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Abstract: A new composite turbine control architecture that consists of feedforward and
feedback parts based on the upwind speed measurements and wind speed measurements at
the turbine site, respectively, is described. The algorithm starts with preprocessing of a low rate
sampled upwind speed via spline interpolation method. A run-ahead model driven by the signals
from a preprocessing block models the turbine response and produces the feedforward part of
turbine controller. The turbine control system is driven by both feedforward part which comes
from the run-ahead model, and feedback part based on the wind speed measured at the turbine
site. It is proved that the controller is stable despite the difference between the time shifted
preview measurements (expected wind speed) and actual wind speed measured at the turbine
site. Existing industrial PI/PID turbine controllers can easily be upgraded with the preview
part of the control architecture described in this paper. Improved blade load regulation via the
blade pitch angle control guarantees a hard upper bound on the flapwise bending moment. The
results are confirmed by simulation with a wind speed record from the Hono turbine outside

Gothenburg, Sweden.
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1. INTRODUCTION

The uncontrollable stochastic nature of the wind neces-
sitates prediction of wind speed to achieve high perfor-
mance turbine regulation. Two control architectures that
use the preview of wind speed are known. The first one
is based on wind speed measurements at the turbine site
and prediction of the future changes of wind speed using
a time-series model (see for example [1] for a one step
ahead prediction). The second one (see for example [2]-[9]
and references therein) requires equipment for measuring
wind speed at a distance in front of the turbine. New laser
sensor technologies are the most promising techniques of
measuring upwind speed which open new opportunities for
development of forward-looking turbine control strategies
with their subsequent integration into existing turbine
control system.

The first strategy suffers from modeling/prediction errors,
and the advantages of the second one might be diminished
by the difference between upwind speed and the speed that
arrives to the turbine site.

The second prediction scheme gives more opportunities
for performance improvement, but requires installation of
the additional measurement equipment, which might be
expensive. Preview based control strategies are usually
based on an assumption that the same wind speed which
is measured at a distance in front of the turbine comes to
the turbine. This assumption is often not valid in practice.
Moreover, a classical frozen turbulence assumption used
for calculation of expected wind speed at the turbine site
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introduces additional inaccuracies in preview information.
Besides, the laser preview measurements of the wind speed
are usually provided with a relatively low sampling rate
[9]. As a rule the laser update rates do not exceed ten
Hz, and the most common rate is one Hz, although
higher sample rates will be available at low cost in the
future. Measurement rates of other system variables such
as generator speed are much higher. Such a low sampling
rate applied to a turbulent wind results in filtering of a
fast varying wind speed due to aliasing effect, where high
frequencies are aliased to a low frequency range. Such an
effect is accompanied by errors/inaccuracies in preview
measurements and increase the difference between upwind
speed measurements and measurements of the speed that
arrives at the turbine site. This in turn necessitates the
development of a new control architecture driven by both
upwind speed and wind speed measurements at the turbine
site (provided by the cup anemometer installed on the
nacelle or by laser that measures wind speed at a short
distance in front of the turbine) for improvement of the
control accuracy.

Wind speed signal measured at a distance in front of the
turbine allows preprocessing and generation of high qual-
ity feedforward control signal. A feedback control loop is
usually based on wind speed measurements at the turbine
site. An integration of the feedforward part driven by
upwind speed and feedback part driven by wind speed at
the turbine site into a control system is an issue since those
parts might result in conflicting control actions. This paper
offers the design method for a new control architecture
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FIG 1. Block diagram that describes the structure of the turbine
control system with run-ahead model in the loop.

that successfully integrates those feedback and feedforward
parts.

The main contribution of this paper is a new control
architecture that integrates: 1) a signal processing block
for preprocessing of the wind speed signal; 2) a run-ahead
model that models the turbine response driven by the
preview measurements and exports the feedforward part
to the turbine controller; 3) a feedback part driven by the
wind speed measurements at the turbine site.

Blade load mitigation is achieved via enhanced pitch angle
regulation.

A block diagram of the proposed control structure is shown
in Figure 1, where upwind speed V,, measured at a dis-
tance in front of the turbine is an input to preprocessing
block which cleans the signal and calculates a high quality

wind speed signal Vp and its derivative V, with some
time delay. A run-ahead model driven by the signals from
a preprocessing block models the turbine response and
produces feedforward parts of the controller: generator
torque T,r, and blade pitch angle (. Turbine control
system is driven by both feedforward part which comes
from run-ahead model and feedback part based on wind
speed V measured at the turbine site.

A satisfactory performance of the closed loop system de-
spite a mismatch between the speed expected and mea-
sured at the turbine site is shown using measured wind
speed data and simple turbine model. Moreover, the sta-
bility of the closed loop system is proved for the case of
constant mismatch between those speeds.

The paper is organized as follows. Turbine model and
problem statement are described in Section 2. Composite
controller which contains a preview based part presented
in Section 3 is described and verified by simulations in
Section 4. The paper is finished with brief conclusions in
Section 5.

2. TURBINE MODEL

The description of the turbine model begins with an aero-
dynamical part, and drive train and pitch actuator models.
Steady-state blade operational loads and the trajectory
tracking problem statement are carried over from [8]. The
model is completed by wind speed measurements made in
front of Hond turbine.

2.1 Aerodynamic Model

A wind turbine converts energy from the wind to the rotor
shaft that rotates at a speed w,. The power of the wind

Pyind = %pAV?’ depends on the wind speed V, the air
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density p, and the swept area A = 7R?, where R is the
rotor radius. Uniform distribution of the wind speed across
the rotor swept area is assumed. From the available power
in the swept area, the power on the rotor P, is given based

on the power coefficient C,(X, 8) = PPf which in turn,

wind
depends on the pitch angle of the blades § and the tip-

o )\ = Wrlt.
speed ratio A = e

3
P, = Puing Cy(M, B) = w 0

The aerodynamic torque applied to the rotor is given as:

3
. B AVEG005) @
W 2w,

2.2 Reduced-Order Modeling of the Drive Train

The drive train model consists of a low-speed shaft rotating
with a speed w, and a high-speed shaft rotating with
a speed wy, having inertias J,. and J, respectively. The
shafts are interconnected by a gear with ratio N. A torsion
stiffness K, together with a torsion damping Ky result in
a torsion angle « that describes the twist of the flexible
shaft. This leads to the following drive train model [10]:

P,
Ty = L — Koo — K6 (3)
Wy P
\,1/:/ torque shared by the shafts
. Ks Kd .
nggzﬁa‘i’ WO[*TQ (4)
1
& =wr — Wy (5)

Multiplication of both sides of (4) by N and subsequent
summation with (3) yields:

P,
Jrop 4 NJgisg = =~ = NT, (6)

T

where the term K a + K& which represents the torque
between the shafts is canceled. The torsion rate ¢ is several
dozen times smaller than the turbine speed w,. Therefore,

a generator speed divided by a gear ratio is an acceptable
1

approximation of the turbine speed, 0 = w, — N W
Finally, a one mass nonlinear model of the drive train with
the loading torque from generator Ty as a control action,
with a turbine power P, as an input, and with a rotational

speed w, as an output can be presented as follows:
wg = Nw, (7)
_Tg (8)

J,+ N2J,

h -
where J N

is a lumped rotational inertia of

the system.
A nomenclature and parameters of the turbine model
described above are presented in [8].
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FIG 2. Flapwise bending moment as a function of tip-speed ratio
and pitch angle for different values of turbine speed.

2.8 Pitch Actuator Model

Pitch actuator is modeled as a first order lag with the rate
and range constraints:

. 1 1
ﬁ:*;5+ ;@J(t*td) 9)
1B/<Cs, 181 <Cy (10)

where (4(t — t4) is an actuator control input, 7 is a time
constant, ¢4 is a communication delay, and Cj and CB are
positive constants which define range and rate constraints
respectively.

2.4 Steady-State Blade Operational Loads

The steady-state flapwise and edgewise blade root bending
moments can be described as look-up tables (surfaces in
three dimensional space) with tip-speed ratio and blade
pitch angle as input variables [8],[11]. Such sandwiched
surface that describes flapwise blade bending moment as
a function of tip-speed ratio and blade pitch angle for
different turbine speeds is plotted in Figure 2.

2.5 Wind Speed Measurements

Wind speed measurements made on Hono wind turbine
outside Gothenburg, Sweden [12] with sampling rate of
1 Hz are directly used in simulations. The wind speed
measurement setup is shown in Figure 3, and measured
data are plotted in Figure 4.

2.6 A Turbine Control Problem Statement

Turbine control problem is to choose a desired generator
torque T, and pitch actuator input 34 in order to maximize
a turbine power P, under the constraints on the flapwise
and edgewise bending moments:

P. — Prmax (11)
My (V,w,, ) < Cy (12)
M. (V,w,, B) < Ce

FIG 3. Wind speed measurements with WXT520 Vaisala wind
speed sensor located in front of Hoéndé wind turbine outside
Gothenburg, Sweden. The sensor has an array of three equally
spaced ultrasonic transducers on a horizontal plane. A wind
speed and direction are determined by measuring the time it
takes the ultrasound to travel from each transducer to the other
two.

where Pjr,,.. is the maximum turbine power available
under the constraints (12), (13), and Cy and C. are
positive constants. Moments My (-) and M,(-) are steady-
state flapwise and edgewise bending moments respectively.
This problem statement, described in [8] can be converted
to a driveline control problem i.e., to choose a desired
generator torque Ty and pitch actuator input 34 to track
a desired turbine speed w,q, and blade pitch angle 3;:

tlir& wr(t) —wrg =0 (14)
lim (t) - By =0 (15)

where w,q and [y are chosen to maximize the power
coefficient C,(A, B) in the presence of constraints on the
blade bending moments.

This problem statement does not describe the typical divi-
sion of wind turbine control into operating regions, where
wind speed is below/above rated speed [13] and provides a
unified description for both regions. The case where wind
speed is above rated is accounted via constraints on blade
bending moments (12),(13). Indeed, the wind speed above
rated implies high loads on the blades which exceed desired
limits. Pitch actuation, similar to [13] is applied in this case
to keep the loads under constraints. Constraints on blade
loads are not violated, if the wind speed is below rated.
Pitch actuation is not applied in this case, maximizing
power output of the turbine.

Moreover, even if the wind speed is below rated an ad-
ditional pitch actuation might be introduced within this
problem statement framework via tougher constraints on
blade loads. Additional bounding of blade loads might be
required a) in the case of ageing and wearing of the turbine
components, b) for offshore turbines in the case of nasty
sea states, c) in the case of surface roughness on the blades,
arising from turbine icing in cold climate, and d) in many
other cases [8].
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3. PREVIEW BASED CONTROL

The description of a preview based control strategy starts
with the spline interpolation preprocessing of wind speed
signal, and look ahead modeling of the turbine response.
A preview based control results in feedforward part of the
turbine controller.

3.1 Preprocessing of Wind Speed Signal

Wind speed signal V}, measured at a distance in front of the
turbine with a relatively low sampling rate (compared to
other signals of the system) should properly be processed
to achieve high performance regulation. Preprocessing of
the wind speed signal includes estimation of the derivative
of the signal for further inclusion in the control system.
The backward difference method, which is well-known as
the simplest numerical differentiator gives the derivative
that is accompanied with peaking phenomena due to a low
sampling rate of the signal. Spline interpolation method
(see [14] and references therein) which is based on on-line
least-squares polynomial fitting over the moving in time
window of a size w is proposed in this paper for calculation
of the derivative of the wind speed signal. The idea for
the spline interpolation method is to fit a polynomial of a
certain order as a function of time to the measured upwind
speed signal V),:

Vp =co+cit+ ... +ept" (16)

where Vb is an estimate of the signal, ¢ is a continuous

time, ¢;, i = 0,...,n are the coefficients to be found, in a

least squares sense and take the derivatives analytically.
The sum to be minimized at every step is the following

j=k

Se=" 2.

j=k—(w—1)

(‘/pj — (CQ +ecity + ..+ Cnt?))Q (17)

where k = w,w+ 1, ....

Recursive and computationally efficient version of the
spline interpolation method is described in [14].

A preview based measurement strategy allows prepro-
cessing of the wind speed signal and the derivatives of
the signal can be taken in the middle of the moving
window. This essentially improves an estimation accuracy
and hence the performance of control system. Application
of the spline interpolation method with the second order
spline is illustrated in Figure 4, where a high performance
derivative signal is created from the upwind speed signal
with a low rate sampling. The wind speed signal in [m/sec]
is measured with the frequency of 1Hz and plotted with a
blue line, where constant offset of 5 [m/sec] is subtracted
at each step. 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.

Notice that spline interpolation method provides also
higher order derivatives.

3.2 Look-Ahead Modeling of the Turbine Response

Upwind speed measurements allow look-ahead modeling
(pre-modeling) of the turbine response and generation of
high quality (almost noise-free) feedforward control signal.
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FIG 4. Numerical differentiation of the upwind speed signal via
spline interpolation method.

Run-Ahead Model.
duced as follows:

Run-ahead turbine model is intro-

Prm

J Oy, = o~ Tom (18)
ApV2Cop( A, B
) o = p P P( ﬁ ) (19)
2
Wrm R
= 22 (20)
B = == s+ Braalt — 1) (21)
m — - m p 'md d

that models a virtual turbine located at a distance in front
of real turbine with the wind speed V,,, turbine power
P,,,, turbine speed w,.,, tip-speed ratio \,,, and desired
and actual blade pitch angles 3,,4 and ,, with rate and
range constraints on 7Ty, and f,,. The model is driven
by a generator torque T, to achieve the desired closed
loop performance of the virtual turbine. To this end the
desired values of tip-speed ratio A\, and blade pitch angle
B, are calculated first using the approach described in [8].
It is assumed that the rotational inertia of the system .J
is unknown due to a turbine icing in cold climate, for
example. Constant a-priory value of inertia J is used in
model (18).

Torque Control.  The generator torque

Py
Tym = rm — Wrm
g Nowmg, T3 Wrm = wrma)
————

eedback part
feedforward part f P

(22)

- Jwrmd
~——
predictive part

where v > 0 guarantees a satisfactory closed loop tracking
performance of desired speed of virtual turbine wy;mqg =
AV

AV,

, where Wppg = is calculated via a spline

interpolation method as it is described in Section 3.1. This
generator torque control consists of three parts: feedback
and feedforward parts as well as a derivative driven part
for accounting of fast changes of wind speed.
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Main idea of this controller becomes clear when substitut-
ing (22) in (18). This results in the following exponentially
stable closed loop dynamics of virtual turbine:

T Prm

J (wrm - wrmd) = - [ + '-Y] (wrm - wrm,d)(23)

Nwrm Wrmd

Notice that the generator torque can be made adaptive
with an adjustable parameter multiplied by the derivative
of desired turbine speed w,,,q. Such an adaptation law
compensates for estimation errors in the derivative of
upwind speed. This case is not considered in the paper
for the sake of simplicity.

Regulation of Flapwise Bending Moment.  Mechanical
loads of virtual turbine are regulated via pitch angle (3,,.
The controller for pitch angle is based on look-up tables
that are inverse to the flapwise bending moment look-up
tables My (A, Bm), shown in Figure 2. Those inverse look-
up tables Mf_l()\,Mfd) have two inputs: tip-speed ratio
Am and a desired flapwise bending moment My4. Pitch
regulator is defined as B,,4(t) = Mf_1 (Am, Myq) for turbine
speed wy,, regulated by the control algorithm (22). As a
desired value of flapwise bending moment Mg, its desired
upper bound can be taken. In other words the flapwise

bending moment is directly regulated to keep this moment
bounded.

Ezxporting Feedforward Signals.  Cleaned and sampled
with a high frequency the generator control signal T, (¢),
calculated via (22) guarantees high performance regulation
of the speed of virtual turbine to the desired one, which
is driven by the upwind speed measurements. The high
performance of the regulation is achieved due to the
possibility of preprocessing of the wind speed signal,
where a low-rate sampled signal is saved in the buffer,
approximated via a polynomial as a function of time with
continuous calculation of the derivative with the delayed
time instant. The generator torque signal T, (t) that
guarantees the closed loop performance of virtual turbine
is delayed and exported as a feedforward part to the
controller for real turbine. Notice that any other run-
ahead model might be used instead of model (18) - (21).
However, low-order-look-ahead-modeling of the turbine
response that captures low frequency component of the
response is preferable. That in turn minimizes the errors
due to a possible mismatch between the upwind speed and
the speed that comes to the turbine.

Blade pitch angle §,,(t) as function of time taken from
run-ahead model (21) can also be exported as feedforward
part to the blade pitch regulator of real turbine. A slowly
varying (measured with 1H z sampling frequency) upwind
speed profile allows high performance tracking of desired
speed of virtual turbine and regulation of tip-speed ratio to
an optimal value \,. This in turn results in small variations
of pitch angle 3,,, regulated via the algorithm described in
Section 3.2.3, around desired value [,. Therefore desired
blade pitch angle is exported as feedforward part to the
controller for real turbine.
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4. COMPOSITE TURBINE SPEED CONTROL:
INTEGRATION OF FEEDFORWARD AND
FEEDBACK PARTS

This Section starts with an integration of feedback and
feedforward parts into a composite turbine speed control
architecture, where the feedforward part is imported from
Section 3. Simulation results of the composite turbine
speed control with improved blade load regulation are
presented in the end of this Section.

4.1 Turbine Speed Control

Wind speed measured at a distance in front of the turbine
and delayed for processing V,,(t — 7) with the derivative

Vp(t — 7) comes to the turbine at a time ¢ and denoted as
V,,(t) with the derivative V,,(t), where 7 > 0 is elapsed time
required for an upwind speed profile to reach the turbine.
Wind speed measured at the turbine site V' (t) is composed
of two components: the first one is measured upwind speed
that reached the turbine V,(t) (expected wind speed)
and the second one represents the deviation of expected
speed from actual one AV (¢) i.e., V() = V,(t) + AV (1).
This presentation of the turbine wind speed justifies the
composite structure of controller that is composed of two
components: the first component is a feedforward one
driven by the upwind speed V,(¢) and run-ahead model
Tym(t — 7) = Ty¢(t), and the second one is feedback
component driven by the wind speed mismatch AV (t).
Assuming that the wind speed mismatch AV is constant,
the desired turbine speed and its derivative are defined as
follows:

AV AV, AAVY

rd = 24
“rd =R R R (24)
—— =
=Wrmd =const

L AV
Wrd = Wrmd = R;D (25)

which show that the derivative of the desired turbine speed
coincides with the derivative of the desired turbine speed
of run-ahead model for a constant A..

The simplest control strategy (similar to (22)) that uses a
calculated ahead derivative of the wind speed signal can
be written as follows:

P,
T =
g Nwrq

+ Vr (wr - wrd) - Jwrd (26)

where w;.q and w4 are defined in (24) and (25) respectively,

with the derivative Vp, cleaned from the noise in the
preprocessing, v, > 0, when assuming that the inertia of
the system J is known. This strategy, when combining
(8) with (26), results in the following exponentially stable
closed loop dynamics:

T ming) = | P,

—_ 27
Nwr Wrd ( )

+ 77} (wr - wrd)

despite a constant mismatch between V' and V.

However, physical look-ahead modeling of the wind tur-
bine response gives more sophisticated control strategy
based on high quality signal of the generator torque Ty, (t)
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FIG 5. The time chart of turbine speed tracking performance
for different mismatch AV between wind speed measured at a
distance in front of the turbine V}, (and expected at the turbine
site after some time) and wind speed measured at the turbine
site V=V, + AV.

sampled with a high frequency that guarantees high per-
formance regulation driven by the upwind speed measure-
ments only. The generator torque Ty, (t), obtained from
look-ahead modeling of the virtual turbine response and
imported as feedforward part of the controller can be seen
as a control that is tolerant to the wind/turbine speed
sensor faults since this torque depends on the upwind
speed measurements only.

A composite generator torque control strategy can be
presented in the following form:

Ty=  Tym A (= wrd) + / (s — wpa) (28)
—~—

feedforward part

feedback part

composite controller

where feedforward torque Ty, is given by (22) and driven
by the upwind measurements. Proportional-integral, PI
feedback part with positive coefficients ~,., and 7,1 is
driven by the wind speed measured at the turbine site.
A closed loop dynamics is examined via a substitution of
(22) in (28) and (8) :

j— P’r’
B Nw,

Prm

Jw,
Nwrma

- ((“)Tm - wrmd) +j Wrmd
N——— N~

—0 =Wrq

=—T4m (imported feedforward part)

—Ir (wr - wrd) — Trl /(w?” - wrd) (29)

feedback part
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The term (W — Wrmd) 1S vanishing, since the speed of
run-ahead model w,.,,, converges to desired speed wymq
and can be neglected for the sake of simplicity. The
difference between actual and modeled turbine torques

and inertia moment can be presented as follows:

P P, P, R
T LS m dJ=J+AJ. It b
Neowa N Neowr o’ an + can be

: P T P, rm
shown that the difference Nowg Noo—

constant around an operating point. The term AJw,.q
can be treated as a constant around an operating point,
assuming a piecewise linear wind speed. Therefore (29) can
be written as follows:

Wr

is approximately

P P,
" Nw, Nuwpg

— Y1 /(wr —wrq) +c

Jw,

+ Jwrqg — 7y (wr - Wrd)
(30)

where ¢ is a lumped constant. Error model (30) can be
rewritten in the following form:

Op1 = @y (31)
JLbT = - [L + 77“] Wy — 'le‘:)rl +c (32)
Nw, wrg
where @, = w, — w;q. This model represents a stable

dynamics with a performance regulated by the coefficients
v, and ~,1. Therefore the turbine speed converges to the
desired speed with guaranteed performance.

Error model (31), (32) shows that a constant mismatch
between the wind speed measured at a distance in front of
the turbine (and expected at the turbine site after some
time) and wind speed measured at the turbine site can
be well compensated via an integral part of the controller
(28), which treats this mismatch as a constant disturbance.
Resulting torque controller (28) is naturally composed of
feedback and feedforward parts and represents a flexible
and easy-to-upgrade structure, where the run-ahead model
based feedforward part driven by the upwind speed mea-
surements can easily be integrated into existing industrial
feedback PI or PID turbine speed controller. Moreover,
a constant or slowly varying tracking error offset due
to mismatch between upwind and wind speeds can be
well compensated via integral part of existing industrial
controller.

Tracking performance of generator torque control (28) is
illustrated in Figure 5 and Figure 6. Figure 5 shows track-
ing performance for different mismatch between upwind
and wind speed measurements AV. An expected desired
turbine speed calculated via the upwind speed signal V,, is
plotted with a blue line, a desired turbine speed calculated
via actual wind speed signal V is plotted with a black line,
and finally actual turbine speed regulated by controller
(28) is plotted with a red line. The first subplot shows
the case where AV = 0 (upwind and wind speeds are the
same), the second subplot represents the case with a con-
stant offset between upwind and wind speeds AV = const,
and finally the third subplot shows the case of a stochastic
normally distributed AV

Figure 6 shows the time chart of turbine speed tracking
performance for normally distributed stochastic mismatch
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AV between the wind speed measured at a distance in
front of the turbine (and expected at the turbine site
after some time) and wind speed measured at the turbine
site. The first subplot shows an expected and measured
wind speeds at the turbine site. Expected wind speed is
plotted with a blue line, and actual wind speed is plotted
with a black line. The second subplot shows the tracking
performance of the turbine speed. An expected desired
turbine speed calculated via upwind speed signal V), is
plotted with a blue line, a desired turbine speed calculated
via actual wind speed signal V is plotted with a black line,
and finally actual turbine speed regulated by controller
(28) is plotted with a red line. The third subplot shows a
resulting generator torque calculated via (28), plotted with
a black line with feedforward part driven by the upwind
speed measurements plotted with a red line.

A satisfactory tracking performance is observed for zero,
constant and stochastic offsets between the speed expected
at the turbine and the actual speed.

Flapwise bending moment together with blade pitch regu-
lation described in the next Section are shown in Figure 7,
where a pitch angle regulation performance with the al-
gorithm described in Section 4.2 is plotted in the first
subplot. Desired pitch angle 3 is plotted with a black
line and actual pitch angle 8 is plotted with a red line.
Flapwise bending moment with its desired upper bound
are plotted on the second subplot with black and red lines
respectively.

Finally, Figure 8 shows that inclusion of the feedforward
part to the controller improves tracking performance of the
turbine speed control that in turn implies improvement
of the power coeflicient tracking performance and hence
the turbine power production. Figure 8 shows the turbine
speed control with and without feedforward part. Turbine
speed that corresponds to control system with feedforward
part is plotted with a red line on the first subplot. A blue
line corresponds to control system without feedforward
part. Desired turbine speed is plotted with a black line.
Power coefficients as function of tip-speed ratio and blade
pitch angle are plotted with the same lines on the second
subplot. A desired power coefficient is plotted with a black
line.

4.2 Blade Pitch Angle Control and Load Regulation

Pitch angle 3 is associated with the control of mechanical
loads of the turbine. The controller for pitch angle is based
on look-up tables that are inverse to the flapwise bending
moment look-up tables My(\,3) defined for a number
of turbine speeds in Figure 2. Pitch angle associated
with desired flapwise bending moment My, is defined as
By(t) = Mf_l()\, Myq), for the turbine speed w,, regulated
via control algorithm (28). As a desired value of the
flapwise bending moment Mg, its desired upper bound
can be taken. In other words the flapwise bending moment
is directly regulated to keep this moment bounded.

For a transient performance improvement the desired
blade pitch angle as an input to pitch actuator (9) is
defined as B4 = By + 75y, where 3y is an estimate of
the derivative of 3¢ calculated via a spline interpolation
method mentioned in Section 3.1. Substituting Sy in
(9) yields the following exponentially stable closed loop
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Expected Wind Speed and Wind Speed at the Turbine Site, [m/sec]

Feedforward Generator Torque and Generator Torque, [kNm]
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FIG 6. The time chart of turbine speed tracking performance
for a normally distributed stochastic mismatch AV between
wind speed measured at a distance in front of the turbine (and
expected at the turbine site after some time) and wind speed
measured at the turbine site.
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FIG 7. The time chart of pitch angle and flapwise bending moment
in addition to Figure 6.
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FIG 8. Comparison of tracking performance of two control systems:
system with and without feedforward part.

dynamics 8 — By = —%(ﬁ — By) when neglecting a
communication delay. Usually a desired/command pitch
angle [y is sent only to the pitch actuator (84 = fy),
which implies a slow response of the actuator. Introduction
of the derivative term 78¢ is equivalent to the prediction
of the future state of command pitch angle 3y with a
simple predictor based on the first difference method:

Ba(t) = By (t) +T[5f(t+TT)_5f(t)] ~ B(t + 7). This

~ By (t)
prediction improves the transient performance of blade
pitch actuation as it is illustrated in Figure 7.

5. CONCLUSION

A new concept of look-ahead modeling of the wind tur-
bine response which results in feedforward part of the
turbine controller is introduced. The concept creates an
easy-to-upgrade control architecture where the run-ahead
model based feedforward part driven by the upwind speed
measurements can easily be integrated into an existing
industrial feedback PI or PID turbine speed controller,
driven by the wind speed measurements on the turbine
site. Moreover, blade load regulation with improved per-
formance can also be easily integrated into the proposed
control architecture.
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