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DESCRIPTION

[0001] The present invention relates to a method for reactive power regulation in a wind park,
a method of reactive power regulation in a wind turbine and to a wind park.

BACKGROUND ART

[0002] With the increased use of wind energy for electricity generation, grid operators (TSO's
or Transmission System Operators) have introduced stricter requirements for wind park
operators with respect to active and reactive power generation in support of the grid. For
example, wind park operators may be requested to not always generate maximum active
power available depending on wind conditions. Also, in accordance with some grid codes, wind
parks have to support the grid during a voltage drop and not e.g. disconnect from the grid.

[0003] In this respect, it is known to vary the reactive power generated in a wind park in
accordance with a grid voltage at a Point of Common Coupling (PCC). It is also known to vary
the active power generated in a wind park in accordance with a measured grid frequency.

[0004] EP 1 850 002 discloses a wind park comprising a number of fixed speed wind turbines
and a number of variable speed wind turbines. The variable speed wind turbines are adapted
to equalize an output of the wind park by compensating for a varying output of the fixed speed
wind turbines. These variable speed wind turbines may be independent or a central
management device may be provided for sending control commands to each of the variable
speed wind turbines.

[0005] US 7, 531, 911 discloses a method of reactive power regulation in a wind farm wherein
a measured reactive power output of the wind farm is compared to a reactive power set point;
based on the difference between them, a reactive power command is generated. The reactive
power commands for each of the wind turbines are determined as a percentage of an
instantaneous maximum reactive power capacity of each of the turbines.

[0006] US 2008/0073912 discloses a wind park including at least two wind turbines and a park
master configured for power factor control and for sending global power coefficient signals to
lower level regulators at the wind turbines.

[0007] WO 2005/099063 discloses a method for operating a frequency converter of a
generator in particular of a wind energy turbine, in the event of a substantial grid voltage drop,
wherein the frequency converter comprises a generator-side power converter, to be connected
to the generator, a grid-side power converter to be connected to the voltage grid, and a DC link
circuit for connecting the generator-side power converter to the grid-side power converter,
comprises the step of generating the amount of reactive current to be supplied to the grid by
controlling the frequency converter.
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[0008] US 2008/0106099 discloses an interface device transmitting a reactive power command
depending on a power system from a voltage regulation device of the power system to a wind
power generation apparatus electrically connected to the power system, and the wind power
generation apparatus receives the reactive power command.

[0009] WO 2009/083446 discloses a method for operating a wind farm comprising a plurality of
wind turbine generators having substantially the same real output power ratings supplying
power to a grid. The method comprises the steps of selecting at least one wind turbine in a first
group of wind turbines to support reactive power needs of the farm or grid by supplying or
absorbing reactive power when needed; selecting at least one turbine in a second group of
wind turbines to support reactive power need of the farm or grid by absorbing reactive power
when needed; and commanding at least one wind turbine in the first or second group to
support reactive power needs of the farm or grid.

[0010] US 2010/0134076 discloses systems and methods for reactive power regulation and
voltage support for renewable energy plants. In one embodiment, a system and a method are
provided for coordinating voltage and reactive power output of a plant with one or more
requirements associated with a utility.

[0011] DE 10 2007 044 601 A1 discloses a windpark with voltage control, where the individual
turbines use a superposition of a local reactive power command received from a central
controller and a local reactive power command which is generated locally within the
windturbine depending on the local grid voltage. Beyond certain boundaries of the local grid
voltage the local reactive power command will be the maximum inductive or capacitive reactive
power of the windturbine.

[0012] In general, prior art control systems are known that are based either on a centralised
control or on a decentralised control. An advantage of a centralised control approach may
generally be that the control is stable. However a disadvantage of a centralised control may be
that such a control is not always able to react sufficiently quickly to grid abnormalities. An
advantage of a decentralised control may be that it is quicker to react to grid abnormalities, but
a disadvantage can be that the control can be unstable. There thus still exists a need for a
power control in a wind farm that can combine stable control with quick reaction capability to
grid abnormalities. The present invention is aimed at partially or completely fulfilling this need.
Further advantages will become apparent from the description that follows.

SUMMARY OF THE INVENTION

[0013] The invention is defined by a method of reactive power regulation in a windpark
according to claim 1, a method of reactive power regulation in a wind-turbine according to
claim 11 and a wind-turbine according to claim 15. All the technical features of one of the
respective independent claims are mandatory and not optional, irrespective of any statements
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to the contrary in the following passages. Preferred embodiments are described by the
dependent claims.

[0014] In a first aspect, the present invention provides a method of reactive power regulation in
a wind park connected to an electrical grid, the wind park comprising a plurality of wind
turbines and a central reactive power control system, wherein at least a first portion of the
plurality of wind turbines comprises a local reactive power control system adapted to work in a
central control mode and a local control mode, wherein the central reactive power control
system sends commands indicative of local reactive power demands to the local reactive
power control systems in accordance with at least one measured variable of the grid; and
wherein in a central control mode, a local reactive power control system operates a wind
turbine to generate reactive power in accordance with said commands; and wherein in a local
control mode, a local reactive power control system determines an amount of reactive power to
be generated and controls a wind turbine to generate said amount of reactive power.

[0015] In accordance with this aspect of the invention, a combination of centralised control and
decentralised control is provided, combining the advantages of both approaches.

[0016] In some embodiments, a local reactive power control system may switch from the
central control mode to the local control mode when a measured local variable passes a local
limit value for the wind turbine. An exceptional grid condition will generally be translated in an
exceptional grid condition within the wind park. An aspect of these embodiments is that a local
control system does not have to wait for a central control system to detect an abnormality and
translate that abnormality into control signals. Instead a local control system is able to measure
the abnormality and quickly respond. Optionally, the switch to a local control made is only
made if the measured local variable passes a local limit value during at least a predetermined
period of time. Preferably, the local limit values for each wind turbine are determined
substantially such that in normal grid conditions, the wind park operates in the central control
mode and that in or near exceptional grid conditions, the wind park operates in the local control
mode. An aspect of these embodiments is that in normal grid conditions, the more stable
centralised control may be used, whereas in or near exceptional grid conditions, a quicker
response with the local control is available. According to these embodiments, in exceptional
grid conditions, all wind turbines with local reactive power control systems may be in local
control mode or only a part of them. A TSO may determine what "normal” grid conditions are.
Any grid condition that is not considered "normal® may be considered "exceptional'. An
example of an exceptional grid condition may be e.g. a grid voltage outside predefined
boundary values.

[0017] In some embodiments, the local limit values for each wind turbine are voltages and said
measured local variables are local voltages. In some of these embodiments, local limit values
for each wind turbine comprise a minimum and a maximum voltage.

[0018] In some embodiments, the local limit values may be constant. In alternative
embodiments, local limit values may be determined in accordance with at least one measured
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variable.

[0019] In some embodiments, the amount of reactive power generated in a local control mode
may be the maximum or minimum amount of reactive power a wind turbine can actually
generate. In some embodiments, the local control systems may determine the maximum and
minimum amount of reactive power a wind turbine can generate in accordance with operational
conditions of the wind park and/or each wind turbine. Conditions that may be taken into
account include e.g. thermal conditions of components of the generator and/or converter.
Alternatively, the local control systems may use predefined maximum and/or minimums (which
will have to be within actual operational limits of the generator and/or converter).

[0020] In some embodiments, a local reactive power control system may switch from the
central control mode to the local control mode when an absolute value of a rate of change of a
measured local variable (e.g. a local voltage) surpasses a local limit rate. In these
embodiments, the local control mode may be activated when a rate of change (either positive
or negative) passes a limit rate. Optionally, the local limit rates may be constant. The local limit
rates may also be determined in accordance with at least one measured variable.

[0021] In some embodiments, the local reactive control systems switch from the central control
mode to the local control mode when a sudden change of a measured local variable surpasses
local limit proportions. Optionally, said local limit proportions comprise an absolute local limit
difference. In these embodiments, the switch is not necessarily determined by an
instantaneous value of a rate of change of a voltage, but rather by a "jump" of a certain size
within a certain time. In these embodiments, the rate of change is thus indirectly taken into
account.

[0022] In some embodiments, when a local control system switches from a central control
mode to a local control mode in response to a rate of change of a measured local variable
surpassing a local limit rate, in the local control mode, the amount of reactive power to be
generated may be determined in accordance with the registered rate of change and/or
operational conditions of the wind park and/or operational conditions of the wind turbine.

[0023] In some embodiments, when a local control system switches from a central control
mode to a local control mode in response to a sudden change of a measured local variable
surpassing local limit proportions, in the local control mode, the amount of reactive power to be
generated may be determined in accordance with the registered sudden change and/or
operational conditions of the wind park and/or operational conditions of the wind turbine.

[0024] In some embodiments, the local limit values and/or local limit rates and/or local limit
proportions for a sudden change may be calculated periodically (either by a central control
system or by the local control systems), or may be provided e.g. by means of a pre-calculated
look-up-table. The local limit values and/or local limit rates and/or local limit proportions may
also be determined in accordance with an algorithm obtained with an artificial neural network.
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[0025] In some embodiments, the local limit values and/or local limit rates and/or local limit
proportions for a sudden change of a variable may be determined by the central reactive
power control system and supplied to each of the local reactive power control systems. In other
embodiments, the local limit values and/or local limit rates and/or local limit proportions may be
determined by each of the local reactive power control systems.

[0026] In some embodiments, a local reactive power control system may switch from the local
control mode to the central control mode after a predetermined amount of time of operating in
the local control mode has passed. In other embodiments, a local reactive power control
system may switch from the local control mode to the central control mode in accordance with
operational conditions of the wind park and/or electrical grid and/or wind turbines.

[0027] In some embodiments, in the central control mode a central reactive power demand
may be determined in response to a measured grid voltage. Optionally the commands
indicative of local reactive power demands may be determined by distributing the central
reactive power command between the plurality of wind turbines such that each local power
control command represents the same percentage of the maximum available local reactive
power of each wind turbine. In alternative embodiments, different distribution algorithms or
distribution keys may be used.

[0028] In another aspect, the invention provides a method of reactive power regulation in a
wind turbine comprising receiving commands indicative of a local reactive power demand from
a central reactive power control system; obtaining a maximum and a minimum local voltage;
obtaining an instantaneous value of the local voltage from a measuring device and comparing
said instantaneous value for the local voltage with the limit values; and if the local voltage is
more than the maximum local voltage, sending control commands to at least one wind turbine
component for generating the maximum available inductive reactive power; and if the local
voltage is less than the minimum local voltage, sending control commands to at least one wind
turbine component for generating the maximum available capacitive power. In this aspect, a
method of control of a wind turbine is provided that is able to quickly and stably provide support
to a grid.

[0029] In some embodiments, the method of reactive power regulation in a wind turbine may
further comprise obtaining an absolute rate of change limit of a local voltage, determining a
rate of change of a local voltage based on the obtained values of the local voltage from the
measuring device, and if the absolute determined voltage rate of change is more than the
absolute rate of change limit, locally determining the amount of reactive power to be
generated, and sending control commands to at least one wind turbine components for
generating said amount of reactive power. In these embodiments, wind turbines are not only
quick to react to a particularly high or a particularly low voltage on the grid, also voltage
changes are taken into account.

[0030] Optionally, obtaining an absolute rate of change limit of a local voltage comprises
receiving the absolute rate of change limit from the central reactive power control system.
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Another option is that obtaining an absolute rate of change limit of a local voltage comprises
calculating the absolute rate of change limit.

[0031] In alternative embodiments, the method further comprises obtaining local limit
proportions for a sudden difference in voltage, determining a sudden difference in voltage
based on the obtained values of the local values from the measuring device, and if the sudden
difference in voltage surpasses the local limit proportions, locally determine the amount of
reactive power to be generated, and sending control commands to at least one wind turbine
component for generating said mount of reactive power. In these embodiments, wind turbines
are able to react quickly to voltage "jumps” (both positive and negative) on the grid.

[0032] In a further aspect, the invention also provides a computer program product comprising
program instructions for causing a computing system to perform a method of reactive power
regulation in a wind turbine substantially as hereinbefore described. Said computer program
may be embodied on storing means (for example, on a record medium, on a computer
memory or on a read-only memory) or carried on a carrier signal to be, for example,
downloaded from a computer or sent by an email (for example, on an electrical or optical
carrier signal).

[0033] In yet another aspect, the invention provides a wind park connected to an electrical grid
and comprising a plurality of wind turbines, wherein at least a portion of the plurality of wind
turbines comprises a local reactive power control system capable of controlling the reactive
power a wind turbine generates, the wind park further comprising a central reactive power
control system capable of determining commands indicative of local reactive power demands
for each of the local reactive power control systems in response to at least one measured
variable of the grid, and sending the commands to the local reactive power control systems,
and the local reactive power control systems being adapted to work in a central control mode
and a local control mode, wherein in a central control mode, the local reactive power control
system controls a wind turbine to generate reactive power in accordance with a command
received from the central reactive power control system, and wherein in a local control mode,
the local reactive power control system determines an amount of reactive power to be
generated by the corresponding wind turbine and controls the wind turbine to generate said
amount of reactive power.

[0034] In some embodiments, the local reactive power controls are adapted to control an
converter and/or a pitch system.

[0035] In some embodiments, the wind park may comprise additional reactive power
compensation means such as e.g. capacitor banks and/or inductor banks, and the central
reactive power control may be adapted to control these reactive power compensation means.
In these embodiments, the wind park comprises more possibilities to control the generated
reactive power.

[0036] In yet another aspect, the invention provides a method of reactive power regulation in a
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wind turbine comprising receiving commands indicative of a local reactive power control
system; obtaining an absolute rate of change limit of a local voltage; obtaining instantaneous
values of the local voltage from a measuring device; determining a rate of change of a local
voltage based on the obtained values of the local voltage from the measuring device, and if the
absolute voltage rate of change is less than the rate of change limit, sending control
commands to at least one wind turbine component for generating reactive power in
accordance with the commands received from the central reactive power control system; and if
the absolute determined voltage rate of change is more than the rate of change limit, locally
determining the amount of reactive power to be generated, and sending control commands to
at least one wind turbine component for generating said amount of reactive power. And in yet
another aspect, the invention provides a method of reactive power regulation in a wind turbine
comprising receiving commands indicative of a local reactive power control system; obtaining
local limit proportions for a sudden change in local voltage; obtaining instantaneous values of
the local voltage from a measuring device; determining a sudden difference in voltage based
on the obtained values of the local voltage from the measuring device, and if the sudden
change of voltage is less than local limit proportions, sending control commands to at least one
wind turbine component for generating reactive power in accordance with the commands
received from the central reactive power control system; and if the sudden difference in voltage
surpasses the local limit proportions, locally determining the amount of reactive power to be
generated, and sending control commands to at least one wind turbine component for
generating said amount of reactive power.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] In description of embodiments / examples: In the following description the term
"embodiment” may have been used for subject-matter that is not part of the invention as
defined by the appended claims. Only those examples that comprise all the features of one of
the independent claims are part of the invention and thus embodiments of the invention. Parts
of the subject-matter of the description not covered by the claims constitute background art or
examples useful for understanding the invention.

[0038] Particular embodiments of the present invention will be described in the following by
way of non-limiting examples, with reference to the appended drawings, in which:

Figure 1a schematically illustrates a first embodiment of a wind park according to the present
invention;

Figure 1b schematically illustrates communication lines in said first embodiment;

Figures 2a - 2b Iillustrate a central reactive power control in accordance with some
embodiments of the present invention;

Figures 3a and 3b illustrate embodiments of control methods in accordance with the present
invention in a central control system and a local control system respectively.
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DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0039] Throughout the description reference is made to a maximum or minimum amount of
reactive power, to a positive or negative amount of reactive power, as well as to an increase or
decrease in reactive power. Within the scope of this description, a positive reactive power is
considered capacitive reactive power; a maximum amount of reactive power is thus considered
to be the maximum possible capacitive reactive power, and an increase in reactive power is
thus considered to be an increase in capacitive power (or a decrease in inductive power). A
negative reactive power is considered to be inductive reactive power; a minimum amount of
reactive power is thus considered to be the maximum possible inductive reactive power, and a
decrease in reactive power is thus considered to be an increase in inductive power (or a
decrease in capacitive power).

[0040] Figure 1a schematically illustrates a wind park comprising n wind turbines, 100,
200...n00. At least a portion of the n wind turbines comprises a local reactive power control
system 120, 220 ... n20. The reactive local control systems may be incorporated in a larger
general local control system or may be a dedicated stand-alone control system. Each of the
wind turbines comprises a generator 110, 210 ... n10.

[0041] The wind park further comprises a central reactive power control system 20. Also the
central reactive power control system 20 may be part of a general central wind park control
system or may be a dedicated stand-alone control system.

[0042] The wind park is connected to an electrical grid 10 at a Point of Common Coupling
(PCC). Each of the generators of the wind turbines may be connected to the medium voltage
wind park grid 40 through a suitable transformer 130, 230 ... n30. The medium voltage wind
park grid 40 may be connected to the High Voltage electrical grid through a suitable
transformer 30.

[0043] Schematically illustrated with dotted lines are lines of communication between the
central reactive power control system 20 with each of the local reactive power control systems
120, 220, ... n20. Data may thus be interchanged and the central control system 20 may send
commands to the local control systems. Each of the local control systems is furthermore able
to communicate with its corresponding generator and converter (if present). Data from the
generator and converter (currents, voltages) may thus be collected by the local control system
and the local control system can give commands to control the wind turbine and at least some
of its components. Figure 1b schematically illustrates communication lines in said first
embodiment. ATSO 5 can communicate its requirements to a wind park central reactive power
control system 20. The central control system may in accordance with one or more
measurements 15 send instructions to a local reactive power control system x20. On the basis
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of these instructions and on the basis of one or more measurements x15, in this embodiment,
the local control system x20 may control a converter control system x22 and a pitch control
system x24. The converter control system x22 and pitch control system x24 are able to
communicate their functioning to the local control system x20. Controlling both pitch and the
converter, the local control system may be able to control e.g. the wind turbine active power,
wind turbine speed, the reactive power generation, frequency control, voltage control and
LFRT (Line Fault Ride-Through) behaviour.

[0044] A measurement 15 upon which the central control 20 may base its instructions may be
a grid voltage at or near the PCC. Measurements x15 which may be taken into account by the
local controls 120, 220, x20 etc. may be local voltages.

[0045] In accordance with embodiments of the invention, in response to a local measured
voltage, the control mode of one or more of the local reactive power control systems may be
switched from a central control mode (in which the instructions sent to the local control x20 are
followed by the local control system) to a local control mode (in which the local control systems
determine amounts of reactive power to be generated and control the wind turbines
accordingly). In some embodiments and in some circumstances, the amounts of reactive
power to be generated may e.g. be a minimum or a maximum amount of reactive power.

[0046] Figure 2a illustrates one of the requirements that a TSO may give a wind park operator.
Within a certain range of grid voltages, the amount of reactive power that a wind park operator
may be required to deliver may vary linearly in accordance with one of the lines shown. In
figure 2a, an example is shown of a wind park of 4950 kVAR and a voltage at the PCC of 33
kV. The TSO may, in accordance with circumstance require a wind park operator to deliver
reactive power in accordance with one of the straight lines a, b or ¢ shown. More of such lines
may be provided by a TSO. Alternatively, the corresponding values may be provided to a wind
park operator in the form of one or more tables specifying how much reactive power is to be
generated in response to varying grid conditions.

[0047] In general, each of the straight lines a, b and ¢ may be described with the following

equation:
Q Umeasured - (]ref ]\ E 1
W = U, g.

, wherein Qr is a reference reactive power (reactive power to be generated by the wind
park), Umeasureq I8 @ measured voltage at the PCC, U is a reference voltage at the PCC
which may be provided by a TSO, Uy is a voltage (either medium or high voltage) and k is a
constant. Both U, and k may be provided by a TSO. Each of the lines a, b, and c in figure 2a

represent a line with a different constant k.

[0048] In practice, a TSO may require a certain slope for the straight line (a, b or ¢), usually in

the form of a percentage "g". The constant k however will depend on the reactive power

capacity of the wind park and may be determined in accordance with:
-100-Q

max

k=
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g Eqg. 2

, wherein Qmax is the maximum reactive power capacity ?)f the wind park. When the grid
voltage is outside the boundaries shown in figure 2a, a wind park operator may be required to
generate maximum (capacitive) available reactive power or to generate minimum (inductive)
available reactive power. In the particular embodiment shown, when the grid voltage is inside
the boundaries (and absent other abnormalities), the grid may be said to be in "normal
conditions". When the grid voltage is outside the boundaries, the grid may be said to be in
"exceptional conditions". The definition of normal grid conditions and exceptional grid
conditions may depend on the grid and on the TSO.

[0049] Figure 2b further illustrates a possible central control method in accordance with some
embodiments of the invention. Once an amount of required reactive power Q*yr has been

determined in accordance with the TSO's requirements, this Q*r is compared to the amount
of reactive power actually generated at that moment Qyr. The difference between these two

values ("the error") may be input for a PID controller, which generates a central reactive power
control command Q.

[0050] For different embodiments of the invention, the values for the constants for the
proportional, integral and derivative components may vary, and for some embodiments, some
constants may be equal to zero. A PID control is however merely one of the possible control
methods that may be employed in a central reactive power control system in embodiments of
the invention.

[0051] A compensation factor Qyom may be added to compensate for the capacitance of the
wind park. In some embodiments of the invention, the compensation factor Q¢omy may be

determined in accordance with:

N I
_ 2 . 2 _ iy
Qcom_ZF;'.chi‘] ]+chwf I Ii_ 7

. trwf ; N,
=0 ZE
=0 Eqg. 3
wherein F; indicates for each wind turbine whether a particular wind turbine is operative or not
(if operative then F = 1, if not operative, then F=0) X is the reactance of the transformer of a
particular wind turbine, |; is the current in the transformer in a particular wind turbine, Xccyr is
the reactance of the wind park transformer, and Iy is the current at the wind park transformer.

If the wind park comprises capacitor banks or other reactive power compensation means (such
as e.g. inductor banks), and if they are active, they may be taken into account in the
compensation factor as well.

[0052] In accordance with figure 2b, the compensation factor Q.qm may be added to the
central reactive power control demand Q. The result is a compensated central reactive

power control demand Q*.¢f.

[0053] This central reactive power control demand Q*.of may be input to a despatch function,



DK/EP 2601720 T3

which determines the amounts of reactive power Qqgg, Q2gg etc. that may be requested from

each of the wind turbine local control systems. In accordance with one embodiment, the central
control demand Q*f may simply be divided equally among all wind turbines.

[0054] In accordance with other embodiments, the central control demand may be divided in
such a way that substantially the same percentage of available reactive power is generated at
each of the wind turbines. The commands sent to each of the local control systems may be
determined for example in accordance with the following equations:

00 =0%y ) (1-E) Oy

Ea. 4
Q-¢f is the compensated central reactive power control demand, E; indicates for each wind

turbine whether it is within its operational boundaries or not (E = 1 within operational
boundaries; E = 0 if the wind turbine is at its operational boundaries, the wind turbines thus
generating their maximum or minimum possible reactive power), Qjmax i the maximum

available reactive power for each of the wind turbines and the result Q¢ is the amount of

reactive power that has to be generated by the wind turbines in central control mode,;

N
Qmuxwm/ = Z E.f ’ E ’ Qz'max
i Ea. 5
, wherein Qmaxiotal is the maximum available amount of reactive power of the wind turbines that

are in central control mode and F; still indicates for each wind turbine whether a particular wind

turbine is operative or not (F = 1 if operative and F = 0 if not operative); and

- Qnec
abS(szm tota[) Eq 6
, wherein a is a factor indicating how much of the available reactive power each of the wind
turbines should generate. The central control system may send the factor a to each of the local
controls, or may send signals of corresponding amounts to each of the wind turbines.

[0055] Apart from the amounts of reactive power to be produced by each of the wind turbines
having a local control system, other information may also be sent to each of the local control
systems. In some embodiments, the central control system may send dynamic (non-constant)
limit values to the local control systems indicating when a local control system is to switch to a
local control mode. The local control systems may thus determine themselves to switch to a
local control mode and do not need to wait for a particular command to do so. The limit values
may be determined substantially such that in normal grid conditions, the wind park operates in
the central control mode and that in or near exceptional grid conditions, the wind park operates
in the local control mode. In exceptional grid conditions, the local control may thus be able to
react quicker in response to locally measured parameters. For example, the limit values sent to
the local control systems may be determined in accordance with:
Limsup, =(1+g-0.01+ Au,, + Y Au,, +Au,,, —h)*U,

, Eq.7
Limmin, =(1-g-0.01+Au,, +) Au,, +Au,,. +h)*U,
wherein g is the previously defined slope prescribed by the TSO, Auyg is the normalized

voltage drop for the wind park transformer, ZAuje is the sum of the normalized voltage drops
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for the electrical connecting lines, Auyg5 is the normalized voltage drop for the transformer of
the wind turbines i, Uy is the low voltage on the wind park side of the transformer, and h; is an

adjustment parameter for wind turbine i.

[0056] In this embodiment, the adjustment parameter h for wind turbine i may be determined
in accordance with:
upcc = Autraf + ZAuline + Aufmﬁ + hi + ulocal
; Eq. 8
wherein upec is the normalized voltage at the PCC and ujqcq is the normalized local voltage at

a wind turbine.

[0057] The normalized voltage drops for each of the separate components may be calculated

in accordance with:
Ay = I(R.cos@ + X.sin @), Eq. 9a

[0058] Wherein | is the current circulating through a particular part of the wind park (e.g stretch
of cable, or transformer), R is the resistance of the particular part of the wind park, X is the
reactance of a particular part of the wind park and ¢ is the power factor angle.

[0059] Alternatively, the normalized voltage drops may be calculated in accordance with:

ay=L RO X Eq. 9

[0060] Wherein e.g. for the wind park transformer:

P is active power of the wind park, Q is reactive power of the wind park, R is resistance of
transformer and X is reactance of transformer and U is the nominal voltage at the PCC. The
voltage drops for each stretch of electrical line and for each wind turbine transformer may be
determined in a similar manner using the appropriate resistance, reactance, active power and
reactive power.

[0061] In the described manner, maximums and minimums for local voltages may be sent to
the local control systems of the wind turbines. When a local voltage for a particular wind turbine
reaches or exceeds one of the limit values, this particular wind turbine may switch to a local
control mode. It should be noted that other wind turbines may still be in central control mode
and may continue receiving and following orders of the central control system. The wind
turbines that are in local control mode may deliver predetermined amounts of reactive power,
which may e.g. be the maximum or minimum possible reactive power capacity.

[0062] Within the scope of the invention, the method of calculating the limit values by the
central control system may be varied. For example, in equation 7, the factor 1+0.01g may be
limited to a maximum of 1.05, and the factor 1 - 0.01g may be limited to a minimum of 0.95.
Other variations are also possible. Also, in some embodiments of the invention, the local limit
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values may be calculated by the local control systems. In other embodiments, the local limit
values may be constant and may be determined e.g. during a trial or test phase of a wind park.

[0063] In further embodiments of the invention, a high rate of change of a local voltage may
prompt a local control system to switch from a central control mode to a local control mode. In
another example, a sudden change in voltage of certain proportions (e.g. a predetermined
voltage difference is achieved in a very small time period) may prompt such a switch. The limit
rates of change and/or the limit proportions of sudden changes may be determined by the local
control system itself, they may be delivered by the central reactive power control system or
may be constant.

[0064] Figure 3a illustrates a control method in a central control mode according to an
embodiment of the present invention. In step 1000, the central control method is started and
initial values of parameters are determined (e.g. reactance for the wind park components).
Steps 1001 - 1002 comprise the collection of data from respectively the PCC, and the local
control systems. Data that may be collected from the PCC may include (but is not limited to)
the voltage at the PCC, current at the PCC, grid frequency, active power generated by the wind
park and reactive power generated by the wind park.

[0065] Data that may be collected from one or more of the wind turbines in the park may
include (but is not limited to) active power generated, reactive power generated, the status of
the wind turbine (operating or not; within operational boundaries or not; in local control mode
or in central control mode), the maximum available reactive power capacity (capacitive), the
minimum reactive power capacity (inductive), local voltage, current and frequency. The
maximum and minimum available reactive power may vary with varying local voltage. The
values for the maximum and minimum available reactive power may be calculated by the local
control systems and sent to the central reactive power control system.

[0066] Step 1003 comprises the calculation of the central reactive power control command,
and the calculation of the instructions to be sent to the local control systems. This calculation
may be e.g. in accordance with Equations 1 and 2. If the grid voltage is outside predefined
boundaries (see e.g. figure 2a), the central reactive power control command may be the
maximum or minimum available reactive power for the wind park.

[0067] The instructions sent to a local control system may include, but are not limited to: local
reactive power commands (which may in some embodiments be calculated in accordance with
equations 3 - 6), local limit values (which may in some embodiments be calculated in
accordance with equations 7 - 9), and local limit rates.

[0068] Step 1004 comprises sending the commands indicative of the reactive power to be
generated locally to the local control systems. The implementation of the commands by the
local control systems and varying grid conditions may lead to new values for one or more
variables, so that the steps 1001, 1002 and 1003 may be repeated continuously.
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[0069] Figure 3b illustrates a control method in a local control system according to some
embodiments of the present invention. In a method step 2000, the control method is started. In
a step 2001, certain variables may be measured such as e.g. local voltage, current, active and
reactive power. In a step 2002, the values of these variables may be sent to a central control
system. Other parameters / variables that may be sent to a central control system may include
e.g. the status of the wind turbine (operative or not), the operation status of the wind turbine
(within operational boundaries or not), the control mode (central control mode or local control
mode).

[0070] In a step 2003, control signals for e.g. the converter may be calculated and in a step
2004, these control signals may be sent to the converter. As may be seen in figure 3b, the
separate method steps are not necessarily sequential, but rather take place continuously and
simultaneously. They may each have their own operational speeds and frequencies: in some
embodiments, measuring certain variables may take place e.g. every 0.01 s, whereas sending
data to the central control system may take place e.g. every 0.3 s. Step 2010 comprises
receiving local limit values from the central control system and comparing them with
instantaneous local variables. The comparison may lead to a determination of "within limits" in
step 2011, or "outside limits" in step 2012. If the determination "outside limits" is made, the
local control system will switch to a local control mode.

[0071] Once the local reactive power control system has switched to local control mode, the
local control system will determine the amount of reactive power to be generated (regardless
of commands received from a central control system). In some embodiments, the local control
systems may switch back to a central control mode after a predetermined amount of time. The
amount of time before returning to a central control mode may be determined in accordance
with e.g. the slope of the voltage - reactive power line prescribed by a TSO. The amount of
time before returning to the central control mode may be constant, may be calculated by the
central control system, or may be calculated by a local control system. The amount of time
before returning to the central control mode may in certain embodiments also depend on e.g.
the cause of the switch from the central control mode to the local control mode (e.g. voltage
value outside limits, rate of change of voltage outside limits, or sudden change in voltage
outside limit proportions). When switching back to a central control mode, if the determination
"outside limits" is made again, the local control mode will be resumed.

[0072] In other embodiments, the local control will switch back to a central control mode when
one or more measured variables fulfil a predefined requirement. Also combinations of a time-
dependent and variable-dependent return to a central control mode may be used.

[0073] The reactive power control method for the wind park may further be adapted to include
algorithms for taking certain wind turbines out of operation if e.g. the wind turbine does not
follow the commands of the central control system or e.g. if a particular wind turbine keeps
working in (or switching to) local control mode, or if the wind park is unable to deliver the
prescribed reactive power values, or e.g. if communication failures are noted etc.
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[0074] Furthermore, in embodiments of the invention, wind turbines within the same wind park
may comprise different local reactive power control systems. For example, some local reactive
power control systems may be adapted to switch to a local control mode only in response to an
instantaneous voltage, whereas other local reactive power control systems switch only in
response to (or also in response to) a rate of change of a voltage, yet further reactive local
power control systems may be adapted to switch only in response to (or also in response to)
voltage jumps of specified proportions.

[0075] Although this invention has been disclosed in the context of certain preferred
embodiments and examples, it will be understood by those skilled in the art that the present
invention extends beyond the specifically disclosed embodiments to other alternative
embodiments and/or uses of the invention and obvious modifications and equivalents thereof.
Thus, it is intended that the scope of the present invention is defined by the appended claims.
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KRAV

1. En fremgangsmade til reaktiv effektregulering i en vindmgllepark der er forbundet til et elnet
(10), hvor vindmglleparken omfatter en flerhed af vindmgller (100, 200 ... n00) og et centralt
reaktivt effektstyringssystem (20), hvor mindst en fgrste del af flerheden af vindmgller (100, 200
... N00) omfatter et lokalt reaktivt effektstyringssystem (120, 220 ... n20, x20), kendetegnet ved
at

det lokale reaktive effektstyringssystem er tilpasset til at skifte mellem en central styringstilstand
og en lokal styringstilstand og arbejde enten i den centrale styringstilstand eller den lokale
styringstilstand, hvor

det centrale reaktive effektstyringssystem (20) sender kommandoer der angiver lokale reaktiv
effektkrav til de lokale reaktive effektstyringssystemer (120, 220 ... n20) i overensstemmelse med
mindst én malt variabel (15) i elnettet (10) , og hvor

i en central styringstilstand styrer det lokale reaktive effektstyringssystem (120, 220 ... n20) en
vindmglle (100, 200 ... n00) s& den generer reaktiv effekt i overensstemmelse med de
kommandoer der angiver lokale til reaktiv effektkrav modtaget fra det centrale reaktive
effektstyringssystem (20), og hvor

i en lokal styringstilstand modtager det lokale reaktive effektstyringssystem (120, 220 ... n20, x20)
kommandoerne, der angiver de lokale reaktiv effektkrav, fra det centrale reaktive
effektstyringssystem (20), og bestemmer en maengde reaktiv effekt der skal genereres uanset de
naevnte kommandoer der angiver lokale reaktiv effektkrav, modtaget fra det centrale
styringssystem og styrer en vindmglle (100, 200 ... n00) s& den genererer naevnte maengde reaktiv
effekt, og hvor

et lokalt reaktivt effektstyringssystem (120, 220 ... n20) skifter fra den centrale styringstilstand til
den lokale styringstilstand ndr en malt lokal variabel (x15) passerer en lokal greenseveerdi for
vindmgllen (100, 200 ... n00) i mindst en forudbestemt periode, og

hvor de lokale graenseveerdier for hver vindmgille (100, 200 ... n00) bestemmes i det vaesentlige
sdledes, at vindmglleparken under normale elnetforhold arbejder i den centrale styringstilstand, og
at vindmglleparken under eller i naerheden af ekstraordinaere elnetforhold arbejder i den lokale
styringstilstand, og

hvor i den lokale styringstilstand er den reaktive effekt, der skal genereres, den hgjeste eller
laveste reaktive effekt, som en vindmglle (100, 200 ... n00) kan generere.

2. Fremgangsméde ifglge krav 1, hvor de lokale greenseveerdier for hver vindmglle er speendinger
og de malte lokale variable (x15) er lokale spaendinger, og hvor de lokale greenseveerdier for hver
vindmglle eventuelt omfatter en laveste og en hgjeste spaending.
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3. Fremgangsmade ifglge krav 1 eller 2, hvor de lokale graensevaerdier er konstante eller
bestemmes i overensstemmelse med mindst én malt variabel (X15).

4. Fremgangsmade ifglge et hvilket som helst af de foregdende krav, hvor den hgjeste og laveste
reaktive effekt, som en vindmglle (100, 200 ... n00) kan generere, bestemmes i overensstemmelse
med driftsbetingelserne i vindmglleparken og/eller vindmgillen.

5. Fremgangsmaéde ifglge et hvilket som helst af kravene 1 - 4, hvor et lokalt reaktivt
effektstyringssystem (120, 220 ... n20, x20) skifter fra den centrale styringstilstand til den lokale
styringstilstand ndr en absolut veerdi af en aendringshastighed pd en mélt lokal variabel (x15)
overgdr en lokal greensehastighed eller ndr en pludselig eendring af en malt lokal variabel (x15)
overgar lokale graenseproportioner, hvor naevnte lokale greenseproportioner eventuelt omfatter en
absolut lokal greenseforskel.

6. Fremgangsmdde ifglge krav 5, hvor den mélte lokale variabel (x15) er en lokal spaending.

7. Fremgangsmdde ifglge et hvilket som helst af kravene 5 eller 6, hvor de lokale graenseveerdier
og/eller lokale greensehastigheder og/eller lokale graenseproportioner bestemmes ved anvendelse
af en opslagstabel eller beregnes periodisk.

8. Fremgangsmdade ifglge et hvilket som helst af kravene 1 - 7, hvor de lokale greensevaerdier
og/eller de Iokale graensehastigheder og/eller lokale graenseproportioner bestemmes af det
centrale reaktive effektstyringssystem og leveres til hvert af de lokale reaktive
effektstyringssystemer, eller bestemmes af hvert af de lokale reaktive effektstyringssystemer.

9. Fremgangsmdade ifglge et hvilket som helst af de foregdende krav, hvor de lokale reaktive
effektstyringssystemer (120, 220 ... n20, x20) skifter fra den lokale styringstilstand til den centrale
styringstilstand efter en forudbestemt periode med drift i den lokale styringstilstand er gdet, og
hvor den forudbestemte periode eventuelt beregnes af et lokalt reaktivt effektstyringssystem (120,
220 ... n20, x20), og hvor den forudbestemte periode eventuelt afhanger af drsagen til skift fra
den centrale styringstilstand til den lokale styringstilstand.

10. Fremgangsmade ifglge et hvilket som helst af de foregdende krav, hvor de lokale reaktive
effektstyringssystemer (120, 220 ... n20, x20) skifter fra den lokale styringstilstand til den centrale
styringstilstand i overensstemmelse med driftsbetingelserne i vindmglleparken og/eller elnettet
(10) og/eller vindmgllerne (100, 200 ... n00).
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11. Fremgangsmade til regulering af reaktiv effekt i en vindmglle (100, 200 ... n00) omfattende:
modtagelse af kommandoer, der indikerer et lokalt reaktivt effektkrav (Q *wr), fra et centralt
reaktivt effektstyringssystem (20),

tilvejebringelse af en hgjeste og en laveste lokal spaending,

tilvejebringelse af en gjeblikkelig veerdi af den lokale spaending fra en méleindretning og
sammenligning af den gjeblikkelige vaerdi af den lokale spaending med graenseveerdierne,

og kendetegnet ved:

operation, hvis den lokale spaending er mellem den maksimale og mindste lokale spaending, i en
central styringstilstand ved at sende styringskommandoer til mindst én vindmgllekomponent til
generering af det lokale reaktive effektkrav modtaget fra det centrale reaktive effektstyringssystem
(20), og

operation, hvis den lokale spaending er overstiger den hgjeste lokale spaending i mindst en
forudbestemt periode, i en lokal styringstilstand ved at sende styringskommandoer til mindst én
vindmgllekomponent til generering af den hgjeste tilgeengelige induktive reaktive effekt uanset
kommandoerne der indikerer lokalt reaktivt effektkrav, modtaget fra det centrale reaktive
effektstyringssystem (20), og

operation, hvis den lokale spaending er mindre end den laveste lokale spaending i mindst en
forudbestemt periode, i den lokale styringstilstand ved at sende kontrolkommandoer til mindst én
vindmgllekomponent til generering af den hgjeste tilgeengelige kapacitive effekt uanset de naevnte
kommandoerne der indikerer lokalt reaktivt effektkrav, modtaget fra det centrale reaktive
effektstyringssystem (20).

12. Fremgangsmade ifglge krav 11, yderligere omfattende tilvejebringelse af en absolut
eendringshastighedsgraense af en lokal spaending,

bestemmelse af en sendringshastighed af en lokal spaending baseret pa de tilvejebragte veerdier af
den lokale spaending fra maleindretningen, og

lokal bestemmelse, hvis den absolutte bestemte aendringshastighed af spaendingen er hgjere end
den absolutte andringshastighedsgraense, af maangden af reaktiv effekt der skal genereres, og
sending af kontrolkommandoer til mindst én vindmgllekomponent til generering af naevnte

maengde reaktive effekt.

13. Fremgangsmade ifglge krav 11 eller 12, hvor hvis den absolutte bestemte aendringshastighed
er mindre end den absolutte aendringshastighedsgraense og den lokale spaending er mellem den
hgjeste og den laveste lokale spaending,

sendes kontrolkommandoer til mindst én vindmgllekomponent til generering af reaktiv effekt i
overensstemmelse med de kommandoer, der er modtaget fra det centrale reaktive



10

15

20

25

30

35

DK/EP 2601720 T3

effektstyringssystem (20).

14. Computerprogramprodukt omfattende programinstruktioner til at fordrsage et computersystem
i en vindmglle omfattende et lokalt reaktivt effektstyringssystem (120, 220 ... n20, x20) som
beskrevet i krav 15 til at udfgre en fremgangsmade ifglge et hvilket som helst af kravene 11-13,
hvor computerprogramproduktet eventuelt er udformet pd lagermedier eller baret pd et
baeresignal.

15. Vindmgllepark der er forbundet til et elnet (10) og omfatter et antal vindmgller (100, 200 ...
n00), hvor

mindst en del af flerheden af vindmgller omfatter et lokalt reaktivt effektstyringssystem (120, 220
... N20, x20) konfigureret til at styre den reaktive effekt (Qwr) der genereres af en vindmglle, hvor
vindmgilleparken yderligere omfatter

et centralt reaktivt effektstyresystem (20) konfigureret til at bestemme kommandoer, der indikerer
lokale reaktive effektkrav for hvert af de lokale reaktive effektstyringssystemer (120, 220 ... n20,
x20) som svar pd mindst én malt variabel af elnettet, og konfigureret til at sende kommandoerne
til de lokale reaktive effektstyringssystemer 120, 220 ... n20, x20), kendetegnet ved at

de Iokale reaktive effektstyringssystemer (120, 220 ... n20, x20) er tilpasset til at skifte mellem en
central styringstilstand og en lokal styringstilstand og arbejde enten i den centrale styringstilstand
eller den lokale styringstilstand, hvor

i en central styringstilstand er det lokale reaktive effektstyringssystem (120, 220 ... n20, x20)
konfigureret til at styre en vindmglle (100, 200 ... n00) s& den generer reaktiv effekt i
overensstemmelse med en kommando, der indikerer lokal reaktiv effektbehov modtaget fra det
centrale reaktive effektstyringssystem (120, 220 ... n20, x20), og hvor

i en lokal styringstilstand er det lokale reaktive effektstyringssystem (120, 220 ... n20, x20)
konfigureret til at bestemme en maengde reaktiv effekt, der skal genereres af den tilsvarende
vindmglle uanset kommandoer, der indikerer modtaget lokalt effektkrav fra et centralt
styringssystem og konfigureret til at styre vindmgllen s den generer nsevnte meaengde reaktiv
effekt, hvor

et lokalt reaktivt effektstyringssystem (120, 220 ... n20) er konfigureret til at skifte fra den centrale
styringstilstand til den lokale styringstilstand, ndr en malt lokal variabel (x15) passerer en lokal
graenseveerdi for vindmgllen (100, 200 ... n00) i mindst en forudbestemt periode, og

hvor de lokale graenseveerdier for hver vindmglle (100, 200 ... n00) bestemmes saledes, at
vindmglleparken under normale elnetforhold er konfigureret til at arbejde i den centrale
styringstilstand, og at i eller i neerheden af ekstraordineere elnetforhold er vindmglleparken
konfigureret til at arbejde i den lokale styringstilstand, og

hvor i den lokale styringstilstand er maengden af reaktiv effekt, der skal genereres, konfigureret til
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at veere den hgjeste eller laveste maengde reaktiv effekt, som en vindmglle (100, 200 ... n00) kan

generere.
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