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(57) Abstract: The invention concerns
a method for controlling the operations
of a wind farm having a group of at least
two wind turbine generators (WTG’) of
asynchronous fixed speed generator type
each connected to a frequency controlled
WTG Grid by the principle of an electrical
torsion shaft. The invention is carried out
by collecting reference data/information
of individual WTG power production at
different wind speeds and different turbine
rpm, collecting at least one actual WTG
Grid related parameter value, collecting
at least one individual operational
performance-related value of two or
more WTG’s, determining, based on said
collected values and stored reference
data/information, the necessary change
of the WTG Grid frequency (collective
turbine rpm) for achieving the desired
change in collective performance result
such as optimizing the power production,
avoiding structure/rotor resonance etc. and
generating control signals for directly, or
indirectly through a Grid Control Device,
adjusting the actual WTG Grid frequency.
The invention also concerns a system, a
control device and a computer program
for controlling the operations of the wind
farm.



WO 2009/082326 A1 {0000 0T 08001000 0 0 0 00

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments



10

15

20

25

30

WO 2009/082326 PCT/SE2008/000741
1

Method, system and device for controlling wind power plants

Technical field of the Invention

The present invention generally relates to a method, a device and a system for en-
hancing and controlling electric power production in a wind farm/plant. Especially the
invention concerns enhanced control and optimization of production in a group of
wind turbine generators (WTGs) consisting of at least two wind turbine driven genera-
tors of asynchronous fixed speed generator type, connected to an AC grid (WTG
grid) by the principle of an electrical torsion shaft, and which grid frequency is control-
lable through a grid controller device. The invention further relates to a computer pro-
gram and a computer readable medium comprising instructions for bringing a com-

puter to perform said method.

Some definitions

In order to facilitate the understanding of the following description of the present in-
vention and its background some expressions are defined below.

Wind Turbine Generator (WTG) or Wind Turbine Generators (WTGs) is the de-
scription of complete wind turbine, including structure, individual or in multiples.
Control Device (CD) is the invention by this application and may also be referred to
as Supervisory Control Module (CD).

Grid Control Device (GCD) controls the HVDC grid system. This unit is connected
to or integrated with the grid system.

Grid Code describes conditions and minimum requirements which need to be met in
order for a power generation plant to be connected to the utility Public grid. For ex-
ample, requirement for low voltage ride through function, if the utility Public grid volt-
age drops down to a certain level for a given amount of time, means that the wind
turbine has to be in operation during and direct after such described grid disturbance.
The grid code also describes minimum requirements for consumption of reactive and
other power functions, required by power plants of today. More details of this can be
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found in specific documents issued by E.ON, Vattenfall etc. We refer to document by
Risoe, Denmark which have summarized various grid code requirements (Ris@-R-
1617(EN)).

HVDC system or HVDC Light or HVYDC Plus system (referred to as HVDC Light sys-
tem) is a DC transmission system available on the market today. It is a based on a
voltage source converter (VSC) technology which has characteristics suitable for
connecting large amounts of wind power to Public grids, even at weak points in a
Public grid system and without having to improve the short-circuit power ratio. This
HVDC Light system does not require any additional compensation, as this is inherent
in the control of the converters. From operation of installed systems experience has
been gained with HVDC Light transmission systems showing it is an excellent tool for
bringing power from windmill parks to a Public grid and at the same time contribute to
AC voltage stabilization. An HVDC Light transmission system is able to control the
active power transmission in an exact way. The power transmission can be combined

with a frequency controller that varies the grid frequency.

An HVDC Light converter also controls reactive power for its AC bus, in conjunction
with a master controller. The master controller can be designed from any new algo-
rithm. In the case of connection to a passive network, as for example a wind farm, the
HVDC Light transmission system can provide control functions for active and reactive
power, so that both voltage and frequency can be controlled from the converter sta-
tion. In particular, this allows black starting by controlling the voltage and frequency
from zero to nominal. HVDC Light connected to a wind farm could also give the pos-
sibility to provide reactive power to the windmills during the start up. How the fre-
quency and voltage are controlled is set by the wind farm requirements.

An HVDC Light transmission has only one significant value connecting both grids
with each other being; the real power in size and direction which is equivalent to the
product U x | on the DC link. All the other physical values, which are typical for an AC
grid (reactive power, apparent power, frequency, harmonics, DIPS, SAGS, flicker
etc.) are decoupled and do not affect the other grid. Many of these values can be
controlled and mitigated by intelligent control schemes from the converter feeding the
respective grid. Each converter is controllable through set-points given to the con-
verter controller, such set-points can be provided through Ethernet access and in pro-

tocols provided by the supplier of such grid system.



10

15

20

25

30

WO 2009/082326 PCT/SE2008/000741
3

WTG grid is the AC power cable system that connects each wind turbine to the off-
shore substation or Offshore HVDC station.

AC Transmission grid is the high voltage AC cable system that connects the off-
shore substation with the onshore substation.

DC Transmission grid is the high voltage DC cable system that connect the off-
shore HVDC station with the onshore HVDC station.

Onshore substation is the connection point where AC transmission grid is con-
nected and where the connection is to the Public grid.

Onshore HVDC station is the onshore station that connects the DC transmission
grid to the AC Public grid.

Offshore substation is the connection point offshore where the wind farm grid con-
nects to the AC transmission grid.

Offshore HVDC station is the connection point offshore where the wind farm grid
connects to the DC transmission grid.

Public grid is the AC high voltage grid system that distributes power for consumption

within an area, region or country.

Background of the invention

The importance of wind turbine technology is constantly growing as a result of esca-
lating cost for the less environmentally-friendly fossil fuel energy etc. Wind turbine
technology today uses individual configurations of converter technology installed in
each and every wind turbine tower which makes the WTG more complex and more
expensive. Future wind power plants will also be located further away from grid con-
nection points, and it is then needed to reinforce electrical grid structure and this im-
pacts on the electrical grid system to which these power plants will supply its power
and will add further costs to the project. This is especially evident in offshore wind
power projects where the wind farms will be very large, more than 300 MW, and
where the distance to shore is much longer, maybe exceeding 100 km in some pro-
jects. Subsequently, the use of conventional AC grid solutions is no longer feasible
and DC systems become a better option due to lower transmission cable losses and
thinner cables. Here big companies are active and the first grid systems of this kind
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already have been found as the best option for use with wind farms in recent pro-

curements. This counts for both onshore and offshore wind farms.

The design of wind power generation projects has consequently changed over the
years as evolution has progressed, whereby the wind turbines have gotten larger and
larger. In the eighties, virtually all designs were with a direct connection of an asyn-
chronous generator through a gearbox to the driving rotor, forcing the generator to
operate in an over-synchronous environment and hereby generating ampere to the
normal AC grid system — the “fixed speed” system. The draw back with this system
at the time was the impact of the system consuming reactive power from the grid,
forcing the utilities to require compensation through capacitor banks and SVC (static
var compensation) stations. One other inherent factor of this system is that this type
of generator, connected directly to an AC grid system, creates a very direct and stiff
relationship between the grid frequency and the generator rpm. This means that
slight variations or changes in the grid parameters directly translates into the genera-
tor. As example, 10% frequency increase in the AC grid system directly translates to
a 10% rpm increase of the generator. The meaning of “stiff’ can be described as in a
generator or a motor of asynchronous squirrel type, the rotor is following the rota-
tional electrical field caused by the electricity rushing through the wound stator. As
the frequency of the wind farm grid changes (acceleration/deceleration), so do the
rotational speed of the electrical field in the generator. Subsequently the rotor when
following the electrical field in a very direct way, changes the rpm of the generator
equally, both in shape and form, hence the definition electrical torsion shaft. There-
fore any power peaks generated from a wind turbine rotor will directly be carried in to

the grid system by this configuration.

The size of the wind turbines installed during this period in general was between 50 —
200 kW per unit, and a great number of machines were installed on an individual ba-
sis. Groups of these machines (wind farms), where installed in greater numbers in
the USA.

During the nineties the wind turbines grew rapidly in size and wind farms became
more and more a common feature in the European market. The individual wind tur-

bine size grew from the 200 kW to up to 2 MW today - a multiple of 10. At the same
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time these machines were installed more and more in groups where wind farms now
reached 30-50 MW in size. As the size of machines grew, so did the total hub heights
and hereto the related structures, that now to almost 99% is designed of a tubular
tower basis, reaching up to 80 m hub height. During this period, the first offshore pro-

jects were installed in shallow waters with 500 kW “fixed speed” machines.

There were several factors that impacted the design choices for how power was gen-
erated, and how to deal with the increased structure heights and the related weight
problems of such structures, in combination with the larger wind farms impact on lo-
cal grid systems. The number of requirements came to impact the next generation of
wind farm designs. Grid quality requirements are e.g. enforced by the utilities, the
Grid Code, resulting in increased difficulty in making the fixed speed machines grid
compliant unless costly additional equipment is added. Structural weight issues be-
come economically bothersome as the structures now are much taller, and weights
are increasingly accelerating, to maintain the higher natural frequency in the struc-
tures apart from and above the rotor induced frequency, as been done up to this
point. With the increasingly larger rotors and the very “stiff” connection that is inher-
ent with the asynchronous generator and an AC grid, start giving more reason to
concern as drive train where directly exposed to those loads between WTG rotor and
generator/grid system. Based on these conditions, a new generator system was im-
plemented that enabled the wind turbine rotor to be operated at different synchro-
nous speeds and which also enables a modulation of the outgoing power quality in-
cluding fluctuations of outgoing power, voltage, no reactive power consumption etc.
This system meets grid code requirements and also gives driveline softness as loads
are absorbed by the mass of the wind turbine rotor in a through rotor speed control
program, considering torque and power output in accordance with a pre-defined

power-torque curve.

Another benefit of this system is that power production from a wind turbine with vari-
able speed can be increased by reducing rpm in partial load conditions. This increase
may range from 4-5 % in a low wind speed site and down to 1-1,5 % for an offshore
high wind speed site. The benefit is gained in low wind conditions as the aero dy-
namical efficiency of the wind turbine rotor increases if the rotor rpm can be reduced

in low wind. This is all performed by the individual wind turbine controller and by
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equipment located in each wind turbine (special generator, converter and related

equipment).

This is technically resolved by going from the previous standard asynchronous induc-
tion generator to a doubly wound generator where a converter is incorporated in the
design. The converter is connected to the rotor windings through a slip ring unit at the
end of the generator shaft, enabling the modulation of the rotor electrical field in a
controlled way, rotating it in both directions and at different speed, resulting in an
electrical fixed speed related to the AC grid frequency but where the incoming gen-
erator shaft rpm varies. This system is more commonly referred to as a “DFIG” or
“Partial Conversion” system. A variance of this is the use of a synchronous generator

and a full converter, achieving the same outcome of the incoming rotor shatft.

The system described means that the grid code can now be achieved without capaci-
tor banks, SVC stations and other expensive equipment otherwise needed. The sys-
tem also brings flexibility in the driveline and the variable speed enables avoidance of
resonance in structures. Each wind turbine now is an individual power plant that
deals with individual grid issues and adaption to wind variation and variable speed
increases production with up to 5% (low wind site), making it defendable to imple-

ment as added costs are lower than the performance benefit.

Prior art

The patent EP1252441 (Siemens) describes a wind rotor group comprising asyn-
chronous squirrel-cage alternators (generators) operating at a mutually common fre-
quency, which can change in a sliding form. It also states that this group of genera-
tors can be connected to a direct-current transmission system, and can be connected
via a mutually common converter. This patent does not describe the important fea-
tures for how the frequency is set at a certain level and what logic is used to choose
a particular set-point for the frequency. In other words, the patent only describes a
physical (electrical) lay-out of multiple wind turbines but doesn't disclose in what way

it can be realized.
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The present invention performs specific tasks based on a number of inputs. The de-
sign difference to the present invention is that the control device is a central control
unit that can monitor many variables in the turbines, the environment and in the grid,
and that can calculate optimum settings in order to manage for example loads, power
production, vibrations/resonance, etc and send signals to the turbines and the grid in

order to change necessary set-points.

The patent US6479907 (ABB) discloses a plant for generating electric power through
at least two separately driven wind power generators. The generators are feeding an
alternating voltage to an alternating voltage line in common and a converter is
adapted to convert the alternating voltage into direct voltage. A unit is adapted to
control the converter to a frequency in such a way that a power maximum is ob-
tained. The total power generated and fed to the converter is determined by measur-

ing the current and voltage in the grid.

The Siemens patent describes the principle for achieving collective variable rpm at
wind turbines. However, there are important differences in the logic and process for
achieving this function where the patent does not measure/collect parameter val-
ues/data individually from the wind power generators to establish the necessary
change resulting in less effective control. The present invention uses individual WTG

data as basis for optimization of grid frequency and power production.

DE102005043422 (Falkenhagen) discloses “Operation of a local grid with reduced
frequency at lower energy transmission”, which is the concept of a local grid operat-
ing at a different frequency compared to another separate grid. The patent states
that the frequency difference is adapted to occur during low power flow or absence of
power flow, and that when there is a high power flow the grids (network zones) will be
synchronously operated. The drawback with this technique is that the invention and

the claims apply to a very limited situation.

The present inventions control device is applicable and very flexible for a wide range
of production situations. In the present invention both grids (local and public) can op-
erate completely independently at any time and need not to be synchronised. The

design difference is that this patent deploys converter technology in parallel to the
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main connection cable, whereas in the present invention the main line includes the

converter technology - i.e. not in a parallel set-up.

The patent document WO01/77524 (Aerodyn Engineering), “Method for operating
offshore wind turbine plants based on the frequency of their towers” relates to a
method for operating a wind turbine plant which is provided with a device for regulat-
ing the speed of the rotor. This method comprises determination of the critical fre-
quency of the respective turbine and/or turbine components, determination of the
speed range of the rotor, in which the entire turbine and/or individual turbine compo-
nents is/are excited in the vicinity of their critical frequencies and operation of the
wind turbine plant only below and above the critical speed range, the latter being

traversed rapidly.

This patent describes how to control a single wind turbine. One drawback is that each
wind turbine has to contain a control module, including measurement and signal
processing equipment. The document also states that each wind turbine has a rotor

speed regulating device.

The present invention comprises multiple wind turbines all having the same/similar
natural frequency that needs to be avoided during power production, and that the
rapid traversing through this frequency takes place collectively and is controlled by a
central control device. The design difference is that in the present invention none of
the turbines needs its own control unit, but that the frequency avoidance functions
are performed centrally in one control unit. Also, none of the wind turbines has a rotor
speed regulating device as the rotor speed will be controlled/changed by adjusting
the frequency in the WTG grid at which the squirrel-cage asynchronous generators

will operate.

The invention according to WO03/030329 (Wobben) relates to a method for operat-
ing a wind park, consisting of several wind power plants. The wind park is connected
to an electric supply network into which the power produced by the wind park is fed
and the wind park and/or at least one of the wind power plants of the wind park, is
provided with a control signal/input which is used to adjust the electric power of the

wind park or one or several individual wind plants within a range of 0-100 % of the
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respectively provided power, especially the nominal output thereof. A data processing
device is connected to the control input and is used to adjust the control value within
a range of 0-100 % related to the amount of power available from the entire wind
park at the output where it is fed into the power network. The operator (EVU) of the
electric power supply network to which the wind park is connected can adjust the
power provided by the wind park via the control input. The patent describes that a
number of input value are measured, which then lead to a control of the wind tur-
bines. This prior art specifically mentions that the wind park is connected to a power
supply network and that the data processing apparatus can set the power delivered
to the network. This will be done by the operator of the power supply network. The
application is that at least one or more wind power installations (or all wind power in-
stallations of the wind park) are throttled when the maximum possible network feed-in

power value is reached.

The present invention is able to set more parameters compared to just the delivered
power. These parameters do not only apply to the wind turbines but to the grid as
well. The present concept also anticipates that it can be connected to transmission

networks, not just to distribution networks.

This prior art patent describes that each wind turbine contains a microprocessor,
which has full control over all the turbine parameters and which receives a power
level set point as input from the data processing apparatus. In the present invention
most of the control functions will not be handled in each turbine, but will be done cen-
trally by the CD. The CD communicates to turbines through electrical set-points like

the grid frequency.

The present invention not only controls the wind turbines, based on a number of

measured input values, but also controls important grid parameters as well.

The invention WO04/099604 (Wobben), “Operating method for a wind park”, relates
to an operating method for a wind park consisting of a plurality of wind energy plants
where a wind plant is provided with an electric generator and a wind park provided

with a central device for controlling the wind park. The aim of said invention is to de-

velop a method for operating the wind park consisting of a plurality of wind energy
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plants, a wind plant provided with an electric generator and a wind park provided with
a central device for controlling the wind park, wherein the executions of operating
processes are carried out by a limited and even reduced power supplied from the net
(reference power). For this purpose, the inventive operating method for a wind park
consisting of a plurality of wind energy plants is characterised in that the operating
processes of each wind energy plant are controlled in such a way that the net electri-
cal power is supplied up to a predefined maximum value. This patent specifically
mentions that operational procedures are controlled in such a way that electrical
power is taken from an electrical network only up to a pre-determinable maximum
value. In other words, power consumption is the controlling feature. The drawback is
that each wind turbine will contain a costly unit that has full control over all the turbine

parameters.

The present invention system uses the local grid frequency as the controlling pa-
rameter. The difference is that the prior art patent implies that each wind turbine con-
tains a microprocessor, which has full control over all the turbine parameters and
which receives a power level set point as input from the data processing apparatus.
In the present invention most of the control functions will not be handled in each tur-
bine, but will be done centrally by the Supervisory Control Module. The CD commu-

nicates to turbines through electrical set-points like the grid frequency.

The document US2002029097 (Pionzio, JR. et al.) describes a Supervisory Com-
mand and Data Acquisition (SCADA) system for managing wind turbines for electric
power generation. This patent describes a set-up of SCADA elements that collect
and store data and communicating with other parts of the system. In the turbines
there is also an interface included to control the turbine. One drawback is that this
patent does not describe the option to control the wind turbines through adjusting the
WTG grid.

The present invention includes as an important feature the functions to control WTG
rpm through the grid. The design difference is therefore an added interface to control
grid parameters. Another aspect is that with the present invention a number of func-

tions can be achieved without sending signals to the wind turbine control interface,
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but sending signals to the grid control interface through which grid frequency can be

adjusted which will directly impact the rpm of the wind turbine rotor.

The present invention uses local grid frequency as a controlling parameter for WTG

rpm.

Important problems to be solved

In using simplified technology, one problem is to meet the grid quality requirements,
the Grid Code. This is today solved through increased complexity in power electron-
ics and generator concept, including related needed subsystems and controlling
equipment, located in each wind power structure, adding both cost and sources for
failure. This issue is even more severe for larger wind farms as their impact on local

grid systems is more significant.

In order to produce more power and cut production cost, the size of the turbines have
grown, resulting in increase of the total hub heights and related structures, resuiting
in weight and resonance problems. As the projects offshore are located on deeper
and deeper waters, the structures need increasingly taller. Without the ability to avoid
resonance between the induced frequency by wind turbine rotor and the natural fre-
quency of the structure, the structures have to be built with a higher frequency than

the rotor frequency, making the structure “stiff” and very heavy.

The development in a combination between larger wind farms with bigger wind tur-
bines, further out at sea and on deeper waters increases the impact on cost substan-
tially in both the structures as well as the offshore cable system and the require-

ments towards the public grid systems.

Some further drawbacks of known (state of the art) technology is that generation is
done at low voltage. This requires low voltage switch-gears which is very costly at
high ampere levels and also requires that a transformer is located in close proximity
to the generator. The individually controlled converters in each wind turbine also

make it difficult to predict collective grid consequences having larger numbers of wind



10

15

20

25

30

WO 2009/082326 PCT/SE2008/000741
12

turbine units in a group. Also increased number of sensitive components as de-

scribed earlier, reduces availability of the production plant and results in very limited
room for AC grid optimization. The converter technology is also very sensitive to grid
disturbances like transients, which are more likely to occur in series of wind turbines

on the same cable and requires a stabile and static AC grid system.

Summary of the invention

The invention relates to a method, system and device for controlling among other
things the avoidance of resonance in structures and power regulation process of a
wind farm in general terms to obtain a desired power production and at the same
time avoid the drawbacks of known technology as described. The invention also re-
lates to a computer program and a computer readable medium used for executing

the method according to the invention.

New future project conditions and the fact that today's technology does not meet the
economical and reliability requirements set by the owners and operators of offshore
wind power, there is a need for achieving simplification and increased redundancy for

new large scale power plant projects using the today's available technology.

The present invention is a new way of approaching the control of a wind farm in form
of a multi-task (or “power plant”) control, and will cut investment costs, increase pro-
ject performance and economics, decrease project failures/downtime by elimination
of sensitive equipment and reduction of the number of components used as well as

reduction of cable terminations.

The present invention makes use of a known HVDC system as a transmission link to
public grid connection point. The control device works as an interpreter of the wind
farm conditions and determines parameters that collectively optimizes the operation
and creates a collective behaviour of the wind turbines. These parameters are con-
verted into a signal, which can be fed to and be transmitted by e.g. a HVDC converter

station.
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The invention will furthermore eliminate the individual wind turbine control function of
the generators and its variable speed as well as related sensitive equipment by cen-
tralizing the control function through a central control device and using grid frequency
variation in either a HVDC grid system or by other known inverter technology on a

collective basis.

Several functions can be achieved on a collective level pertaining to resonance con-
trol between wind turbine support structures and wind turbine rotors, adjustment of
aero dynamical stall of blades by adjusting rotor speed at partial or full load and ad-

justment of aero dynamical efficiency in partial load.

This approach is based on that vision the cable supply systems for future large scale
projects further out to sea will use a HVDC technology. It is aiso based on the view
that there will be a dedicated HVDC station built for each project.

The local farm grid functions as a conventional island grid system which means that
the HVDC converter station controls the frequency and voltage. The control strategy
is to give set points for frequency and voltage dictating the wind farm grid through the

HVDC converter station.

The principle of the new invention is based on a collective control of simplified wind
turbines through a CD that instead of requiring that the wind farm grid is operational
at a fixed and static grid frequency makes use of the standard features and ability
within a HVDC grid system to vary the wind turbine grid frequency. The CD monitors
conditions and performance from the wind farm and the individual wind turbines and
determines the individual wind turbine efficiency as well as the collective group effi-
ciency or inefficiency, corresponding to the rpm experienced by the wind turbines.
Based on a logic and control strategy, the Control Device compares actual data with
optimal data pre-programmed in the system and defines the required rpm change.
The Control Device set points equal to the new rpm, which are sent to a Grid Control
Device (GCD) in the HVDC. The GCD sends control signals to the offshore HVDC
station, which reacts within its operation range of control which in turn immediately

affects the individual wind turbine on a collective level through the change of the grid
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frequency in the wind turbine grid resulting in the equivalent change in the wind tur-

bines rpm.

It is an object of the present invention to provide a power regulating system, method
and a device that makes it possible to optimize the power production from a wind

farm consisting of group of at least two wind turbines.

It is another object of the present invention to provide a power regulating method, a
system and a device that makes it possible to control the collective rpm to avoid

structural resonance in the wind farm.

It is a further object of the present invention to provide a power regulating method, a
system and a device that makes it possible to achieve Low Voltage Ride Through
(LVRT) as defined in grid code.

It is a further object of the present invention to provide a power regulating method, a
system and a device that makes it possible to provide auxiliary power during discon-

nection of the public grid.

These and other objects are achieved according to the present invention by a
method as described in claim 1, a system as described in claim 7, a device as de-

scribed in claim 8 and a computer program product as described in claim 9.

Advantages of the invention

The present invention is a new way of approaching the control of a large offshore
wind farm and cuts considerably the investment costs, increase the project perform-
ance and production economics and decreases project failures/downtime by elimina-
tion of sensitive equipment. It also reduces the number of components used as well

as the cable terminations and general cable stress at current loading.
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The invention makes also full use of a HVDC grid system in wind turbine generator
control and grid code is achieved on a project basis and not individual basis. The de-
centralized control of rotor speed eliminates sensitive in-WTG components, enables
simpler rotor control and saves thereby investment cost. Basically the individual wind
turbine will operate on a fixed speed basis. The pitch system of each wind turbine will
however seek optimal pitch setting given any rpm and wind condition below rated ca-
pacity and within acceptable shaft torque limits. Therefore the wind turbine with sim-
ple fixed speed technology operates with a pitch strategy of a variable speed wind
turbine. Subsequently the element of variable speed is achieved with low cost fixed

speed technology at wind turbine level.

Collective rpm control result in increased performance through reducing rpm in lower
wind speeds, early start-up to avoid no-load idling of rotor, increasing aerodynamical
efficiency etc, and collective guidance of WTGs through resonance ranges with

tower, allowing for lighter structures.

The CD performs specific tasks based on a number of inputs and can monitor many
variables in the turbines, the environment and in the grid. The CD calculate optimum
settings in order to manage for example loads, power production, vibra-
tions/resonance, etc and send signals in parallel to individual or group of wind tur-
bines and to the GCD in order to change necessary set-points, and hereby manage
more complex issues like project wide grid code requirements as well as manage
auxiliary power production from project itself or manage certain consumption control
between the wind turbines. The control device is very flexible for a wide range of pro-
duction situations. Both grids (local and public) can operate completely independently

at any time and need not to be synchronised.

The present invention comprises multiple wind turbines all having the same/similar
natural frequency of structures achieved by either individual designs depending on
water depth (same hub height) or by same structure height and design in variable
water depth (variable hub height), that needs to be avoided either by idling or during

power production, and that the traversing through this frequency is controlled.

The invention uses local grid frequency as a controlling parameter.
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Brief description of the drawings

The present invention will be described in more detail in the following, with reference

to the attached drawings, in which:

Figure 1 illustrates schematically the components included in a wind farm according
to the invention and some line definitions used in the following figures,

Figure 2 illustrates a typical offshore wind turbine based on the sea bottom,

Figure 3 illustrates a block diagram of a control device according to the present in-
vention,

Figure 4 illustrates schematically the components included and the signals used in a
wind farm for collective frequency control function according to the invention,

Figure 5 illustrates, in a flow chart, the method for power production optimization
through collective variable speed in partial load, in more detail,

Figure 6 illustrates a simplified Power Analysis Table, for power curve comparison
(at fixed pitch and stall regulation at different rotor rpm's),

Figure 7a-c, reference data tables for actual measured power per WTG and two
lookup tables for power curve comparison according to two different measurements,
Figure 8 illustrates, in a diagram, actual measured data (measurement set 1) in a
group of five WTG's at 7 rpm, also showing the WTG's production change as result of
the rpm change, ,

Figure 9 illustrates, in a diagram, actual measured data (measurement set 2) in a
group of five WTG's at 7 rpm, also showing the WTG's production change as result of
the rpm change,

Figure 10 shows, in a flow chart, a method for power level optimization through col-
lective variable speed in partial load,

Figure 11 shows, in a flow chart, a method for power regulation through collective
variable speed and joint frequency principle (with active stall and variable pitch regu-
lated technology),

Figure 12 illustrates schematically the components included and the signals used in
a method for power regulation through collective variable speed and joint frequency

principle (with active stall and variable pitch technology),
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Figure 13 shows, in a flow chart, a method for project power regulation through col-
lective variable speed (with stall regulated technology),

Figure 14 illustrates the components of a wind turbine and its structure resonance
problems,

Figure 15 shows, in a flow chart, a method for avoiding resonance, based on pre-
programmed values,

Figure 16 shows, in a flow chart, a method for avoiding resonance, based on meas-
ured values,

Figure 17 illustrates components included and the signals used in a wind farm for
collective frequency control for avoiding resonance, based on measured value,
Figure 18 shows a system, the hardware and the signals used, for achieving grid
code,

Figure 19 shows a diagram example of the voltage as a function of time at LVRT,
Figure 20 shows, in a flow chart, a method for achieving LVRT (grid code),

Figure 21 shows a system, the hardware and the signals used, necessary for achiev-
ing auxiliary power,

Figure 22a-b shows, in a flow chart, the method for achieving auxiliary power.

Description of Preferred Embodiments

Figure 1 illustrates schematically the basic components comprised in a wind farm
according to the invention. A number of wind turbine plants 1, each having a wind
turbine generator 2 (WTG), controlling equipment 3 and a rotor 4 with blades 5, are
producing electric power to a local AC grid 6. A Supervisory Control Module, in the
following called Control Device 7 (CD), is arranged to collect data, through a signal
connection S1, from at least one WTG 2 and to control each WTG 2 and an HVDC
system 8. The WTGs 2 are in this case of an asynchronous fixed speed type and
connected, to the AC grid 6, by the principle of an electrical torsion shaft, i.e. direct
coupled to the the HVDC system 8. The frequency of the local grid 6 is controlled by
the HVDC system 8 which is electrically connected to the grid 6. The HVDC system 8
is also, on its onshore side, connected to a transmission or distribution network, i.e. a
public grid 9. The offshore and onshore parts, 10 resp 11, are typically electrically
connected to each other by DC-cables 12 which reduce the transmission losses over
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long transmission distances. The figure also describes the line definitions in this and
following figures. Each line may also indicate direction of action by an arrow. The CD
according to the invention is arranged to send control signals to the HVDC system as
well as to the WTG's. The invention uses the direct relationship between the WTG 2
speed and the wind farm AC grid 6 frequency and uses the control device to gener-
ate a signal as an order to perform frequency change, continuously or in different an
interval as needed, which is sent to the offshore HVDC system 8 that, by a data sig-

nal connection S2, controls the wind farm AC grid 6 frequency.

Figure 2 illustrates a typical offshore wind turbine structure based on the sea bottom,
below the sea surface. The tower is normally designed of a framework of metal and
the whole structure is exposed to resonance due to the fact that the rotating parts,
like turbine, blades and generator, induces vibrations to the structure. The critical
structure frequency is normally within the working range of the turbine and it is impor-

tant that this frequency can be avoided or passed within as short time as possible.

Figure 3 illustrates a block diagram of a CD. The CD described in this invention
comprises the following features used alone or in combination to execute defined
function. The features of the CDs function and control can be described as;

i) control of collective rpm of WTGs,

ii) control of WTG pitch strategy,

iii) control of certain power consumption of WTGs,

iv) control of WTG start and stop function,

V) control of power production from one or more WTGs,

vi) control of HVDC grid set points for frequency,

vii)  control of HVDC grid set points for outgoing power,

vii)  control of HVDC grid treatment of power surplus stored in grid,

iX) control of HVDC grid treatment of power deficit in island grid function.

The CD is connected to a grid controller device, project sensors and at least one
WTG controller, according to the present invention. The WTGs and the grid controller
device are both connected electrically to the controllable frequency AC grid. The CD
comprises a central processor unit, data storage memories and input and output

ports. Data from at least one WTG, like capacity (kW), turbine or generator rpm,
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structure vibration, electrical power output, WTG site data etc are intermittent or con-
tinuously fed to the CD. The WTG comprises as well of a processor that controls the
WTGs functions like start/stop, pitch angle, max power output, ability to receive set

points for power regulation and etc. The processor transmits WTG computed data to

the CD and receives control signals from the CD.

This is achieved by the CD collecting other data from the wind farm. Other data col-
lected are e.g. actual wind speed from individual wind turbine located anemometers,
wind direction from wind vanes in the project, individual wind turbine production, col-
lective actual wind turbine production, rpm of the rotors, ambient temperature in the
wind farm, air density and on-line/off-line signals from each turbine, grid frequency
and torque of drive shafts. Data collected may be used individually or in combinations
to establish the current settings of the wind farm. The CD is pre-programmed with
look-up tables, which defines the performance of a rotor at each wind speed incre-
ment and at different rotor rpm’s (grid frequencies). The collective actual production
is then compared to the sum of each wind turbines calculated performance, using the
measured actual wind speed at different rpm’s all together summed up in total pro-
duction for each rpm increment. The rpm group category that results in the highest
total wind farm production, then represents the new optimal setting value. Before
sending a signal to the HVDC station, the rpm value can also be adjusted for air tem-
perature and air density (indicating energy content in wind), which may result in a
slight modification to achieve highest performance (higher energy content than aver-
age — reduction in rppm and lower energy content that average — increase of rpm). An
electrical or optical signal is then sent from the CD to the offshore HVDC station,
which responds with normal frequency adjustment on the wind farm grid resulting in
the new optimal rpm of the wind turbines determining the difference between the per-
formance status and the optimal measure to take in order to calculate the necessary
adjustments to achieve optimal aero dynamical performance. The principal of these
rpm changes are done in partial load operation (below rated power) to reach wind

farm optimum rpm and optimal power performance.

If the wind speeds within the wind farm goes below a certain wind speed, the wind
turbines will slow down and stop. Turbines may idle without connection to grid or be

in a stand still status. The procedure for enabling wind turbines to start up again in as
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low wind speed as possible, and get them online and in operation the CD must send
a signal to the offshore HVDC station to reduce its frequency to lowest level accepted
within its range of operation. As wind speed increases, the wind turbine will hereby
reach cut-in wind speed earlier in the wind speed spectrum. This increases the op-
erative control spectrum for collective wind farm control and decreases free idling
time of rotors, which is known to have negative impact on certain bearings in gear-

boxes.

Figure 4 illustrates a system and the main hardware and the signals used for collec-
tive control of the rotor speed (rpm) by interactive use of grid system converter tech-
nology to optimize power production and guide rotors rpm through the critical struc-

ture frequency resonance range.

Figure 5 illustrates a flow chart of the general principle of the invention. The CD is
collecting grid data, describing the grid frequency under which the individual WTGs
are in operation in a group. Depending upon the gearbox ratio of the wind turbines
and the number of poles in the generator, the relationship between grid frequency
and rotor rpm are established and used as a direct translation of grid frequency into
rotor rpm for each WTG in the group. The CD is also collecting performance data
from each of the WTGs in the group by compiling each individual WTGs power pro-
duction, blade angle setting in measurements sets in pre-defined time increments
(continuous loop). The collection of grid data and WTG data are done in parallel, de-
scribing each value at the same point in time. The time increments are determined by
the project operator and are defined by the necessity to make continuous changes to
the rotor rpm to enhance and optimize the power production of the WTGs in a group.

Each WTG is exposed to different wind energy content depending on its location,
wind speed variations, different air temperatures, atmospheric humidity etc. As all
WTG's in a group of this kind is operating under the same rotor rpm, controlled by the
GCD or a HVDC-station, the power production collected from each WTG defines the
wind energy content at each WTG.

Figure 6 illustrates a simplified Production data reference table that is used by the

CD for establishing of an optimal collective rotor rpm or grid frequency. The Produc-
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tion data reference table comprises power production values representing the power
production capacity for a specific type of WTG at different generator rpm's and wind
speeds. This table is established by compiling fixed rpm power curves in columns,
describing the relationship between wind speed and power production at a specific
rotor rpm for each wind power generator in the group. A power curve exists for each
rotor rpm increment, which for example can be with a lot higher resolution with a
value for each 1/10 of an rpm, resulting in a total of 70 curves for an operational rotor
rpm range of 6 - 12 rpm. In combination with wind speed increments of for example
1/10 of a m/s and a operational wind speed or wind energy content range for the
variable speed operation as exemplified in this case of 4 — 8 m/s, this will result in a
total of 3.500 power production data/values. These curves are compiled in this simpli-
fied Production data reference table where wind speed increments are sorted in ver-
tical axis (50 lines) and rpm increments are sorted in the horizontal axis (70 col-
umns). The table comprises the production value for one WTG at any given point
within the operational rpm range and the range for wind speed or wind energy con-
tent. Horizontally is displayed a number of columns representing the WTG's power
production at a given wind speed or wind energy content but at different rpm's (each
rpm is illustrated as a separate column). Vertically each column comprises power
production capacity values for different wind speeds or wind energy contents and for

one specific WTG rpm.

The Production data reference table is pre-produced e.g. by calculations or by em-
pirical studies of what the WTG-type in question may produce with a specific rotor
and the data in the Production data reference table is based on that the WTG blade
angel control is working optimally. It is also possible to include individual rpm due to
generator slip, pitch angle, air density, air temperature etc and adjust the production

values in the table.

The reference values in the table may be updated when relevant new data is col-
lected/available and the table could thereby be improved over time. The columns and
lines in the table could be more detailed. The table may have a much higher resolu-
tion, i.e. more columns and lines with values, then illustrated, which would make it
possible to very exactly define the production level and its related wind speed or wind

energy content.
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Erom the Production data reference table it is possible to determine the wind speed
or wind energy content for the WTG in question by comparing the actual values for its
power production and rpm in the table. This is achieved by having the CD, or each
turbine controller by itself, match the capacity of the WTG with the same or closest
capacity value in the table existing for the present rpm. It is also possible to interpo-
late values in order to determine the nearest value in each practical case. The value
of the present power production, the present capacity, is matched to the nearest

value in this column.

When the WTG's production status value is identified in the table, according to figure
6, it is also possible to determine how much the WTG could produce at a change in
the collective rpm, i.e. if the rpm will be higher or lower. This is principally done by
identifying the production values for the same wind speed but for another rpm, a
higher or lower rpm. The values, as an example on the indicated line in figure 6, to

the right and/or to the left of the present rpm column is evaluated.

Because all WTG's are operating at the same rpm in this control system it is possible
to use the same rpm-column in the table when matching the actual and measured
power production value for each WTG in the group to the corresponding or nearest

value in the table.

All the WTG's actual production values collected in the group are summarized and
the sum indicates the present total power production that is momentarily produced by
the group of WTG's.

In a further step the power production values in the table at the same line (i.e. for the
same wind speed).but in another rpm-column are summarized in a similar manner as
described above giving possible total production values for other rpm-settings for the
WTG's. The CD compiles each individual WTGs performance data collected and per-
forms the same procedure for all units. By compiling the performance data and estab-

lishing the production efficiency for each WTG for each rpm increment, each collec-
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tive total production for each rpm increment can be established. When this has been
done for a predetermined number of rpm-columns the totals are compared to each
other and the highest power production total is determined. The column producing
the highest total power production value indicates and determines the optimal rpm-
setting for the group of WTGs. Subsequently, the optimal collective rpm setting for
the WTGs in a group can be established, resulting in the highest total power produc-

tion of the group.

The established new rpm setting hereby represents the new rpm or Grid frequency
setting. This rpm value is converted/translated to a grid frequency value by the CD
and sent to the GCD which in turn, directly or indirectly, controls/adjusts the WTG
grid frequency and thereby the collective rpm of the WTG's and hereby effects each
individual wind turbine rotor rpm collectively and subsequently each WTGs perform-
ance, resulting in the collectively highest performance of the group or the wind farm.

Figures 7a illustrates each of five WTG's power production under a column
"Meas.1". The total is determined by adding up the column, in this case resulting in a
total of 1750 kW. The same numbers now represents the column 7 rpm in Figure 7b,
where also the production numbers are displayed for each unit should the rpm been

higher or lower.

By matching each WTG's measured production in this table under the specific rpm
column, the total of the numbers then represents the "Actual Measurement Set",
transferred to the look-up table in Figure 7b and 7c¢. Also transferred to the look-up
table in Figure 7b and 7c are the corresponding WTG production numbers for each
WTG in the different rpm columns, representing the production change as a result of
collective rpm change. In Figures 7b and 7c¢, these production sets for each incre-
mental rpm change are compiled, resulting in a production total for each column. The
"rpm column” showing the highest total number then becomes the new rpm setting

for the HVDC Grid system to be processed and executed.

Figures 8 and 9 illustrate diagrams that on the horizontal lines indicate the produc-
tion levels at a given wind speed depending on different rpm settings (see horizontal

data in Figure 6). Here is also marked on each curve the highest performance point
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on each curve with a cross in a circle, defining the optimized curve between wind

speed and rpm on a WTG individual level.

Figure 10 shows, in a flow chart, a method for power optimization through collective
variable speed of active stall regulated WTG from start and in partial load operation
according to the invention. Optimizing of the power curve of a stall, active stall or
variable pitch regulated WTG can be achieved by means of rpm adjustments by the
CD (via HVDC). The basic principle of a stall regulated machine is based on a fixed
rpm and a stall effect, which is designed to occur in such a way that overproduction,
is prevented though a relationship between rotor rpm, and wind speed (wind energy
content). As wind energy content and maximum production are given parameters, the
control element rests with the rotor rpm and if active stall or variable blade pitch also
with adjustment of the blade pitch angle to adjust the stall effect. The function of the
CD is to enhance and optimize the aerodynamic efficiency of the project through col-
lective variable rotor speed and hereby improve performance from the project e.g.
compared to normally fixed rotor speed operation, by collecting and compiling grid
and WTG performance values, based on such values determining the measure(s) of
adjusting rpm to reach improved performance, and sending signal of such measure
to the offshore HVDC station for adjustment of the grid frequency and hereby m‘

ling the rpm of the wind turbines.

In order to establish appropriate settings in the case of a stall regulated WTG, the CD
collects a minimum of at least two types of information. The first type is individual
WTG performance value such as power production, rpm, and certain meteorological
data such as wind speed, wind direction, temperature, humidity etc. The second type
is grid data such as frequency, voltage and collective power production. These data
is collected and stored in the CD to calculate and establish averages, trends and per-
formance analysis. This analysis is done by:

1. Comparing actual performance and wind speeds with predefined data describing
optimal rpm for relevant combination between wind energy content/wind speed
and blade pitch angle setting.

2. As all wind turbines individual production (performance) and settings are deter-
mined and collected, here referring to wind speed, production and pitch setting,

each wind turbines performance is corrected for any incorrectness in pitch setting
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and actual climate impact on wind energy content. Hereby the individual wind
turbines actual production base is established.

3. As all units are operating on the same electrical torsion shaft (rpm), the collective
actual base production is established as a total of all individual wind turbines
power production.

4. This number is then compared to the pre-defined collective total (consisting of
each individual wind turbines production in its actual wind speed and optimal
pitch setting, all together cumulated at a range of rom’s described in stored
Power Analysis Table and the from this created digital look-up tables (see exam-
ple table in figure 6-9), where the cumulative highest total production represents
the new desired rpm setting to be sent to the GCD and will effect the HVDC to

change the grid frequency.

Subsequently this system functions as a collective variable speed system optimizing
the speed (rpm) range and aero dynamical efficiency for the wind turbines, achieving
a project wide optimal power production, both with and without pitch regulation sys-
tem of the blades. As the starting frequency could be 20 Hz and maximum normal
speed (rpm) for operation at rated power could be 50 Hz, the system provides for a

variable speed range of 60%.

The power optimization is achieved according to the invention by the following
method steps described in a flow chart, starting with the assumption that all WTGs
are in no-operation mode due to low wind speed. (WTGs are standing still or are

idling at a very low speed):

Step 1. Measuring the wind speed.

Step 2. Determining if the wind speed is below 3 m/s (develop?)

Step 3. Sending a signal in order to reduce the frequency of the WTG Grid to the
lowest operational set-point, in this example this level is assumed to be about 20 Hz.
Step 4. Individual optimization of the blade angles in each wind turbine to start up.
Step 5. Connecting the wind turbines to the WTG Grid as wind speed increases and
wind turbines reaches synchronous rotational speed corresponding to the WTG Grid

frequency.
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Step 6. Collecting/determining operational data of the WTG grid and/or operational
parameters of least two WTG's, most likely a number of or all WTGs according to 1
and 2 above.

Step 7. Determining the rpm change needed in accordance with steps 1 to 4 above,
to improve production. '

Step 8. Generation of a control signal for, directly or indirectly, setting the WTG Grid
frequency collectively for the group of WTGs. The signal is fed to the GCD for adjust-
ing the frequency in the WTG Grid (via a HVDC-unit or similar) at a speed consider-
ing wind turbine loading.

Step 9. Each WTG adjusts the blade angle per pre-defined programming in own con-
troller based on given parameters being rpm and determined wind energy content.
This adjustment can be done continuous or in steps).

Step 10. Next step continues back to step 6 above, which then creates a continuous

operational loop of production enhancement.

Figure 11 shows, in a flow chart, a method for power regulation through collective
variable speed with active stall and/or variable pitch regulation through common set-
point for adjustment. This principle is possible through the use of CD, sending control
signals to both HVDC grid and to WTGs in combined strategy. The basic control prin-
ciple is to resolve a situation on a HVDC grid system where power export is limited or
closed. The HVDC grid will in such situation be either pre-programmed or receive
signal from CD to administrate any surplus inflow of power to the HVDC grid by in-
creasing frequency and hereby store the power in form of kinetic energy in the WTG
rotors. Hereby the base frequency is increased as a result of the power situation but
is still the main frequency level, which the grid will return to as the “base frequency”
after restoration of any surplus. As the grid receives its frequency set point, so do
also the WTGs by CD, here sending control set-point of the same frequency or equal
rotor rpm in paraliel to the WTGs. Hereby, the WTGs will adjust pitch setting and con-
trol power production inflow to the HVDC grid system. Subsequently as the WTGs
reduces production below acceptable HVDC grid export level, which results in that
frequency equivalently is reduced until restored. By function in continuous loop, close
interaction can be achieved between WTGs and the HVDC grid system and power

production level can be achieved through the interaction. Grid reflecting inflow
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through frequency adjustment and the WTGs regulating the inflow based on a com-
mon set-point through pitch. This process is set forth in the following example

through described steps:

Step 1: Defining limitation in supply to public grid. CD determines limitation/fault in

grid export. In this case we assume operation at rated power at 50 Hz.

Step 2: Measurement of operational and environmental conditions provides parame-
ters for CD to define suitable set-point for grid system. This may depend on power
level, grid frequency at occurrence and needed room for frequency adjustment within

the operational range of the grid system.

Step 3: Is new grid frequency set point needed? CD determines if frequency should

be changed or not.

If YES go to step 4

If NO go to step 7

Step 4: Define new set point

Step 5: New set point is generated and issued to grid system that immediately cor-
rects setting to such level. This happens at the same time as WTG receives control
instruction. Subsequently a reduction of frequency will for example with a active stall

machine increase the stall and reduce the power.

Step 6: WTGs receives collective control signal for set-point to adjust power produc-
tion by means of pitch regulation to maintain such set point. Each wind turbine by this
control strategy has no lower limit for production, but cannot exceed its maximum
torque on main shaft, which is a relationship between rpm (grid frequency) and output

power.

Step 7: HVDC reacts by either inflow surplus by increaéing frequency or deficit, re-

duction of frequency.
If inflow deficit go to step 8.
If inflow surplus go to step 11

Step 8: Detection of grid frequency change by either WTG rpm or grid frequency

measurement.

Step 9: WTGs in operation adjust pitch to either increase or decrease power in-flow.
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Step 10: Control signal to WTGs - pitch to maintain new frequency set point
Step 11: Detection of AC grid increase of frequency, WTG rotates faster

Step 12: WTG's in operation adjust pitch to reduce kW and maintain frequency set

point.
Step 13: Detection of WTG grid frequency decrease - WTG rotates slower

Go to step 2

Figure 12 illustrates a system and the main hardware, used for power regulation
strategy by use of joint frequency setting defined by CD for both HVDC grid and as
set point for pitch regulation strategy in interactive use of grid system converter tech-

nology.

Figure 13 shows, in a flow chart, a method for power regulation through colleétive
variable speed with stall regulation WTG technology. This principle is possible
through the use of CD, with the basic control principle is to regulate power productlon
on a HVDC grid system where the capacity for WTGs operating in stall effect cannot
be exceeded. The HVDC grid will in such situation receive signal from CD, which
measures the total power output, to adjust frequency up or down and hereby control
the collective effect of the WTGs by adjusting each wind turbines stall point and
hereby either increase power by increase of frequency or decrease of power by re-
ducing frequency, all defined by the CD. This enables to either maintain, increase or
decrease total production from stall regulated wind turbines. This is achieved in the

following process steps:

Step 1: CD defines and sets grid frequency for rated rpm. We assume operation at

rated power at 50 Hz.

Step 2: Measurement of operational and environmental conditions provides parame-

ters for CD to define suitable frequency set-point for grid system.
Step 3: Does CD over produce?
If Yes go to step 7 otherwise go to step 4

Step 4: Is grid frequency optimal?
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If YES go to step 2 otherwise go to step 5
Step 5: Change of grid frequency towards optimal setting in incremental step

Step 6: Production change by all WTGs. CD increases frequency in incremental step

towards optimal setting.

Step 7: Determining the rpm reduction needed to maintain set rpm level. Production

changes in project
Step 8: Reducing rpm by reduction of grid frequency.
Step 9: Reduction of production by each WTG.

Figure 9 illustrates a WTG located offshore with the components impacting reso-

nance problem.

Figure 14 illustrates a wind turbine and its structure resonance problems induced by
the rotor and turbine. The resonance frequency is effected by the natural frequency
of the structure. The critical resonance frequency is similar for each WTG throughout

the wind farm as they are built in the same way and comprise the same parts.

Figure 15 shows in a flow chart, a method for avoiding resonance between rotor in-
duced frequency and the natural design frequency of the WTG structure through col-
lective variable speed of fixed speed induction generator connected to a WTG AC
grid though the principle of an electrical torsion shaft, but where rpm is collectively

regulated through grid frequency control according to the invention.

The control and generation of signal is achieved by the CD. The basic principle of the
invention is to achieve a collective rpm control, which indirectly also result in control
of the rotor induced frequency. As all structures in a project are designed with the
same range of natural design frequency, this gives the CD the ability to avoid the
critical resonance range of all WTGs by the collective rpm control. The principle al-

lows for two optional methods;

The refers to a control by use of pre-defined critical frequency range described. This
principle allows the CD to be programmed with a pre-defined range of frequency, the
“red zone”, which will be avoided by the CD in its control of the rpm. The CD will al-
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ways compare a determined new frequency setting against the red zone values.
When a conflict occurs, the CD will with or without delay initiate the pre-programmed
ramp-up or ramp-down of frequency, giving the WTG rpm a controlled rpm change
through the red zone. The rpm change also considers rotor acceleration and avoid-
ance of excess loading on the WTG. This process is described in flow chart below in

the following method steps:

Step 1: Measuring WTG rpm or grid frequency.

Step 2: Compare collected parameters to pre-programmed parameters for critical
structural frequency

Step 3: Will grid frequency or rpm be in the red zone after next change of frequency.
If yes go through steps 4-8, if no go back to step 1.

Step 4: Determining if a delay is programmed before activation of cross through.
Step 5: Determining next frequency setting outside of critical rpm range

Step 6: Determining the limitations of rotor-speed change to avoid damaging load
Step 7: Generating a control signal for GDC WTG grid frequency change

Step 8: GCD changes the grid frequency through the and indirectly a rpm change of
the WTGs accordingly. Then go back to step 1 which creates a continuous opera-

tional loop of production enhancement.

Figure 16 describes a control by use of resonance sensors located in the WTGs, de-
fining activation of cross through sequence. This principle allows the CD to be pro-
grammed with a pre-defined range of frequency, the “red zone”, which will be avoided
by the CD in its control of the rpm. The CD will always compare a determined new
frequency setting against the red zone values. When a conflict occurs, the CD will
with or without delay initiate the pre-programmed ramp-up or ramp-down of fre-
quency, giving the WTG rpm a controlled rpm change through the red zone. The rpm
change also considers rotor acceleration and avoidance of excess loading on the

WTG. This method includes the following method steps:

Step 1: Measuring actual structure resonance.

Step 2: Receiving signal from WTG resonance sensor informing of resonance vibra-
tion

Step 3: Determining whether it is necessary to ramp-up or ramp-down for avoiding

resonance
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Step 4: |dentifying pre-defined adjustments considering the limitations of rotor speed
change to avoid rotor damage

Step 5: Generating a control signal for inducing the necessary grid frequency change
and speed

Step 6: Sending control signal for adjusting the grid frequency to the GCD

Step 7: GDC executed grid frequency change according to CD signal and the rpm of
the WTGs are guided through resonance range. The process loops back to step 1

and starts all over again.

Figure 17 illustrates components included in a wind farm for collective frequency

control for avoiding resonance, based on measured value,

Figure 18 shows a system, the hardware and signals used for achieving grid code

function.

Figure 19 shows a diagram of the voltage as a function of time at LVRT. This shows
voltage dropping from 100% to 15 percent instantaneously, ramping back to 90%
within 3 seconds. The requirement is for a project not to drop out of production during

such an event.

Figure 20, shows, in a flow chart, a method for achieving LVRT (grid code), by com-
bined control by CD of both grid and WTGs, using elements of collective pitch strat-
egy, selected shut down strategy and frequency control for ramping back frequency
to normal. This is done in the following steps:

Step 1: Measurement of voltage on public grid through GCD

Step 2: Voltage drop is identified — CD defines size of voltage drop and production at
the occurrence.

Step 3: CD sends immediate collective signal for all WTGs to activate full pitch to re-
duce power. Frequency increases in grid as production inflow exceeds outflow —
WTG rpm increases.

Step 4. Voltage returns

Step 5: CD identifies, depending on wind speed and frequency/rpm the reconnecting

power level of project
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Step 6: CD determines if and how many machines that shall not be reconnected to
grid system, in order not to exceed the maximum allowed power limit to supply grid.
Here two options follow: YES, WTGs are turned off (a) and NO, WTGs are not turned
off (b).

If YES go through steps 7-8

If NO go through steps 9-12

Step 7: CD send immediate control signal to selected WTGs to shut down.

Step 8: WTGs are stopped to idle below synchronous speed.

Step 9: Sending control signal for WTGs in operation to pitch to restore frequency
reference set-point.

Step 10: Signal from CD to ramp down frequency ensuring that overloading does not
occur at grid point and in WTGs. Ramp down speed is controlled by CD.

Step 11: Upon restoration of grid conditions and frequency, idling WTGs are recon-
nected in normal fashion.

Step 12: CD restores normal operational set point for WTGs to normal operation.

Figure 21 shows a system, the hardware, necessary for achieving auxiliary power by

operating WTG or WTGs within the project.

Figure 22a and 22b shows, in a flow chart, the method for achieving auxiliary power
by production by WTG or WTGs in the project. The invention is to avoid the operation
and installation of expensive diesel generator stations to provide for power. The in-
ternal production shall provide for enough power to run necessary control and safety
functions in stopped WTGs. This is done by the following steps:

Step 1: HVDC starts up (Black start) by own auxiliary power.

Step 2: CD measures conditions and selects WTG or WTGs to be started.

Step 3: CD determines grid frequency and power limit WTG start up.

Step 4: CD sends signal to grid with parameters for frequency

Step 5: HVDC adjusts grid parameters

Step 6: CD signals WTG or WTGs to start up.

Step 7: CD monitors defined consumption in stopped WTGs and control consump-
tion if necessary, cycling activation of control and safety function.

Step 8: Defining frequency level in balance between available production level and

consumption need.
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Step 9: Disconnection of HVDC auxiliary power system. Operation according to prin-
ciple described in Figure 6.

Step 10: Consumption control if needed by CD.

Step 11: Activating fixed frequency mode of WTG pitch system

Step 12: Measuring wind conditions

Step 13: Updating power consumption scheme allowing for more consumption if
possible

Step 14: Executing consumption scheme between wind turbines

Step 15: Controlling, through WTG's in operation, the pitch system to maintain set
frequency

Step 16: Adjusting, via the grid system, automatically the balance between consump-
tion and production by adjusting frequency.

In a static electric system there is a fixed relation between frequency and voltage.
Hereby all electrical components are tuned according to these values. In an electric
power supply system with variable frequency, the composition of components may
vary and not necessarily be tuned according to the fixed values on which a static
electric power supply system is based. By this, the value of having an active voltage
control in parallel with an active frequency control is increasing. Consequently differ-
ent degrees of optimization could be necessary for different components in order to
achieve optimal energy output. As an example a cable system and equipment for
fixed capacitor batteries (fixed phase compensation) has an opposite reaction to volt-
age control compared to a transformer or a generator. Consequently optimization can
be done by controlling the voltage in a system perspective where a multiple of gen-
erators, motors, cable systems, transformers, phase compensations etc are consid-

ered.

When the frequency in an alternating current network (system) with connected wind
power stations and related equipment is adjusted collectively by a central converter
or frequency control, many of the involved devices conditions of operation changes.
To such devices could be included cable systems, transformers, devices for phase
compensation and components in the wind power station such as generators and
motors. This stands in contradiction to a normal application of a converter where it is

connected directly to a motor or a generator. In this application the control function

RECTIFIED SHEET (RULE 1)
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will be static or dynamic and it only needs to adjust to the mother component for
which the converter has its specific function. This differs to the described system with
central control of a complete generating electric supply system, which includes a new
principle that pay regard to all components in the electric supply system and to a mul-
tiple of components. A change of the frequency influences the magnetic flow in the
iron core in a specific asynchronous type of a generator that thereby influences the
losses and the heating. This characteristic differs from generator to generator. If only
the frequency is changed, the losses in the unit will increase. This means that by also
adjusting the voltage the efficiency of the component may be influenced and thereby
improve the efficiency.of the unit in the system. As an example, by reduction of the
grid frequency it is also possible in parallel to decrease the voltage in such a way that
the current flow decreases at low frequencies, and hereby the losses in a generator

are reduced. The iron cores of transformers are affected in the same manner.

In contrary to the generator the current and the losses increases when the voltage is
decreased in the cable system, which is opposite to the generator and the trans-

former. At the use of fixed capacitor batteries they are decreasing their generation of
reactive effect and thereby also influence the effect flow in the cable syétem and am-

plify the cable losses, i.e. in direct contradiction to the generator and transformer.

For example, a HVDC-Light system has lower losses if transferring lower power ca-
pacity levels at lower DC voltage. The total losses will be lower when transferring
lower power levels if lower AC voltage is used in combination with lower DC voltage,
i.e. when the frequency is low. By this an optimization can be done from a system
perspective which brings new values from both cable system and the function of as-
sociated equipments that improves the efficiency in the system and upholds the per-

formance of the system.

In order to meet a frequency change the voltage is changed in a predetermined rela-
tion that is determined out of the design of the entire system and that takes into con-
sideration all included components change in both frequency and voltage. This re-
sults in a new type of algorithm that minimizes the summarized losses and total heat
generation in the entire electric power system without lowering the performance in
general.

RECTIFIED SHEET (RULE 1)
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In this specification the invention has been described with reference to specific em-
bodiments. It will, however, be evident that variations and modifications may be made

of the invention without therefore departing from the spirit and scope of the claims.
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Claims

1. Method for controlling the operations of a wind farm having one or more groups of
at least two wind turbine generators (WTG's) of asynchronous fixed speed generator
type each connected to a frequency controlled WTG Grid by the principle of an elec-
trical torsion shaft,

characterised by,

- creating/using a reference data base representing individual WTG power production

at different wind speeds and different turbine rpm's,

- collecting at least one individual operational performance related value of two or

more WTG’s in a group,

- determining, based on said collected values and reference data, the optimal WTG
collective turbine rpm,

- determining the Grid frequency corresponding to the optimal WTG collective turbine
rpm for optimizing the power production,

- changing directly, or indirectly through a Grid Control Device, the WTG Grid fre-

quency to the new optimal setting.

2. Method according to claim 1,

characterised by,

- that the reference data base comprises power production values compiled in a pro-

duction data reference table.

3. Method according to claim 1 or 2,
characterised by,

- that the turbine rpm and/or a value of the power produced is used as the at least

one individual operational performance-related value of two or more WTG's.

4. Method according to any preceding claim,
characterised by,

- that a HVDC-unit is used as the Grid Control Device.
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5. Method according to any preceding claim,
characterised by,

- collecting meteorological data for determining the energy content in the wind.

6. Method according to any preceding claim,

characterised by,

- that wind direction, air temperature and/or air humidity is used as the meteorological

data.

7. System for controlling the operations of a wind farm having a group of at least two
wind turbine generators (WTGs) of asynchronous fixed speed generator type each
connected to a WTG grid by the principle of an electrical torsion shatt,

characterised by,

- that a memory is adapted to store reference data representing individual WTG
power production at different wind speeds and different turbine rpm's,

- that a sensor is adapted to measure at least one individual operational performance
related value of two or more WTG's in a group,

-that means are adapted for determining, based on said collected values and refer-
ence data, the optimal WTG collective turbine rpm,

- that means are adapted for determining the Grid frequency corresponding to the
optimal WTG collective turbine rpm for optimizing the power production,

- that means are adapted to change directly, or indirectly through a Grid Control De-

vice, the WTG Grid frequency to the new optimal setting.

8. Control device for controlling the operations of a wind farm having a group of at
least two wind turbine generators (WTGs) of asynchronous fixed speed generator
type each connected to a WTG grid by the principle of an electrical torsion shaft,

characterised by,

- that a memory is adapted to store reference data representing individual WTG
power production at different wind speeds and different turbine rpm's,
- that a sensor is adapted to measure at least one individual operational performance

related value of two or more WTG’s in a group,
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- that means are adapted for determining, based on said collected values and refer-
ence data, the optimal WTG collective turbine rpm,

- that means are adapted for determining the Grid frequency corresponding to the
optimal WTG collective turbine rpm for optimizing the power production,

- that means are adapted to change directly, or indirectly through a Grid Control De-

vice, the WTG Grid frequency to the new optimal setting.

9. Computer program product for controlling the operations of a wind farm having a
group of at least two wind turbine generators (WTGs) of asynchronous fixed speed
generator type each connected to a WTG grid by the principle of an electrical torsion

shaft, when loaded on a computer having the computer to,

- store reference data of individual WTG power production at different wind speeds
and different turbine rpm,

- collect at least one actual WTG Grid related parameter value,

- collect at least one individual operational performance-related value of two or more
WTG’s,

- determine, based on said collected values and stored reference data/information,
the necessary change of the WTG Grid frequency (collective turbine rpm) for achiev-
ing the desired change in collective performance result such as optimizing the power
production, avoiding structure/rotor resonance etc.,

- generate control signals for directly, or indirectly through a Grid Control Device, ad-

justing the WTG Grid frequency.

10. Method for avoiding critical resonance in a wind farm structure having a group of
at least two wind turbine generators (WTGs) of asynchronous fixed speed generator
type each connected to a WTG grid by the principle of an electrical torsion shatt,

characterised by,

- measuring the WTG rotational speed and/or the grid frequency,

- comparing said measured values to pre-programmed parameters for critical struc-
tural frequency,

- determining if a delay is programmed before activation of cross through,

- determining next frequency setting outside of critical rpm range,

- determining the limitations of rotor-speed change to avoid damaging load,
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- generating a control signal for GDC WTG grid frequency change
- changing the grid frequency through the GDC and indirectly a rpm change of the
WTGs accordingly. '

11. Method for achieving low voltage ride through (LVRT) in a wind farm structure
having a group of at least two wind turbine generators (WTGs) of asynchronous fixed
speed generator type each connected to a WTG grid by the principle of an electrical

torsion shaft,
characterised by,

- combining control of both grid and WTGs,

- using elements of collective pitch strategy and/or selected shut down strategy
and/or frequency control for ramping back frequency to normal

- sending collective signal for all WTGs to activate full pitch to reduce power.

- identifying, depending on wind speed and frequency/rpm the reconnecting power

level of project.

12. Method for achieving auxiliary power by production by WTG or WTGs in the pro-
ject in a wind farm structure having a group of at least two wind turbine generators
(WTGs) of asynchronous fixed speed generator type each connected to a WTG grid

by the principle of an electrical torsion shaft,
characterised by,

- measuring conditions and selecting WTG or WTGs to be started,

- determining grid frequency and power limit WTG start up,

- monitoring consumption in stopped WTGs and control consumption if necessary,
cycling activation of control and safety function,

- defining frequency level in balance between available production level and con-
sumption need,

- activating fixed frequency mode of WTG pitch system,

- measuring wind conditions,

- updating power consumption skeme allowing for more consumption if possible

- executing consumption scheme between wind turbines.
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Anctual measured
individual WTG
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Individual and total WTG power
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time increments (cycled loop)

_________________________________________________________________________________________

CONTROL
DEVICE (CD)

Frequency converted
to WTG rpm

Determine each WTGs performance status from
measurements set by plotting each WTG, i.e.
matching actual rpm and measured WTG power
production, in the Production data reference table

(Figure 6). '
T

Determine collective total production of all WTGs

adding up each column total production.

v

Determine the rpm setting that yields the highest
collective performance, which then determines
the new rpm setting for the WTG operation.

y

Translation of new setting to a control signal

!
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|
i
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Production data reference table

Power curve comparison at fixed pitch and stall reguiation at different rotor rpms

Srpm & rpm Frpm 8 rom 9 rpm B rpm i rpm 12 rpm

ks ki kw kv KW kw/ few kw
3
4 93 100 85 53 7 {49} (117} {196}
5 226 300 325 318 286 224 163 79
& 333 489 600 653 560 6323 580 502
7 393 646 855 1,011 1,100 1,128 1,114 1,064
8 413 752 1,074 1,342 1,549 1,683 1,740 1,744
g 414 800 1,235 1,631 1,964 2,231 2,418 2,512
10 01 815 1,323 1,858 3,334 2,739 3,072 3,318
11 378 311 1,362 2,000 2,634 3,197 3,681 4,087
12 349 791 1,373 2,074 2,843 3,577 4,223 4,804
13 322 759 1,362 2,106 2,565 3,867 4,704 5457
14 303 718 1,334 2,13t 3,027 3,050 5,085 5,029
15 295 677 1,291 2,002 3,054 4,155 5,340 5,508
16 298 641 1,237 2,054 3,051 4,209 5,500 6,947
17 313 618 1,i80 1,939 3,023 4,228 5,591 7,074
18 338 607 1,126 1,931 2,974 4,216 5,638 7,216
19 367 611 1,084 1,856 2,906 4,177 5,651 7,295
20 393 6529 1,055 1,784 2,823 4,116 5,627 7,336
21 430 658 1,042 1,720 2,730 4,035 5,576 7,337
22 461 698 1,046 1,669 2,636 3,935 5,502 7,302
23 492 741 1,067 1,635 2,548 3,823 5,406 7,239
24 523 786 1,102 1,620 2,473 3,707 5,289 7,150
25 554 831 1,149 1,624 2,416 3,595 5,156 7,037

Fig. 6
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Actual measured

Meas. 1 MMeas.?2 WMeas.3 Meas.4 Meas.5 Meas.6 Meas.7

Frpm B rpm
WTG kW kw
A 100 200
‘B 250 450
C 350 645
D 500 g00 3)
E 250 200 6)
Total 1750 2975 Fi o. 7a

1)

‘Laokup table for optimal pheduction accprding fo Meas. 1
‘ Grpm " Frpn “2’)8rpm \grpm  10rpm . Ilrpm  12rpm
WTGE o Rw R o R kw0 kw W
A o100 100\ g5 30 .0 o 0
B 200 250 260 | 235 175 125 40
C zop © 30 70 \3s00 230 0 U275 200
D azs 00 590 |610. 580 ° 535 458
E g5 0 670 se0 405 540
Tatal 1290 895 1645 1340, 1235
fimpravement by rpm change
Invention ca\mpa’red to fix rpm Fig. 7b -34.8%
Lockup table for optimal production acegrding to Meas. 2

Grpm  7rpm 8 rpm '57 grpm  10rpm  1lrpm  12rpm
WTG kw kw oW kw o kw Ckw
A 180 195 .. 200 165 110 50 o
B 340 430 450 470 445 . 400 330
C 415 . 540 625 665 550 G605 . 545
D - 480 - BES 300 865 . 925 © 810 BE0
E 520 730 300 _JeeS_ 1070 1060 1025
Total 1935 2560 2975 ( 3170 ) 3100 3025 2780
Improverment by rpm change it
Invention compared ta fix rpm Fig. 7¢  -12.3%
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Actual measured data in group of 5 wind turbines at 7 rpm
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Fig. 8
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Actual measured data in group of 5 wind turbines at 8 rpm
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WTGs are not in operation

Determining if wind speed is below 3 m/s
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Connecting wind turbines to
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Step 10

A

Collecting site environmental data and
operational data from at least one WTG

Analyzing and defining the collective
optimal setting (rpm) for grid frequency

Sending signal to grid to adjust
frequency accordingly with specific rate
considering wind turbine loading

Adjusting the blade angle of each wind
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(can be continuous or in more or less steps)
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Fig. 10
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supply to public grid
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Start

Step 1

Set frequency in WTG grid, increase
in case of over production

Measuring power production

Step 4

CD determines if grid
frequency or rpm is at optimal
reference level

CD determines
if project over produces

Step 7

Determining the rpm
reduction needed to maintain
set rpm level

Step 8

Change of grid frequnency
towards optimal setting
in incremental step

Reducing rpm by reduction
of grid frequency

Step 9

Reduction of production Production change
by each WTG

by all WTGs

Fig. 13
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—

Measure WTG rpm or
grid frequency

Step 1

Step 2 Compare collected parameters to
pre-programmed parameters for

critical structural frequency

ill rom Be in critical
rpm range after next frequency
adjustment

Step 3

No

Step 4
P Determine if delay is programmed before
making next frequency adjustment
Step 5 Determine next frequency setting
outside of critical rpm range
Step 6 Determine the limitations of rotor
speed change to avoid damaging loads
Step 7 Generate a control signal for GDC
WTG grid frequency change
Step 8 GCD changes the grid frequency

through the and indirectly a rpm
change of the WTGs accordingly

Fig. 15

PCT/SE2008/000741



WO 2009/082326 PCT/SE2008/000741

16/23

( Start ’

Measuring actual structure
resonance

Step 1

Receiving signal from WTG resonance Step 2

sensor informing of resonance vibration

Determining whether it is necessary Step 3

to ramp-up or ramp-down for
avoiding resonance .

Identifying pre-defined adjustments Step 4

considering the limitations of rotor
speed change to avoid rotor damage

Generating a control signal for Step 5

inducing the necessary grid
frequency change and speed

Sending control signal for Step 6
adjusting the grid frequency to

the grid control device

Step 7

Grid Control Device executed grid frequency
change according to SCM signal and the rpm of
the WTGs are guided through resonance range

Fig. 16
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( Start ’

v

Measuring actual voltage on public Step 1

grid and/or the transmission grid
. _ Step 2

Determining the size of
the voltage drop
_ Step 3
Sending control signal to WTGs to induce
full speed pitch process of blades

‘ Voltage returns I Step 4

Identifying grid frequency and based on Step 5
wind speed computes reconnect power

Step 7

Sending control signal to WTGs
to shut down (instead of
re-entering into production)

Does WTGs need to be
turned off to avoid over production
and over speed

YES
—P

Pitching stopped WTG’s to an idling
rpm just below synchronous rpm

NO

2 Step 8
Sending control signals to WTGs to adjust Step 9
pitch setting fo frequency set-point

Ramping down frequency to normal per Step 10
signal from CD preventing that max
production is not exceeded at public grid
Sending signal to re-connect Step 11

upon restore of frequency and
production of connected wind turbines

Restoring WTG operational settings Step 12

and production is back to normal

Fig. 20



PCT/SE2008/000741

WO 2009/082326

| KARE Y |

o Y0 N = v——— -
o - — = — —
m € - -
\ _\ =T V'Y ! _A IIIIIII
|013U0D T_\ A=~
. [T T £ \
' : ! ¥ _ ToaFTTg
“ m " H “ AT r ATy
« ) 13!
T e R
boe gy pos b S
. ) [
s 1 1
! 1 3 ¥
M 1 1 |
! ] N ) '
" ot ' ! '
ol 1 ! 1
o8t 1 ' |
R :
.Ilmlrlul.flnllluul_ llllllllllllllllllllllllllllllllllll -v

pub onjgnd

910USHO

aloysup

ENTEN

|los3uon

uonewi| yodxa 1o

|oJjuon) p8109UUODSIP PLIL)




WO 2009/082326

22/23

Start

Step 1 . .
Starting HVDC grid system (“black start”)

with help of auxillary power in grid system

Step 2 .. "
Measuring wind conditions

and selects WTG to be started

Step 3
’ Determining grid parameters
for WTG start up

Step 4

Sending signal to grid with parameters

Step b

Adjusting grid control parameters

Step 6
Starting up selected WTG at power level
to maintain set grid frequency

Step 7 Controlling WTG functions

and defining consumption management
skeme based on avaliable windspeeds

Step 8 Defining frequency level allowing for

adjustments up and down and
sending signal to grid control device

PCT/SE2008/000741

Grid is disconnected

Battery or small scale auxiliary power
included in grid system enables “black
start” of HYDC grid. HVDC grid system
will operate at set reduced grid
frequency level to allow for adjustment

Fig. 22a
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l SCM sets main
frequency level and

Step 9 | Disconnecting, through grid system, the grid system will
auxillary source and adjusts frequency automatically increase
to balance power if production exceeds
consumption and
vice versa
Step 10
Managing consumption by controlling
start and stop of WTG power needs
Step 11 ' Fixed frequency mode
Activating fixed frequency mode of means that the wind
WTG pitch system turbine regulates pitch
system to maintain set
grid frequency level
Step 12

Measuring wind conditions

Step 13

Updating power consumption skeme
allowing for more consumption if possible

‘ Step 14
Executing consumption skeme
between wind turbines
Controlling, through WTG's in operation, Step 15
the pitch system to maintain set frequency

Adjusting, via the grid system, automatically Step 16

the balance between consumption and
production by adjusting frequency

Fig. 22b
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