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techniques have the advantages that several actuator faults of the wind turbine drive train can be simul-
taneously reconstructed with one and the same observer and directly applied for fault compensation. Fur-
thermore, a simple compensation approach is implemented by subtracting the reconstructed faults obtained
from the (faulty) inputs. These corrected inputs act on the system as virtual actuators, such that the originally
designed controller for the nominal, i.e. fault-free situation, can still be used. The fault reconstruction and
fault tolerant control strategy are tested in simulations with several faults of different types.

© 2015 International Federation of Automatic Control. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Wind turbines with hydrostatic transmission are not yet available
in commercial systems. Only recently, however, this drive train con-
cept has been considered as an alternative to conventional wind tur-
bines. There are several reasons for this: firstly over the rated power
range between 1.5 and 10 MW, the existing gear-less direct-drive con-
cepts cause an increase of weight around 25 percent and a cost in-
crease of around 30 percent (Ragheb & Ragheb, 2010). Secondly, the
conventional gearboxes of modern wind turbines at the Mega-Watt
(MW) level of rated power are highly stressed by different load cases,
where wind gusts and turbulence lead to misalignment of the drive
train and a gradual failure of the gear components. This failure inter-
val creates a significant increase in the capital and operating costs and
downtime of a turbine, while greatly reducing its profitability and re-
liability (Ragheb & Ragheb, 2010).

In contrast, hydrostatic transmission allows mechanically decou-
pled operation of wind turbine rotor and generator over a wider range
of wind speeds without the need of mechanical gearboxes and fre-
quency converters. It permits the use of synchronous generators with
low numbers of poles, which are cheaper than double fed induc-
tion generator for indirect drive (with gearbox) and multi-pole syn-
chronous generators for direct drive (without gearboxes). Both drive-
train configurations are commonly used in variable speed machines
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today. Furthermore, as a consequence of the omission of power elec-
tronics, the use of synchronous generator with an electrical voltage
up to a range of 10 kV eliminates the need for voltage transformer.
According to the investigation in Diepeveen and Laguna (2011), hy-
drostatic transmission also have a positive impact on power quality,
since small rotor speed fluctuations due to wind gusts are absorbed.
Up to now, hydraulic transmissions are mainly used in construc-
tion and agricultural equipment. For these kinds of applications, con-
dition monitoring, fault diagnosis and maintenance are easy to per-
form. However, for a reliable operation of hydrostatic transmission
in wind turbines, fault diagnosis and fault tolerant control are indis-
pensable especially for offshore applications. Only a few model-based
fault-tolerant control approaches exist for wind turbines with con-
ventional drive-trains. In Sloth, Esbensen, and Stoustrup (2011), pas-
sive and active fault-tolerant controllers are designed and considered
with regard to accommodating altered actuator dynamics in the pitch
system model. In Odgaard and Stoustrup (2012), a bank of unknown-
input observers is used for fault diagnosis in the rotor and generator
speed sensors of the fault detection isolation (FDI) benchmark model
presented in Odgaard, Stoustrup, and Kinnaert (2009). In Sami and
Patton (2012b), Sami and Patton (2014) active fault-tolerant control
is achieved in the partial-load region of wind turbines by means of a
sensor fault hiding approach. The fault-tolerant control (FTC) strategy
uses a multiple integral observer and a fast adaptive fuzzy estimator,
where the observer designs are based on a nonlinear Takagi-Sugeno
(TS) model. In Sami and Patton (2012a), a passive sensor fault-tolerant
control strategy is implemented using a sliding mode controller for
the partial-load region that tolerates generator speed sensor faults
and generator torque offset faults. In Rotondo, Puig, Valle, and Nejjari
(2013), an FTC strategy using Linear Parameter Varying (LPV) virtual
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sensors is proposed and applied to the benchmark model (Odgaard
et al., 2009). Instead of hiding the fault, the virtual sensor is used
to expand the set of available sensors before the state observer is
designed. In Simani and Castaldi (2014), an FTC scheme based on
adaptive filters obtained via the nonlinear geometric approach is ap-
plied to the actuator of a wind turbine benchmark model. It is shown
that the proposed approach allows us to obtain an interesting decou-
pling property with respect to uncertainty affecting the wind turbine
system. A fuzzy modeling and identification method for fault detec-
tion and FTC is applied in Badihi, Zhang, and Hong (2014). The pro-
posed fuzzy gain-scheduled fault-tolerant control system is evalu-
ated by a series of simulations on a wind turbine benchmark in the
presence different fault scenarios. In Badihi, Zhang, and Hong (2015),
the method of Badihi et al. (2014) is compared with a fuzzy model-
reference adaptive control in which a fuzzy inference mechanism is
used for parameter adaptation without any explicit knowledge of the
system faults. In Georg and Schulte (2013), a Takagi-Sugeno sliding
mode observer (TS SMO) is used to reconstruct actuator and sensor
faults in wind turbines with conventional drive train. Here, the pro-
posed FTC strategy is based on the modification of the control inputs
in the presence of actuator faults and on the active-fault compensa-
tion of the sensor output signal in the presence of sensor faults. Both
strategies serve a behavior similar to the fault-free case.

In this paper, a TS SMO for actuator fault diagnosis and fault-
tolerant control scheme for wind turbines with hydrostatic trans-
mission is presented. It will be shown that TS SMO has the advan-
tages that several faults in the two different actuators (hydraulic
pump and hydraulic motor) of the wind turbine drive train can
be reconstructed with one and the same observer and directly
applied for fault compensation. In this work, a simple compen-
sation approach is implemented by subtracting the reconstructed
faults obtained from the (faulty) inputs. These corrected inputs act
on the system as virtual actuators, such that the originally de-
signed controller for the nominal, i.e. fault-free situation, can still be
used.

This paper is organized as follows: Section 2 presents a control-
oriented nominal model in Takagi-Sugeno form as an exact rep-
resentation of a holistic nonlinear physical model of a horizontal
axes wind turbine with hydrostatic transmission. A nominal con-
troller strategy is proposed in Section 3. The objective is a fixed, wind
speed independent rated speed of the synchronous generator. For
this, the rotor/generator speed ratio is continuously adjusted by a
variable-displacement hydraulic pump and motor. In Section 4, the
observer-based method for fault diagnosis is described. In particu-
lar, the TS SMO structure and design for directly reconstruction of
faults is briefly introduced. After, the fault tolerant control strategy
for actuator faults are introduced and tested in simulations. Finally,
a conclusion and an overlook on possible future work are given in
Section 5.

2. Control-oriented modeling

In the following the operation principle of hydrostatic transmis-
sion in wind turbines is briefly described and a holistic control-
oriented model of the overall system in Takagi-Sugeno’s form is pro-
posed. A detailed derivation of the wind turbine model using TS
model structure is given in Georg, Schulte, and Aschemann (2012).
The novel drive train concept is described and published in the re-
cent work (Schulte, 2014). It must be pointed out, that the collec-
tive pitch angle is not considered as a control input, because the fo-
cus is on the fault tolerant speed control of the generator and the
optimal control in the partial load, such that the rotor is constantly
running around the optimal tip speed ratio. Nevertheless, the pitch
angle in the control-oriented model may considered as a measur-
able premise variable for the transition between partial and full load
range.

2.1. Wind turbine with hydrostatic transmission

In contrast to wind turbines with conventional drive trains, the
inertia power in hydrostatic transmissions is transmitted by static oil
pressure and flow rate. One advantage is that the transmission ra-
tio between rotor and generator is continuously adjustable. The en-
tire drive train consists of the low speed shaft (LSS), the high speed
shaft (HSS) and the hydrostatic transmission line. In its simplest form,
the hydrostatic transmission consists of a hydraulic pump and motor,
of which at least one must have a variable displacement. A config-
uration with a variable pump and a variable motor is illustrated in
Fig. 1. Other configurations are investigated in Skaare, Nielsen, and
Hornsten (2013), with a variable displacement pump and fixed motor
and in Dolan and Aschemann (2012) with a fixed pump and a variable
displacement motor.

On the transmission input side, the torque and speed of the rotor
are converted by the hydraulic pump into a pressurized oil flow gp.
On the output side, the pressurized flow g, is converted back into
mechanical torque and speed by the hydraulic motor. By varying the
displacement of the hydraulic components, any desired transmission
ratio can be adjusted. This can be illustrated by the following con-
siderations: The fluid flow gp produced by the pump is proportional
to its rotational speed np and depends on the variable volume of the
pump per revolution. Indeed, the volume is not constant and propor-
tional to the normalized position Xp of the displacement unit

gp=VpXpnp with Xp=xp/xp,, <1 (1)

where Vp is the maximum volumetric displacement per revolution of
the pump. Similarly, the volume flow through the hydraulic motor is
given by

v =Vu Xy ny With Xy = Xy /Xy, < 1 (2)

where X, denotes the normalized position of the displacement unit,
and ny, the rotational speed of the motor shaft. Fig. 1 shows that the
pump feeds directly the motor. Neglecting the compressibility of the
fluid and hydrostatic losses it holds that gp = qy; and with (1), (2) we
obtain

o B ) = 2 = 2 2 3)
That is, the continuously variable transmission ratio r, depends on
the constant ratio “,/T‘; of the maximum volumetric displacement of
the pump/motor combination and the adjustable ratio of the position
Xp and &);. Thereby the maximum transmission ratio rey, max results
from maximum normalized position of the pump displacement &p =
1 and the minimum normalized position of the motor displacement
with )ZM < 1.

The necessary high transmission ratio for wind turbines of the
Megawatt class up to 2.5 MW can easily be reached by a suitably large
ratio of the maximum volumetric displacements Vp/V),. By taking ad-
vantage of the second adjustable term Xp/X),, the transmission ratio
can be varied in such a way that the generator operates at constant
speed directly connected to the electric grid.

2.2. Takagi-Sugeno model representation

In the next step a Takagi-Sugeno model of the entire wind turbine
system will be derived using the sub-models of the wind turbine me-
chanics (Georg et al., 2012), the hydrostatic transmission (Schulte &
Gerland, 2010), the aero map Cg for rotor torque calculation T; and
the reduced model of the hydraulic pump and motor with a first or-
der delay model of the displacement units. The nonlinear state space
model of a wind turbine with hydrostatic transmission is thus given
by

i = § (10 B) -V Ap)
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Fig. 1. Simplified hydrostatic drive train schematic.
. 1 .~ . For the conversion into a Takagi-Sugeno model, the following
Wg = fg(VM X Ap—Tp) nonlinear functions are defined
o1 e S T (A, B) oy o o o
Ap = C—(Vp Xp wr — Vi Ry g — Kieak AD) [, B) = rT L&) =%,  f3(Rm) =Zm (6)
H s
1 1 such that (4) can be rearranged as
Ty=—— T+ — Tyq that (4) & )
Tg Tg 0 ap ap 0 0
< 1 . 1 1
Xp=—— Rp+ — up 0 0 a3 I
Tp Tp k 4 wr
% 1 1 asy asp — leak 0 0 0 wg
Xv=——2Xy+—1u 4
M oy Mt T U (4) ‘_ Cy ; Ap
B y — 10 0 0 - 0 0 Ty
withVpyy = 4 theinputsu=[T; up uy |, the states Tg 1 Rp
[ 0 0 0 0 - 0 X
X=[w, wg Ap T, Xp Xyl Txp _—
0 o 0 0 0 ! *
and outputs y=[wr @y Ty % Xy]' where w, denotes the ro- L _a_
tor angular velocity, wg denotes the generator angular velocity, Ap =
pa — pg is the difference between the hydraulic line A and B, see Fig. 1 AG-B)
and Tg as the generator torque and Ty 4 as the demanded generator 0 0 0]
torque. The model parameters are J and Jg as the rotor and generator 0 0 0
inertia, Cy as the hydraulic capacitance, kg, as the lumped leakage 0 0 0
coefficient and 7, T)y and 7p as the delay time constant for generator 1 up
- . . 0 0 —
torque, pump displacement and motor displacement dynamics. The + Tg Um (7)
rotor torque depends on the pitch angle 8, the wind speed v and the 1 Ted
— 0 0
rotor speed Tp ; ‘/—u
1 o — O
I = jpairﬂR3 U2CQ(}\’,3) (5) - ™ -
N— ——
B
with the tip speed ratio A = “’,’/R, where p;, denotes the air density with
and R as the rotor radius. It should be pointed out that the use of 1 v 7
Takagi-Sugeno (TS) model structure provides a way to obtain an exact app = — fi(A, B), a3 = —— fo(Rp), y3 = -2 f3(Rm)
representation of the full nonlinear model (4) as a weighted combina- JI ~]r Je
tion of linear sub-models, where the nonlinearities of the system are P E (%) Gy — _Vﬂ o Rn) (8)
shifted into weighting functions also called membership functions. S OTRC S 2=, BV
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To get a TS model structure, the functions (8) can be written as
OB =wn fi+wn f,, L&) =wn f+wnf,,
fsGw) = ws f3+ws f, 9)

where 71- :=max f; and f; := min ;. The weighting functions wj; and
wj, are defined by

fi—1 fi—f

Wj1 = = = s Wj = ij (10)
fi- ij fi- Ij

which fulfill the convexity condition

le,szzo, Wj1+Wj2:1 for j=l,...,Nl, (11)

where N; = 3 denotes the number of different nonlinearities in the
state space model (4). The membership functions of the TS model are
defined by

N=3

N,
> ohixov) =[] Wi +wp) (12)
i1

j=1
with N, = 2N as the number of linear sub-models and result from N;
combinations of the product
hi(X, V) = Wy - Wy - Wi (13)
with k = 1, 2. Now, it is straightforward to get the TS form of (4) by
the substitution of (8) with (9):

8
X=Y h(z)Aix+Bu,
i=1

withz=1fi, fo. f3 |', where

y=Cx (14)

0 ap; a3 01 0 T
0 0 ay3 i —f 0
¢
a3 43 — klceak 0 0 0
" 1
Ai=19 o o = 0 0
g
0 0 0 0 —l 0
Ty, :
0 0 0 0 0 -
- txM_
with
1 - v —
(112=fr{f1,£1}, al3=—Tr{fz,[2},
Vi — v —
1123=TM{f37£3} a31=é{f2,[2},
g
Vv —
as; = *% {fs. f5}- (15)

2.3. Model uncertainties and disturbances

The main sources of uncertainty in the proposed control-oriented
model are the unmodeled dependencies of the leakage flow rate in
the hydraulic components, the lack of dynamic inflow and the dy-
namic stall in the aero map Cy. The leakage flow rate is linearly
correlated with the pressure difference Ap, where the uncertainties
are described by an uncertain parameter. Hence, the leakage coeffi-
cient in (4) is divided into a nominal value ki , and an uncertainty
Akjegk

kleak = kleak,n + Akleak . (16)

The uncertainty caused by the dynamic inflow and dynamic stall is
taken into account by

Co(h, B) = Con(r. B) (1 . Alon(. B) )

CQ,n()\v ,8)
——— ———

8ca

(17)

with the nominal aero map Cy, and the degree of aerodynamic un-
certainty ¢ q.

3. Nominal baseline controller
3.1. Controller structure

Before the fault-tolerant control is considered, we first define the
objectives of the fault-free baseline controller design:

1. The rotor/generator speed ratio must be continuously adjusted by
the hydrostatic transmission in such a way, that the synchronous
generator speed is kept constant independent of the fluctuating
wind speed and thus varying rotor speed.

2. In the partial load, the demanded generator torque is controlled
deterministically using a look-up table. After reaching the cut-in
rotor speed wy q¢_in, the generator is switched to the grid and
the demanded torque is ramped up linearly until the demanded
torque is adjusted by the square law

wf (t)
Ty ()
with the coefficient kop to follow the optimal torque, such that
the rotor is constantly running around the optimal tip speed ratio

(Burton, Jenkins, Sharpe, & Bossanyi, 2011). In the whole partial
load region, the pitch angle is kept at a constant value of 8 = 0°.

Toa(©) = op (18)

To achieve the first objective, a two-stage adjustment of the pump
and motor displacement is pursued. For this, based on (3) the de-
manded transmission r, 4 sets the feed-forward adjustment of the
pump and motor displacement with

1% ) Y/
TM rcv,d(t) if Tevd (t) =< ~i
Ba®) = {1V 4
1 ifreq(t) > Vl
" (19)
1 imwws$
X t = ~ ~M
m,a(6) 7, . 7
— ——— ifrgq(t) > =
Vi rcv,d(t) ' Vu

where Xp 4 =: up and &) 4 =: uy denote the controllable inputs of the
hydrostatic transmission, see (4). The demanded transmission ratio
itself is calculated by the measured rotor speed w, and the nominal
generator speed wg y:

1
Teyg(t) = Wy —— with Wr > Or cyt—in 20
cv,d( ) g N wr(t) r Z Wr cut—in ( )

where wg y denotes the nominal mechanical angular speed of the
generator. Typically, below the cut-in rotor speed, rotates the tur-
bine in load-free operation (Burton et al., 2011). In addition to the
feed-forward path to reach an ideal steady-state response with re-
spect to model uncertainties a feedback path is introduced with a PI
controller. For a better understanding the overall control scheme is
shown in Fig. 2.

To fulfill the second control objective a torque control is integrated
into the control scheme, where the counter torque of the rotor is di-
rectly adjusted by a frequency converter of the stator side of the gen-
erator. This is a temporary solution, because in a subsequent work
this will be replaced by the pressure control of the hydraulic circuit,
whereby the converter is no longer required.
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Fig. 2. Structure of the baseline controller for hydrostatic drive trains.
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Fig. 3. Nominal simulation with the plant model (4), the baseline controller of Fig. 2 and with turbulent wind speed.
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3.2. Illustrative simulation

The simulation of the closed loop dynamics with a turbulent wind
speed (turbulence intensity 15%) without actuator faults is shown in
Figs. 3 and 4. Here, it can be seen, that the baseline controller and the
two-stage pump/motor displacement (19) is able to keep the genera-
tor speed to the rated speed w, y = 122.5 rad/s during a rotor angular
speed variation between 0.7 and 1.2 rad/s.

4. Fault tolerant control scheme

In this section, the fault-tolerant control scheme for actuator fault
compensation in wind turbines with hydrostatic transmission are in-
vestigated and tested in simulations. The faults are reconstructed by
means of a modified TS sliding mode observer. The reconstructed
faults are utilized to correct the faulty control input signals, respec-
tively. In this way, virtual actuators are obtained which correspond to
the fault-free cases in case of perfect fault reconstruction.

4.1. TS sliding mode observer design

For fault reconstruction by sliding mode observation we consider
a norm-bounded uncertain TS model structure:

Ny
X = Z h,‘(Z) (A,‘X—l-Bill-‘rF,'fa) s
i=1
y=Cx, (21)

where F; € R™? denotes the fault distribution matrix and the faults
are presented by f; € R%. The common Cin (21) is only a small restric-
tion, since many applications e.g. (Georg et al., 2012; Kroll & Schulte,
2014; Schulte & Gerland, 2010) comprise outputs that are linear in
the system states. For a stable observer design, three existence condi-
tions have to be fulfilled (Edwards & Spurgeon, 1998; Gerland, Grof,
Schulte, & Kroll, 20104, 2010b):

+ Condition 1: The faults presented in (21) are unknown but norm
bounded by known positive constants Ef, € R which satisfy
Ifa(t)]| < Ef,. Moreover, the system states and inputs are as-
sumed to be bounded.

+ Condition 2: Let g; = q Vi be defined as the number of columns of
F;. Then the condition q = rank(CF;) = rank(F;) must be fulfilled
and it must hold that p > g, where p is the number of measurable
system states.

« Condition 3: All invariant zeros of (A;, F;, C) must lie in the open
left half of the complex plane.

The design of a sliding mode observer for fault reconstruction ap-
plicable for the class of TS systems (21) is carried out in a special
canonical form. With a series of transformations T; = T ; T}, ; T, for
each sub-model the TS system is brought into structure where, first,
the last p states of the systems are the outputs y and, second, the
faults f; only act on the measurable system states (for further details
such as the description of the transformation matrices and proofs see
(Edwards & Spurgeon, 1998; Georg, 2015; Gerland et al., 2010a)).
The TS model in canonical form is given by

Ny
X1 =Y hi(@) (Anixi + A,y +Biu),
i1
Ny
V=) hi(@) (A X + Apy + Baju+ Fyifa) . (22)
i1

with the non-measurable states x; € R~P) and the measurable
states y € RP. The transformed system matrices in (22) have the fol-

lowing block structures

A
Aai

Aqi

A=TAT = |: Az

i| ., B =TB=B], Bg,i]Tﬁ

Fi=TE=[0" 7]

The TS sliding mode (TS SM) observer for the system (22) in trans-
formed form is given by

Ny
X1 =) hi(2) (Ani%i + A ¥+ Briu— Apey),
i=1
. Nr
V=) @ (Ani% + Api¥+Byiu— (Ap;—A3)e, +v),
i=1
(23)

where e, = § — y denotes the error vector and .43, is a common sta-

ble design matrix. An obvious choice for .45, is a diagonal matrix

where the elements are the desired eigenvalues of the output error

dynamics. Using the inverse transformation T;, the TS sliding mode

observer can be obtained in the coordinates x of the original model

(21)

. Nr

x=>" h(2) (AX+Bu-Ge,+Gy;v) (24)
i=1

with the observer gains

o Aqi 1| Om—pyxp
G ;=T [AZZ,i_ 32] and G,; =T, [ 1, .

The discontinuous term v is necessary to establish and maintain a
sliding motion. The sliding motion is given by
pz ey .
vV=-p , ifey, #0, (25)
[P2ey ||
where p is a gain factor and P, is the symmetric, positive definite
solution of the Lyapunov equation

P A, + AL P, = Qo (26)

where Q, is a symmetric positive definite design matrix. Note that
the discontinuous term v in (25) is undefined in the case of e, = 0.
Once the sliding surface

S=fe(t)eR":=C[eje;]'=0} (27)
——
e
with ¢ =CT:' =[0,,p 1] (28)

isreached at the time t = t;, the TS SM observer attempts to maintain
the sliding motion on the surface S.

4.2. Actuator fault reconstruction

For the actuator fault reconstruction we consider first the TS
model (22) and the TS SM observer (23) in canonical form. By the
substitution of &, =X; —X; and &, =y —y with (22), (23) it can be
verified that

N,

e =) hi(@Anie (29)
i1

and
N,

e => hi@)(Aznie+Ape+v—Fyif). (30)

i=1
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Assume the TS SM observer has been designed and a sliding motion
has been established from t > t;. This means that e, = 0, &, = 0 and
in this case the error equation (30) is simplified to

Ny
0=">" hi(z)( Az e+ veg— Faifa)
i1

(31)
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and the discontinuous term v is replaced by the so-called equivalent

output injection signal (Edwards & Spurgeon, 1998)
Veq = vs(t>1t), (32)

where vs denotes an approximation of (25) by introducing a small
positive scalar §

P, ey
Vg =—p0 . (33)
PP P48
fault fa2 (red) and reconstructed fault fa2 (green)
0.05
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Fig.5. Actual actuator offset faults f, (fo1 = —0.4, fo.2 = —0.2), reconstructed actuator faults f, and the impact on the actual pump Xp and motor displacement Xj; using the baseline

controller (Fig. 2).

fault fa1 (red) and reconstructed fault fa1 (green)

0.05

fault fa

0 20 40 60 80
t/s

pump displacement: without (blue) and with faults (red)

100

1= A i

08¢

pump displacement

0 20 40 60 80
t/s

100

fault fa2 (red) and reconstructed fault fa2 (green)

fault fa2

0 20 40 60 80
t/s

motor displacement: without (blue) and with faults (red)

'V

0.8f

100

motor displacement

0 20 40 60 80
t/s

100

Fig. 6. Actual actuator offset faults f, (f,1 = —0.2, fo.» = —0.4), reconstructed actuator faults f, and the impact on the actual pump Xp and motor displacement Xy, using the baseline

controller (Fig. 2).
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It should be noted that the value of § should be chosen as small as
possible, because it influence the quality of the fault reconstruction.
Thus, the equivalent output injection signal is given by rearranging
Eq. (31)

Ny
Veg =Y hi(2)(Fifa— Azier). (34)

i=1
Substituting the steady state solution of (29) into (34) we get the re-
lation
n

Ny
f, = Zhi(z) Fai| Veq (35)
i=1

where (- )* denotes the pseudo-inverse of the convex combination of
the matrices 5 ;. Note the pseudo-inverse of the convex combination
of matrices exists if the full rank characterization is satisfied by the
theorem proposed in Kolodziejczak and Szulc (1999).

generator speed: u)g fa with faults (red), ®

4.2.1. Fault tolerant control

If faults occur in the system, provided that these faults can be ac-
curately reconstructed, the most straightforward strategy to achieve
fault-tolerance is a fault compensation method, whereby the re-
constructed and possibly filtered faults are subtracted from the de-
manded control input:

Ugorr = U — ?a,ﬁltv (36)

where first order delay filters can be used to avoid feeding back
erroneous peaks into the fault-tolerant control scheme. The dy-
namics of the filtered reconstructed fault signals is given by
(Georg, 2015)

A

fon0 = —diag(1/71---1/7¢) fupue + diag(1/71---1/7) fa,  (37)

where 1/74...1/74 denote the delay time constants. After applying
the correction (36), the actual input signal @ that acts on the system

(black) with compensated faults

g.fa,corr
135 T T T T T T T T T
130
o 1251
ES]
g
N
s” 120
115
110 I I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100
ts

Fig. 7. Impact of the actuator faults (Fig. 6) on the actual generator speed w; without (red line) and with fault compensation (black line). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

generator power: Pg fault free (green) Pg fa with faults (red), P

o.fa,corr (black) with compensated faults

4 T T T T

T T T T T

| | | | |

0.5 I I | |
0 10 20 30 40

50 60 70 80 90 100

t/s

Fig. 8. Impact of the actuator faults (Fig. 6) on the generator output power Py without fault (green line), with fault (red line) and with fault compensation (black dashed line). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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is given by

U=Uepr+fi=u- ?a,ﬁlt +f . (38)
——

Ucorr

It is clear that the quality of the fault compensation depends on the
quality of the fault reconstruction. If fa,ﬁlt were a perfect reconstruc-
tion of fy, @ would exactly correspond to the original faultless control
signal u.

4.3. Illustrative simulation

As an illustrative case study, first, the impact of two partly tem-
porally superimposed actuator faults are simulated with the model
equation (7) and the baseline controller (Fig. 2). The additive fault
signal on the input up denoted as f, 1 and on the input u; denoted as
fa, 2 are illustrated in Figs. 5 and 6.

For the reconstruction of the actuator faults f; =[ fy1, fo2 |7,
a TS sliding mode observer is designed using the wind tur-
bine model in TS form (14) with the observer states X =
[or wg Ap T, % Xy |7 and the measurable signals y=
[or wg Ty Rp Ry ] . As the faults are modeled by additive off-

sets, there is only one common actuator fault matrix F in the uncer-
tain TS model structure (21), which is equal to the input matrix B (14).
The following observer parameters were used

A3, = diag(—20--. - 20), o =100,

The reconstructed faults are filtered with (37) to avoid feeding back
erroneous peaks into the fault-tolerant control scheme. Here, the de-
lay time constant is setto 73 ; = 0.1s.

It can be seen from the upper sub-figures in Figs. 5 and 6, that both
faults are reasonably well reconstructed. Compared to the simulation
results, the discrepancy between the actual and the reconstructed
fault values is negligibly small. Furthermore, it can be seen from Fig. 7,
that in the faulty case the generator speed deviates strongly from the
nominal value. Indeed the Pl-controller (Fig. 2) is able to reach the
rated speed, but with not allowable overspeed caused by large inertia
of the rotor.

However, it can be seen from Figs. 7 and 8 with active fault com-
pensation by (36), the fault free behavior is almost recovered, avoid-
ing the rotor overspeed and the decrease of generator output power
that occurs without fault compensation. The small deviations are
caused by the error dynamics of the TS SM observer and result from
filtering the reconstructed fault signals with (37).

§=0.002. (39)

127 — : : 127 — : 127 : :
126 126} 126
125 125} 125
£ 124 L 124} 2 124
g g g
30’ 12 - 80’ 123% 80’ =
122 122 122
121 121} 121
120 : : 120 : 120 : :
5 10 15 25 35 35 40 45 50
t/s t/s t/s

Fig. 9. Actual generator speed: Comparison between the fault free and faulty case (f, 1(t) = —0.2, t € [10,40]; f,(t) = —0.1, t € [30, 70]) with compensation of actuator faults
without model uncertainties. The blue line represents the fault free and the black line represents the generator speed with fault compensation. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)
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126 1 126 126
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Fig. 10. Actual generator speed: Comparison between the fault free and faulty case (fy1(t) = —0.2, t € [10,40]; fo2(t) = —0.1, t € [30, 70]) with compensation of actuator faults
with respect to uncertainty in the leakage flow rate AKjeqy/Kieqw = 0.15 (16). The blue line represents the fault free and the black line represents the generator speed with fault
compensation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Please cite this article as: H. Schulte, E. Gauterin, Fault-tolerant control of wind turbines with hydrostatic transmission using Takagi-Sugeno
and sliding mode techniques, Annual Reviews in Control (2015), http://dx.doi.org/10.1016/j.arcontrol.2015.08.003



http://dx.doi.org/10.1016/j.arcontrol.2015.08.003

JID: JARAP [m5G;October 16, 2015;18:6]
10 H. Schulte, E. Gauterin / Annual Reviews in Control 000 (2015) 1-11
127 127 127
126 126 126
125 125 125
2 124 3 124 5 124
g Y g
;m e - ;m 123% ;m =
122 122 122
121 121 121
120 120 120
5 10 15 25 30 35 35 40 45 50
t/s t/s t/s

Fig. 11. Actual generator speed: Comparison between the fault free and faulty case (fq1(t) = —0.2, t € [10,40]; f,2(t) = —0.1, t € [30, 70]) with compensation of actuator faults
with respect to aerodynamic uncertainty §cq = 0.2 (17). The blue line represents the fault free and the black line represents the generator speed with fault compensation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Actual generator speed: Comparison between the fault free and faulty case (fy1(t) = —0.2, t € [10,40]; f,2(t) = —0.1, t € [30, 70]) with compensation of actuator faults
with respect to measurement noise up to + 2 % . The blue line represents the fault free and the black line represents the generator speed with fault compensation. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

The robustness of the proposed approach is demonstrated by
three different case studies. As a comparison Fig. 9 shows the nom-
inal case without uncertainties but with the same additive actuator
faults. Fig. 10 shows what happens if the leakage flow rate increases
by 15 percent. The robustness against a change of the aerodynamic
rotor torque coefficient Cy is presented in Fig. 11. Finally, the effect of
measurement noise up to &2 percent is depicted in Fig. 12.

4.4. Comparison with other methodologies

In this paper, an FTC scheme for actuator faults in wind turbines
with hydrostatic transmission is presented based on direct fault re-
construction by means of a Takagi-Sugeno sliding mode observer.
This concept was also applied in Georg, Heyde, and Schulte (2014)
to achieve fault-tolerant control in the presence of sensor faults. In
Sami and Patton (2014) a direct fault reconstruction by means of a
fast adaptive fuzzy estimator, respectively a proportional multiple in-
tegral observer are used to achieve a fault-tolerant behavior in the
partial load region.

No direct fault reconstruction is implemented in the following
works: In Odgaard and Stoustrup (2012), an FTC scheme is set up
based on a bank of unknown input observers. However, each sin-

gle fault scenario requires a different observer design. In In Rotondo,
Nejjari, Puig, and Blesa (2012) a parameter estimation scheme is used
for obtaining fault estimates, which are then utilized in a virtual ac-
tuator/sensor fault-tolerant control strategy. As for FTC solutions us-
ing the FAST FDI benchmark model (Badihi et al., 2014; Odgaard &
Johnson, 2013) present a Fuzzy Modeling and Identification (FMI)
technique, which is applied to achieve FTC. The algorithm requires
an initial training with a predefined dataset.

5. Conclusion

In this work, a fault-tolerant control scheme for wind turbines
with hydrostatic transmission was investigated based on direct fault
reconstruction by means of Takagi-Sugeno sliding mode observers.
The precise fault reconstructions allowed for using the signals in fault
compensation schemes to achieve fault-tolerant control in the pres-
ence of actuator faults with a behavior similar to the fault-free case.

In a future work, the method will be validated with the aero-
elastic code FAST similar to the procedure in Georg (2015). This is
used primarily to consider the robustness and reliability of the FTC
scheme under more realistic conditions before it is applied to current
and future wind turbines.
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