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Abstract. We discuss the detection of rotational periodic torque deviations in variable speed
wind turbine systems. These deviations can be caused by faults in the system. The turbine
torque is estimated with an observer and an estimate of the ideal aerodynamical torque is
calculated. These torques are analysed using a phase-locked loop to detect deviations. The
torque observer is based on the model of the turbine drive train. It is modelled as a two-mass-
system with a flexible shaft. The design of the observer and the phase-locked loop are shown and
their stability is discussed. Simulations show, that the presented concept is capable of detecting
the amplitude of the deviations at different periodicities, online and for variable speed.

Notation

N, R, C: natural, real and complex numbers. Ry, := (a,00), (R>q = [@,00)): real numbers

greater than (and equal to) o € R. R(s), 3(s) € R: real, imaginary part of s € C with imaginary

unit j. @ := (x1,...,x,)" € R™ column vector, n € N where ‘"’ and ‘:=’ mean ‘transposed’ and

‘is defined as’. diag(aq,...,a,) in R™*™: diagonal matrix with entries aj,...,a, € R, n € N.
1

I, € R™" := diag(l,...,1): identity matrix. 0,x, € R"*P zero matrix, n,p € N. & Ez:; ¢:
2

equivalence of ¢ and ( follows by invoking Eq. (#1) and Eq. (#2). = € R™ (in X)™: physical

quantity & where each of the n elements has SI-unit X. WHITENOISE is a function producing a

signal with white noise distribution and maximal amplitude of 1.

1. Introduction

Condition monitoring and fault detection of wind turbines is an important task in the attempt
of reducing failures and maintenance costs [1]. There is a huge variety of condition monitoring
systems already available in the market. Most of the systems are based on vibration detection
and require additional sensors and hardware installed in the wind turbine [2|. The purpose of
these systems basically is to detect faults in the mechanical system of a wind turbine. Although
stated to have relatively low costs (see [1]), the systems still cause additional expenses. To keep
the costs of electricity—produced by wind turbine systems—at a minimum, while at the same
time improving reliability of the system, condition monitoring techniques without the need of
additional sensors seem to be an attractive choice.
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There are several faults which not only cause vibrations in the components of a wind turbine,
but also cause rotational periodic deviations on the turbine shaft torque mz (in Nm) (see [3]).
So the turbine shaft torque can be represented as sum

mT(t) ‘= MT ideal (t) + mT dev (t)> (1)

of the ideal aerodynamical turbine torque mrpjdear (in Nm) (caused by the wind speed on a
fault-free wind turbine) and a deviation torque mp gey (in Nm). The deviation torque is the sum

t
mT,deV(t) = Z mr dev,r (t) = Z MT,deV,r(t) COs (/ TWT(T)dT + SDT,deV,r,0>7 r € Ryp. (2)
r r 0

of the rotational periodic torque deviations mr gev, (in Nm) with amplitude M7 gey, (in Nm),
r-th multiple (r € Rs) of the turbine angular velocity wr (%) and initial deviation angle
¥T,dev,r,0 (in rad).

There are faults causing torque deviations for » = 1 (see [3], [4], [5], [6], [7]) like blade/shaft
imbalance (e.g. due to icing), aerodynamic asymmetry (e.g. aged blades, unequal pitching of the
blades, bended blades, defect blades) and partial damage in the magnets of a permanent magnet
synchronous generator (at r = g%, with gear box ratio g,.; only for direct drive systems at r = 1).
Effects like yaw error, wind shear and tower shadow cause torque deviations with a multiple of
r =3 (see [8], |9]). There are torque deviations at other values of r as well. E.g. there are several
faults for ball bearings resulting in different values of r depending on the number of balls, the
diameter of inner and the outer race, etc. (see [3]).

There are two different detection approaches based on the analysed physical quantities. One
directly analyses the torque signal. The other approach uses the machine currents. The
idea behind the detection via the current is, that oscillations in the turbine torque also cause
oscillations in the machine torque. As the machine torque is proportional to the machine currents,
the oscillations are also visible in the machine currents. This approach is often chosen because
the machine currents are usually measured; whereas the turbine torque is not measured, due to
the high costs of torque sensors, see [1].

The publications [3], [4], [10], [11], [12], [13] use currents to detect faults in the wind turbine
drive train. To overcome the problem of the missing torque sensor, these publications propose
the use of an observer for the shaft torque of the turbine (see [14]), or use an observer for the
aerodynamical torque cf. (4) (see [15], [16], [17]). The observed shaft torque is mostly used for
fault detection. The aerodynamical torque is usually used for control purposes.

After obtaining signals—measured currents or observed torque—affected by the above mentioned
faults, these signals need to be evaluated. The main technique to detect the periodic deviations
given in (2), is the Fourier Transform (FT). Due to the varying turbine rotational speed wr, the
Fourier Transform is not the best choice. So the Short Time Fourier Transform (STFT) or the
Wavelet Transform (WT) are the standard methods for analysing the signals (see [2], [18], [19]).
Both methods come with some disadvantages. To be able to work with variable frequencies, the
STFT only takes the measurements of a time range in which the turbine speed is assumed to be
constant. But due to the very slow rotation and the resulting oscillations with very low frequency,
a wide time range is required to achieve an appropriate frequency resolution in the spectrum.
But within this time range, wr is not constant any more. To overcome this time-frequency issue,
the use of the WT is proposed (see [19], [20], [21], [22], [23]). But one significant disadvantage
of WT is its long computation time, which makes online implementation quite challenging (see
[22], [23]).

In view of the advantages and disadvantages of the available fault detection methods, we present
in this paper a different approach. We combine a shaft torque observer with the calculation of the
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(ideal) aerodynamical torque and the use of a Phase-Locked Loop (PLL) to analyse the signals
to detect faults. The obtained amplitude of the torque deviation can be compared to a specific
threshold to detect a fault. The proposed method is derived in detail and design guidelines are
given.

The paper is organized as follows. First the modelling of a wind turbine system is presented
focusing on the ideal aerodynamical torque and the turbine shaft torque. Based on these models,
a disturbance observer for the wind turbine shaft torque is designed. To ease understanding, the
working principle of a single-phase PLL and the design of its parameters is explained afterwards.
Simulation results illustrate the capabilities and the properties of the proposed fault detection
strategy for different experiments. A conclusion is drawn at the end.

2. Modelling of wind turbine system

This section describes the modelling of the
considered wind turbine systems (aerodynamical
modelling is based on [24]). Figure 1 shows a
model of the corresponding wind turbine system.
The extractable turbine power pr (in W) can be
calculated as

pr(A, B ow) = CP()\’ B)pw (UQW) (3) Figure 1: Wind turbine system with flezible low
cp(A, ﬁ)%pﬂ'?‘TU%{/, speed shaft.

turbine machine

PT>WT, M 5 WM
mr mang

ideal

shaft
day dny

based on air density p (in m—) turbine radius r7 (in m), wind speed vy (in ) and a power

coefficient c¢p(A, 3) which is a function of the tip speed ratio \ := % (depending on turbine

radius r, turbine rotational speed wr (in *24) and wind speed vy) and the pitch angle 8 (in ©).

2.1. Modelling of turbine torque
Using (3) and the relation pr = mpwr the ideal (caused by the wind speed vy on a perfectly
working wind turbine) turbine torque my jgea; (in Nm) can be calculated as

A (3) A
MT ideal (A, B, wr) := %ﬁ’vm = %PW%U%VCPC(UT’B) QpﬂT%CPgS,IB) Wy (4)

2.2. Drive train modelling

The wind turbine’s drive train is modelled as two-mass system with high speed shaft and low
speed shaft (see Fig. 1, [25, Chap. 12]). The dynamics of such a flexible TMS are given by the
following nonlinear third-order state-space model

da(t) = Aw<t>+bu<t>+bdd<t>} (5)

y(t) = Cz(t)
where
wr(t) 0
c(t)={ wul(t) |, wt)=myt), dt)=mrt), b=|gres |
Aprur(t) 0
r ds+d d c
_ s+9:(dy+day c _ _
A= gr(@MieGb) ICYEEED) gr(GJinG)Gb) » ba= 0], ¢€=10 10
_1 0 0 01
gr
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are the state vector & € R3, input u € R, disturbance d € R, output vector y € R3, state matrix
A € R3¥3 input vector b € R3, disturbance input vector by € R? and output matrix C € R3*3.
The initial values of the state vector are given by x(0) = (wr,0, w0, ngM/70)T € R3 (in (2d, rad

s s
rad)"). The physical quantities in (6) represent turbine inertia ©7 (in kgm?), gear box inertia

Ogp (in kgm?), machine inertia Oy (in kg m?), turbine damping dr (in l\i;(lis), gear box damping

Nms Nms
rad rad

), turbine rotational speed wr (in

Nms
rad

), machine rotational speed wys (in

), machine damping dy; (in
Nm rad rad
rad S S

mp (in Nm), machine torque my; (in Nm), angle of twist oy := [(wp — g%wM)dt + oo (in

dep (in ), shaft damping dg (in

), shaft stiffness cg (in
), turbine torque

rad), turbine rotational speed initial value wry (in %), machine rotational speed initial value

. rad cege . .
wiro (in %) and initial torsion angle prap o (in rad).

3. Observation of turbine torque

In modern wind turbine systems usually the three states, wr, wy and Agmy are measured
(actually Appyy is calculated using the measured machine angle ¢y and turbine angle 7). The
machine torque is known due to its reference value, see (A.1). But the turbine torque is usually
unknown, because there is no torque sensor used in wind turbine drive trains (e.g. due to the
high price). So an observer has to be derived to estimate the turbine torque myp. To determine
the turbine torque the machine torque is needed. Therefore, we impose the following assumption:
Assumption (A.1) The machine torque mys equals' the reference torque may et (in Nm), i.e.

mar(t) = magres(t), VE>0. (7)

The time delay between mpyref (demanded by the control system) and the actual machine torque
myy 1s neglected because of the much faster dynamics of the electrical machine compared to the
mechanical dynamics of the turbine or the two-mass system.

3.1. Augmented system model
To create a disturbance observer, an augmented system with an additional virtual state x4 (in
Nm) representing the disturbance is necessary (variables with ! represent augmented variables
due to the changed system). The disturbance d is spilt up into a constant value dy and a changing
value d
dai(t) = All(t) + bu(t) + bld(t) } (8)
y(t) = C'z'(t)

with %xd(t) = 0 and initial value z4(0) = dp

20 = (D) w) = (), dlt) = do + d(t) = m(?)

A ;d(t) b b 9)
Al ::[ om”’ b = (0> bi,::(od), Cl:=[C 03x1].

3.2. Disturbance observer
To implement an observer, the system (8) has to be observable. To test observability, the matrix

Q' = [(CZ)T,(CZAZ)T,(CZAZQ)T,(CZAZS)T]T € R'2*4 must have full rank. Since @iT # 0, it
becomes apparent that rank(Q?!) = 4. Hence, system (8) is observable.

! This implies a perfectly working torque control. If this assumption does not hold, this might impact wind
turbine efficiency and power production, [26].



The Science of Making Torque from Wind (TORQUE 2018) IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 1037 (2018) 032022  doi:10.1088/1742-6596/1037/3/032022

The state equations of the observer can be summarized as follows

a0 = AR+ bu(t) + L' (y() — (1) "
gty = C@(t), gy(t) =y &)
T
Variables with ~ are observed values. L! is the observer gain matrix, cil := (0,0,0,1) the

disturbance observation vector and g); € R the output for the observed disturbance, so g); ~d.
A block diagram of the system and the observer is shown in Fig. 2.
To choose the values of the observer gain

matrix LY the linear quadratic regulator
(LQR) approach is chosen, see [27, pp. 220- System (5) )
224| or |28, pp. 511-513]. For linear quadratic ™4 |~~~ "t——r——wu- .
regulator design, the dual system o 5 E
Gu@=Aadm +Ctu, | ag ™ 4 ;
ub(t)= —L! ' ad(t) U, !

......

with dual state &, its initial value acé(O) = :B;’O

and dual input wl is used. The property

el 2T>_ L ;
det (A ¢ L = det (A LC) en Figure 2: Block diagram of system (5) with ob-
sures the same stability behaviour as for the server (10).
original system, see [28, Sect. 13.7.2].
The LQR design minimizes the cost function

J = [ e (aé(t)TQ:&i(t) +uf>(t)TRuf>(t)> dt with stability margin o > 0 and weighting
matrices 0 < Q = Q' e R*™* and 0< R=R' € R3*3 For given Q and R, the observer-
gain matrix can be calculated as L! = PCU' R~ where 0 < P = PT e R** is the solution
of the RICCATI-equation O4x4 = (A'+ ady) P + P(A' + ozI4)—r +Q — PC!' R'C'P. Ts the
system with A' + al4 and C? observable, all poles of the observer have a real part with at least
—a, see |27, Sect. 10.4.5|. To ensure observability of the system (10) with gain L! and stability
margin o, Q., := [(C)T, (CY{A +al,))T,(CH A+ aly)?) ", (CH A +al)®)T]T € R2*4 must
have full rank. Again (see observability of original system (6)), since @iT # 0 the extended system
with A+ aI4 and C? is observable.

4. Single phase phase-locked loop (PLL)

Phase-locked loops are applied in many fields. They are used for tracking filters, frequency
synthesis, clock synchronization, frequency and phase demodulation, etc. (see [29]). In power
grids three-phase PLLs are applied. In order to detect the deviations in the observed torque of
the wind turbine, a single-phase phase-locked loop will be used. Figure 3 shows the structure
and the parts of the applied PLL. This section explains the functionality of the PLL and its
tuning for torque deviation detection.

The PLL uses a Park-transform-based quadrature signal generator (QSG) to create the signal
v5* (in X) which is perpendicular to input v = v® (in X) (with arbitrary SI-unit X). For that, the

Park transform Tp(¢) := [:?;Eg)) —C(s);r(l((;)ﬁ)} and its inverse Tp'(¢) := [f:fr(lg(bg?)) 2:;((%] with

angle ¢ (in rad) are employed . The inverse Park transform transforms stationary (sinusoidal)
signals €% := (£2,¢%)T (in X)? into constant signals £€% := (¢4, ¢9)T .= T;l(qﬁ)&“ﬁ (in X)? in
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Figure 3: Phase-locked loop based on inverse Park transform (based on [30, Figure 4]). It consists of three
components: quadrature signal generator (QSG), loop filter (LF) and the frequency/phase-angle
generator (FPG) which provides the phase angle for the QSG.

the synchronously rotating d-g-reference frame. The Park transform does vice-versa. For the
functionality of the QSG, a first-order low-pass filter

dptlon(n) = & (o) — oo (n)), wee(0) = ol (12

F

with filter time constant Tr (in s) or filter frequency wy (in é) and transfer function

o 'T)d/‘Ia'(S) o 1 o Wf . 1
F(s) = Aie(s) = TFsTF = o with Tp = o (13)
is necessary, see Sect. 4.2.1 and [30]. It filters the identified values v* (in X) and v%* (in X).
The resulting values are 7%* (in X) and %* (in X) with initial values T)g" (in X) and o{"* (in X),
respectively.

4.1. Small signal approximation of QSG

Based on the overall system parameters the gains of the PI controller of the PLL (loop filter (LF)
in Fig. 3) and the filter frequency wy will be chosen. For that a small signal approximation of
the PLL will be performed (for more details see [30] and [31, Sect. 4.4]). To do so the following
assumptions are imposed.

Assumption (A.2) The input signal v (in X) of the PLL is a cosine signal, i.e.

t
v(t) =V (t) cos (¢(t)), where p(t) := /0 w(T)dT + @0 (14)

rad
s

with positive but time-varying amplitude V' (in X), angular velocity w (in 22), angle ¢ (in rad)

and its initial value ¢y (in rad).
Assumption (A.3) The QSG works ideally, i.e.

v(t) = V() cos((t)) = v*(¢) (15)
vﬂ"(t) =V (t) cos (go(t) - %) =V (t)sin(p(t)) = vﬁ(t), (16)

so v* is rotated by 90° with respect to v.



The Science of Making Torque from Wind (TORQUE 2018) IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 1037 (2018) 032022  doi:10.1088/1742-6596/1037/3/032022

Assumption (A.4) The PLL works already close to the correct value, i.e. ©*(t) ~ ¢(t) and

hence cos(p®(t) — p(t)) = 1 and sin(p(t) — *(t)) = @(t) — @*(t) .
Assumption (A.5) The amplitude of the input signal is V(t) =1 (or was normalized a priori).

Combining (A.2) and (A.3), v*® can be expressed as
0B (4) — V() (A3) [ o(t) | (A2 (V(t)cos(p(t))
0= (5) " () & (i sncon) "

2100 (1) — T=1(o* (18 (1) LD cos(p*(t) — (1))
0 = T3 (0 D v (Gl 5. (18)

Using Assumptions (A.4) and (A.5), this relation simplifies to

This results in

dg,e 4\ (A4) 1 (A.5) 1
v (t) (1_8) V(t) <(p(t) i (p'(t)) = <90(t) B (,0'(75)) . (19)

Remark 4.1. Assumption (A.5) is crucial. For the PLL to lock, the output of the quadrature
signal generator (QSG) has to be normalized. For this at least the dimension of the wanted
amplitude should be known and used for normalization. For fault detection e.g. the limit of the
amplitude for indicating a fault could be used. A flexible normalization of the q-component v®*®
with the norm of the vector Hvdq" , as used in [24] is not advisable here. For the fault free case
the norm H'vdq"H 1s zero and one would divide v9* by zero.

For the g-component v?® in (19) (see Fig. 3), the small-signal block diagram of the PLL is
depicted in Fig. 4.

4.2. Determination of PLL parameter

The parameter of the PLL—filter time constant and proportional and integral gain of the PI
controller—will be designed applying a parameter based approach. For that, the small signal
approximation of the PLL in Fig. 4 is used.

4.2.1.  Determination of filter time constant A
DC-component in the signal v will result in an
oscillation in v%*® with the frequency of w® (see
Fig. 3). To damp these oscillations, the low pass
filter is used (see [30]). Since the desired damping is
also required for the minimal rotational frequency
Win,r (in %), we chose the filter frequency wy as  Figure 4: Small-signal block diagram of PLL.
follows

ZSO

( ‘de/q,oﬁﬁd/q,o (jwmin,r)‘dB 2
10

. 2 20 2.
wp = ‘Fv q,oﬁﬁd/q,o(‘jwmin,r)‘ wfﬂi;w _ “min,r (20)
1_‘de/q,-*wd/q,o(jwmin,T)‘ ’de/q,o*ﬂ)d/q,o(]wmin,r)’dB 2
1— <10 20 >
with
. (13) (%) w2_jwmin,'rwf
de/‘Iv‘ —ygd/a,e (]Wmin,r) = : =L (21)

wr +jwmin,r - wfz—l-wQ

So wy depends on the desired damping |F 44,0 _, a4, (j@min,r)| 45 at the minimal frequency win,-
Depending on the rotational periodicity r of the torque deviation and the minimal rotational
speed w7 min of the turbine, the minimal frequency wmin , of the PLL has to be chosen accordingly
i.e. Wmin,r = "W min, Which is a turbine specific parameter.
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’ turbine model o
v, T ,ideal
I_ ______ )Z meas (4) 1aea.
' (optional) PLLs
Fig. 3, (20), |.
o : _(-:)T WT meas (23) ]V[T,dev,rl
———>| wind turbine | Wv WM meas oot oo eTT vy
L - .)l Z|7 + r-PLL | ]V[T,dev,rz
system oT OT,meas A \ )
M "o MTdev | TTTITIIIC
—> (1)7 (2)7 (4) ©Om PM ,meas C)—e) . “
g AR )
disturbance N :
L ref mr
— observer
(10)

Figure 5: Implementation of the torque deviation detection system.

4.2.2. Determination of PI controller parameter The small-signal system shown in Fig. 4 can
be seen as the combination of an integrator and a first-order lag system with transfer function

l-i—si

Fuomsge(s) = f:g = TR = AT (22)
5( wf)

Based on the symmetrical optimum, the parameters of the Pl-controller can be determined
2
(see [32, Chap. 3]|) as follows kp = ﬁ =4 k= ﬁ = %f . To include the necessary
normalization (see (A.5) and Remark 4.1), the controller parameter are modified to kpnorm =
2
Tw = o kI norm = @ = :—f{ with normalization factor s. This factor has to be chosen

according to the knowledge of the turbine and the expected fault (see Remark 4.1). The PI
controller of the PLL is finally given by

vip(t) = kP,normﬁq’.(t)+k1,normfi(t)}
GG = (), &(0)=0.

1 wr

(23)

5. Simulation results

To demonstrate the functionality of the proposed detection system, simulations are conducted.
Figure 5 illustrates the overall idea of the torque deviation detection system. Based on the
observed turbine torque mp and the computed (ideal) aerodynamical turbine torque 77 ideal
(optional), a deviation torque M qey is calculated. This deviation torque is analysed by several
PLLs for torque oscillations at the respective multiples 7 of the turbine rotational speed rwp. Is
the amplitude below a certain threshold, then there is no fault at the respective multiple.

5.1. Simulation scenario

Figure 5 illustrates the simulation scenario. The simulation parameters are given in Tab. 1. For
the evaluation of the proposed torque deviation detection system, realistic wind data from the
FINO1-platform? is used.

There are in total four experiments, that are discussed in the following:

2 The wind data was measured at the research platform FINO1 (geographical coordinates: 54° 00’ 53,5”N,
06° 35’ 15, 5 E) on the 24" Nov. 2012 between 11:50-12:00. The values were saved with a 0.1s resolution.
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Table 1: System parameters for simulations unless otherwise stated.

description

symbols & values

description

symbols & values

implementation
solver (fixed-step)
fixed-step size

Runge-Kutta (ode4)
h=0.1-10"%s

environment
air density

p=1293-%

turbine
turbine inertia
turbine damping
rotor radius
power coefficient

minimal turbine speed

Or = 8.6 - 10° kg m?
dr =0 Xz

rr = 40m

cp(X, B) = cp2(X, B)
as in [24]

WT,min = 0.691 %

machine
machine inertia
machine damping

Oy = 150kg m?
d]\4 =0 Nms

rad

disturbance observer
weighting matrix
weighting matrix
stability margin

Q = diag(1,1,1,1)
R = 0.01 - diag(1,1,1)
a=10

r=3 PLL
filter damping

periodicity of deviation

flexible shaft

|F’Ud/‘Iv.~)f]d/qv. (j"-’minm)|dB

shaft damping ds = 1.35 - 107 Nr:iq normalization factor »x=1-:
gear box controller
gear box inertia Oy = 0kgm? pitch .angle B=0 » ,
gear box damping day = 0 Nnr(lis machine torque ma (t) = —kpgrwr(t)
ra. .
gear box relation gr = 100 as in [24], [26], [33, Ch. 8]

torque controller gain  kj = 0.278 kg m?

(E1) Demonstration of system states and disturbance tracking capability of the disturbance
observer (10) (as designed in Sect. 3.2) for an artificial wind profile.

(E2) Analysis of torque deviation detection using the PLL without taking the ideal turbine torque
M7 ideal (See upper block in Fig. 5) into account for a realistic wind speed profile.

(E3) Analysis of torque deviation detection using the PLL and taking the ideal turbine torque
M7 ideal (S€e upper block in Fig. 5) into account for a realistic wind speed profile.

(E4) Same experiment as (E3), but with measurement noise and deviations in the wind speed
measurement and an additional torque deviation at r = 1.

5.2. Discussion of torque observer (Ej)

Experiment (E;) investigates the tracking behaviour of the disturbance observer—designed in
Sect. 3.2—for an artificial wind profile. Figure 6(a) shows the results. The upper subplot shows
the wind speed, that varies between 5 7 and 7 3. The following subplots show the turbine speed
wp, the machine speed wy; and the related angle difference Ay on the shaft between turbine
and machine side and the corresponding estimates of the observer. It can be seen, that the
observer tracks the real values fast and accurately. The turbine torque mq, the observed turbine
torque mp and the related negative machine torque —mj, = —g,my, are shown in subplot five.
The observed torque follows the turbine torque accurately even after fast torque changes. In the
last subplot, the error between turbine torque mp and observed turbine torque i is illustrated.
The thin spikes at the jumps in the artificial wind speed are due to the resulting sudden torque
jumps. But the disturbance observer quickly changes its estimate to the right value. Besides
these thin spikes, the estimation error mp — myp is very small.

Remark 5.1. Subplot five shows, that the turbine controller is quite slow (in equilibrium mq
and —my, are equal). This is a well known issue for the used turbine controller (see Tab. 1) and
there are possibilities to overcome this issue while ensuring convergence to the optimal operating
point (for partial load conditions, as shown here), e.g. [33, Ch. 8]. But as that issue is not the
focus of this work, the topic is not pursued.
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Figure 6: Simulation results of Experiment (Ey) and Ezperiment (Es).

5.3. Amplitude detection using torque observer (Es)

From Experiment (E2) on, a real wind speed profile is used. This experiment is used to investigate
the amplitude detection of the torque deviations using only the observed turbine torque. The
calculation of the ideal aerodynamical wind torque My ideal (see upper block in Fig. 5) is not
used (i.e. M7igeat = ONm). The wind speed is shown in the upper subplot of Fig. 6(b). The
corresponding turbine speed wr is shown in the subplot below. The third subplot shows the
turbine torque my, the observed turbine torque m7 and the ideal aerodynamical turbine torque
MTideal- Recall that, the turbine torque (1) is the sum of the ideal aecrodynamical turbine torque
and the deviation torque: mz(t) = M1 ideal(t) + M7 dev(t). One can see, that mq and g match
quite well, the difference between mr and mrgeal is quite substantial, especially between 200s
and 400s. This is due to the enhanced amplitude of the oscillating deviation torque, as shown
in the forth subplot. This can also be seen in the last subplot, where the amplitude M7 ey 3
and the observed amplitude MT@eV,g are shown. MT,dev,3 follows M7 gev,3 With some time delay
and oscillates in a band of about 10kNm. But a deviation from zero—the value for absence of
a torque deviation with r = 3—is clearly shown.

Remark 5.2. The PLL works with the observed turbine torque mp provided by the torque
observer. As can be seen, e.g. in the middle subplot in Fig. 6(b), some time is needed between
starting the disturbance observer and tracking the turbine torque myp. For this reason the startup
of the PLL algorithm is delayed (here for 2s).

5.4. Amplitude detection using torque observer and ideal torque calculation (E3) & (E4)

In contrast to Experiment (Ey) (where the observed turbine torque 7y is fed to the PLLs), in
Experiment (E3z) and Experiment (E4), the calculated ideal aerodynamical wind torque 17 ideal
is used in addition to create a so called residual mp — 77 idea to feed the PLLs (see Fig. 5).
This can improve the detection due to feeding (almost) only the periodic deviation torque to the
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Figure 7: Simulation results of Experiment (Es) and Experiment (Ey).

PLLs (see (1)).

5.4.1. Discussion of Experiment (E3) Experiment (E3) investigates the performance for ideal
measurements. This means all measured values equal the real ones. The first and second subplot
show the wind speed vy and the turbine rotational speed wr, respectively. Similar to Experiment
(E2), the third subplot shows my, mr and m7idear. In Fig. 7(a), the signal mqigeal is added to
the subplot. It can be seen, that 77 ideal €quals My ideal (Which is reasonable due to the ideal
measurement). Subplot four shows the torque deviation my gey and the residual 7y — M7 ideal-
The residual deviates slightly from my ey due to the deviation of mz and i, cf. (1). In the
last subplot M7 qev,3 and MT,devyg are shown. Compared to Experiment (Eg), the dynamics of
the observed deviation amplitude MT’demg remains the same, but the noise (as shown in the
last subplot in Fig. 6(b)) is removed. This is plausible, because of the absence of the (almost)
dc-value mr iqeal in the signal fed into the PLL, that causes oscillation in viae (recall Sect. 4.2.1).

5.4.2. Discussion of Experiment (E;) Experiment (E4) is identical to Experiment (E3) except
the following changes:
e The measurements Wr meas, Wif,meas ad AQ7ar meas are affected by noise with an amplitude
of 5% of the respective values (i.e. Ymeas(t) := ~(t) + 0.05y(¢) - WHITENOISE where
v € {wr,wmr, Apar }).
e The wind speed measurement is erroneous (the measured value is too small) and affected
by noise vy meas(t) := 0.85(vw (t) + 0.05 - vy (t) - WHITENOISE)
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e A torque deviation for » = 1 is added to investigate the capability of the torque deviation
system to distinguish between oscillations with different multiples of wp. An additional PLL
is designed according to the rules given in Sect. 4.2.

e At 300s, the angle o7 gev,3 is increased by 7 (to investigate the behaviour of the PLL for
jumps in the deviation angle).

Figure 7(b) shows the simulation results. The upper subplot shows the wind speed vy and the—
reduced and noisy—measured wind speed vy meas- In the second subplot, the turbine rotational
speed wr and its measured value wr meas are shown. The noise in the measured value is obvious.
Subplot three shows the torques 7, M7 ideal, M7 and mrideal. One can clearly see the noise in
the observed torque my. The amplitude of the noise is significantly higher than the actual value
of the torque mp. Another fact is, that the calculated ideal turbine torque mr jgeal is smaller and
has more noise than mr jgea1. This is explainable due to the deviations in vy meas. According to
the properties of My and 77 jgeal, the residual 7 — M7 jgeal is very noisy and not symmetrical
to the x-axis, as shown in subplot four. A similarity between the residual and mr gev can hardly
be seen. The fifth subplot shows the amplitude M7 qev 3 of the deviation signal and the observed
value MTVdeV’g. The dynamic of the observer is identical to Experiment (Eg) and Experiment
(E3). But compared to Experiment (Eg), the band of oscillation is reduced by approximately
5kNm. So it can be seen, that even with noisy measurements and errors in the wind speed
measurement, the amplitude of the torque deviation can be detected. In addition, the usage of
the calculated ideal torque 77 jgear—even for noisy and erroneous wind measurements—improves
the signal quality of the detected amplitude. One reason for this is the reduction of the (almost)
dc-value mr igeal in the signal fed to the PLL. The change in the angle p7 4ev 3 at 300s causes a
deviation between M7 gev,3 and MTﬂdeng, that is corrected by the PLL after about 50s. The last
plot shows the output MT,dev,l of the PLL designed for » = 1 and compares it with the amplitude
Mt gev,1 of the deviation. It can be seen, that the tracking behaviour of the PLL for r = 1 is
slower than that of the PLL for » = 3. This is due to the reduced frequency of the deviation
and the resulting design of the PLL parameters. But the PLL tracks the amplitude M7 gev,1 of
the deviation. This experiment shows, that the PLL approach for detecting torque deviations
works in presence of (a) measurement noise, (b) measurement errors in the wind speed, (c) phase
changes in the deviation angle and (d) for deviations with different periodicities at the same
time.

6. Discussion and Conclusion

This paper discussed the detection of rotational periodic torque deviations in variable speed wind
turbine systems. For that a turbine torque disturbance observer was designed. The observer is
based on a two-mass model of the turbine drive train. Assuming known model parameters, a LQR
approach was used to compute the observer gain. To compute a residual between fault-free (ideal,
without torque deviation) turbine torque and real turbine torque (with torque deviation), the
aerodynamical torque is calculated, based on the power curve of the turbine and the measurement
of the wind speed. To analyse the time series of the resulting torque, a phase-locked loop (PLL)
was designed. The working principle of a single-phase PLL with a quadrature-signal-generator
(QSG) based on the Park transform was investigated. Additionally, guidelines for filter tuning
and controller design were presented.

Simulation results illustrated the functionality and capability of the torque observer and
compared the deviation detection performance for different torque signals by the PLL. Without
the usage of the calculated aerodynamical torque, the amplitude of the deviation can be detected
but fluctuates. Using the aerodynamical torque, the amplitude can be detected without noise in
the signal. Furthermore, even with noisy measurements, wrong wind measurement and torque
deviations at different periodicities, these deviations can be detected by the proposed approach
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using the residual of observed turbine torque and calculated aerodynamical torque.

The simulations are a first proof of concept. But for assessment of the applicability of this
approach in a real wind turbine, precise knowledge of the relevant deviations, their amplitudes,
their periodicity and the disturbance components in the measured signals of a specific wind
turbine are essential. Unfortunately the authors do not have access to that kind of information.
This wide range of necessary information of a specific wind turbine is probably only known to
the manufacturer. As a next step, the testing with real turbine data would be a good possibility
to further investigate suitability of this approach for fault detection.

The approach using a PLL for signal analysis has some limitations. The periodicity for each
fault has to be known a priori, to design a suitable PLL. Additionally, for each possible fault—as
long as the periodicity is different—a separate PLL is needed. The first point might be an issue,
if knowledge of the turbine is not available, but as stated before, the wind turbine manufacturer
should be aware of the relevant periodicities. The latter might be tedious but due to the simplicity
of the proposed PLL should not be a problem regarding implementation.
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