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. Abst(rjact—ln_the_recer?t years %he wind téJ)rbinef irr\1du_stry has level typically with a lower sampling rate and usually with
ocused on optimizing the cost of energy. One of the important i ~ati ;
factors in this is to 9nqrease reliability of the wind turbines. SOme communication delays. Faults Wh'Ch can be detected,
Advargce?tfallﬂt _dettﬁcnon, |so|at(|§>|n alnd acct;c%mn|1todat|or(}I aTte isolated and accommodated at the wind turbine level would
important tools in this process. Clearly most faults are dea i
with best at a wind turb?ne control level. However, some faults be faster e_lccommodated on t_h's Ieve_l, but some faults are
are bette[) deaAt wnkh at éhzla fW'n? f?rrg control Ievgl._ InI this  not so easily handled at the wind turbine level. These faults
paper a benchmark model for fault detection and isolation, i i i
and fault tolerant control of wind turbines implemented at the typlc_al_ly r.e.sult In-a sIow_degrease in the ggnerated power,
er}ddfarm contr"ol l'e\élelf is prefsented. _Tr&e bebnchmabrk mdodel and it is difficult to determine if a power drop is due to a fault
includes a small wind farm of nine wind turbines, based on i i
a simple model of a wind turbine as well as thé wind and ©f @ Io_wer Wln_d speed than expected only using data from
|nteéa|ct_|or}sdbetw_e%n V\gnd turbln(fes in the wind farm. Thltle one wind turbine. The benchmark model proposed in this
model includes wind and power references scenarios as well as ; Hhoni i
three relevant fault scenarios. This benchmark model is used paper repregents a small W,'nd farm with nine 4.8MW wind
in an international competition dealing with Wind Farm fault ~ turbines, which are all described by second order modets, an
detection and isolation and fault tolerant control. the interactions between the wind turbines are modeled by a
. INTRODUCTION simple wake model, which is based on previously published

ind farm models. Three different faults are introduced on

power in many power grids is that it becomes more and mo 'ff((ajrelnt wind t(ljJr_binehs in the vyind fzrm.The penchm_arkl
important that the wind turbines/wind farms generating thg10C€! propose .mdﬁc 'S paper 'Z used in an internationa
energy are reliable. It must be ensured that the wind farnf@MPettion on wind farm FDI an _FTC’ see [7]. _

should be able to generate the maximum power allowed In Section Il the wind farm considered is described. The

by the given wind speed for the wind farm all times Thiscon:sidered fault scenarios are introduced in Section he T

means that occurring faults in the wind turbines in the wind°de! of the wind farm including a simple wind turbine

farm should be detected, isolated and accommodated Wm]odel is described in Section IV. In Section V the used

the lowest influence on the generated power. ]tc_estl_scznk?rlos in this be_nchma_rk are defined. The paper is
In the recent years’ research, focus has turned to Falffalized by a summary in Section VI.
Detection and Isolation (FDI) and Fault Tolerant Control Il. WIND FARM DESCRIPTION

(FTC) of wind turbines, some examples can be seen in1] In this benchmark model a simple wind farm with 9 wind

and [2]. In_[3] a bgnchmark model was proposed. for FD', aN%rbines is considered. The layout of the farm is a square
FTC on wind turbines. Based on this model an internation id, as illustrated in Fig. 1. The distance between the wind
competm_on on FDI and FTC hg\_/e been proposet_j SOME Hirbines in both directions are 7 times the rotor diameter,
the contributions to the competition can be seen in [4] an . Two measuring masts are located in front of the wind

[S]b ind level | ; K giti turbine, one in each of the wind directions considered ig thi
f-win a(;n]:n ?VZ’ only a fevy (\;vor E on ﬁon |téon benchmark model. At these measuring masts the wind speed
monitoring and fault detection of wind turbines have €€% measured relatively undisturbed by the aerodynamics of

(rjeportgd qnel examplz can be f(;un.d in f[?]' IThe |dea' 'the wind turbines. These measuring masts are located with a
etection, Isolation and accommodation of faults on a Winfligiance of 10 times in front of the wind farm. The wind

fa_rm Ievel_, IS that pe_rformance and operation of the diﬁere_turbines in the farm are numbered by their row and column
wind turbines in a given wind farm can be compa.red. Th'ﬁumber as illustrated in Fig. 1. In this model a generic
can for example be used to detect slowly developing faultg, g\ wind turbine is used: details on this model can be

since they would show an increasing difference compared 4 iy [3]. The turbine is a three bladed horizontal axis,
with .o.ther turbines operating under almost the same WINGitch controlled variable speed wind turbine. Each of the
conditions. _A benchmark model for FDI and FTC on Win ind turbines are described by simplified models including
F"_’“m Ievgl is consequently proposed as a supplement to %ic, variable parameters and 3 states. The states in t wi
W'?‘; turblr_le lbenchmlark model. . ind 1 d b turbine models are: generated electrical powercollective

h N t;;]pm.a dcontt:_o sFructure :In da W'R ha_rm wou elpitch angle 3, and generator speedy, which are measured
that eac r\]N'?] tlur Ine is controlle Y(\;It their ownF(E)ol?g_lc_) and provided to the wind farm controller. Notice that only
system whic asilo cpntams ?Ir cout contarlln a qf %ne measured pitch angle is is assumed to provide since the
system. A controller is as well running at the wind farm;,q rhine controller provides the same pitch referemce t
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A consequence of the increased level of wind generat



: seen in [8].

1 Fault 2: Fault 2 is due to a misalignment of one or more
blades originated at the time of installation of the wind
turbine. This leads to an offset between the measured and

; o actual pitch angle for one or more blades, and introduces as
P well a difference between the blade loads for the different
x - F - b s blades at the same rotational position, which can excite
— - BE structural modes. It will also result in a slightly diffeten
B B rotational speed of the turbine compared with a non-faulty

SRS S S, case. The wind turbine controller will compensate for the
last effect by adjusting all the pitch angles with the same
- value such that the generator speed is at the requested value

X wnmeasmmgtas |- v Tuone but compared with other wind turbines it will operate with a
Fig. 1. lllustration of the layout of the example wind farm.dta farm of slightly different pitch angle for the same wind conditions
9 turbines in square grid. The measuring masts are placed rih dfothe Fault 3: Fault 3 is a change in the drive train damping

wind farm in the two wind directions considered, e.g. 0 ded 45 deg. due to wear and tear. The state-of-the-art as today is to use

2 . condition monitoring on the drive train to detect changes in
frequency spectra of different vibration measurementsletc
] is clearly relevant to investigate if the same can be obthine
using the measurements available in the control systems
Wl ] either on wind turbine or wind farm level. In [9] a number of
contributions to the wind turbine FDI benchmark problem in
ol ‘ ) AL [3] were reviewed and analyzed, and it is concluded that the
1 FDI solution proposed is not suitable for FDI of the drive
. | ] train damping on a wind turbine level. It is therefore very
relevant to investigate this fault on a wind farm level.

Fault Detection and Isolation Requirements:lt is crit-
ical to detect and isolate all these faults, i.e. no missed

Fig_ 2. The wind speed sequence seen at the measuring mast. detections are a”OWed. A” faultS Should be deteCted W|3']|
s. It is important that the number of false positive detetdio
and isolation are low, and there should at least in average be

time shift) at the measuring masts. The wind sequence can b@00 s between false positive detections and isolatiors, an
seen from Fig. 2. The sequence is 4400 s long and containghe false positive detection must maximally be detected and
wind speed increase from 5 m/s to 15 m/s in mean value argblated within three successive samples.
peak value at 23 m/s. In this benchmark model a very simple Monte Carlo studies are expected to be applied to verify
wind farm controller is used. It provides the wind turbinethat the proposed schemes can detect and isolate the faults
controllers with a power reference. It works by distribgtin and that they are robust towards measurement noises, etc.
power references to the wind turbines. The reference to eathe simulation should be repeated 100 times, using differen
wind turbine is the power reference to the wind farm dividesgeeds in the stochastic parts.
by the number of wind turbines in the wind farm fed though The FDI scheme should be implemented in the FDI block
a low pass filter. in the Simulink implementation of the benchmark model,
which can be obtained from [10]. A detected and isolated
fault should activate the respective binary detection and

In this benchmark, three faults are considered whiclsolation signals. All available signals are fed into thisdk.
influence the three measured variables from the wind turbine Fault Tolerant Control Requirements: All faults should
P, B, wy. It is also assumed that these faults can be detectéé accommodated as soon as they are detected and isolated.
at the wind farm level, and they are also difficult to detect alh case of all three faults the power references to the wind
within the wind turbines. These faults are also known to b&urbines should be reset such that the power reference to the
problematic based on proprietary sources in the wind terbirwind farm is followed. In case of Fault 2 and Fault 3, relevant
industry. load damage should be minimized. These damage signals are

Fault 1: Fault 1 is debris bild-up, due to dirt, etc., on the provided by the Damage Equivalent Computer block in the
blades which changes the aerodynamics of the wind turbin8imulink model. Please notice that the outputs of this block
typically by lowering the maximally obtained power. It isis not available for FDI or FTC algorithms, they are only
difficult to detect this fault in the wind turbine, since it is available for evaluation of the schemes. The total wind farm
difficult to determine if a lower generated power is due talamage due to Fault 2 and Fault 3 are respectively denoted
debris on the blades or simply that the wind speed is lowers y» and ys.
than measured/estimated. More details on this fault can beDamage of Fault 2 at each wind turbine at a given time is
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modeled as following. A ratio between the pitch offset due —
to the fault and the fault free pitch angle is computed. This i Wake Vi Wind Turbine
ratio is limited to the interval between O and 1, where 1 is Model Models
obtained for small fault free pitch angles, and where pitch

offset is present as well. This is given as an equation in (1).
0 if BroN[N] <0 Pr Pg’ B’ 0y
BN —
Bl ={ e fO<pAg<1l, (@) Vum | s
1 if [;::,\N‘[:]] >1 Controller

where Bfo7N[n] is the fault offset on the blade pitch angleFig. 3. lllustration of general model structure. Wind/Wakedél models

i i i i ; the wind speed at the different wind turbines in the wind faamg by the
with the wind turbineN, and BﬁvN[n] is the fault free pItCh wake modgl represents the interactions between the Windh&sb’r%/ the

angle in the wind turbine\. wind farm. Wind Turbine Models consists of nine separate moodélthe
. L . . wind turbines in the wind farm. Wind Farm Controller distries power
This ratio is subsequently multiplied with the cube of theeferences to the wind turbines in the wind farm in order totad the
ratio between the actual and nominal wind speed, @nd ©°verall generated power.
Vhum). FOr numerical reasons this value is after wards scaled

with a factor ofK,,, see (2). . ) ]
increase or decrease the wake at the downwind turbine by

yon = (Ky, - Yo [n] - (v[n] —vnom)2)27 (2) the control actions. However in order to keep this benchmark

model simple and low in computational requirements, it is

. . .. assumed that the wakes are independent of the control of the
The damage of Fault 2 for the entire wind farm is given, yiiq,al wind turbines. A more detailed wind farm model

by (3). vz is obtamed_ as the max of the square of the.damagﬁ)tained in the EU project - Aeolus for control design can

for Fault 2 for all wind turbines. The damage of this faulte_g. be found in [11]. The simple wind turbine model which

is modeled like this in order to model the damage due t8n|y contains a few states. can be seen in Sec. IV-B. The
unbalanced structural loads as a result of this pitch offs€lcaq wind farm controller is described in Sec. IV-C.

including the cubic nature of the wind speed dependency. The general outline of the model can be seen from Fig. 3.
yo[n] = MaXc(123}, je{123} (Vz,i.j [n]) . @ In th.is figure the following variable; are usgd, is_ a yector
) o of wind speedsi, , to each of the wind turbines indicates
Damage of Fault 3 at each wind turbine is modeled as thfe wind turbine number vy, is the measured wind speed
ef_fectlvg amplitude of the drive train oscillatiofg:, multi- 4t the measuring mas®, is a vector of power references to
phed with a fac'For,Ky3 for numerical reasons and. squgreqhe wind turbinesp , Py is a vector ofPy, for each of the
in order tp otA)taln the damage of Fault _3 for th_e individualying turbines, which is the generated electrical povgeis
wind turbine, j n[n]. The damage value is described by (4)4 vector of the pitch angle for each of the wind turbings,
N 2 is a vector of the generator speed of the wind turbines,
Panln] = (Kys - &) @ I ¥

yn. The model can be downloaded from [10].
The total damage of the wind farm for Fault &[n], is

whereN is the wind turbine number.

obtained as a sum of afgn[n], see (5). A. Wind and Wake mode
ys[n] = (vaij[nl). (5) The wind in the model is driven by the wind sequence
i€{1,23}, 1€{1,23} seen in Fig. 2. This wind sequence is used instead of a

This models the damaging effects by the drive train Oscipstochal_stic generated sequence since it_contains the entire
lations to the wind turbine. The larger the oscillation thé®Peration range of the wind turbines, and is as well known to
larger is the damage, since oscillation frequency is asdumB€ challenging. This wind sequence is used as the dominant
to be constant. The parameters used in damage models ¥4Rd Speed, to which random noise is added to represent
be found in Section IV-D. the wind turbulence. The wind sequence is delayed by
The FTC scheme should be implemented in the winthe distance between the different points in the wind farm
Farm controller block in the Simulink implementation. All (méasuring masts and wind turbines) and the mean wind

available signals are fed into this block. speed. The distances depend on the wind direction. In the
case of 0 degree wind direction the distance between the
IV. WIND FARM MODEL measuring mast and the first wind turbines are 1150m and

This model consists of 3 parts. A simple wind and wakdetween the wind turbine columns 805m. In the case of 45
model, which will be described in details in Sec. IV-A. Thisdegree wind direction the distance between the measuring
model represents a model of the wind in the wind farm, anthast and the first wind turbine 1626.35m and the distance
thereby also models the interconnections between the wit@tween the wind turbines in the wind direction are 1138.44
turbines through the wakes. These wakes depends on how theThe mean wind speed used to computed the delay in the
wind turbines are controlled, so an upwind turbine can eithevind speed between the wind turbines in the wind farm is



computed using a low pass filter with the transfer functionthe difference between the available power and the power
1 reference.
H(s)

stl Pe(t) = Ru(t) — pos(Ru(t) — A1), ©
The wake is modeled by a static wind deficit between thﬁ/h ere , - . . .

: : . . . po§) is a positive only function, which gives the
wind turbines by a factor of 0.9. This value is obtained by ?nput as O(Ziput if the input is larger than 0, and O if not.

modeling the wakes in this wind farm using the well know : : :
. The generated electrical pow(t) is also influenced b
Jensen model, see [12], and then use the static valueso%f 9 poweh(t) y

- A .~ oscillations in the wind turbine drive train this is modeled
the wake deficit. Turpulen_ce of thg wind is mode[ed in thi a harmonic oscillation added ®(t). Py(t) is given by
model by random noise with a variance at 0.2, which is use 0).
to approximate realistic wind turbulence.

Since there is no dependency from the wind turbine/ wind
farm control to the wind and wake model these two windvhere y, is amplitude of the drive train oscillation and
direction cases can be computed offline and are therefore prm, is the frequency of the drive train oscillation. Notice
vided in two .mat files: (winddata.mat winddatase2.mat) that the measured state of the generated electrical power is
at the web side mentioned above. Py(t). Zero mean Gaussian random noise is addey(o)

B. Wind Turbine Model to represent measurement noises. Practical experienges ha

. . o 'shown that a realistic value of the variance i§-20° [W?].
The wind turbine model used in this benchmark model is pijich Model: The actual dynamic pitch anglé(t) in

relatively simple. It represents each wind turbine as aedos the wind turbines is given in (11). It models the dynamic

loop system, where the model gives the responses on theponse of the pitch system in the wind turbine, by a first

three outputsRy, B, wy) to the two inputs i andR). The  grger transfer function of the pitch referenBgt).
parts in the model are developed to represent the closed loop

wind turbine behavior. The model is based on a wind turbine B(s) = s B (s), (11)
model included in the wind farm model developed in [13]. S+1p

This model consists of three parts: a power model, a pitcRhere 15 is the transfer function coefficient.
model and a generator speed model. They all consist of ag(t) is determined by a static aerodynamic functiof) g
number of approximating static functions and relations iRvhich givesg(t) depending on the ratio betwe&n(t) and

Py(t) = Pe(t) + yp - sin(op- 2- 1T- 1), (20)

frequency domain. the static theoretical available pow&(t), and is given by
Power Model (12).
The static available poweRy(t) is given by (6). This Pa(t) =Kpm~(vw(t))3. (12)
power is the theoretical maximal generated power for the . i
wind turbine. If the available power is below the power reference for the
Pu(t) = fp(vu (1)) (6) wmq turbine it should prodyce as much power as possible,
but if the power reference is lower than the available power
where §,(-) is a static aerodynamic function. the generated power should be limited by increag{g) to
Changes in the generated power will be instantaneous;follow the power reference to the wind turbine.
therefore the static generated power is filtered by a firstrord R (t)
transfer function to obtain the dynamically available pgwe Bi(t) = ( > (13)
Bu(t). This is defined in (7). h(w(®))
T (V) Measurement noise on the pitch position sensor is modeled
Pu(s) = ——_Ry(s), (7) as zero mean Gaussian random noise. Based on a proprietary
S+ Gw(Viw) sources the variance at30[o?] is used.
where (W) is the transfer function coefficient which ~Generator Speed Model
depends on the wind speed. The generator spead,(t) increases as the(t) increases.

The wind turbine will as well work as a low pass filter Oscillations in the drive train will as well influence the
to changes in the power reference to the wind turbiag). ~ generator speedu(t) is computed by a functiongf(R(t)
The actual dynamic response to the power referén@p,is  Which giveswy(t) in the case of no oscillation. A harmonic

computed by (8). function is introduced to represent the drive train ostdia
R I and the amplitude of the oscillation depends on the generato
R(s) = s+pr R(s), (8) speed, therefore,{P:(t) is multiplied with the harmonic
P function added with 1. The expression @j(t) is given by
whereTp, is the transfer function coefficient. (14).
The generated powek;(t) is found by (9). As the avail-
able power of the wind turbine is lower than, the reference cy(t) = feo(Pe(t)) (1+ Ve -sin(gp - 2- rr-t)) . (14)
the wind turbine power is not limited by the power reference. Wy, max

However, in the case that the power reference is lower thavhere wymax is the maximal generator speed, apg is
the available power the generated power is subtracted bgcillation amplitude coefficient. Measurement noiseshan t



generator speed sensor is modeled by zero mean Gaussigj
noise by adding it tay(t), with a variance at [(rad/s¥].
The specific values of this measurement noise model
based on practical experiences.

C. Wind Farm Controller

The wind farm is modeled in continuous time since it TABLE |
is model of a physical system. The wind farm controller Look up TABLE FOR fe. UNIT FOR INPUT [M/S] AND FOR OUTPUT
is, implemented in discrete time, as it is implemented on (MW].

a computer, with a sample frequency at 0.1Hz. The power
referenceP;[n], to one wind turbine is computed as given in
(15).

1 -

R[n] = 9 Rut,r [N], (15)
where Pyt [n] is the wind farm controllers power reference
summarized of all wind turbines in the wind farm see (16)
This controller introduces as well a low pass filter on th
references changes to ensure slow variations on the power . . ase FOR T (Vi)

w)- UNIT FOR INPUT [M/S] AND FOR OUTPUT
references. [1.

|5Wf’r(2) = (K;Vf’l;l-—s + K\,\,f_z) . (ﬁMr(Z) — ﬁv\,fg(Z)) R (16)

TABLE I

wherePRy,(Z) is the power requested by the wind farm by  Generator speed modekuy max= 158 [rad/s],y, = 0.4 [

the operator an@yrq(Z) is the power generated by the wind] and f,, is given as a lookup table, see Table IV.
farm. Rytr[n] is limited to be within the interval 0 - 43.6 MW. * controller Kyrq = 1 [1, Knf2=16[], Ts=0.1 [s].

(43.6 MW is given by the nine wind turbines in the wind
farm with 4.8 MW as their nominal power). V. TESTDEFINITION

The vector of power referenceg[n] is given by (17). Two different wind scenarios are included in the bench-

P11[n mark model, which corresponds to two different wind direc-
P12o[n tions in the wind farm, © and 45. These wind scenarios
P13[n are pre-computed and is saved in winddata.mat and wind-
Poi[n datacase2.mat respectively. In both cases Fault 1, 2 and 3 are

Pos[n time intervals, i.e. no multiple faults are present. All lfau
P31[n occur once before and once after 2300 s. In the first period
P32[n the wind farm cannot deliver the required power, which it
P33ln can in the latter period.

[n]
[n]
:
Pe[n] = | Roz[n] | . (17) occurring twice in three different wind turbines at diffate
[n]
[n]
[n]
[n]

Here,R11[n| is the power reference to the wind turbine #1,1,

and similar for the other elements in the vector of pow 0.00075 0.0429 [ 0.0483 [ 0.0815 [ 0.0943 [ 0.1T |
90 90 3 o
references. :

D. Model parameters
In this subsection the model parameters are provided. The

parameters used in the fault models are selected such thaiput [ 067071 06905 079451 T [ [ | j ' :

they are realistic and as well challenging for detection and®uPut| 4.7 145 [0 Y 1 1 ‘
isolation. The parameters in the wind turbine model are TABLE Il

found to matches the behavior of the wind turbine model LOOK UP TABLE FORQ(:). UNIT FORINPUT ] AND OUTPUT [].
used in [3].

Damage model for fault 2 vhom = 125 [m/s], K, =
1000 [ ]
Damage model for fault 3Ky, =100 [ ]

Power model
fp is a given as a look-up table, see Tabley(vy) is given - : -

as a look-up table, see Table i, = 1.2 [rad/s], y, = 1000 TABLE IV

W], Op = 10 [Hz]. LOOK UP TABLE FOR f(+). UNIT FOR INPUT [MW] AND FOR OUTPUT
Pitch model 75 = 1.6 [rad/s], Kpm = 6.36- 10° [J/m®- &7, [RAD/S]

andg(-) is given as a lookup table, see Table IlI.



Even though the wind sequences are fixed from simulatidiault is modeled by scalin@(t) obtained by (10). A scaling

to simulation assuming the same wind scenario, the simu

l&actor at 0.97 is used.

tions still include a stochastic part by the zero mean Gaussi  Fault 2: Fault 2, the pitch misalignment, is present from
noise added to the three wind turbine outputs representidig00 s to 1400 s in wind turbine number 1,1 and from 3300

process noise and measurement noises in these closed
systems. The general wind farm layout drawing, see Fig.

o
]

Wind Direction 0 deg

7L

Fig. 4. lllustration of the example wind farm, in the case of @ aénd
direction. The rowsl-3 are defined.

is now adjusted for the two scenarios illustrating the ratev
description of the farm. A row in the wind farm is as well

this line is orthogonal on the wind direction. The rows in th
wind farm in case of 0 deg wind direction can be seen fro

ledp 3400 s in wind turbine number 2,2. The fault is modeled
by adding an offset at 0.3 deg to (11).

Fault 3: Fault 3, the decrease in drive train damping, is
present 1600 s to 1700 s in wind turbine number 2,3 and
from 3600 s to 3700 s in wind turbine number 3,2. This
fault is modeled in two parts. It influencésand wy where
it increases the oscillations in these variables. The ahang
in P is introduced by increasing the amplitude of the sine
function in (10) by a factor of 1.26. The change dw is
modeled by increasing the amplitude of the sine function in
(14) by a factor of 2.3.

V1. SUMMARY

This paper presents a benchmark model for FDI as well as
FTC of wind turbines in a wind farm on a wind farm level.
The benchmark contains a simple model of a wind farm
with nine wind turbines in which three relevant faults are
introduced at three different time periods at different avin
turbines. These faults are difficult to detect and isolate at
the wind turbine. However, it is expected that FDI and FTC
%ﬁgorithms at the wind farm control level would contribute

o the detection, isolation and accommodation of these in a

iti g
Fig. 4, in which the three rows are defined. In case of thr%OSI Ve way

45 deg wind direction, the 5 rows are defined by Fig. 5. The REFERENCES

Fig. 5. llustration of the example wind farm, in the case of 4% avind
direction. The rows 1-5 are defined.
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