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Feedback-feedforward individual pitch control design
for wind turbines with uncertain measurements

Roébert Ungurénl, Vlaho Petrovi¢!, Sjoerd Boersma2, Jan-Willem van Wingerden2, Lucy Y. Pao?, Martin Kiihn®

Abstract— As the diameters of wind turbine rotors increase,
the loads across the rotors are becoming more uneven due to
inhomogeneous wind fields. Therefore, more advanced passive
or active load reduction techniques are introduced to mitigate
these uneven loads. Furthermore, measuring the disturbance
can help to improve the control performance. This paper first
examines how robust stability and performance are affected
by uncertain sensor measurements when an integrator-based
feedback is extended with an inversion-based feedforward
individual pitch controller with similar bandwidth. A fixed-
structured 7., feedback-feedforward controller is proposed.
The proposed feedback-feedforward controller ensures robust
stability and performance and achieves better load reduction
than a classical integrator-based feedback controller combined
with inversion-based feedforward controller.

I. INTRODUCTION

The ongoing trend of steadily growing rotor diameters of
wind turbines is resulting in dynamic loads which are be-
coming more uneven across the rotor swept area. Due to the
so-called rotational sampling or eddy slicing effect, the blade
samples the inhomogeneous wind field with frequencies de-
termined by the rotor speed. Hence, the dynamic blade loads
are concentrated at the multiples of the rotational frequency,
which are called 1P, 2P, 3P...., nP. Feedback individual pitch
controller [1] and trailing edge flap [2] controllers have
been developed to mitigate the dynamic blade loads. Lidar-
based feedforward individual pitch [3]-[7] and trailing edge
flap control [7] for wind turbines have also been introduced,
where a lidar provides a measurement of the disturbance.
In these studies, deviations of the inflow wind speed from a
nominal speed are considered disturbances. This information
can then be used by the feedforward controller. It is shown
that such a design can improve the performance of the
controller, achieving better rotor speed control and lower
tower and blade loads [7]-[9]. In many cases, the feedback
collective or individual pitch controller is already given, and
it is extended with a reduced bandwidth feedforward con-
troller [3]-[7], [10]. The reasons for this are: (1) the feedback
controller is already proven in aeroelastic simulations and
field tests, hence it is a risk to replace it, (2) in case of lidar
failure or low lidar visibility [10] the feedforward controller
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can be switched off. However, such a separated control
design can have a negative effect on the overall control
performance. If the two controllers have a similar bandwidth,
the extension of the feedback with feedforward would lead
to a higher peak value of the sensitivity function. Such a
controller design can lead to lower sensitivity, hence a better
disturbance rejection, at frequencies lower than the cross-
over frequency, but unavoidably leads to sensitivity increase
around the cross-over frequency [11]. System, disturbance
model, or measurement uncertainties will influence the peak
value of the sensitivity function, which affects the closed-
loop stability and performance [12].

Schlipf et al. [10] carried out field tests with feedback-
feedforward collective pitch control with mixed results.
When the correlation between the lidar measurement and
the estimated rotor effective wind speed was low, the feed-
forward controller was not beneficial. Navalkar et al. [§]
analysed the robustness of lidar-based feedback-feedforward
control of floating wind turbines. They showed that taking
into account lidar measurement and blade pitch output un-
certainties during the control development leads to robust
performance and stability and a better rotor speed control.
The work of Schlipf et al. [10] and Navalkar et al. [8] high-
light how important it is to take into account uncertainties
during the feedback-feedforward controller design.

The objective of this paper is to investigate how the per-
formance is affected by combining the classical integrator-
based individual pitch feedback control with an inverse-
based feedforward control with sensor uncertainties, and to
redesign the feedback-feedforward controllers as needed to
satisfy robust stability and performance constraints.

This paper is organised as follows: In Section II, the lidar-
based simulation setup is introduced and the sensitivity func-
tion of the feedback-feedforward control is derived, which is
used to analyse the controller performance. In Section III,
a classical integrator-based feedback and inversion-based
feedforward individual pitch controller are introduced. The
controller performance is analysed with uncertain measure-
ments and validated in aeroelastic simulation code. Finally,
in Section IV, a mixed sensitivity fixed-structured feedback-
feedforward controller is proposed, analysed and validated in
aeroelastic simulation code, before the conclusions are drawn
in Section V.
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Fig. 1. Lidar measurement configuration, where a telescope is mounted
on each blade and is connected through fibre optics to a continuous-wave
lidar placed in the hub. The line-of-sight wind speed is computed based on
a weighting function (W (F, a)) that depends on the focus distance (F) and
the range along the beam (a).

II. SIMULATION, ROTOR AND SENSITIVITY
FUNCTION DEFINITION

A generic 7.5 MW Type Class Ia wind turbine [13] with
a rated wind speed of 10.9ms~! and a rated rotor speed
of 10rpm is considered, which was developed within the
German Smart Blades project. 10-minute time-domain simu-
lations were carried out for the mean wind speed of 14ms—!
where the turbulent wind conditions are set in accordance
with DLC 1.2 of the IEC 61400-1 ed. 3 standard [14]
using the aeroelastic simulation code HAWC?2 [15], with the
ATEFlap [16] dynamic stall engineering model. Wind shear
and tower shadow are also taken into account. 1 Hz damage
equivalent loads are calculated, with Wohler exponents of
3 and 13, which are typical for steel (tower) and compos-
ite materials (blade), respectively. The reference controller
(REF) is the basic DTU wind energy controller [17], which
includes torque and collective pitch control.

A. Rotor and blade-mounted lidar setup

Fig. 1 shows the setup of the investigation. On each 80m m
blade, at the span-wise location of 66.4 m, a movable trailing
edge flap with a span-wise length of 10m is introduced.
The chord length of the flap is 25 % of the blade chord
length, where the flap consists of 5 % flexible and 20 % rigid
structure.

On each blade, a telescope is mounted, which is connected
to a hub-based continuous-wave lidar with fibre optical
cables. The lidar records the inflow wind speed in front of
the wind turbine blade at a sampling frequency of 50 Hz. The
measurements are used to control the next blade’s flap and
pitch angle. The blade-mounted lidar simulator is used to
model the volumetric measurement and takes into account
the dynamics of the blade and tower, i.e., displacement,
rotation and velocity in 3D space. The velocity induced by
the blade rotation is considered in the lidar simulator as well.
The lidar system gives the opportunity for the feedback-
feedforward individual pitch control (IPC) and the trailing

Fig. 2. General block diagram of the feedback-feedforward controller.

edge flap control (TEFC), where the main goal is disturbance
rejection. Ungurdn and Kiihn [18] show an effective feedback
IPC and TEFC combination to mitigate the loads occurring
once (1P) and twice (2P) per revolution at the flap-wise blade
root bending moments. Hence, the objective of the IPC and
TEFC are to mitigate the 1P and 2P loads of the flap-wise
blade root bending moments, respectively. In this paper, the
development of the IPC is elaborated, and the same method
is applied during the development of the TEFC.

The above setups are used to test and validate different
feedback-feedforward controllers in the sections below.

B. Sensitivity function analysis of feedback-feedforward con-
troller

In this section, the sensitivity function for the feedback-
feedforward controller is derived. This enables visually
analysing the closed-loop system and identifying e.g., the
bandwidth, the peak value of the sensitivity function, and the
frequencies where the sensitivity function is above 0 dB. Due
to the flexible structure of the wind turbine, knowing these
important quantities is critical e.g., the IPC could reduce the
blade root bending moments but could excite the tower first
natural mode, hence such a design has to be avoided.

For simplicity, a general representation of the feedback-
feedforward controller is considered in Fig. 2, where G and
(G4 can be any system and disturbance model, and Kj, and
Ky can be any feedback and feedforward controller. The
wind turbine specific implementation is discussed later. The
control signal (u) and the output (y) of the system are

u = be(T—y)+Kffd
y = Gad+ Gsu

For disturbance (d) rejection control design, the reference
signal (r) is zero, and the output is thus defined as

(I+GKp)™ (I+GEKgGy')Gad (2

and the feedback sensitivity (Sp) and feedforward sensitivity
(Sgr) functions are

Sp = (I + Gy Kg) ™"

(D

y =

Sig=(I+GKgGg') )

Hence, the sensitivity function for the combined feedback-
feedforward controller is defined as

Swte = St St 4

The sensitivity functions in Eqgs. (3) and (4) are used to
evaluate the controller performances later in this paper. The
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Fig. 3. The general block diagram of the wind turbine feedback-
feedforward individual pitch controller implementation, including a model
recovery anti-windup filter. Actuator saturation is taken into account in the
non-rotating frame of reference. The subscripts r and f refer to the rotating
and non-rotating (fixed) frame of references, respectively.

bandwidth of the feedback, feedforward and the combined
feedback-feedforward controller is defined where the sensi-
tivity function first crosses the -3 dB line from below.

III. CLASSICAL FEEDBACK-FEEDFORWARD INDIVIDUAL
PITCH CONTROLLER

For control development, a simplified wind turbine model
is used, which is introduced by Ungurdn and Kiihn [18].
The model is transformed into the non-rotating frame of
reference, applying the multiblade coordinate transformation
(MBC) in accordance with Lu et al. [19]. By applying
the MBC transformation, the time-variant system with three
inputs and three outputs is transformed into a two-input and
two-output linear time-invariant system. Fig. 3 shows the
control implementation. The individual pitch feedback and
feedforward controllers are developed separately. To account
for the cross coupling between the yaw and tilt moments,
the feedback controller includes the steady-state gains of
the inverted wind turbine model (G‘;t’lf(O)). To achieve a
good disturbance rejection at low frequencies and a good
noise rejection at high frequencies the feedback controller
is extended with an integrator (%) and a second-order
Butterworth low-pass filter (Gyp). The final form of the
integrator-based feedback controller is

K
K = Gyi(0) fGEp e Cc? (5)

The starting point of the feedforward control development is
an inversion-based feedforward controller. Such a controller
would have a high-frequency roll-off, hence only the DC
gains of the inversion-based feedforward controller are con-
sidered (fG;t’lf(O) Gq(0)), and a Butterworth second-order
low-pass filter (Gp) is added to eliminate actuation at higher
frequencies [7]:

Kff’f = —G71 (0) Gd’f(o) Ggp S C2X2 (6)

wt,f

The lidar measurements that are taken from blade ¢ are used
to evaluate the control signal for pitch angles of the following
blade ¢ — 1 (see Fig. 1). Therefore, the focus distance and
preview time depend on the rotor speed, blade pitch angle

Singular values [dB]

1073 10-2 10-! 100
Frequency [Hz|

Fig. 4. Singular values of the 2 X 2 sensitivity functions of the feedback
(FBy), feedforward (FFy), and combined feedback-feedforward (FB-FFy)
individual pitch controllers. The red dashed and blue dotted constant
horizontal lines correspond to 6 dB and -3 dB, respectively.

and the mean inflow wind speed. By knowing the operation
points of the wind turbine and assuming Taylor’s hypothesis
[20], the near optimal parameters for 14ms~! can be found
easily. As an example, if the rotation speed around rated
wind speed is kept constant at 1.05rads~! (10 rpm) and the
azimuth angle between two consecutive blades is 2.09 rad
(120°), then 2 s is needed for blade 7 — 1 to reach the azimuth
angle of blade 7. In reality the wind speed in front of the rotor
as well as behind it is retarded due to the rotor induction,
which can properly be modelled by Large Eddy Simulations.
Here the more common blade element momentum theory is
used, where the induction is applied instantaneously only in
the rotor plane. Considering the mean pitch angle, the mean
hub-height horizontal inflow wind speed, and the rotational
speed, this leads to an available preview time of 1.94s,
resulting a focus distance of 27.16 m. Therefore, the second-
order Butterworth low-pass filter cut-off frequency is set as
0.12 Hz. This results in a time delay of 1.87s [21]. A filter
with a lower cut-off frequency would increase the time delay,
and hence, the preview time would not be sufficient. Actuator
saturation and rate limits are taken into account in the non-
rotating frame of reference as proposed in [22]. A model
recovery anti-windup filter [7], [23] is included to ensure fast
recovery of the feedback controller in case of saturation.

Fig. 4 shows the singular values of the 2 x 2 sensitivity
functions of the feedback (FB;), feedforward (FF;), and com-
bined feedback-feedforward (FB-FF;) individual pitch con-
trollers. The index I refers to the integrator-based feedback
and inverse-based feedforward controller. The figure high-
lights that the sensitivity function of the combined feedback-
feedforward controller is increased around the cross-over
frequency compared to the feedback control case, which
is due to the waterbed effect [12]. It exceeds 6 dB, which
is typically not recommended in the literature. A larger
value indicates poor performance and may lead to increasing
structural loads on the wind turbine components around this
frequency. This will later be displayed through aeroelastic
simulations.
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Fig. 5. Block diagram for control design analysis (d € R?,z; € R2,y €
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A. Analysis of the closed-loop system with uncertainties

In this investigation the HAWC?2 aeroelastic simulation
code [15] is used, where wind evolution is considered in
accordance with Taylor’s frozen hypothesis [20] and the
effect of the induction zone is also neglected. These could
affect the system stability and performance when it is de-
ployed in field tests. Furthermore, during the estimation of
the inflow wind speed from the lidar measurement, perfect
measurements of the blade-mounted telescope orientation,
blade linear and angular velocities are assumed. However,
any sensor misalignment, calibration uncertainty, etc. will
lead to over- or underprediction of the inflow wind speed.
Uncertainties are also present at the blade root bending
moment measurement when strain gauges [24] are used.

In order to analyse the system with uncertainties, Fig. 5 is
introduced, which shows how the performance weight (W, €
C?*2) and uncertainties are considered. Fig. 5 shows that the
exogenous output (z;) is

21 = W, Spir Gag d @)

which highlights that the disturbance model (Ggy) is acting as
a scaling of z1, hence, the inverse of the disturbance model
(G, fl) is introduced into Fig. 5, shown as a dashed box.
This ensures that z; is not affected by the disturbance model,
so the robust performance and robust stability analysis is a
direct indicator of the controller performance in the presence
of uncertainties.

For robust performance and stability analysis, diagonal
complex uncertainties are considered:

_ |01 O _ (91 0 22
AZ - |: 0 6€,2:| ) Aﬁ - |: 0 6,8,2:| S (C ) (8)

and A = diag(Ay,Ag) with property ||Alle < 1,
and diag(-) is the diagonal matrix of the elements. The
uncertainty weights of the lidar (W, € C2?*2) and blade
root bending moment measurement (W3 € C2*2) are
defined as first-order minimum-phase shaping filters. They
are defined in a way to have a cross-over frequency of
3P (0.5Hz at rated rotor speed), and represent 20 % uncer-
tainties below 3P (W,(j0)) and to reach 300 % at higher
frequencies (W;(joo)). The cross-over frequency is defined
where the magnitude of the filter crosses 0dB from below

( [We(jwo)| = 1), which represents 100 % uncertainties.
The performance weight is defined to achieve disturbance
rejection below 0.01 Hz, leading to a performance weight
(Wpfl) which is smaller than 0dB below this frequency
and reaches 10dB at higher frequencies. The definition of
the performance weight requires previous knowledge of the
system, e.g., how the system is affected by transforming the
1P frequency from the rotating frame of reference to non-
rotating frame of reference by applying the MBC transfor-
mation [19].

To assess the influence of the included uncertainties on
nominal performance (NP), robust stability (RS), and robust
performance (RP), the following generalised plant (P) is
obtained

Yae 0 0 | WGy 0
' : UA ¢
YA g 0 0 0 | WsGuy | |
Z1 = 0 Wp I Wp 1 Wp th,f C?»:ﬁ (9)
da I 0 Gyt 0 v
14 0 -1 —1I _Gw[,f
Py P2 Pi3
P=|Py Py P3| € Cloxs
P31 Py Psg

Assuming nominal stability, RP is ensured when
/J,A(Ni) <1, Vw and N, = Fl(P, Kl) fori=1,2 (10)

with pa(-) the structured singular value [25], Fi(-,-)
the lower-fractional transformation [12], feedback con-
troller (FBy)

Ky = Kpy, (11)
combined feedback-feedforward controller (FB-FFy)
Ky = [Kis Kyl (12)
and
Yae UA,¢
’ Nii1 N; 12} ’
yap| = { X 7 UA,B (13)
) Ni21 Nioo a

with dimensions N; € C5%6. Assuming nominal stability,
RS is ensured when

pa(Nii1) <1, Yw (14)

and NP when
||Ni,22”oo < 1. (15)

The RP, RS and NP tests are done for the closed-loop
system with the standalone feedback (¢ = 1, FBj) and
combined feedback-feedforward (i = 2, FB-FF) controllers.
The results are listed in Table I: while the nominal perfor-
mance, robust stability, and robust performance are achieved
for the feedback case (FBj), robust performance is not
achieved when the feedback controller is extended with the
feedforward controller (FB-FF;). The robust performance is
above 1, which means that the feedback-feedforward IPC
does not fulfil the performance requirement in the presence
of uncertainties. The following section will illustrate that this
can cause undesired behaviour in time-domain simulations.
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TABLE I
NOMINAL PERFORMANCE (NP), ROBUST STABILITY (RS), AND ROBUST
PERFORMANCE (RP) OF THE INVESTIGATED CONTROLLERS.

NP RS RP

FB; 020 028 0.86
FB-FF; 020 028 140
FB-FFg 020 0.28 0.98
3 F
2
- I I I
3
a
B
—1
-2 F
1 1 1 1 1 1 1 1 1 1
wé\b. \Oz‘\z\ ;‘\\K’ %‘Zﬁ\ o:@@ @’fé O&,;O\o”\ o,’:o‘be @;7,%&' O&é\o\\
< < «2»0 «2& \@& N © V& Q//& o S ‘Ol&
0" 0 xS o > & 0 <
0% &yb s o DS
Fig. 6. The damage equivalent load (DEL) of the combined feedback-

feedforward (FB-FF;) IPC case is compared to the feedback (FBj) IPC
case. A negative ADEL means a DEL reduction of the FB-FF| controller
relative to the FBj controller. The acronyms of Fb.r and E.b.r. stand for
flap-wise and edge-wise blade root. T.t. and T.b. stand for tower top and
tower bottom.

B. Controller evaluation in aeroelastic simulations

In Fig. 4, it was displayed that the sensitivity function of
the combined FB-FF; IPC is above 6 dB around the cut-off
frequency. This could lead to undesired load increase in this
range. Furthermore, the robust performance did not stand
for the feedback-feedforward IPC. To assess the controller
performance with respect to damage equivalent load reduc-
tion, time-domain aeroelastic simulations are carried out. The
damage equivalent load reduction (ADEL) for several wind
turbine components is evaluated according to

DELFg_Fr,

1
DELgg, (16)

ADEL = ( — 1) x 100
where DELgp g, and DELgg, are the 1 Hz damage equivalent
load for the FB-FF; and FBy IPC, respectively. The relative
DEL of FB-FF; with respect to FB; IPC is shown in Fig. 6.
With the FB-FF; IPC, a 0.86 % DEL reduction is observed
at the flap-wise blade root bending moment. Nonetheless,
the DEL of the hub yaw and tilt moments are increased.
This has a negative effect at the tower top and bottom
loads. The power spectral density of the hub yaw and tilt
moments are evaluated and plotted in Fig. 7. The plots
show that an additional load reduction, below the 0.04 Hz
cut-off frequency, is achieved by combining integrator-based
feedback with inverse-based feedforward controller. How-
ever, an undesired peak is observed around 0.1 Hz with the

combined controllers. This is the frequency range where the
peak of the sensitivity function can be observed in Fig. 4.
This gives motivation to shape the feedback-feedforward
controller together, to fulfil the performance requirement and
reduce the peak value of the sensitivity function. Therefore,
the next section proposes a fixed-structured mixed sensitivity
H o controller.

IV. MIXED SENSITIVITY FIXED-STRUCTURED
FEEDBACK-FEEDFORWARD CONTROL

A. Design

To achieve robust stability and performance, a mixed sen-
sitivity control problem without uncertainties is formulated.
The block diagram is shown in Fig. 8, where an additional
weight (W, € C2*?) is introduced to penalise the actuator
movement. The weight is selected as a high-pass filter with
a cross-over frequency of 0.14 Hz. The performance weight
(W) is equivalent to the one defined in Section III-A. This
lead to the new generalised plant (F), shown in Eq. (17),
which includes the performance and actuator weights, and
used for controller synthesising.

2 Wy I | W, s
z o 0 Wul d*
Qe w
14 _I _Gwl,f

P € C8%x4

Next, the cost function is derived. From Egs. (1) to (3)
and (7), the transfer function from the disturbance (d*) to
the controlled output z; can be expressed as

zZ1 = Wp Sfbffd* (18)

The same way, by considering Eqs. (1) and (2), the transfer
function from the disturbance (d*) to the controlled output
2z, can be written as

2 = W (Kitg Ggf — Ko Srorr) d* (19)

An optimisation problem is formulated, where the goal is to
find the feedback (Kp,¢) and feedforward (K ¢) controllers
that minimise the following cost function

Wy Sttt
Wi (Kitg Gap — Krog Swor) |||

The fixed-structured controller (FB-FFs) is defined as
K]

with parametrised feedback (Kp,¢) and feedforward (Kiy)
controllers from Eqgs. (5) and (6). An additional pole (ps,)
and zero (zp) are included in the feedback, and a gain scaling
factor (kg) is included in the feedforward controller to give
a higher degree of freedom for the optimiser. This leads to
the following representation of the controllers

(20)

2n

2
ki s — 2w Wi,

s 8 —pp 2+ 2w s + w3

Kine = |Gi0)] @)
N——

2X2
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Fig. 8. Block diagram for control design without uncertainties (d €
R2, 21 € R2, 25 € R2,y € R?,u € R?).

2
Wir
$% + 2(gwrs + Wi

(23)

wt,f

Kiy = | =Gy Gas(0)] ket
—— —
2X2

where ki, 2, Db, Cib> Wibs K, wir and (g are the optimisation
variables. In the feedforward controller, a lower bound of the
cut-off frequency for the second-order Butterworth low-pass
filter is set as 0.12 Hz. A filter with a lower cut-off frequency
would increase the time delay, and the preview time provided
by the lidar measurement will not be sufficient. For syn-
thesising the fixed-structured controller, the hinfstruct
function [26] from the robust control toolbox of MATLAB
[25] is used.

The left plot of Fig. 9 compares the sensitivity
of the integrator-based (FB-FF;) and the shaped (FB-
FFs) feedback-feedforward individual pitch controllers. It
shows that the performance of the FB-FF; controller is
40 dB/decade, while for the FB-FFg controller it is only
20 dB/decade. This leads to a lower peak value of the FB-
FFg controller sensitivity function compared to the one for
the FB-FF; controller. The right plot in Fig. 9 shows the
sensitivity functions for the shaped feedback (FBg), feedfor-
ward (FFs), and combined feedback-feedforward (FB-FFg)
individual pitch controllers. The figure highlights, firstly,
that the loop-shaping design results in a lower bandwidth
feedback controller compared to the feedforward controller.

—e— REF —— FBi —e— FB-FFy

FB-FFg

108

B
T 101

106

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Frequency [Hz]

Power spectral density of the hub yaw (left) and tilt (right) moments. The yellow overlay highlights the range of an induced peak when the

FBs FFg

Singular values [dB]

1
10-3 10-2 10-1 10910-3 1072 10-! 10°
Frequency [Hz] Frequency [Hz]

Fig. 9. Left: singular values of the 2 X 2 sensitivity function of the
integrator-based (FB-FFy) and the shaped (FB-FFs) feedback-feedforward
individual pitch controllers. Right: singular values of the 2 X 2 sensitivity
functions of the shaped feedback (FBg), feedforward (FFs), and combined
feedback-feedforward (FB-FFs) individual pitch controllers. The red dashed
and blue dotted constant horizontal lines correspond to 6dB and -3 dB,
respectively.

Secondly, that the gains of the FFg are reduced comparing
to the FF; (see Fig. 4) controller.

To evaluate the performance, the methodology described in
Section III-A is applied. The only difference is that the con-
troller is replaced with the fixed-structured mixed sensitivity
Hoo controller (Ng = Fj(P, Ks)). Table T summarises the
nominal performance (NP), robust stability (RS), and robust
performance (RP) for the three investigated control concepts.
The table demonstrates that the FB-FFg controller fulfils the
stability and performance requirements in the presence of
sensor measurement uncertainties.

B. Validation

The FB-FFg controller is evaluated with the HAWC2
aeroelastic simulation code. The power spectral density
(PSD) for the hub yaw and tilt moments are shown in
Fig. 7. Here, four cases are considered: (1) the reference
case (REF), where no load mitigation controllers are active,
(2) integrator-based feedback IPC (FBy), (3) integrator-based
feedback combined with inversion-based feedforward IPC
(FB-FF}), and (4) Hoo loop-shaping feedback-feedforward
IPC (FB-FFs). The PSD plot shows that with the H ., loop-
shaping design the undesired peak at the hub yaw and tilt
moments around 0.1 Hz is reduced. The PSD of the FB-FFg
closely follows the FB; controller PSD. This is due to, on
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Fig. 10. The damage equivalent load (DEL) of the combined feedback-
feedforward (FB-FFy) and H oo loop-shaping feedback-feedforward FB-FFg
individual pitch control is compared to the feedback (FBy) individual pitch
control case. A negative DEL means a ADEL reduction relative to the FBy
controller. The acronyms F.b.r and E.b.r. stand for flap-wise and edge-wise
blade root. T.t. and T.b. stand for tower top and tower bottom.

the one hand, the cut-off frequencies being similar. On the
other hand, below the cut-off frequency the slope of the FB;
and FB-FFg controller sensitivity function is 20 dB/decade,
leading to lower sensitivity deteriorations above the cut-off
frequency. The slope of the FB-FF; controller sensitivity
function is 40 dB/decade, leading to higher sensitivity de-
teriorations above the cut-off frequency due to the Bode
sensitivity integral [11], [12].

It should be noted that, due to the reduced feedback control
bandwidth, if the lidar system fails and the feedforward is
switched off, the FBg still can be used for load mitigation,
but will have a lower performance than the FB;y controller.

The damage equivalent loads (DEL) are evaluated for the
FB-FF; and FB-FFg IPC cases and compared to the FB; IPC
case, and the results are displayed in Fig. 10. A negative DEL
means a ADEL reduction relative to the FBy IPC. The plot
highlights that the new control design can further mitigate
the loads at the flap-wise blade root bending moment without
having negative effects on the hub yaw and tilt moments.
The results achieved with the FB-FFg IPC are expected: The
mitigation of the flap-wise blade root bending moment leads
to lower hub yaw and tilt moments, which then translate to
the tower top and bottom fore-aft and torsion moments. If
the results are different, the controller developed for load
reduction has to be analysed and redesigned.

To assess the full potential of the smart rotor control with
trailing edge flaps and blade-mounted lidars, the individual
pitch control (IPC) that is active at 1P is extended with a
trailing edge flap controller (TEFC) that is active at 2P. The
updated controllers are evaluated in aeroelastic simulations
and are compared to the reference case (REF). The damage
equivalent load (DEL) reduction for 14ms~! hub-height
mean wind speed is shown in Fig. 11 for the three investi-
gated controller setups: (1) feedback IPC with TEFC (FBj,),
(2) combined feedback-feedforward IPC with TEFC (FB-
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Fig. 11. The damage equivalent load reduction (DEL) of the feedback

individual pitch controller (IPC) with trailing edge flap controller (TEFC)
(FByy), the combined feedback-feedforward IPC with TEFC (FB-FFj;)
and Hoo loop-shaping feedback-feedforward IPC with TEFC (FB-FFs>)
compared to the reference case (REF). A negative ADEL means DEL
reduction relative to the REF case. The acronyms Fb.r and E.b.r. stand
for flap-wise and edge-wise blade root. T.t. and T.b. stand for tower top and
tower bottom.

FFi»), and (3) Hoo loop-shaping feedback-feedforward IPC
with TEFC (FB-FFs;). The plot highlights that extending
the feedback controllers with feedforward controllers leads
to less blade flapwise and edgewise DEL reduction compared
to the FBp,. In general, a better controller performance
is expected when the feedback controller is extended with
feedforward controller. However, the feedforward controller
in FB-FF;, has a reduced bandwidth to prevent undesired
actuation at frequencies higher than 1P for IPC and 2P for
TEFC. This results in a higher sensitivity peak around the
cross-over frequency of the FB-FFp, controller case (see
Fig. 9), which leads to less DEL reduction compared to
the FBy,. This paper shows, that by reducing the peak
of the sensitivity function with the proposed H., loop-
shaping feedback-feedforward IPC with TEFC (FB-FFs>),
a far superior performance is achieved compared to the
integrator-based feedback IPC with TEFC (FBy ).

Furthermore, by extending the feedback IPC with feed-
forward IPC, a marginal DEL reduction is achieved (see
Fig. 10), nevertheless, the feedback-feedforward TEFC im-
proves the DEL reduction significantly. Figs. 10 and 11 un-
derline how beneficial it is to extend the feedback controller
with feedforward controller, and that it is mainly useful for
the frequencies above 1P.

V. CONCLUSIONS

This paper shows that the stability and performance are
affected by measurement uncertainties when a classical
integral-based feedback is extended with a reduced band-
width inversion-based feedforward individual pitch controller
(IPC). On the one hand, it is found that robust perfor-
mance cannot be ensured with the combined integrator-based
feedback and reduced bandwith feedforward IPC. On the

4157



other hand, due to the similar cross-over frequencies of
the feedback and feedforward IPC, the combined feedback-
feedforward IPC sensitivity peak is elevated in comparison
to the feedback only case. The controllers are tested in aeroe-
lastic simulation. The results show additional load reduction
at the flap-wise blade root bending moment with respect
to the feedback only IPC case. However, load increases
are observed on the other wind turbine components. These
are due to the elevated sensitivity around the cross-over
frequency for the combined feedback-feedforward IPC.

This paper highlights the importance of carefully analysing
the control performance after combining the feedback with
feedforward controller. To achieve the performance objec-
tives, a fixed-structured feedback-feedforward controller is
proposed, based on the H, loop-shaping method. The de-
signed controller achieves robust stability and performance.
With the redesigned controller, additional load reductions
are achieved across the wind turbine components. The H
loop-shaping control design results in a reduced bandwidth
feedback and an increased bandwidth feedforward controller
with respect to the classical integrator-based feedback and
inversion-based feedforward controllers. Due to the reduced
feedback control bandwidth, if the lidar system fails and
the feedforward is switched off, the shaped feedback con-
troller can still be used for load mitigation, but will have
a lower performance than the integrator-based feedback
controller. Furthermore, the IPC active on 1P is extended
with a trailing edge flap controller (TEFC) active on 2P.
The extended controller performance is also evaluated in
aerolestic simulation code. The proposed controller, based on
the H ., loop-shaping method, achieves a better performance
with respect to the damage equivalent load reduction across
the wind turbine components. This paper points out the
importance of reducing the peak value of the combined
feedback-feedforward controller sensitivity function around
the cross-over frequency to maintain the robust stability and
performance, which can easily be achieved with the proposed
Hoo loop-shaping method.
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