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Method for controlling a wind turbine

when the power setpoint value is changed

The present invention concerns a method for controlling a wind turbine in the event of a
change in the power setpoint value. A change of the power setpoint value can occur for
various reasons, e.g. the change of the power setpoint value can be externally
predetermined or result from the operation of the wind turbine itself. Changes in the
power setpoint value are considered in which a changed power setpoint value is to be

reached within a predetermined time interval.

A simple approach to implement a change in the power of the wind turbine is to approach
a new power setpoint value with a ramp having a constant gradient or slope within the
predetermined time interval by changing one or more operating parameters. Two different
cases can be distinguished: In the first case, the actual power value is controlled by the
operating parameter(s) in such a way that the actual power value is controlled in linear
form along a ramp to the new power setpoint. This corresponds to a ramped control of
the actual power value. Alternatively, it is also possible to determine the operating
parameter(s) corresponding to the new power setpoint value. In order to reach the new
power setpoint value, the current operating parameters can then, for example, be ramped
linearly, within the predetermined time interval, to the new values of the operating
parameters for the modified power setpoint value. This change in operating parameters
does not necessarily lead to a linear change in the power setpoint value, as the relationship

between the operating parameters and the power setpoint value can also be non-linear.

From WO 2016/198077 A1 a control system is known for a wind turbine which has a
ramp change delimiter which limits the rate of change depending on the power difference

between the power setpoint value and an estimated available wind power.
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From WO 2017/190744 A1 a control system for a wind turbine has become known, which

uses a predictive control in the event of a low voltage grid fault.

From EP 3 165 765 A1, a method and a control system for controlling an pitch angle of
a rotor blade has become known, in which, during a deceleration process, a time-
dependent setpoint rotational speed is specified as a command variable of a rotational
speed controller of the wind turbine, the rotational speed of the rotor of a wind turbine
being controlled by a rotational speed controller which changes the pitch angle of the

rotor blade in order to control the rotational speed.

From WO 2015/078478 A1, a control method has become known in which a setpoint for

a blade pitch angle is determined via a forward control.

From WO 2016/138906 A1 a procedure for a wind turbine has become known in which

the controllability of the wind turbine is maintained in a low energy mode.

WO 2016/198076 Al describes a control system for a wind turbine in which the blade

pitch angle is changed according to a requested power.

From EP 2 224 129 B1, a control method for a wind turbine has become known with
which oscillations can be damped. For this purpose, a maximum change in torque is

determined, starting from an initial torque.

From EP 3 156 646 B1 a wind turbine has become known which has a pilot control with
an inverse control system. The inverse control system determines a power torque from
the rotational speed setpoint value and the power setpoint value and an acceleration torque
from the time dependent change of the rotational speed setpoint value.

From DE 10 2016 212 362 Al a Lidar-based, multivariable feedforward control system

has become known. Based on a prediction of wind speed and considering system
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constraints, a flatness-based feedforward controller is used to design trajectories of the
rotor blade rotational speed and the tower movement during operation by deploying an

inverse wind turbine model.

The invention is based on the task of providing a method for a wind turbine which, in the
event of a change in a power setpoint value for the wind turbine, reliably implements the

change by simple means.

According to the invention, the task is solved by a method with the features of claim 1.

Advantageous features form the subject matter of the sub-claims.

The method in accordance with the invention is provided and intended for controlling a
wind turbine in the event of a change in a power value for the power to be fed in by the
wind turbine, the change in the power value having to take place within a time interval.
Preferably the change in the power value is a change in a power setpoint value. The
duration of the time interval can, for example, be specified externally by an energy supply
company or be freely selected e.g. as a predetermined time interval. The wind turbine has
a tower with a rotor on which at least one rotor blade is provided to drive the rotor. In
response to the change in the power value provided for the time interval, one or more
operating parameters determining the power to be fed in by the wind turbine are
addressed. A function for controlling the operating parameter or parameters is calculated
from the thrust of the rotor. The function for controlling the operating parameter(s) shall
indicate in a suitable form the time course of the operating parameter(s) for reaching the
adjusted power value in the time interval. The adjusted power value can represent an
increase or a decrease of the power value, e.g. of the power setpoint value. The control
function describes how the adjusted power value can be achieved by the wind turbine
with the aid of the operating parameter(s). In the method according to the invention, a
thrust of the rotor onto the mass of the wind turbine comprising tower and nacelle is

initially determined. The applied thrust acts through the force absorbed from the wind on
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the mass of the wind turbine which is able to oscillate, also called tower head for short.
From the determined thrust of the rotor on the tower head of the wind turbine, the function
for controlling the operating parameter(s) to be controlled is determined. When
determining the thrust, the effective thrust of the rotor can be represented accordingly,
based on the current operating conditions of the wind turbine. From the possible
functions, a technically possible function is selected which leads to a thrust of the rotor
that can be represented at the wind turbine with the operating parameters. In a further step
of the method according to the invention, the function for the control of the operating
parameter or operating parameters is then determined for the course of the thrust. The
course of movement of the tower of the wind turbine is considered to be an oscillation
course, whereby this does not have to take the form of a periodic or harmonic oscillation.
Rather, the oscillation course can also correspond to a movement of the tower to a new

position, which results from the thrust of the rotor for the changed power setpoint value.

By means of a parameterized time function of the tower deflection, the course over time
of the movement of the tower or the tower head is specified in such a way that a low load
occurs for the tower of the wind turbine. The core idea of the method according to the
invention is to determine the change of the operating parameters on the basis of the
parameterized time function of the tower deflection for which a low load for the wind
turbine occurs. The core of the consideration here is that due to a non-linear behavior of
a system capable of oscillating, such as the tower of a wind turbine, the change of the
operating parameter or the operating parameters have different effects and can be adapted
to the non-linear system via the specified parameterized time function of the tower
deflection. The parameterized time function of the tower deflection is determined by a
series of boundary conditions. The boundary conditions include, for example, the values
of the parameterized time function of the tower deflection at a start and an end point in

time or the speed of the tower deflection at this point in time.
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In a preferred embodiment of the method according to the invention, a blade pitch angle
of at least one rotor blade of the wind turbine forms the operating parameter to be
controlled. Controlling the power setpoint value for a wind turbine by changing the blade
pitch angle is sufficiently known. With a change of the blade pitch angle the power
absorbed from the wind changes as well as the thrust of the rotor acting on the rotor blade
and thus also on the tower of the wind turbine. In this respect, there is a clear correlation
between the blade pitch angle and the thrust of the rotor, which can be used to convert the
thrust of the rotor determined for the parameterized time function of the tower deflection

into controlling the operating parameters.

In a further preferred embodiment of the method according to the invention, the
parameterized time function of the tower deflection describes one or more tower-specific
constants, such as the first natural frequency, the damping constant of the tower
oscillation and/or also geometric tower dimensions. Usually the time interval in which
the change of the power setpoint value is to be implemented determines how fastly or
how slowly the power setpoint value is to be changed. Accordingly, the parameterized
function is also a time function, whereby this can also extend over a longer or shorter

period of time than the time interval.

In a preferred embodiment, the parameterized time function of the tower deflection fulfills
boundary conditions that characterize the tower movement. When determining the
desired time function, the parameters are determined by the boundary conditions, so that
the parameterized time function describes an unambiguous course of movement for the
tower by applying the boundary conditions. The number of possible boundary conditions
depends on the number of parameters in the parameterized time function for the tower
deflection and on the relationship between thrust and tower deflection. If a second order
differential equation is assumed as the relation, two boundary conditions are already

necessary for an unambiguous solution of the differential equation.
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A possible class of parameterized time functions consists, for example, of composite
functions that have a linearly increasing part and an oscillatory part. Both parts are
themselves parameterized and can also be combined in a suitably weighted manner in

order to ensure a minimum load on the tower.

In a preferred continuation of the method according to the invention, the parameterized
time function describes one or more tower-specific constants, such as the first natural
frequency, the damping constant of the tower oscillation and/or also geometric tower
dimensions. As a boundary condition, it has proven to be particularly advantageous to
limit the maximum deflection of the tower and to let it oscillate preferably only up to its
end position. As already mentioned, the term "tower oscillation" here does not necessarily
imply a periodic or even harmonic oscillation. The term "tower oscillation" is already
used when the tower of the wind turbine changes its position over time. The maximum

deflection is a possible measure for the load on the tower caused by the power change.

A tower-specific constant, which plays a special role in the class of parameterized time
functions, is the first natural frequency of the tower. With the first natural frequency of
the tower, a parameter which describes the oscillation behavior of the tower is directly
included in the consideration and also affects the time course when controlling the
operating parameters. In addition, the tower damping can also be included in the

parameterized time functions.

The method according to the invention is described in more detail below. The figures

show:

Figure 1 the time-dependent course of the tower deflection with different applied force

curves, and
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Figure 2  a further example for the course of the tower deflection over time with a non-

linear force progression.

The central idea of the method according to the invention is to define the parameterized
time function L(t), which determines a change in the operating parameters. For the change
of the operating parameters, the thrust acting on the tower of the wind turbine over time
is calculated. From the force progression over time and knowing the oscillation equation
for the tower of the wind turbine, the tower oscillation can then be determined using initial
conditions. The oscillation curve of the tower determines how strongly the tower is

mechanically loaded.

In principle, such problems can be formulated mathematically in different ways. In order
to gain a good understanding, the differential equation for tower deflection is used here.
This is the differential equation of second order for a damped harmonic oscillation with
an impressed excitation. Let L(t) be a time function describing the deflection of the tower,
and let F(t) be a time function describing the force on the tower head. Starting from
defined initial conditions for t = 0, such as L(0) = L(0) = 0, the behavior of the tower

oscillation over time can be described by the following differential equations:

L+2i+2=F.
wT w7
For the sake of simplicity, the tower spring constant has been set to one, so that the

oscillation is determined by the tower natural frequency w; and the damping D of the

tower oscillation.

The boundary conditions indicate that the tower is at rest at the beginning of the
observation (t = 0) and has no initial speed. Of course, a starting position corresponding

to the current tower position and speed could also be selected. The time function L(t),
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which describes the tower deflection, is substituted into the differential equation and thus

gives the force function F(t).

To emphasize the relation between the tower deflection in the time and force function,
this is demonstrated with solving the differential equation. The following parameterized

time function is assumed to be advantageous for the tower deflection:
L=2E¢t—}p=sin (Z—Ht),
Tg Tg

where Lk is the end position of the tower deflection at time t = Te. Tk describes here the
duration of the predetermined time interval in which the power setpoint value is to be
changed; b is a parameter which weights the oscillatory part of the time function. The

first derivative of the time function L(t) is

: L 27 27
L==E—bx=cos(=t).
Tg Te Te

The second derivative of the time function L(t) is

2

L=hx (E)Z sin (;—Z t).

Taking into account the boundary condition L(Tg) = Lg, according to which the tower
deflection has reached its end position Le at the end point in time Tg, the following

condition results for parameter b:
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With this value of b, moreover, the first derivative at the start and end point in time is O,
so the tower head is at rest at the beginning (t=0) and at the end (t= Tg) with a speed of

ZEro.

For the force curve, two cases can be distinguished. The first case is given when the time

27 27

period Te is chosen as (w ) = fi . With the parameter value T = (w—) = fir’ substituted
T T T

in the equation above, the following force curve F(t) results:

2D Lg
wr TE

F(t)Zi—‘Zt + (1 — cos (;—Zt)).

. .. ) 2
However, this equation is only true if T = (w—n) =—
T

The second case is given if Tk is specified independently of the tower natural frequency
o, for example by grid requirements or other specifications. In this case the general
rule applies:

et Lg -, Lg (1 (2m)? s <2n t) N 2D Lg <1 <2n t))
=—t+—|——>—-1]* — ——|1—cos|=t)).
O=5tta\e T2 ST T o T, T,

This force curve on the wind turbine leads to the tower deflection, which can be described

with the time function L(t).

Assuming a tower damping D = 3 x 107 and Tt = 2n/wr, the oscillating term can be
neglected and there is an approximately linear increase of the ramp force. Figure 1 shows
with line 10 the force curve over time, while the dotted line 12 shows the tower deflection

over time. Line 14 shows the speed of the tower movement.

Figure 2 shows the behavior of the tower at a tower damping D=2 x 10-1 and Tt <27/ wr.

This significantly stronger damping of the tower and the shorter time Tk causes the cosine
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term and the sine term to come into play in term F(t), i.e. the tower oscillates. Figure 2
shows the tower deflection indicated by the dashed line 18 that the force 20 acting on the
tower does not grow linearly but fluctuates in an oscillatory manner. It can also be clearly
seen that there is a different speed profile 22. It should be noted that in Figure 2 the
specified end point in time is to be reached earlier than in Figure 1, i.e. the period Tk is

selected to be shorter.

The relationship between the blade pitch angle as the operating parameter and the thrust

of the rotor on the tower Fs of the wind turbine is given by the following equation

F, = ct(pitch, TSR) 0,5 x A * Tho * v?,

where A is the rotor area, v is the wind speed, pifch is the blade pitch angle, TSR is the
tip speed ratio and rho is the air density. ct is the thrust coefficient which is a function of

the blade pitch angle and the tip speed ratio TSR.

From the equation above, the relationship between changes in operating parameters, such
as blade pitch angle, and the thrust of the rotor on the tower Fs can now be determined.
Of course, this relationship can also be used in the opposite direction, for example if there
is a preferred time-related force curve for the tower. So, it is possible to reverse-engineer
which blade pitch angle at which speed TSR is to be set at the wind turbine in order to

achieve the desired time-related force curve.

The above embodiment with the method according to the invention starts from a curve
L(t) describing the deflection of the tower over time. Such a deflection-curve may occur
in a situation in which a power setpoint value, in particular a setpoint of the actual power
is changed. There are other situations where changes in the electrical setpoint value can
cause oscillations of the tower which can be reduced or even avoided using the method

according to the invention. Such situations encompass but are not limited to turbine-
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controlled stops during which the wind turbine is shut down. Another situation in which
changes of the electrical setpoint value also occur is for example curtailment operation of
the wind turbine. Curtailment operation can be used in different situations e.g. due to
noise reduction, cast shadows in the proximity of the wind turbine, or due to turbulence
either in a wind park or for a stand-alone wind turbine. The electrical power value is
changed when the curtailment operation is initiated and when the curtailment operation
ends. In both situations there is a change in the electrical setpoint value for the active
power. Further rapid changes in the electrical power value can occur during a fault ride
through (FRT) in which the wind turbine operation is controlled while grid voltage is low.
During brake procedures for the wind turbine there can also occur situations which require

a fast power ramp for the wind turbine.

According to different grid-codes in different countries, there are different limitations
known for the fastest power decrease which can be demanded, e.g. in Poland and Estonia
a power decrease from 100% to 20% of the nominal power within 2 seconds can be
demanded. Other grid-codes use different limitations such as the high voltage grid-code
in Germany which can demand a power reduction from 100% to 46 % nominal power

within 2 seconds.

The usual displacement of the nacelle of the wind turbine related to a vertical axis of the
tower is about 2 m in nominal operation of the wind turbine. At fast power ramps with a
quick change in the active power setpoint value of the wind turbine the nacelle can swing
back and forth by up to 2,5 m. A typical period of a tower oscillation is 6 seconds for a

125 m tower.
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PATENTKRAV

1. Fremgangsmade til styring af en vindmalle, der omfatter et tarn og en rotor,
som er udstyret med mindst eet rotorblad med en justerbar pitch-vinkel, under
en endring af en effekt-saetpunktsveerdi, hvorved @eendringen af effekt-
seetpunktsvaerdien sker med et forudbestemt tidsinterval (Te) samt ved styring
af en eller flere driftsparametre, som bestemmer et effektoutput, der skal tilfgres
fra vindmallen,

kendetegnet ved de falgende fremgangsmadetrin:

- en parametriseret tidsfunktion for tarnets udbajning (12, 18) etableres
for det forudbestemte tidsinterval (Te), hvorved en reekke greenseveerdi-
tilstande er fastlagt for den parametriserede tidsfunktion for tarnets ud-
bajning (12, 18),

- en skubbekraft fra rotoren (10, 20) pa vindmellens tarn detekteres for
den parametriserede tidsfunktion for tarnets udbgjning (12, 18), og

- en funktion til styring af driftsparameteren eller driftsparametrene be-

regnes ud fra rotorens (10, 20) skubbekraft.

2. Fremgangsmade ifelge krav 1,
kendetegnet ved, at eendringen af rotorblad-pitchvinklen for det mindst ene ro-

torblad danner funktionen til styring af driftsparameteren.

3. Fremgangsmade ifalge krav 1 eller 2,
kendetegnet ved, at den parametriserede tidsfunktion for tarnets udbajning

(12, 18) omfatter en eller flere tarn-specifikke konstanter (wy).

4. Fremgangsmade ifelge et af kravene 1 til 3,

kendetegnet ved, at den parametriserede tidsfunktion for tarnets udbajning
(12, 18) opfylder greensebetingelser, ifzlge hvilke, nar den nye effekt-
saetpunktsveerdi er naet, den farste og den anden afledede af den parametrise-

rede tidsfunktion for tarnets udbejning (12, 18) forsvinder.
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5. Fremgangsmade ifalge krav 4,
kendetegnet ved, at den parametriserede tidsfunktion for tarnets udbajning

(12, 18) omfatter en lineaert voksende andel samt en oscillerende andel.

6. Fremgangsmade ifelge et af kravene 1 til 5,
kendetegnet ved, at den parametriserede tidsfunktion for tarnets udbgjning
(12, 18) omfatter en maksimal udbgjning af tarnet, og som ikke overskrider tar-

nets udbgjning | endepositionen.

7. Fremgangsmade ifelge et af kravene 1 til 6,
kendetegnet ved, at den parametriserede tidsfunktion for tarnets udbajning
(12, 18) ikke overskrider en maksimal eendring af effekt-saetpunktsveerdien i et

forudbestemt tidsinterval.
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