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(57) Abstract: The present invention relates to a system adapted to reduce
the load of a wind turbine in situations with high yaw error or by gust ride,
which system has access to at least t some operational parameters. The ob -
ject is to reduce the maximal load of a wind turbine in situations where
wind gust hits the wind turbine. The system can monitor at least a combin-
ation of these parameters, which system by a defined combination of at
least some of actual parameters performs a pitch or speed regulation in or-
der to bring the wind turbine into a safe mode of operation and reduce the
load of the wind turbine. Hereby can be achieved that the system can mon-
itor some of existing parameters for a wind turbine in operation and

Sl through these parameters it is possible with this system to perform an ana-

/

Parameters

Fig. 1

lysis of critical combinations of parameter values. In that way the system

can react if a critical load exists because there is a critical combination of

parameters and change the pitch of the blades towards the feathered posi-
P tion or by speed reduction.
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Hich Yaw Error and Gust Ride Through

Field of the Invention

The present invention relates to a system adapted to reduce the load of a wind turbine
in sitnations with high yaw error or by gust ride, which system comprises a tower car-
rying a yaw able nacelle, which nacelle carries at least one rotating pitch regulated
blade, which system has access to at least the following parameters, wind speed, yaw

error, rotor speed, pitch angle and power production.

{bject of the Invention
The object of the pending patent application is to reduce the maximal loads of a wind
turbine in situations where wind gust hits the wind turbine. A further object is to re-

duce the load in a situation with yaw error related {o the wind gust ride through.

Description of the Invention

In a preferred embodiment of the invention the system can monitor at least a combina-
tion of the parameters discloser in field of the invention, which system by a defined
combination of at least some of actual parameters performs a pitch regulation whereby
the average pitch angle is defined by a pitch angle limit vector and a corresponding
wind speed vector whereby the yaw angle is defined by a yaw error limit vector and a
corresponding wind speed vector in order {o bring the wind turbine into a safe mode

of operation and reduce the load of the wind turbine.

Hereby can be achieved that the system can monitor a lot of existing parameters for a
wind turbine in operation and through these parameters it is possible with this sysiem
to perform an analysis of critical combinations of parameter values. In that way the
systern can react if a critical load exists becaunse there is a critical combination of pa-
rameters. Even in situations where each single parameter value is still within a limit
that is defined for the wind turbine. Therefore, this system is highly effective if it is
installed in existing wind torbines and in newly developed wind turbines. Through this

system it is possible in critical situations, by regulation of the pitch, to reduce the
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power production without performing a total shut down. Therefore, the power produc-
tion will probably be slightly reduced when the system starts to control the pitch of the
blades. But in many situations the load of the blade 1s maybe so high that a redaction
in the piich position towards the wind will only reduce the power production with a
few percent and in that situation reduce the mechanical load of the wind turbine into a
safe value of operation. The overall idea is to activate a safe mode when either rapid
wind speed increase in combination with some vaw error increase or high wind speed
in combination with high vaw error is observed to reduce extreme loading at the tur-
bine. It is not only pitch regulation that brings the turbine into safe mode but also rotor

speed reduction and power reduction which 1s related to pitch regulation.

In a further preferred embodiment of the invention the safe mode operating can be

activated by the following conditions:

a. rotor acceleration 1s higher than a specified parameter value,
b. the average pitch angle for all blades is less than a specified valuce at the giv-

en wind speed,

C. the yaw error is higher than a specified value at the given wind speed.

Hereby at least these three parameters can be monitored and compared with specified
parameter values. In some situations only a combination of these three parameters will
lead to a load situation of the wind turbine that 1s critical. In critical situations where
for example the vaw error in relation to the actual wind gust is rather high, maybe up
to 90°, a critical situation could occur even if for example rotor acceleration is within
the limitation and pitch angle for blades is within the specified values for the wind
speed but the direction of the wind is critical and it is necessary suddenly to reduce the
pitch angle in order to reduce the total load of the wind turbine in order to prevent

overload of the tower.

iIn a further preferred embodiment of the invention the average pitch angle can be de-

fined by a pitch angle limit vector and a corresponding wind speed vector. Hereby can
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be achieved that the wind turbine uses existing limiting vectors in combination with
wind speed vector as one of the parameters. Hereby can be achieved that an existing
pitch angle liroit vector, which corresponds to a wind speed vector, is to be used in
order to reduce the load of the wind turbine by adjusting the pitch regulation of the

blades towards a feathered position.

in a further preferred embodiment of the invention the yaw angle can be defined by a
yaw error limit vector and a corresponding wind speed vector. Hereby can be achieved
that at low wind speed the vaw error limiting vector can have a larger value than in

sitaations where wind speed is much higher.

In a further preferred embodiment of the invention safe mode of operating can be acti-

vated by the following conditions:

a. the average pitch angle (18} for all blades is less than a specified value at the

given wind speed,

b. the yaw error 1s higher than a specified valuc at the given wind speed. Here-
by, a situation can occur where a combination of pitch angle and wind speed
can result in a necessary reduction of the pitch angle in order to reduce the to-
tal load on the wind turbine maybe in order to protect the tower from any

overload.

iIn a further preferred embodiment of the invention the average pitch angle can be de-
fined by a pitch angle himit vector and a corresponding wind speed vector. Hereby can
be achieved that there 1s a well-known defined relation between pitch angle and wind
speed. These data can in a system be contained in a software database where the rela-

tion between different parameters is defined.

In a further preferred embodiment of the invention the can wind direction angle rela-
tive to nacelle direction be defined by a yaw error limit vector and a corresponding
wind speed vector. Hereby 1s achieved that also data segments representing the rela-
tion between pitch angle and wind speed is defined as for example rows in a software

routine where different limitations are also stored. Hereby can be achieved that a rela-



10

20

30

WO 2017/157401 PCT/DK2017/050078

4

tion between vaw error and wind speed can be stored in the computer system, where-
by it is possibie to define critical wind speeds related to yaw error. This can be im-
portant in situations where wind direction is jumping rapidly, for example in critical
situations where heavy rain showers are approaching the wind turbine. Heavy showers
of rain or thunder can lead to a rapid change in the wind direction. In these situations
it can be rather important to reduce the pitch angle towards the feathered position in

order to avoid any overload of nacelle or tower.

In a further preferred embodiment of the invention, the condition as previously dis-
closed has not been fulfilled in a specified period power reference and rotor speed
reference are ramped up to normal operation values allowing the wind turbine to oper-
ate normally. Hereby can be achieved that in situations where a partial shutdown
through piich regulation towards a feathered position, which has led to a reduction in
the power production where the conditions are normalised and have been normalised
for a period, the system will start to slowly adjust the pitch towards the normal situa-

tion and hereby the wind turbine will start normal optimal production of power.

In a further preferred embodiment of the invention a method to reduce the load of a
wind turbine in sitnations with high yaw ervor or by gust is disclosed, where at Jeast

the following operational parameters are monitored:

e wind speed,
®  yaw errof,

e  rotor speed,
e pitch angle,

s power production,

by which method analysis of defined combinations of at least some of the actual
parameters, which method performs a pitch regulation in order to bring the wind tor-

bine into a safe mode of operation and thereby reduce the load of the wind turbine.

Hereby can be achieved that the system uses existing parameters in a controlled sys-

tern {or a wind tarbine. By this method it is possible for the system to analyse different
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combinations of measured parameters in order to perform a piich regulation towards

feathered position by any critical combination of parameters as disclosed.

in a further preferred embodiment of the invention the method can compare actual

parameters with defined limits for the parameters

a. rotor acceleration is higher than a specified parameter value, at a given wind
speed
b. the average pilch angle for all blades is smaller than a specified value at the

given wind speed,

c. the yaw error is higher than a specified value at the given wind speed,

which method performs a pitch regulation in order to reduce the load of the wind tur-
bine. Hereby can be achieved that a combination of these parameters can fulfil the
necessary conditions for a reduction of the pitch for reducing the total load of the wind

turbine.

In a further preferred embodiment for the invention the method can compare actualp-

parameters with deflined himits {or the parameters:

a. the average pilch angle for all blades is smaller than a specified value at the

given wind speed,

b. the yaw error is higher than a specified value at the given wind speed,

which method performs a pitch regulation in order to reduce the load at the wind tur-

bine.

Hereby can be achieved that a combination of the a and b parameters can be used for
piich regulation and hereby reduce the load of the wind turbine and maybe hereby also

protect the tower from any overload. The safe mode is obtained via two things:
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1) Pitch towards feather/stop
2y 'The rotor speed is reduced

Actually also power is reduced but this 1s related to 1)

Often the design of wind turbines results in driving extreme loads on blades, nacelle
and tower when a wind gust or a wind gust in combination with a wind direction
change happens. A control feature to reduce these extreme loads at these conditions

has been developed. The algorithm is described in the next section.

The overall purpose of the control feature called “High Yaw Error and Gust Ride
Through” in the {ollowing relerred to as “"HYEGRT” is to reduce extreme loads at a
wind turbine exposed to a wind gust or a wind gust in combination with a wind direc-
tion change while at the same time ensuring that the power production loss caused by

the feature is minimal.

The overall idea is to activate a HYEGRT safemode when either rapid wind speed
increase in combination with some vaw esror increase or high wind speed in combina-
tion with high yaw error is observed to reduce extreme loading at the turbine. Piich
regulation s in some situation combined with a torque regulation of the generator. The

power production is increased and the acceleration of the rotor is reduced.

The following measurements are needed as inputs for the control feature:
e Wind speed
& Yaw error
e Rotor speed
e Pitch angle(s)

¢ Power

When the HYEGRT safemode 15 activated the following happens:
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e A fast pitch towards stop/feather sequence is activated
& 'The rotor speed reference is reduced

e The power reference is reduced

5 The HYEGRT safemode is activated when one of the two conditions are fulfilled:

Condition I:
e Rotor acceleration is higher than a specified parameter value

e The average pitch angle for all blades is less than a specified value (given via a
10 pitch angle limit vector and a corresponding wind speed vector) at the given

wind speed

e The yaw error is higher than a specified value {given via a yaw error limit vec-

tor and a corresponding wind speed vector) at the given wind speed

15 Condition 2:

e The average pitch angle for all blades 1s less than a specified value (given via a
pitch angle limit vector and a corresponding wind speed vector) at the given

wind speed

e The vaw error is higher than a specified value (given via a yaw error himit vec-

20 tor and a corresponding wind speed vector) at the given wind speed

When conditions 1 and 2 have not been {ullilled in a specified period, power relerence
and rotor speed reference are ramped up to normal operation values allowing the tur-

bine to run normally.

Description of the Drawing
Figl  shows a wind turbine.

Fig2  shows atable of parameters.
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Detailed Description of the Invention

Figure 1 shows a wind turbine 4 and a system 2 in order to control high vaw error and
gust ride through of the wind turbine 4. The turbine 4 coruprises a tower 6, a nacelle §
and blades 10. Not shown in the figure is gear and one or more generators placed in
the nacelle 8. The system 2 for control of high yaw error and gust ride through com-
prises a list of parameters. Based on analysis of these actual measured parameters the
system is able to perform pitch or speed regulation in order to reduce the load on the
tower 6, blades 10 or nacelle 8, if one of the parameters or a combination of the pa-
rameters has come into a critical combination. By reducing the power production in
critical situations the maximal load on blade, nacelle and tower is limnited so the stress
of the components is probably reduced. This can lead to higher reliability and a much
longer lifetime of the tower and nacelle, maybe also the blades. Fuorther it can be used
to reduce the amount of material in structural components like blades and tower as the
loads are reduced. The benefit is mainly to reduce the amount of matenial in blades

and tower efc.

Figure 2 discloses a table of the different parameters that are in use for controlling the
wind turbine 4. Wind speed measurement is probably performed by a rotating wind
measuring device which is often placed on the nacelle. The wind speed as such has a
defined area of operation. At very low wind speed, maybe less than 2 metres per sec-
ond, a switch off of the system is probably performed because the wind speed will
give less power than what the system as such is using. In the other end, at maximum
wind speed, a reduction of the piich angle will probably be perforroed if wind speeds
exceed maybe 15 metres per second whereas at wind speed above 25 metres per sec-
ond the wind turbine will be totally swiiched off. The vaw error 14 is an error that
occurs if the direction of the wind changes. For continuous change in wind the vaw
position of the nacellc will be adjusted. In situations where wind gust ride through
exists, it 1s possible that the direction of the wind is changing rapidly. Here the yaw
error will be increased (o a relatively high value. The rotor speed 16 is of course a
typically roeasured paramelter in a wind turbine. The rotor speed probably also has a
minimum and a maximum speed which are acceptable. Because a generator is directly
coupled to the rotor speed by gear or directly coupled, the frequency of generated
power will therefore probably be related to the rotor speed. But because the wind tur-

bine probably comprises an inverter sysiem the power is at first converted to direct



10

20

WO 2017/157401 PCT/DK2017/050078

9

current and afterwards into AC3 phased power with the correct frequency. Because
the system is using the inverter technology, a relatively high span of rotor speed can

be accepted.

The pitch angle 18 is adjusted for higher wind speed in order to reduce the power pro-
duction of the wind turbine. Up to a certain wind speed the pitch will be regulated for
maximal yield and after a certain limit, a gradual downwards regulation towards a

feathered position will be performed.

Power production 20 15 of course also a relatively important parameter that is meas-
ured. By the system as disclosed previously in this patent application, power produc-
tion is by this system reduced in order to reduce the maximum load of the wind tur-

bine.

Pitch regulation 22 the wind turbine comprises a pitch regulation system. This regula-
tion system could be performed by electric motors or it could be produced by hydrau-

{ic devices.

Rotor acceleration 24 one of the more important parameters to be measured is situa-
tions where a rapid acceleration of the rotor takes place. Rotor acceleration can indi-
cate wind gust just as etfectively as maybe the wind speed sensor. Therefore, rotor
acceleration is, for a fast operating system, rather important to be controlled. Pitch
angle lumit vector 26 1s a liroiting vector which is performed as a table based on wind
speed and pitch angle. The system as such comprises a table where the two values are

related o each other.

Wind speed vector 28 is simply a vector that is defined based on measuring of the

wind speed.

A system for high yaw ervor and gust ride through load reduction can of course corm-
prisc further parameters as disclosed in the table shown in figure 2. The system as
such is pot hmited to use all the delined paramelers but in some situations full control

of the system could be performed by only using some of the defined parameters.
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Defintion:

Wind direction: Actual wind direction

Yaw angle: Actual yaw position of the nacelle

Relative wind direction to nacelle direction: Actual wind direction measured at the

3 nacelle defines the Yaw error.

Reference numerals:
System (2)
wind turbine (4)
10 tower (6)
nacelle (8)
blade (10)
wind speed (12}
yaw error (14)
15 rotor speed (16)
pitch angle (18)
power production {(20)
pitch regulation (22)
rotor acceleration (24)
20 pitch angle limit vector {26)

wind speed vector (28).
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CLAIMS

1. System (2) adapted to reduce the load of a wind turbine (4) in situations with high

yaw error in combination with gust, which system (2) comprising a tower (6) carrying

a yaw able nacelle (8), which nacelle (8} carries at least one rotating pitch regulated

5 blade (10), which system (2) has access to at least the following parameters, wind
speed (12}, yvaw error (14}, rotor speed (16), pitch angle (18) and power production

(20), characterized in that the system (2) monitors at least a combination of these
parameters (12,14,16,18.20), which system by defined combination of at least some of

actual parameters (12,14,16,18.20) performs a pitch regulation (22) whereby the av-

10 erage pitch angle (18) is defined by a pitch angle limit vector (26) and a corresponding
wind speed vector (28), whereby the vaw angle is defined by a vaw error (14) limit
vector and a corresponding wind speed vectlor (28), in order to bring the wind turbine

{4) into a safe mode of operation and reduce the load of the wind turbine (4.

15 2. System according to claim 1, characterized in that the safe mode of operating is

activated by the following conditions:

a. rotor acceleration (24) is higher than a specified parameter value, and
20 b. the average pitch angle (18} for all blades is less than a specified value at the

given wind speed (12), and

c. the yvaw error (14) is higher than a specified value at the given wind speed
(12).
25
3. System according to claim 1, characterized in that the safe mode of operating is
activated by the following conditions:
a. the average pitch angle (18) for all blades (10) is smaller than a specified
30 value at the given wind speed (12), and
b. the yvaw error (14) is higher than a specified value at the given wind speed

(12).
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4. System according to claim 3, characterized im that the average pitch angle (18) 15

defined by a pitch angle limit vector (26) and a corresponding wind speed vector (28).

5. System according to claim 3, characterized in that the yaw angle is defined by a

yaw error {14) limit vector and a corresponding wind speed vector (28).

6. System according to one of the claims 1-3, characterized in that when conditions
as disclosed 1n claim 2 or 5 have not been {ulfilled in a specified period, power refer-
ence and rotor speed reference are ramped up to normal operation values allowing the

wind torbine (4) o operate normally.

7. Method to reduce the load of a wind turbine (4) 10 situations with high yaw error or
by gust as disclosed in the claims 1-6 characterized in that the following operational

parameters are monttored:

e wind speed (12},
e vaw error (14),

e rotor speed (16),
& pitch angle (18),

e power production (20},

by which method analysis of a delined corobination of at least some of the actual

parameters (12,14,16,18,20),

which method performs a pitch regulation (22} in order to bring the wind turbine (4)

into a safe mode of operation and thereby reduce the load of the wind turbine (4).

8. Method according to claim 7, characterized in that the method compares actual

parameters with defined limts for the parameters:

a. rotor acceleration (24) is higher than a specified parameter value, and
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b. the average pitch angle (18) for all blades (10) 15 less than a specified value

at the given wind speed {12), and

C. the yaw error (14) is higher than a specified value at the given wind speed
5 (123,
which method performs a pitch regulation in order to reduce the load on the wind tur-

bine (4).

10 9. Method according to claim 7, characterized in that the method compares actual

parameters with defined limits for the parameters:

a. the average pitch angle (18) for all blades (10} is less than a specified value at

the given wind speed (12), and

b. the yaw error (14) is higher than a specified value at the given wind speed

(12),

which method performs a pitch regulation in order to reduce the load on the wind tur-

20 bine (4).
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12 Wind speed

14 Yaw error

16  Rotor speed

18 Piich angle

20 Power Production

22  Pitch Regulation

24 Rotor Acceleration

26 Pitch angle limiting vector
28  Wind speed vector

Fig. 2
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