e |+ =5 T, -
0,(t) 1 -+ 0 foam) (o0
where
B,.+B T B. B, - T, 1
a (L5, —_ —dt ' =r , "a __MatbPat P9 T -2 = 5/RC A, | 22
11( :Bwr) 3 +Jr,azz —ngngg I, a o, 2/9 q( By

and k and | in Eq.(2) both equal to 5, namely, C, (4, 8) = Poo + Pyod + P+ + PspA” + PosB° . From the

above, it is indicated that a;,(4,5,®,) is a nonlinear function of g,4 and o, . For simplicity,
a,,(4, B,®,) isdenoted as a,, in the rest of the paper.

The generator and converter dynamics can be modelled as a first-order dynamics:

(6)
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where 7 is the time constant of the model. The power produced by the generator is given by
P, (t) = n,0, ()T, (t), where 7, is the efficiency of the generator.

The parameters of the system are shown in Table 2 [25].

Table 2. System parameters Il

Symbols Quantity Parameter Unit

I Moment of inertia of the low-  55x10° kgm?
speed shaft

Bt Drive train’s torsion damping 775.49 Nms/rad
coefficient

ng Gear ratio 95 [-]

Kt Torsion stiffness of the drive 2.7 x10° Nms/rad
train

J Moment of inertia of the high- 390 kgm?

g speed shaft

B, Rotor external damping 7.11 Nms/rad

By Viscous friction of the high- 45.6 Nms/rad
speed shaft

ndt Efficiency of the drive train 0.97 [-]

wn Natural frequency 1111 Rad/s

S Damping ration 0.6 [-]

7q Time constant 0.02 s/rad

2.3. Parameter-varying Model of Wind Turbine

On the basis of the subsections 2.1 and 2.2, the parameter-varying model of overall wind turbine system

can be derived as follows:

{)’((t) = A(4, B, @, )X(t) + Bu(t) (7)

y(t) = Cx(t)
where
x®)=lo,® o, 6,0 O AO T ww=.0 O]
Y =lo.®) AO) T,O o)
B, 4 and w, are the scheduling parameters, 8 and @, can be measured to real-time update the model, 4

can be calculated by the measuring variables v, and o,. A,(4, f,®,), B, C are shown as follows:
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AlLpo,) =

a(fo) 2 -% 0 0 0 00
N4iBat . ﬂdtK;t 1 O 0
Ty a, w5 0 0 -5 0 0 100000
1 - 0 0 0 0 | B= 000100
o ; 0 0|, C= . (8
0 0 0 0 & 0 - 000001
0 0 0 -1 -2m, O L g 010000
0 o o o0 o0 -+ g

3. Wind Turbine System Subjected to Faults

By taking into account the component fault and actuator fault, the parameter-varying wind turbine model

can be represented by:

X(t) = ACLB.0,)X(E) + BUt) + B, F,, (1)
+ B, f, (t) + B,d(t) 9)
y(t) =Cx(t)

where x(t) € R" represents the state vector, u(t) e R™ is input vector, f, (t) e R is actuator fault vector,

f_(t) e R is the component fault vector, d(t) € R* stands for the process disturbance vector, y(t) € R is the

measurement output vector; Ba , Bc and Bg are the distribution matrices of the actuator faults, component faults and
process disturbances. For the wind turbine system, n=6,p=4and m=2,and A,(4,/,®,), B, C are defined

asin (8).

In order to reconstruct the faults concerned, we construct an augmented system as follows:

{x'e (t) = A (4, B, @)% (t) + Bu(t) + By d, (t)
y(t) = C.x(t)

A4, B, r Bac
where Xe(t):(:((tt))J/ '%(ﬂ“fﬂ'a)r) Z( ( Oﬂ “ ) 0 jr Bac :(Ba Bc)’ B. :(OB } Bee :(Bd 0]’
kxn kxk kxm
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fau

f

C

df(t
C.=(C opxk), k is the total number of the concerned faults, d, (t) =[ ( )j, and f =[ j represents the

f (t)
faults to be reconstructed. Here, the faults are assumed to be slow-varying, which can cover the typical faults in
engineering systems such as abrupt faults and incipient faults by assuming f (t) to be bounded.

In this paper, the parameter fault and the actuator fault are both considered. The parameter B, is assumed to have
an additive fault, denoted by B, . As a result, the resulting fault and distribution matrix can be respectively

represented by

B,
fcz—%,and B.=(0 1 0 0 0 Of
g

The generator torque is assumed to be faulty, and its distribution matrix is expressed as:

In order to simplify formulas, A, (4, 8, ®,) is abbreviated as A, in the following sections.

4. Parameter-varying model-based observer
4.1. Design of Parameter-varying Model-based Observer

As there are only four independent columns in the output system matrix C,, we can make the first four
columns of the C, are independent, but the others are zero by using some coordination transformations.

In other words, we can make a simple change of the coordinates so that all the non-zero elements in the

system output matrix will appear in the first four columns only. More precisely, we set:
z(t) = Px,(t) (11)

where
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7 X 10000000
z, X5 01 00O0O0O0OTGO
Z, X, 00010000

||, _|%|p_[00000100
e | | X | 00100000
Zq X5 00001000
z Xy 00000O00O0T10
Zg Xg 0000O0OTO 0?11

As two faults are considered, the dimension of the augmented system state is n+k =8. Via the

coordination transformation (11), the augmented system (10) becomes:

2(t) = Fz(t) + Gu(t) + Jd,(t) 12
y(t) = Ha(t) 12
where F =PAP™, G=PB,, H=C,P", J=PB,,.
The observability matrix is given by:
1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
H 0 0 1 0 0 0 0 0
O
HF HF ? 0 L 0 B g cl) 8 10K 8 8
6: HF2 _ _ CEl Jrng dt Ty Tt
: "7dtBdt a 0o -L ndtKdt 0 1 (13)
: Jgng 22 Jg Jgng
' HF ("D 0 0 0 0 @ 0 0 0
HE (kD 0N
0 0 0 —% 0 0 % 0

From (13), one can find that rank O =n+k =8, which indicates the system (12) is observable. As a
result, one can make another linear transformation in order to transform the system into an observable
canonical form.

Let

&(t) =0z(1) (14)

one can have
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£(t) = 0z(t) = OFO &(t) + OGu (t) + OJd,, (t)
193 = AE(t) + B,u(t) + Byd, (1) (15)
y(t) = Hz(t) = HOE(t) = H &(1)

194  where
SERILSH
e i e | = 1
B
195 Az_l As 2
D Bdl
de — E ’H _He:(|4 04><4)
d2
'KZI = B
dt
_ Kat __ Bdt Kt 0 0 A1 Ipng 0 0
I ag3mg Irhg . Bawrat 5 0 1
196 KJdtZdt _ Kdt’]gt 0 0l, A, = Jgng 22 Jg ,
o 9" , 0 0 -2w, O
0 0 0 O g
0 O 0 a1
0 0 . Bdt7dt
— _ Jgrg Jon
B, = - g"g

197 1 TA O y Bz 0 0

g 1

0 0 - 0

g

198 An observer for this transformed system can be designed as follows:
199 s()=A,5()+Bu®) +L(y(t)—H.s(1) (16)

0 201 . . . .
200  where L:[£4J+(92|4)’ 6 >0. It is notice that the observer gain can be real-time updated as the
1 4

201 parameters A, is real-time updating. Therefore, the observer (16) can be called adaptive observer as it

202  can update gain adaptively when the system parameters are changing.

203 Letting (t) =&(t) - &(t) , the error dynamic of the observer is given by:
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219

£(t) = (A, — LH, )Je(t) + Baed, (1)
_ O4><4 I4 . 20‘4 04><4 o
_|:( Kﬂ KZZJ [K21+92|4 04X4J:|8(t)+ Bdede(t) (17)

20, | -
=[ 4 _4J5+Bdede(t)

Let &(t) = (el(t) &, (t))T , the error dynamic (17) is rewritten as:

g(t):(_m“ 4 Js(t)+§dede(t)+[_ 0 ]

—92|4 044 Agy&, (1) (18)
= A &(t) + Baed, (t) + As(t)
Consider the linear transformation:
— I4 /9 04><4
t) = t) =P g(t
£() (0 |4,02]e( ) =P
one has
£(t) = P.é(t) = P,AP. " (t) + P,A&(t) + P, Baed, (t) )
= AZ(t)+AZ(t) +de(t)
where

_ 21, 1, ) [ Oue - Bd%
A =6 AE=|A g, )/ | de(t) =| < d, ().
=1y Oy 2 2 Bd%
o 2
The eigenvalues of the matrix A_is —@, therefore the error dynamic in (19) can be ensured to be stable.

Moreover, the effects from the disturbance terms Az(t)and d.(t) can be prevailed if a reasonably large ¢

is chosen.

In terms of (16), the proposed observer can be transformed back into the following form:
2(t) = F2(t) + Gu(t) + O L(y(t) — HZ(t)) (20)

where 2(t) = O7'&(t).

Furthermore, from (12) and (20), the observer for the system (10) can be obtained as follows:
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%) = A (4, B, @)%, (t) + Bu(t) + PO 'L(y(t) - C,%, (1)) (21)

Where %, (t) = P2(t).
4.2. Procedure of The Observer Design

The steps of the observer design are as follows:
Stepl: Constructing augmented system as Eq.(10);
Step2: Selecting linear transformation matrix P and O, via twice coordination transformation, generate an
observable canonical form of the augmented system;
Step3: Design observer L to ensure the error dynamics to be stable.

Step 4: Produce the estimated states X=[l; Og,J% , and the reconstructed faults

~

fou = [les 1 o])A(e and a fAc = [01><7 1])A(e :

5. Real-time simulation and validation studies
5.1. Parameter-varying Wind Turbine Modeling

The 4.8MW wind turbine benchmark system is developed under Matlab/Simulink environment, which
is utilized to validate the parameter-varying modelling approach addressed in Section 2 of this paper. In
this wind turbine benchmark system, the target of power generation is 4.8 MW with a changing wind
speed input, shown as Figure 3a. The system measurable outputs are: rotor speed, blade angle, generator
torque and generator speed. The responses of the benchmark wind turbine system and the parameter-
varying model are shown in Figure 3b-3f, where in order to show clearly, the solid lines, dash-lines and
“o” mark have been employed to illustrate the different responses of the benchmark system model and
the parameter-varying model in each Figure, respectively. One can see the responses of the parameter-

varying model with real-time updating nonlinear polynomial function can well track the responses of the
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241 wind turbine benchmark system under the condition with the same inputs and controller. It is evident that

242  all the parameters of the parameter-vary model are consistent with those of the real-time benchmark
243 system, no matter on the transient responses or steady states.
30 2
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201 1 —
w 2 8 . Wl
= g W
> o '
%l B | *
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() €y

Figure 3. (a) Wind speed,

(b)-(f) States comparison between parameter-varying model and benchmark model.

5.2. Adaptive Parameter-varying Observer for State Estimation and Fault Reconstruction

(i) State estimates

By using adaptive observer with parameter-varying given by (21), one can simultaneously estimate the
system states and the concerned faults. Figure 4a-4f show the state variables of the wind turbine system
and their estimates, where the solid lines are the estimates and the lines with circle marks denote the
system states. One can see that the parameter-varying observer is able to track the states of the benchmark
model rapidly. Actually, the state estimates are the by-products of the adaptive observer, from which we

can obtain the information of the healthy status of the wind turbine system.
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260 Figure 4. Wind turbine states and their estimates by using the proposed observer
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(i) Fault reconstruction

In the wind turbine system, the actuator fault and component faults are both considered. A band-limit

white noise is added as the process disturbance. For the component faults, the viscous friction parameter

of the high-speed shaft, described as fault reference value By , has an effect on the term a,, in the

system matrix, causing the generator speed fault, which is considered as multiplicative term AA of the

system matrix:

0
—5Nms/rad

Bfr: O
¥ | =5(t —2000)

500
—~5Nms/rad

0s <t <1000s
1000s <t <1500s
1500s <t < 2000s

Nms/rad 2000s <t < 2500s

t > 2500s

For the actuator faults, the generator and converter additive fault would bring a bias for the generator

reference torque T,

0 0s <t <1000s
200Nms 1000s <t <1500s
'|'gfr = 0 1500s <t < 2000s
% Nms 2000s <t < 2500s
200Nms t > 2500s
300 2
ssal]
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Figure 5. Faults monitoring; (a) Actuator fault; (b) Component fault

The simulation results for fault reconstructions are shown as Figures 5a and 5b. The reconstructed
actuator bias fault and the component fault are obtained, by using the proposed observer with the poles at

0 =2 or §,=10. One can see the estimated fault signals can well track the actual fault signals with

good disturbance attenuation ability. In the meanwhile, the considered faults are intermitted,
encouragingly; the proposed fault reconstruction technique can successfully track this kind of challenging

faults. As a result, the proposed fault reconstruction technique is effective and powerful.

6. Conclusions

This paper has addressed a novel design for parameter-varying modeling and adaptive observer for
fault reconstructions in wind turbine systems. The proposed parameter-varying model is real-time
updating nonlinear model, and the proposed fault estimation is adaptive with real-time parameter
updating. The fault diagnosis scheme is away from the conventional switching strategy, and the diagnosis
process is non-invasive without any effects on the system operation. The effectiveness of the proposed
model and fault reconstruction technique has been well demonstrated on the 4.8MW real-time wind
turbine system.

In the future, interesting research directions are to use the parameter-varying models to develop fault-
tolerant control strategy with real-time parameter regulations, which would significantly improve the

reliability and availability of wind turbine energy systems.
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