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Introduction

Proactive turbine control

Abstract

Recent achievements in the proactive turbine control, based on the upwind
speed measurements, are described in a unified framework (as an extension of
the tutorial [1]), that in turn represents a systematic view of the control activ-
ity carried out within the Swedish Wind Power Technology Center (SWPTC).
A new turbine control problem statement with constraints on blade loads is
reviewed. This problem statement allows the design of a new class of simulta-
neous speed and pitch control strategies based on the preview measurements
and look-ahead calculations. A generation of a piecewise constant desired
pitch angle profile which is calculated using the turbine load prediction is
reviewed in this article as one of the most promising approaches. This in turn
allows the reduction of the pitch actuation and the design of the collective
pitch control strategy with the maximum possible actuation rate. Two turbine
speed control strategies based on one-mass and two-mass models of the drive-
train are also described in this article. The strategies are compared to the
existing drivetrain controller. Moreover, postprocessing technique that can be
used for estimation of the turbine parameters with improved performance is
also discussed. Postprocessing-based estimation of the turbine inertia moment
is given as an example. All the results are illustrated by simulations with a
wind speed record from the Hono turbine, located outside of Gothenburg,
Sweden.

of a new proactive control concept, described in this arti-
cle in a tutorial fashion.

Model predictive control (MPC) is one of the most
suitable proactive techniques based on the upwind speed

The stochastic nature of the wind motivates the develop-
ment of preview-based control strategies for both maxi-
mization of the turbine power and mitigation of the
turbine loads. Preview information, for example, provided
by a LIDAR-based measurement system (see Fig. 1 for
details) can be used in different ways which in turn result
in different performance of the turbine control system.
The achievements reported recently by the authors in,
[2-4] in the field of preview-based turbine control are
described and summarized in this article in a unified
framework. Look-ahead calculations, constraints on blade
loads, robust drivetrain controllers, improvements of the
pitch transients, as well as postprocessing techniques for
estimation of the turbine parameters are the key elements

measurements, see recent papers, [5-7], and references
therein. An MPC can successfully cope with rapid tran-
sients of the wind speed detected at a distance in front of
the turbine. However, the resulting computational burden
of MPC might be quite heavy, diminishing its advantages
compared to simple and easy-to-implement control
schemes.

The second method to use the preview information
results in feedforward part of the control system (see
recent papers [1, 3, 8, 9] and references therein) which is
based on inversion of turbine model and utilized to pro-
actively control the turbine as an alternative control
method to MPC. This feedforward part is based on
preprocessing of the wind speed signal and generation of

© 2013 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 1
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Figure 1. Preview measurements at a distance in front of the turbine. A laser beam (which serves as a reference beam) is focused toward a
point which is located at a certain distance in front of the turbine, and a beam (which is a measurement beam) reflected back from dust
particles, water droplets, and so on is detected. Wind movements advect the particles so that the measurement beam is slightly changed
compared with the reference beam. This change is proportional to the wind speed and gives an opportunity for accurate wind speed

measurements. This picture is reproduced from Stotsky and Egardt [4].

a high-quality wind speed derivative signal, as well as on
the prediction of future turbine loads and pitch angle [3].

Turbine control is typically divided into operating
regions, where wind speed is the below- or above-rated
speed. Collective pitch control is usually used for limita-
tion of the turbine power when the wind speed is above
rated and the generator torque control signal is saturated.
Introduction of the bounds on the blade loads provide a
unified description for both regions (below- and above-
rated speed) [2].

Two drivetrain control strategies are described in this
article. The first one is based on a simplified/one-mass
drivetrain model [3]. The second one is based on a two-
mass model which is suitable for control of drivetrains
with significant flexibility of the drive shaft [2]. A com-
parative analysis is performed for two drivetrain control-
lers which are based on one-mass model [1, 3].

Robust proactive control

Deviations between the wind speed measured at a dis-
tance in front of the turbine and the wind speed that
arrives to the turbine site as well as inaccurate measure-
ments of the wind speed at the turbine site necessitate the
development of robust (with respect to the wind speed
measurement errors) proactive control systems.

Proactive control is usually based on the expected wind
speed, that is, the speed that is measured at a distance in
front of the turbine and expected to arrive to the turbine
site after some time. A classical frozen turbulence
assumption which is used for the calculation of the
expected wind speed might introduce additional signifi-
cant inaccuracies in the preview information [10, 11].

Deviations between the expected and actual wind
speeds at the turbine site might be accounted in the feed-
forward part of the speed controller, where only the
derivative of the upwind speed signal is used. Therefore
the control system is robust with respect to the constant
or slowly varying deviations between those two speeds
[3]. Besides, a constant error in the derivative of the
expected wind speed can be well compensated by the

integral term of the feedback turbine speed controller that
gives additional robustness to the system.

Unfortunately, the errors in the wind speed measure-
ments delivered by the cup anemometer at the turbine site
cannot be compensated in the speed control system and
usually result in power reduction. However, those errors
might be accounted in the pitch control loop. To this end,
the concept of bounding of the blade loads, described
above is used. The strategy includes the following three
steps [4]: (1) load prediction/calculation is performed
using the preview wind speed measurements in the first
step; (2) the desired pitch angle profile is calculated in the
second step with a specified upper bound on the flapwise
bending moment; and (3) the majorization (overbound-
ing) of the desired pitch angle profile with piecewise
constant function is performed in the third step.

The desired piecewise constant pitch angle profile,
which is known in advance, in turn allows: (1) a reduc-
tion of the blade pitch actuation, (2) a design of control
system with high performance tracking capabilities, (3) a
compensation of the errors in the upwind/wind speed
measurements, as well as inaccuracies due to the frozen
turbulence assumption.

Improving transients in the blade pitch
control system

The performance of the blade pitch control system has a
direct impact on the turbine mechanical loads. The con-
straint on the pitch actuation rate is the most significant
limitation in the blade pitch actuation. The desired blade
pitch angle profile calculated in preprocessing is a piece-
wise constant function of time with available values in
preview allows accounting for rate limitation and
improves the performance of regulation. The transient
between two constant desired values of the blade pitch
angle is described as a linear function of time with the
maximal blade pitch rate. Availability of the preview
information in combination with spline planning allows
the proactive transient of the blade pitch angle with the
highest possible rate [4].

2 © 2013 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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Postprocessing perspective

Turbine parameters such as inertia, drivetrain damping
factor and others might change with the turbine operating
conditions. The inertia moment, for example, might
change up to 15% with turbine icing in cold climate.
Inertia moment can be estimated using turbine model
and the generator speed measurements. Noise in the mea-
surements of the generator speed is the main obstacle for
real-time estimation of the inertia moment. Postprocess-
ing method (as an alternative method to real-time estima-
tion) can be used as a free tool for high-performance
parameter estimation. Postprocessing implies that the tur-
bine signals are saved in buffer and processed/cleaned
using signal processing methods. “Future values” of the
signals are available in postprocessing that can be used
for essential improvements in the quality of signals. That
in turn guarantees high-performance estimation of the
turbine parameters, such as inertia moment and others.

The article is organized as follows. The turbine model is
described in section ‘Turbine model’. Look-ahead calcula-
tions described in section ‘Look-Ahead calculations’ are
the basis for the turbine speed and pitch control strategies
described in section ‘Turbine speed control strategies” and
section ‘Blade pitch control strategies’, respectively. The
article ends with the description of postprocessing algo-
rithms for turbine parameter estimation in section ‘Post-
processing perspective: estimation of the inertia moment’
and brief conclusions in section ‘Conclusion’.

Turbine Model

The description of the turbine model begins with an aero-
dynamical part, and drivetrain and pitch actuator models.
A steady-state model for the blade operational loads is
proposed [2, 3]. The model is completed by the wind
speed measurements made at a distance in front of the
Hono turbine.

Aerodynamic model

The wind turbine converts energy from the wind to the
rotor shaft that rotates at a speed ,. The power of the
wind Pying = 3pAV? depends on the wind speed V, the
air density p, and the swept area A = ©R?, where R is
the rotor radius. From the available power in the swept
area, the power on the rotor P, is given based on the
power coefficient Cy(4, ) = % (see Fig. 2A) which in
turn depends on the pitch angle of the blades f and the

tip-speed ratio 1 = %
i ApV3C, (),
Pr:Pwinde(/HB) :p4p(ﬁ) (l)

2
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Figure 2. Power coefficients. This picture is reproduced from Stotsky
and Egardt [2]. (A) Power coefficient Cy(4,) as a function of the
pitch angle of the blades f and the tip-speed ratio 4. (B) Power
coefficient Cyp(4,f) under constraint on the flapwise bending
moment. The cut surface that represents the upper bound on the
flapwise bending moment restricts the turbine power coefficient. The
line that defines a maximum coefficient at each value of the pitch
angle is plotted with the black plus signs and is referred as an optimal
line.

The aerodynamic torque applied to the rotor is given as:

. ApV3C, (A
Ta _ 5 _ 4 CP( 7ﬁ) ) (2)
[OR 2w,

Control-oriented modeling of the drivetrain

A drivetrain model consists of a low-speed shaft rotating
with a speed w, and a high-speed shaft rotating with a
speed g, having inertias J; and J,, respectively. The shafts
are interconnected by the gear with ratio N. A torsion
stiffness K together with a torsion damping Ky result in
a torsion angle o that describes the twist of the flexible
shaft. This leads to the following drivetrain model:

© 2013 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 3
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]rd)r = —— - Ko — Kda 3 (3)
Wy S~——
Y torque shared by the shafts
. K, Ky .
]gwg:ﬁoH—ﬁoc—Tg7 (4)
. 1
o= — ng. (5)

Models (3)—(5) can be reduced via multiplication of
both sides of (4) by N and subsequent summation with
(3), when assuming that the torsion rate o is equal to
zero [3, 12]:

T

N,

Joo = - Tgng = Ny, (6)

N2 . . . .
where | = % is a lumped rotational inertia of the

system. A nomenclature and the parameters of the
turbine model described above are presented in [2].

The turbine model (6) can be seen as the control-ori-
ented and simplified model, which is suitable and recom-
mended for the control design, whereas models (3)—(5)
can be used for detailed simulations of the turbine
response or for control design for drivetrain with essential
flexibility of the drive shaft.

Pitch actuator model

The pitch actuator is modeled as a first-order lag with
rate and range constraints:

B:*lﬁJrlud(t*td), (7)
T T

1Bl < Cp, 1B < Cy, (8)

where u4(t — t3) is the actuator control input, 7 is a time
constant, g is a communication delay, and Cy and Cj; are
positive constants which define the range and rate con-
straints, respectively.

The steady-state blade operational loads

A mean value model of the flapwise and edgewise blade
root bending moments can be presented in the form of
look-up tables (the surfaces in three dimensional space)
with the tip-speed ratio and blade pitch angle as input
variables. Notice that the wind turbulence introduces fluc-
tuations around the mean values of blade loads. The sur-
faces that describe the flapwise blade bending moment as
a function of the tip-speed ratio and blade pitch angle for
different turbine speeds are shown in Figure 3A. Each of
those surfaces can be inverted so that the tip-speed ratio
and flapwise bending moment are the input variables and
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Figure 3. Flapwise Bending Moment Modeling and Control. The
picture is reproduced from Stotsky and Egardt [4]. (A) The flapwise
bending moment as a function of tip-speed ratio and pitch angle. (B)
Pitch angle as a function of the flapwise bending moment and
tip-speed ratio.

the blade pitch angle is the output variable. Those inverse
surfaces are plotted in Figure 3B and can be used for the
determination of the desired pitch angle in the flapwise
bending moment regulation.

Wind speed measurements in simulation
model

The wind speed measurements can be used directly in the
turbine simulations that allows modeling of realistic sam-
ple rates, noises and, other factors. Wind speed measure-
ments with the sample rate of 1 Hz [3] are used in the
turbine simulations in this article.

Problem statements

First, the control aims are divided in two parts with
respect to control variables. The desired turbine speed
wq is selected to optimize the turbine output, and
desired blade pitch angle 4 is chosen to satisfy the con-
straints on the flapwise and edgewise bending moments.

4 © 2013 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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Second, the desired generator torque Ty and pitch actu-
ator input ug should be chosen in order to track the
desired turbine speed w4, and blade pitch angle 4 as fol-
lows:

tlim (1) — g = 0, 9)
tlim B(t) — B4 =0. (10)

The pitch control loop is assigned to satisfy the following
constraints on the flapwise M¢(-) and edgewise M.(:)
blade bending moments:

M¢(V, o, ) < Cy,
M.(V, o, f) <Ce,

Cr > 0, (11)
C. >0, (12)

and the speed control loop is designed for optimization
of the turbine power.

The desired turbine speed ;4 can be chosen in two
ways. The first one corresponds to the tip-speed ratio at
the maximum power coefficient without constraints (11)
and (12), and the tip-speed ratio of the second one corre-
sponds to the maximum power coefficient with con-
straints (see Fig. 2B, [2]). These two approaches result in
approximately the same desired turbine speed profile for
slight constraints on the flapwise bending moment, but
the latter requires a significant computational effort.

Look-Ahead Calculations

Preprocessing of the wind speed signal

The wind speed signal V|, measured at a distance in front
of the turbine with a relatively low sampling rate (com-
pared to other signals of the system) should be processed
properly to achieve the desired high performance regula-
tion. Preprocessing of the wind speed signal includes esti-
mation of the derivative of the signal for further inclusion
in the control system. Spline interpolation method can be
used for estimation of the derivatives of noisy signals in
preprocessing [3]. The measured upwind speed signal is
approximated via a polynomial of a certain order as a
function of time, and the derivatives are calculated analyt-
ically. Application of the spline interpolation method with
a second order spline is illustrated in Figure 4, where a
high-performance derivative signal is created from the
upwind speed signal with a low sample rate.

Look-Ahead calculation of the blade loads:
generation of the desired piecewise
constant blade pitch angle profile

The future/predicted blade loads can be modeled using
upwind speed measurements and static maps shown in

Overview on Proactive Control
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Figure 4. Numerical differentiation of the upwind speed signal via
spline interpolation method. The wind speed signal is measured with
the frequency of 1 Hz and plotted with a blue line, where the
constant offset of 5 [m/sec] is subtracted at each step. The second
order polynomial (plotted with a black line) as a function of time is
fitted to the measured signal in the least-squares sense in a window
which is moving in time. The derivative (plotted with a red line) is
calculated in the middle of this window. This picture is reproduced
from Stotsky and Egardt [3].

Figure 3A. The desired pitch angle profile is calculated
using the surfaces which are inverse to the flapwise bend-
ing moment surfaces. Those inverse surfaces are shown in
Figure 3B with the desired flapwise bending moment and
upwind speed as input variables. The desired pitch angle
profile, calculated via the inverse surfaces, guarantees that
the flapwise bending moment will not exceed the desired
upper bound [2].

The time chart of look-ahead calculations is shown in
Figure 5. All the calculations are driven by the upwind
speed which is plotted in the first subplot with a blue
line together with its spline approximation plotted with
a red line. The desired pitch angle profile, which is cal-
culated using the approach described above, is plotted
with a black line in the second subplot. This profile
guarantees that the flapwise bending moment does not
exceed a prespecified upper bound as it is shown in the
fourth subplot, where the bending moment is plotted
with a black line and its upper bound is plotted with a
red line.

Finally, Figure 3A shows that larger pitch angles imply
lower flapwise bending moment at a fixed turbine speed.
Therefore, overbounding of the desired pitch angle pro-
file with a piecewise constant function of time guaran-
tees that the flapwise bending moment does not exceed
a prespecified upper bound. An upper bound of the
desired pitch angle is plotted with a red line in the sec-
ond subplot of Figure 5. The corresponding flapwise
bending moment is plotted with a black line in the

© 2013 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 5
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Figure 5. The time chart of look-ahead calculations. The upwind speed is shown in the first subplot with a blue line together with its spline
approximation plotted with a red line. The desired pitch angle profile and its upper bound are plotted with black and red lines, respectively, in
the second subplot. The flapwise bending moment is plotted in the third and fourth subplots with a black line for continuous and piecewise
constant pitch angle profiles, respectively. The desired flapwise bending moment is plotted with a red line. This picture is reproduced from Stotsky

and Egardt [4].

third subplot, and its upper bound is plotted with a red
line.

The look-ahead calculations result in the desired piece-
wise constant blade pitch angle profile with available val-
ues in preview (future values) that allows the design of a
new robust turbine load control system with improved
performance, see section ‘Rapid proactive control of the
blade pitch angle’.

Turbine Speed Control Strategies

Turbine speed control based on simplified
model

The robust control strategy that uses the calculated ahead
derivative of the wind speed signal and based on model
(6) can be written as follows [3]:

P .
Tg = — Jong
Ny ~~
~—~— preview part

feedforward part

+ Vr(wr - wl’d) + Vr1 /(wr - cUrd)
) (13)

feedback part

where the desired turbine speed w,q = )‘*TV (A« is the tip-
speed ratio at the maximum power coefficient) is driven
by the wind speed V measured at the turbine site, and
the derivative of the desired turbine speed w.4 = %
depends on the upwind speed derivative Vp, cleaned
from the noise in the preprocessing (see section ‘Prepro-
cessing of the wind speed signal’) and shifted according
to the preview time, using frozen turbulence assumption.
The turbine speed is calculated via generator speed

6 © 2013 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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W, = %g, and the feedback gains y, and y,, in (13) are
positive.

Notice that the derivative of the desired turbine speed
.4 plays the role of the preview part in the control
action (13) and significantly improves the performance of
the regulation.

This strategy, when combining (6) with (13), results in

the following closed-loop system:

1 = @y, (14)
- P
]wr = NCUr(l)rd + Yt wr - ,yrlwrh (15)

where o, = o, — wyg. This model represents a stable
dynamics and the turbine speed converges to the desired
speed with the guaranteed performance [3].

The Lyapunov function candidate Q = L&? + &2,
which has the following derivative along the solunons of
(14) and (15)Q = — [Nw o+ yr}w can be used for the
proof of the system stability. Moreover, a constant offset
due to the mismatch between the upwind and actual
wind speed derivatives can be successfully compensated

via the integral part of this controller.

Comparison and relation to the existing
controller

Controller (13) can be compared to the following feedfor-
ward controller described in [1]:

K = L ps Comax

2
Ty = Koy, N ;ui ,

(16)

where Cpmax is the maximum power coefficient achievable
by the turbine, and 4, = 'dR is the tip-speed ratio at this

maximum power coefﬁcient
The aerodynamic torque can be written as follows:

T, = Cp(4, ) = —anSR Co(4, B)
L G (17)
2 A r

Combination of (6) and (16), (17) results in the following
closed-loop dynamics [1]:

o1 G (4B Coma
W, = — 7'5R5u)2 P
Jox =557 VS
Representation of two ratios SB) and S with a com-

mon denominator and subsequent Taylor /ser1es expansion
of the power coefficient Cy(/,f) around the operating
point Cpmax gives the error model similar to (15) with
. =0and y, = 0.

Overview on Proactive Control

The closed-loop system with controller (16) shows a
robust performance, but a relatively slow convergence. The
convergence rate of the feedforward controller can be
improved via introduction of feedback and preview loops
[13, 14]. Besides the controller (16) is not globally stable,
compared to the algorithm (13) which is globally stable.

Driveline control based on integral
backstepping

The drivetrain with a long low-speed shaft can be better
described by two inertias interconnected by a spring and
damper which model the twist of the flexible shaft. This
drivetrain can be controlled via cascade control of the
driveline torsion angle, estimated via the difference
between the angles of rotation of low- and high-speed
shafts. The rotational turbine and generator speeds are
estimated via corresponding rotational angles. The control
aim is to choose the generator torque T, so as to drive
the rotor speed w, to the desired constant rotor speed
Oy

Define the desired torsion angle oy, desired generator
speed wgq and generator torque T, as follows:

T

t
+ 9,0 + V5 / @, ds, (18)
0

g =
WK
——
feedforward part feedback part
t
Wgd = Ny +N71&+NV11 / !ZdS, (19)
~—~— 0

feedforward part

feedbackpart
T Pr + 9.0, + / » d (20)
= VW, y weds
g Wrd N ) g8 ) gl 0 ]
~——

feedforward part feedback part

where - K, Nwyg and o ’N, are feedforward parts and 7y,,
V11> Va> Va1> Vg Vg1 A€ Positive gains.

The feedforward parts of the controller (18)—(20) are
calculated when equating all the derivatives of the model
equations (3)—(5) to zero:

P,
0=—— Ky, (21)
Wrd
K
0= fof — Tgf, (22)
1
0=y — ngfa (23)

and resolving (21)—(23) with respect to the feedforward
torsion angle oy = wj‘:—f&, generator speed g = Ny,
and generator torque Ty = =5 Notice that the feedfor-
ward parts of the controllers (13) and (20) are the same
and can be used as a simple feedforward driveline

© 2013 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 7
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controller. The feedforward parts of (18)—(20) define the
desired operating point, whereas the feedback parts mini-
mize the deviations from this operating point. Simulation
results show that this controller is a powerful tool for
damping of the drivetrain oscillations [2].

Blade Pitch Control Strategies

Rapid proactive control of the blade pitch
angle

The desired blade pitch angle profile, calculated using
upwind speed measurements (see section ‘Look-Ahead
calculation of the blade loads: generation of the desired
piecewise constant blade pitch angle profile’), is a piece-
wise constant function of time with available values in
preview (future values). This allows the design of a high-
performance pitch regulation system with the highest pos-
sible transient rate, used in the algorithm as a parameter.

The transient between two constant desired values of
the blade pitch angle is described as a linear function of
time with the rate which corresponds to the maximum
blade pitch rate Cj. This linear function can be seen as a
spline that describes the shortest feasible path between the
two constant desired values. The desired trajectory
Co + C/;t in the transient between two constant values
Bai and gy, (Bgy > Pqi) is defined as follows:

Bar if t<ty
fq= C0+Cl;t if Hh>t>1
Par ift>n

where the start time of transient #, together with the
constant C, are calculated for the prescribed values of
the rate limit C; and the stop time of transient t;, see
Figure 6. Availability of the preview information in com-
bination with the spline planning allows the advance start
of the transient that occurs with the highest possible tran-
sient rate (used in algorithm as the parameter) at the
prescribed stop time.

The transient control action for the blade pitch actuator,
compensated for the delay time tg4, is defined as follows [3]:

Ug = (Co + Cﬁt) +1 CB R (24)
—_—
a9 :/fd

which in combination with (7) results in the following
exponentially stable closed-loop dynamics:

B—de—%(ﬁ—ﬁd)' (25)

Figure 6 shows the comparison of two responses of the
blade pitch actuator with the control action (25) and the

A. Stotsky et al.
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Figure 6. The proactive transient between two desired pitch angles
(Bg1 and By, ), plotted with a red line. The transient response for the
conventional algorithm is plotted with a blue line. The planned
desired transient trajectory is plotted with a green line, with the
transient start and stop times to and t;, respectively. The response of
the pitch actuator driven by control algorithm (25) is plotted with a
black line. This picture is reproduced from Stotsky and Egardt [4].

conventional control action ugy = f4 for the piecewise
constant fi; without any preview information. The tran-
sient response of the system with algorithm (24) is essen-
tially better than the response of the system with the
conventional algorithm due to availability of the preview
information, proactive planning, and control action.

Finally, the performance of the simultaneous speed and
pitch control (13) and (24) is illustrated in Figure 7. The
wind speed record is shown in the first subplot, the per-
formances of the pitch and speed controls are shown in
the second and third subplots, respectively, and finally the
corresponding flapwise bending moment is shown in the
fourth subplot.

Postprocessing Perspective:
Estimation of the Inertia Moment

Postprocessing methods can be used as a powerful tool
for the high performance estimation of the turbine
parameters.

Indeed, inertia moment J can be estimated using mea-
surements of the generator speed w, and turbine model
(6), which can be written in the following form:

g = 0,0, (26)

where ¢ = N((%; — T,) is the regressor and 0, = % is

unknown parameter.
As an example, the following prediction error-based

estimator can be used:

8 © 2013 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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Figure 7. The time chart of the wind speed (red line in the first
subplot), the desired and actual pitch angles (red and black lines,
respectively, in the second subplot), the desired and actual rotor
speeds (red and black lines, respectively, in the third subplot), and the
flapwise bending moment (black line in the fourth subplot) of the
forward looking control strategy. This picture is reproduced from
article [4].

Y= -l — ¢, ¥(0)=0,0>0, (27)
do(wg — &) + @0 — Y0,  &(0) = w,(0), (28)

0 = _Ve[//(wg - 8)7 Ve > 07 (29)

where 0 is an estimate of 0., and \ and € are two auxil-
iary filters for estimation of the prediction error. Evalua-

tion of the variable wy — & — Y0, where 0 = 0 — 0,
yields the following:

d ~

— [ —9—1#9] —og(wg — & —Y0), (30)

dt

and hence wgy(t) — &(t) — Y(0)0(r) = (wg(0) — &(0) —
¥(0)0(0))e ™" = 0 due to a proper choice of the initial
values. Therefore, the variable w; — & can be used instead
of the prediction error tﬁé, and estimator (29) be written
as follows:
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Figure 8. Postprocessing estimation of the inertia moment. The
estimated inertia moment is plotted with a black line and true inertia
is plotted with a red line. This picture is reproduced from Stotsky and
Egardt [4].

) = —y420. (31)

The regressor ¢ is bounded away from zero in the turbine
transient operation. This in turn implies that ¥ is also
bounded away from zero, which guarantees the conver-
gence of the estimated inertia to the true inertia moment.

The high-gain estimator, described above, is sensitive
to the generator speed measurement noise and its applica-
tion in real time gives a noisy estimate of the inertia
moment. High-quality estimation is achieved in the case
of postprocessing only, after cleaning of the noisy genera-
tor speed measurements.

The performance of postprocessing estimation of the
inertia moment is illustrated in Figure 8. Estimated iner-
tia moment j is used in the control strategies for
improvement of the performance of the turbine speed
regulation, and in monitoring functions for detection of
the ice on the blades in cold climate.

Conclusion

A significant cost reduction of the LIDAR systems is
expected in the next coming years, which implies a poten-
tial availability of the wind speed preview information.
This in turn opens new challenges in the field of turbine
control, since the preview information might be used dif-
ferently. This overview describes one of the ways to use
this information for proactive turbine control. The prob-
lem is far from being solved, and the approach is sensitive
to: (1) the wind speed measurement errors; (2) inaccura-
cies due to the frozen turbulence assumption; (3) uncer-
tainties in load model; and (4) other factors. Despite

© 2013 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 9
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these drawbacks, the approach remains promising. The
benefits related to the inclusion of the preview informa-
tion in the individual pitch control and yaw control

should be further studied.
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