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grid, and comprises the steps of obtaining the sub-synchronous components of the grid voltage and determining damping current
set points (40", 41') according to said sub-synchronous components to compensate for sub-synchronous resonances of the grid.
Damping current set points (40', 41') are determined by regulation means (45') receiving the sub-synchronous components of the
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variable damping gain (46a') which is adjusted according to the sub-synchronous frequency of the grid, such that the required
compensation level can be adapted to the frequency converter for damping sub-synchronous resonance of the grid.
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ABSTRACT

The method is suitable for a system comprising a frequency converter and a
generator, both of which are connected to a power grid, and comprises the steps of
obtaining the sub-synchronous components of the grid voltage and determining
damping current set points (40°, 41°) according to said sub-synchronous components
to compensate for sub-synchronous resonances of the grid. Damping current set
points (40", 41') are determined by regulation means (45') receiving the sub-
synchronous components of the grid voltage and returning damping current set
points (40, 41°) as outputs. Said regulation means (45’) comprise a regulator with a
variable damping gain (46a’) which is adjusted according to the sub-synchronous
frequency of the grid, such that the required compensation level can be adapted to

the frequency converter for damping sub-synchronous resonance of the grid.
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DESCRIPTION

“Control method for a system comprising a frequency converter connected to a

power grid”

TECHNICAL FIELD

The present invention relates to control methods for frequency converters connected
to a power grid, and more specifically to control methods configured to compensate

for possible sub-synchronous resonances that may appear in the power grid.

PRIOR ART

Electrical power grids are part of the electrical power supply system consisting of the
necessary elements for delivering the electrical power generated by the electrical
power generation units to points of consumption, and over long distances. Most of
the power grids installed today transport energy in the form of alternating current and
voltage. It should be mentioned that the number of grids transporting energy in the
form of direct current and voltage has increased in recent years due to the
advantages they offer in terms of energy efficiency in long-distance grids. This has
been possible as a result of the development experienced by power electronics-
based conversion systems which allow interconnecting the two types of grids, AC
power grids and DC power grids by means of using the so-called HVDC (High
Voltage Direct Current) and HVAC (High Voltage Alternating Current) conversion

structures.

Likewise, the development experienced by power electronics is favoring a change
towards a distributed generation structure from the basic generation structure used
until now and based primarily on large thermal, hydraulic or nuclear power
generation plants. One of the main players in the growing distributed generation
structure is wind power, which has experienced a significant increase in the last
decade in the installation of such generators. Wind power generation is closely

related to power electronics because most generators used for converting
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mechanical wind energy into electrical power injected into the grid are controlled by

power electronics-based conversion structures, elements known as frequency

converters.

Frequency converters are controlled through control units which, based primarily on
detections made through current and voltage transducers, execute control algorithms
used for controlling the flow of energy between two electrical systems. The electrical
systems can be different kinds of systems, e.g., they could be power grids or electric
machines, and the flow of energy can be bidirectional, so that if energy is consumed
from the power grid to be transformed into mechanical energy in the shaft of an
electric machine, it behaves as a motorization application, such as pumping or
ventilation applications, for example. In contrast, energy extracted from an electric
machine and injected into the power grid represents a generation application, such
as wind generation applications, for example, where the primary source of energy is

the wind making the shaft of the electric machine rotate.

Electrical AC power grids usually are primarily made up of cables, physical means
through which the energy flows, and voltage transformers which allow adapting
voltage levels between different connection points. Both elements, i.e., cables and
transformers, are mainly inductive elements and will therefore impose an impedance
on the circulation of existing alternating current through the same. Depending on the
characteristics of each power grid, the existing inductive impedance will vary, the
grid cable length being an important parameter to be taken into account when
quantifying the value of inductive impedance. The greater the length, the greater the
inductance of the grid will be, and accordingly the greater the inductive impedance
will be. The existence of a high inductive impedance in a power grid will entail an
increase in the loss of transmission capacity thereof. This phenomenon is due to the
voltage drop in the inductive impedance of the cable when current circulates there-
through, and this can be significant in specific cases in which factors such as long
cable lengths and high energy consumptions, which cause a high circulation of

current through the power grid, are all combined.

Different solutions to the mentioned problem of loss of transmission capacity in
power grids having a high inductive impedance are known. One of the most

commonly applied solutions has been the compensation for the mentioned highly
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inductive power grids by means of inserting capacitive elements or capacitors in
series. This allows compensating for the inductive impedance characteristic of the
power grid by means of inserting capacitive impedance in series, finally resulting in
the reduction of the total equivalent impedance. This technique minimizes voltage
drop problems in the power grid and accordingly contributes to maintaining the
energy transmission capacity thereof. Figure 1 shows by way of example a one-line
circuit diagram of a power grid compensated with series capacitors 15. The different
elements making up the power grid are a central energy generation unit 13 depicted
in the drawing by means of a wind power generation plant, an equivalent inductance
14 of the power grid transmission lines or cables, capacitors 15 introduced in series
in the power grid to compensate for the equivalent inductance of the power grid, and

collectors 16 in the power grid joining transmission lines coming from different points.

The insertion of capacitors in series in highly inductive power grids is effective when
offering a solution to the problems of loss of transmission capacity of a grid, but in
turn it has a very important effect to be taken into account from the point of view of
stability of the actual power grid that has been compensated. Specifically, the
insertion of a capacitor in series in an inductive grid makes the equivalent circuit of
that grid have a natural resonance frequency according to the formula described as

follows:

where:

7 R: Natural resonance frequency of the compensated grid,
f(’: Base frequency of the power grid,

XC: Capacitive impedance of the capacitor inserted in the power grid in

series, and

Xy : Inductive impedance of the power grid.

Depending on the degree of compensation that has been applied to the power grid,

i.e.,, the percentage of capacitive impedance inserted in the form of capacitors in
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series with respect to the inductive impedance characteristic of the power grid, the
value resulting from the resonance frequency of the power grid will vary. The ratio of
capacitive and inductive impedances commonly applied in power grid
compensations usually gives resonance frequency values less than the base
frequency of the grid. The technical literature uses the term SSI (Sub-Synchronous

Interactions) to describe the condition of a power grid having these characteristics.

Grids having sub-synchronous resonances (sub-synchronous resonance currents
and voltages) are power grids that are potentially dangerous for integrating
generation elements based on generation turbines with rotational shafts that have
low-frequency mechanical oscillations. This is the case of synchronous generators
with long shafts, which is a typical example of generation stations, in which the mass
distribution along the shaft which in turn rotates moved by a primary torque source,
i.e., steam, water, etc., commonly have mechanical oscillating frequency modes less
than the base frequency of the power grid to which they are connected. In the event
that the grid connected to a generator having the mentioned characteristics is
compensated with a specific value of series capacitors, which make the resulting
natural sub-synchronous resonance frequency coincides with the oscillating
frequency of the mechanical shaft, it could have negative effects on the shaft
because the amplitude of the mechanical oscillation of the shaft could be amplified
with a negative damping. In other words, an increasing amplitude oscillation would
occur over time, and may reach an oscillation level that could cause the shaft of the
generator to break. This case corresponds to problems characteristic of the natural
interaction of two parts of an electrical system, the power grid compensated with
capacitors and the generator, where the mechanical mass of a synchronous
generator resonates with the sub-synchronous frequency that the grid has. This
phenomenon is known in the technical literature as SSR (Sub-Synchronous

Resonance).

In addition to the mentioned possibility of the natural resonance frequency of a
compensated power grid coinciding with the natural mechanical resonance
frequency of generators injecting energy into said grid, the growing presence of
frequency converters connected to the grid adds a new aspect to be taken into
account from the point of view of grid stability. This aspect is the interaction of the
control of frequency converters with compensated grids, a phenomenon that can
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cause the loss of control of the energy flow through the converter, being able to a
make the power grid itself unstable. This phenomenon is known in the literature as

SSCI (Sub-Synchronous Control [nstability).

The SSCI phenomenon occurs when the control of frequency converters connected
to grids compensated with series capacitors makes the converters act like electrical
systems, the equivalent resistance of which acquires negative values in the range of
frequencies less than the base frequency of the grid. The SSCI phenomenon can
even have effects similar to that of the SSR phenomenon, but for that purpose there
has to be a large number of frequency converters connected to the compensated
grids. The increasingly more widespread use of frequency converters connected to
the grid, combined with the existence of power grids compensated with series

capacitors, has turned this potentially dangerous scenario into a reality.

The capacity to affect resonance frequency of the system can have negative effects
if said interaction amplifies resonance, but it can also be used for damping or
compensating for said effects, as described in patent documents EP2317134A2,
US20130214536A1 and WO2011112571A2, for example.

Patent document US20130176751A1 belonging to the present applicant discloses a
method for a system comprising a frequency converter connected to a power grid, in
which the capacity to affect resonance frequency of the system is also used for
damping or compensating for the negative effects that the sub-synchronous
resonance may cause, acting on the current set points. The system 1000, shown by
way of example in Figure 2, comprises at least one wind turbine 900 and a frequency
converter 4 which is controlled by a central control unit 10, said central control unit
10 generating switching commands 11 and 12 for a rectifier 5 and an inverter 6 of

the frequency converter 4.

In the method disclosed in said patent document US20130176751A1, the grid
voltage is measured to identify resonant frequencies existing in the grid itself and to
use it in regulation loops of the frequency converter for the purpose of generating
damping current set points 40 and 41 which serve for damping sub-synchronous
resonance in the grid. Based on the measurement of the grid voltage 38, the sub-

synchronous components Vi and Vys are obtained in a conventional manner as
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shown in Figure 3, for example, and which is explained below. Grid voltage 38 is
processed mathematically by means of Clarke transformations 42 and the result is
processed mathematically by means of Parke transformations 43, vector
representation of the grid voltage 38 being generated. Said vector representation is
used by a voltage sub-synchronous component identification block 44, using for that
purpose filters that allow differentiating the base frequency of the power grid,
conventionally 50 or 60 Hz, from the remaining frequencies that may exist. Outputs
of the sub-synchronous component identification block 44 are sub-synchronous
components Vys and Vys of the grid voltage 38. Adjustments of the filters used for
obtaining the sub-synchronous components of the grid voltage 38 are predefined by
default to enable obtaining the sub-synchronous components of the voltage of any
power grid to which the frequency converter 4 is connected, without needing to know
the theoretical sub-synchronous resonance value corresponding to the grid to which
the frequency converter 4 is connected, which value could be identified if values of
impedances characteristic of the power grid were known and varies from one grid to
another. A person skilled in the art knows that the characteristic impedances of a
power grid can be identified if the elements making up that power grid are known.

In the method disclosed in said patent document US20130176751A1, the sub-
synchronous components are used in a later block, the damping set point regulation
block 45, which calculates damping current set points 40 and 41. Said damping
current set points 40 and 41 are calculated in active and reactive components
{damping current set point 40 and damping current set point 41, respectively).

Damping current set points 40 and 41 are determined in a sub-synchronous
resonance damping loop 39 shown in Figure 4 by way of example, including
transformations 42 and 43, loop 44 and block 45, preferably, based on said sub-
synchronous components of the grid voltage, because said sub-synchronous
components represent the sub-synchronous frequency of the grid. Said damping
current set points 40 and 41 are added to the current set points 22 and 32 of the
system 1000, as shown by way of example in Figure 5, such that resonant
frequencies are also taken into account when generating switching commands 11

and 12, said frequencies being compensated through the current.

Figure 6 shows a conventional manner of generating current set points 22 and 32 by
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way of example, disclosed in said patent document US20130176751A1. Said figure
shows block diagram depicting an active power regulation loop 17 and a reactive
power regulation loop 27, which are implemented in the central control unit 10 by
way of regulation algorithms. Each of said regulation loops 17 and 27 in turn
comprises a power regulation loop 17a and 27a known as an external loop, resulting
in current set points 22 and 32 (active and reactive current set points, respectively),
and a current regulation loop 17b and 27b known as an inner loop, resulting in an
active and reactive voltage set point 26 and 36. The structure made up of the two
regulation loops 17 and 27 is equivalent for both the active power regulation loop 17

and for the reactive power regulation loop 27.

The active power regulation loop 17 is based on the comparison of an active power
set point 18 with the actual value of the active power 19 measured in the system
1000. The error 20 resulting from the comparison is processed by an active power
regulator 21 providing the necessary active current output set point 22 to be
regulated by the subsequent active current loop 17b. The inner active current
regulation loop 17b receives the active current set point 22 imposed at the output of
the active power regulator 21 and compares said value with the actual value of the
active current 23 measured in the corresponding system. The error 24 resulting from
the comparison of both current values 22 and 23 is processed by an active current
regulator 25 providing the active voltage output set points 26 to be imposed at the
output of the frequency converter 4 by means of static switch switching commands

11 and 12 imposed by a modulation step 100.

Similarly to what has been described for the active power regulation loop 17, the
operating principle for the reactive power regulation loop 27 is based on the
comparison of a reactive power set point 28 with the actual value of reactive power
29 measured in the system 1000. The error 30 resulting from that comparison is
processed by a reactive power regulator 31 providing the necessary reactive current
output set point 32 to be regulated by the subsequent reactive current loop 27b. The
inner reactive current regulation loop 27b receives the reactive current set point 32
imposed at the output of the reactive power regulator 31 and compares this value to
the actual value of reactive current 33 measured in the corresponding system. The
error 34 resulting from the comparison of both current values 32 and 33 is processed
by the reactive current regulator 35, providing the reactive voltage output set points
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36 to be imposed at the output of the frequency converter 4 by means of static switch

switching commands 11 and 12 imposed by the modulation step 100.

The active voltage set point 26 and reactive voltage set point 36 are processed by the
modulation step 37 which define the switching commands 11 and 12 for the static switches

of the frequency converter 4.

In the case of distributed generation systems, such as wind farms, for example, frequency
converter compensation capacity largely depends on the current capacity or on the power
being delivered by the group of wind turbines connected to the grid. Therefore, a minimum
number of wind turbines connected to the grid at the time of the event will be capable of
damping resonance, but if the number of turbines coupled to the grid is not enough to
compensate for resonance, said resonance will be maintained regardless of whether the
coupled turbines have implemented compensation algorithms (regulation algorithms taking

compensation into account).

One of the drawbacks when compensating for resonance through each frequency converter
is that each controller is unaware of the total farm capacity to compensate for resonance at a
specific time, and each converter will provide predetermined compensation which may not be
enough for damping the resonance. If each converter had information about the state of each
of the wind turbines on the farm, it could adapt its compensation, but this information is
unknown. In addition, making the information reach the controller of each converter by way

of communications would not be a solution assuring a fast enough response time.

DISCLOSURE OF THE INVENTION

The object of the invention is to provide a control method for a frequency converter connected

to a power grid.

The control method of the invention is suitable for a system comprising a frequency converter
and a generator connected to a power grid. In the method sub-synchronous components of

grid voltages are obtained based on detections of said voltages, and damping current set

Date Regue/Date Received 2020-06-23
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points are determined according to said sub-synchronous components to compensate for
sub-synchronous resonances of the grid. Said damping current set points subsequently reach
the frequency converter, and the frequency converter regulates them to dampen or

compensate for sub-synchronous resonances of the power grid.

Damping current set points are determined by regulation means receiving the sub-
synchronous components and returning damping current set points. The regulation means
comprise at least one regulator with at least one variable damping gain that is dynamically
adjusted according to the sub-synchronous resonance behavior of the power grid, such that
the required compensation level can be adapted to the frequency converter for damping sub-

synchronous resonance of the grid.

The method thereby uses a compensation algorithm which allows damping resonances of
the grid regardless of the number of systems (wind turbines) coupled thereto and the power
that each of them is generating, the risk of not being able to duly compensate for said
components in some situations, such as for example when there is not a large number of
turbines connected to the grid, being eliminated, and the consequences derived therefrom.
The compensation algorithm is an auto-adjusting algorithm which adapts control in order to
contribute to grid stability according to the total power generated and the capacity of each of
the wind turbines coupled to the grid, regardless of the number of turbines connected to the

grid at the time of the event.

According to an aspect of the present invention there is provided a control method for
controlling a system having a frequency converter connected to a power grid, the method
comprising, obtaining sub-synchronous components of a grid voltage of the power grid;
determining damping current set points from the sub-synchronous components of the grid
voltage and based on a variable damping gain generated from the sub-synchronous
components of the grid voltage; and outputting the damping current set points to control
circuitry to compensate for sub-synchronous resonances of the power grid in current
regulators controlling operation of the frequency converter, wherein the variable clamping
gain is dynamically adjusted according to a sub-synchronous component of the power grid

such that a required compensation level of the frequency converter is adapted for damping

Date Regue/Date Received 2020-06-23
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sub-synchronous resonance of the power grid, wherein the variable damping gain is adjusted
based on at least one electric variable of the system reflecting a sub-synchronous resonance
behaviour of the power grid, said electric variable being selected from the sub-synchronous
components of the grid voltage, a zero-sequence current at a point in the system where it is
possible to determine the zero-sequence current, and a bus voltage of the frequency
converter, the method further comprising determining at least a module of said electric
variable to adjust the variable damping gain based on the electric variable, the variable
damping gain being calculated based on said module by a regulator receiving said module

as input and returning the damping gain.

In some embodiments, the variable damping gain used for obtaining the damping current set
points is limited by a maximum limit and a minimum limit both of which are pre-established
according to characteristics of the power grid and of a power generation farm where the

frequency converter is located.

In some embodiments, if it is determined that the module of an electric variable based on
which the variable damping gain is calculated, or the derivative of said module, exceeds a
predetermined safety threshold, determination of the damping current set points is stopped

and the system is decoupled from the power grid.

In some embodiments, if it is determined that the module of an electric variable based on
which the variable damping gain is calculated, or the derivative of said module, exceeds a
predetermined safety threshold for a predetermined safety time, determination of the damping

current set points is stopped and the system is decoupled from the power grid.

In some embodiments, the variable damping gain comprises a first damping gain and a
second damping gain, the method further comprising calculating the first damping gain based
on a first electric variable reflecting the sub-synchronous component of the power grid and
the second damping gain based on a second electric variable also reflecting the sub-
synchronous frequency of the power grid, said first and second electric variables being

selected from the sub-synchronous components of the grid voltage, the zero-sequence

Date Regue/Date Received 2020-06-23
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current, and a bus voltage of the frequency converter, and selecting a higher of the first

damping gain and the second damping gain as the variable damping gain.

In some embodiments, a first of the damping current set points is determined based on one
of the sub-synchronous components, and a second damping current set point is determined
based on another of the sub-synchronous components, the first damping gain being
determined based on the sub-synchronous components of grid voltages, and the second
damping gain being determined based on the zero-sequence current, the damping current
set points being determined based on both the first damping gain and the second damping

gain.

In some embodiments, the variable damping gain used for obtaining the damping current set
points is limited by a maximum limit and a minimum limit, both of which are pre-established
according to characteristics of the power grid and of a power generation farm where the

frequency converter is located.

In some embodiments, the variable damping gain used for obtaining the damping current set
points is limited by a maximum limit and a minimum limit, both of which are pre-established
according to characteristics of the power grid and of a power generation farm where the

frequency converter is located.

In some embodiments, if it is determined that the value of the variable damping gain reaches
the maximum limit and maintains said maximum limit throughout a predetermined safety time,
determination of the damping current set points is stopped and the system is decoupled from

the power grid.

In some embodiments, the variable damping gain used for obtaining the damping current set
points is limited by a maximum limit and a minimum limit, both of which are pre-established

according to a current capacity of the frequency converter.

In some embodiments, if it is determined that the value of the variable damping gain reaches

the maximum limit and maintains said maximum limit throughout a predetermined safety time,

Date Regue/Date Received 2020-06-23
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determination of the damping current set points is stopped and the system is decoupled from

the power grid.

In some embodiments, the variable damping gain used for obtaining the damping current set
points is limited by a maximum limit and a minimum limit, both of which are pre-established
according to characteristics of the power grid and of a power generation farm where the

frequency converter is located and according to a current capacity of the frequency converter.

In some embodiments, if it is determined that the value of the variable damping gain reaches
the maximum limit and maintains said maximum limit throughout a predetermined safety time,
determination of the damping current set points is stopped and the system is decoupled from

the power grid.

According to another aspect of the present invention there is provided an electrical power
generation system comprising, a frequency converter connected to a power grid, a voltage
detector for detecting a grid voltage of the power grid, a current detector for detecting a grid
current of the power grid, and a central control unit for controlling the frequency converter,

configured for implementing a method as described herein.

According to a further aspect of the present invention there is provided an electrical power
generation system comprising, a frequency converter connected to a power grid, a voltage
detector for detecting a grid voltage of the power grid, a current detector for detecting a grid
current of the power grid, and a central control unit for controlling the frequency converter,

configured for implementing a method as described herein.

According to a further aspect of the present invention there is provided an electrical power
generation system comprising, a frequency converter connected to a power grid, a voltage
detector for detecting a grid voltage of the power grid, a current detector for detecting a grid
current of the power grid, and a central control unit for controlling the frequency converter,

configured for implementing a method according as described herein.

Date Regue/Date Received 2020-06-23
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These and other advantages and features of the invention will become evident in view of the
drawings and detailed description of the invention.

DESCRIPTION OF THE DRAWINGS

Figure 1 shows a one-line circuit diagram of a power grid compensated with series capacitors.
Figure 2 shows a one-line circuit diagram of a system comprising a frequency converter

connected to a power grid, particularly for a wind power generation application based on a

doubly-fed topology, where the method of the invention can

Date Regue/Date Received 2020-06-23
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be implemented.

Figure 3 shows a block diagram depicting a mode of generating the sub-

synchronous components of the grid voltage.

Figure 4 shows a block diagram describing the sub-synchronous resonance damping

loop of a frequency converter of the state of the art.

Figure 5 shows a block diagram where the generation of the total current set points
in the state of the art is depicted based on generating active and passive current set

points.

Figure 6 shows a block diagram where the generation of active and reactive current
set points in the state of the art is depicted by means of an active power regulation

loop and a reactive power regulation loop.

Figure 7 shows an embodiment of the method of the invention based on a block
diagram representation, in which the damping current set points are generated

based on a damping gain from sub-synchronous components of the grid voltage.

Figure 8 shows variation in damping gain by applying the method depicted in Figure

7, depending on the number of wind turbines connected to the grid.

Figure 9 shows an embodiment of the method of the invention based on a block
diagram representation, in which the damping current set points are generated
based on a damping gain from the zero-sequence current of the grid, the frequency

converter or the stator of the turbine generator.

Figure 10 shows the total active power generated by a wind farm in a sub-
synchronous resonance event for different numbers of turbines on the farm coupled
to the grid, seen from a system in which the method of the state of the art is applied

to compensate for said sub-synchronous resonance.

Figure 11 shows the total active power generated by a wind farm in a sub-

synchronous resonance event for different numbers of turbines on the farm coupled
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to the grid, seen from a system in which an embodiment of the method of the invention is
applied, in which the damping gain for determining damping current set points is calculated

based on the sub-synchronous components of the grid voltage.

Figure 12 shows the total active power generated by a wind farm in a sub-synchronous
resonance event for different numbers of turbines on the farm coupled to the grid, seen from
a system in which an embodiment of the method of the invention is applied, in which the
damping gain for determining damping current set points is calculated based on the zero-

sequence current of the grid, the frequency converter or the stator of the turbine generator.

DETAILED DISCLOSURE OF THE INVENTION

The description of the invention uses as a reference an energy generation application based
on doubly-fed topology. A person skilled in the art will understand that the described invention
can be applied to any application which includes at least one frequency converter 4 connected
to the grid, even if it is not based on doubly-fed topology. Examples that can be cited would
be energy generation or consumption applications in which all the energy flows through the
frequency converter 4, i.e., full converter, HVDC applications for electrical power distribution

or HVAC applications for electrical power distribution.

Doubly-fed topology is made up of a doubly-fed asynchronous generator in which the
terminals of the stator are connected directly to the power grid, and in which the terminals of
the rotor are connected to a frequency converter 4 which will in turn be connected to the

power grid.

The teachings of Patent document US20130176751A1 are noted. The method of the
invention is suitable for being implemented in electrical power generation systems of different
applications as discussed above, such as the one shown in Figure 2, for example. Said Figure
2 shows an electrical power generation system 1000 with a turbine 900 including a doubly-
fed generator 1, the stator of which is connected to the grid by means of a contactor 2 and a
transformer 3. The transformer 3 adapts the output voltage of the stator to the grid voltage

value. The

Date Regue/Date Received 2020-06-23
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rotor of the doubly-fed generator 1 is connected to a frequency converter 4
comprising a grid-side converter or rectifier 5 and a machine-side converter or
inverter 6. The system 1000 further comprises a central control unit 10 for generating
switching commands 11 for the switches of the rectifier 5 and for generating
switching commands 12 for the switches of the inverter 6. In one embodiment, the
inverter 6 and the rectifier 5 can include static switches of the IGBT type, with their
opening and closing controlled by switching commands 11 and 12 generated by the

central control unit 10 (by means of corresponding regulation algorithms).

Operation of the system 1000 is controlled from the central control unit 10, which
processes the measurements taken through sensors installed in said system 1000
(of voltage and/or current) and executes programmed control algorithms according to
said measurements for controlling the flow of power between the generator 1 and the
grid. The final result of executing these algorithms is in the form of switching
commands 11 and 12 for the switches comprised both in the rectifier 5 and in the
inverter 6. Said switching commands 11 and 12 are calculated by means of
modulation steps using pulse width modulation techniques for synthesizing reference
voltages that must be applied at the output of the inverter 6 and rectifier 5 for
controlling the currents of each based on the voltage of the AC stage. Pulse width
modulation techniques are widely used in the art today, being able to choose
between scale-based techniques or vector-based techniques. Scale-based
modulation techniques are those using the comparison of carrier sighals with
modulating signals as a basis, for example, PWM (Pulse Width Modulation). Vector-
based techniques are those which apply specific switching patterns or vectors during
specific previously calculated times in the mentioned modulation steps, for example,
SVPWM (Space Vector Pulse Width Modulation).

The method of the invention comprises at least the steps of identifying sub-
synchronous components Vys and Vys of the grid voltage 38 based on detections of
said grid voltage 38, and of determining damping current set points 40’ and 41’
according to said sub-synchronous components Vys and Vys, to compensate for
resonance frequencies of the grid. Said steps are implemented in the central control
unit 10. How sub-synchronous components Vs and Vs are obtained is something
known in the field, and for that purpose Clarke and Parke transformations can be

used, as mentioned in the state of the art, for example, depicted in Figure 3 and
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explained in patent document US20130176751A1, or any other known mathematical

method can be used.

In the method of the invention, the damping current set points 40’ and 41’ are
determined by regulation means 45’ receiving the sub-synchronous components Vs
and Vys of the grid voltage 38 and returning the damping current set points 40 and
41. Said regulation means 45’ comprise at least one regulator with at least one
variable damping gain 46a’, and said variable damping gain 46a’ is adjusted
dynamically according to the sub-synchronous frequency of the power grid at all
times. Therefore, regulation means 45’ receive on one hand the sub-synchronous
components Vs and Vys of the grid voltage 38 and the adjusted damping gain 46a’,
and return damping current set points 40° and 41" as output. The required
compensation level can thereby be adapted to the frequency converter 4 for
damping sub-synchronous resonance of the grid, according to actual conditions of
the grid to which the system is connected 1000 and of the farm to which the system
1000 belongs. Damping current set points 40’ and 41’ are generated in a sub-
synchronous resonance damping loop 39 such as the one shown by way of example
in Figures 7 and 9, which replaces the sub-synchronous resonance damping loop 39
of patent document US20130176751A1. The damping set point regulation block 45
of the state of the art is replaced with regulation means 45, which are suitable for
receiving the variable adjusted damping gain 46a’, and a compensation regulation
block 46’ is furthermore included for generating the variable damping gain 46a’,
thereby a modification to the generation of damping current set points 40° and 41’ ta

compensate for sub-synchronous frequencies of the grid being proposed.

The damping gain 46a’ is adjusted based on at least one electric variable of the
system 1000 reflecting the sub-synchronous frequency of the power grid to which the
system 1000 is connected, said electric variable being selected from sub-
synchronous components Vs and Vys of the grid voltage 38, the zero-sequence
current at a point of the system 1000 where it is possible to determine zero-
sequence current (cases of the grid itself, the frequency converter 4 or the stator of
the generator 1, if any), and the bus voltage Vsus of the frequency converter 4.
Determination of the zero-sequence current depends on detections of current
available in the system 1000, and also on the neutral operation of the system 1000
itself (of both the turbine 900 and frequency converter 4) because a neutral point
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connection is necessary for there to be a zero-sequence current. The requirements
for there to be a zero-sequence current and the determination thereof is something
that is already known in the state of the art, therefore it will not be explained in

further detail.

To adjust a damping gain 46a’ based on one of said electric variables, the module of
said electric variable is determined, the damping gain 46a’ being calculated based
on said module preferably by means of a regulator which receives said module as
input and returns the damping gain 46a’ and which is comprised in the compensation
regulation block 46’. Said regulator can be a proportional regulator, a P| regulator or
a PID regulator, the gain (or gains) of which is determined previously according to
the grid to which the system 1000 is connected and to the farm it belongs (fo the
number of systems 1000 forming said farm). Instead of a regulator, the
compensation regulation block 46 can comprise a look-up table, for example, or
another known alternative, for establishing an output value (damping gain 46a’)

according to the inputs.

In one embodiment shown by way of example in Figure 7, the compensation
regulation block 46’ receives sub-synchronous components Vys and Vs of the grid
voltage 38 coming from the sub-synchronous resonance identification block 44 as
input for calculating the variable parameter 46a’, and determines the module of said
sub-synchronous components Vi and Vs, said module reaching the regulator of the
compensation regulation block 46’. Regulator output is the damping gain 46a’. Figure
8 shows the results of a simulation of a variation in damping gain 463’ in a system
1000 during a time interval t by applying the regulation algorithm defined in Figure 7
for one and the same value of the module of the sub-synchronous components Vs
and Vys and for different numbers of turbines 900 connected to the grid at the time of
the event (one turbine, evolution E1; five turbines, evolution ES5; ten turbines,
evolution E10; fifteen turbines, evolution E15; twenty turbines, evolution E20; twenty-
five turbines, evolution E25; and thirty turbines, evolution E30). The number of
systems 1000 connected to the grid is not known, and said Figure 8 shows evolution
of variation in damping gain 46a for different cases, demonstrating that the
compensation regulation block 46’ provides a different damping gain 46a’ according
to the systems 1000 connected to the grid, it being automatically adjusted to the
actual need without having to know the total capacity of the farm to which the system
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1000 belongs, to compensate for resonance at a specific time.

In another embodiment shown by way of example in Figure 9, the compensation
regulation block 46’ receives the zero-sequence current as input for calculating the
damping gain 46a’. A zero-sequence component identification block 47’ receives the
current measurements of a point of the system 1000 (of the grid current, stator or
converter, for example), and calculates the corresponding zero-sequence current
based on said measurements. Various techniques for calculating zero-sequence
current are known in the art, and any of them can be used in this case. The zero-
sequence current enters the compensation regulation block 46°, and said
compensation regulation block 46’ calculates the value of the damping gain 46a’ for
the damping set point regulation block 45’ according to said zero-sequence current.
The compensation regulation block 46’ determines the module of said zero-
sequence current, and said module reaches the regulator comprised in the

compensation regulation block 46’ itself.

In another embodiment not shown in the drawings, the compensation regulation
block 46 can calculate the damping gain 46a’ based on the bus voltage Veus of the
frequency converter, because, in the event of resonance, the bus voltage Vsus
comprises oscillations. Said compensation regulation block 46’ determines the
module of the bus voltage Vgus, and said module reaches the regulator comprised in

the compensation regulation block 46’

In other embodiments not shown in the drawings, the compensation regulation block
46" calculates at least two compensation gains 46a’, based on one of the electric
variables selected from the sub-synchronous components of the grid voltage, the
zero-sequence current or bus voltage Veus. The compensation regulation block 46’
determines the module of the corresponding electric variable and the derivative
thereof, and said module and said derivative reach their respective regulator
comprised in the compensation regulation block 46’ itself. Each regulator calculates
a respective damping gain, and the highest of them is received by the damping set
point regulation block 45’ for generating damping current set points 40’ and 41'.
Evolution of sub-synchronous frequency can be estimated when considering the
derivative, and a faster response can be provided (damping current set points 40’

and 41’ are anticipated).



10

15

20

25

30

35

CA 02974872 2017-07-25

- 16 -

In other embodiments not shown in the drawings, a plurality of damping gains 46a’ is
calculated based on the sub-synchronous components Vys and Vys, zero-sequence
components and/or bus voltage, each of them by means of the compensation
regulation block 46’ thereof. The highest damping gain 46a’ calculated for generating
damping current set points 40’ and 41’ is preferably applied in the damping set point
regulation block 45’. Each compensation regulation block 46’ can be implemented
with only the module of the corresponding electric variable, or with the module and

derivative of said electric variable.

In other embodiments not shown in the drawings, the damping set point regulation
block 45’ receives at least two damping gains 46a’: one for the sub-synchronous
component Vs and the other one for the sub-synchronous component Vis.
Therefore, one of the damping current set points 40’ and 41’ is determined by means
of a first regulator of the regulation means 45’ based on one of the sub-synchronous
components Vs and Vys with the corresponding damping gain 46a’, and the other
damping current set point 40" and 41’ is determined by means of a second regulator
of the regulation means 45’ based on the other sub-synchronous component Vys and
Vys with the other corresponding damping gain 46a’. One of the damping gains 46a’
is calculated based on the sub-synchronous components Vys and Vys, (preferably the
one that is later associated with the sub-synchronous component Vys), and the other
damping gain 463’ is calculated based on the zero-sequence current (preferably the
one that is later associated with the sub-synchronous component V). How to
calculate a damping gain 46a' based on sub-synchronous components Vxs and Vys

and zero-sequence current has previously been discussed.

For the method, in any of its embodiments, a maximum limit and minimum limit are
preferably pre-established for each one of the variable parameters 46a’ has a
maximum limit and a minimum limit. The limits are established according to the
characteristics of the grid and the farm where the corresponding turbine 900 is
installed. The maximum limit, for example, is established according to the gain
required in the event that compensation must be done by means of a single wind
turbine 900. The minimum limit, for example, is established according to the gain
required in the event that compensation is done by means of all the wind turbines
900 on the farm.
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The current capacity of the frequency converter 4 must also be considered to
establish the limits because the frequency converter 4 must work in conditions in
which a sub-synchronous compensation component must be added to the current
set point of the regulation loops. This current affects the losses of the frequency
converter 4, and therefore thermal performance, and it must be assured that safe

working conditions are applied at all times.

In some embodiments, the method is furthermore suitable for stopping the
determination of damping current set points 40’ and 41’ and for generating an alarm
whereby disconnection of the corresponding turbine 900 from the grid is preferably
caused, if it is determined that resonance cannot be compensated. Different
techniques can be used to determine whether or not resonance can be
compensated, such as:

- Ifitis determined that the module of the sub-synchronous components Vys
and Vys, or the derivative of said module, exceeds a predetermined safety
threshold, it is determined that resonance cannot be compensated.
System shut-down would be instantaneous under these conditions.

- Ifitis determined that the module of the sub-synchronous components Vys
and Vys, or the derivative of said module, exceeds a predetermined safety
threshold throughout a predetermined safety time, it is determined that
resonance cannot be compensated. Predetermined thresholds and safety
time are set at a value which assures operation of both the mechanical
and electrical components of the turbine 900 in safe conditions, and they
also depend on the existence and adjustment of additional protections of
the wind farm. For example, it could be adjusted for a case in which the
sub-synchronous component Vs, Vys of the grid voltage 38 exceeds 8% of
the rated voltage value for 10 seconds or the derivative is positive for 250
ms.

- If it is determined that the value of the damping gain 463’ reaches its
maximum limit and maintains said maximum limit throughout a
predetermined safety time, it is determined that resonance cannot be
compensated. The maximum limit could be set, for example, at 50, which
allows compensating for resonance with 10% of the turbines 900 on the

farm coupled to the grid.
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In summary, any of the embodiments of the proposed method allows changing
compensation of sub-synchronous components Vxs and Vys through the
compensation regulation block 46°, such that the greater the module (and/or
derivative) of the sub-synchronous components Vi and Vs of the grid voltages 38,
the greater the compensation. In the event that all the wind turbines 900 on a farm
are coupled, small compensation of each of them will be enough to compensate for
resonance. In the opposite case in which few turbines 900 are coupled, a greater
compensation component will be required of them. The regulation system reaches a
balance in which compensation is distributed among the available wind turbines 900
without having to know the power generated by each of them and the total wind farm

power.

Figure 10 shows the performance of a wind generation application based on doubly-
fed topology controlled by a frequency converter 4, the operation of which is
controlled by the regulation algorithm with resonance compensation considering the
total available farm capacity (without implementing the invention). Figure 10 shows
the total power P generated by a wind farm in a sub-synchronous resonance event
during a specific time interval t1 and for a specific number of turbines 900 coupled to
the grid in each case, in which resonance is only compensated and stabilized for a
minimum number of turbines 900 coupled to the grid. Specifically, the results are
shown for the following numbers of turbines 900 coupled to the grid: 20 (total power
P20), 21 (total power P21), 22 (total power P22), 23 (total power P23), 24 (total
power P24) and 25 (total power P25).

Figure 11 shows the performance of the wind farm with compensation with variable
parameters 46a’ according to the sub-synchronous components Vi and Vys of the
voltage of the power grid during a specific time interval t2 and for a specific number
of turbines 900 coupled to the grid in each case. It is found that performance
improves with respect to the previous case of the state of the art (Figure 10}, stability
of the system 1000 improving regardless of the power being generated and the
number of wind turbines 900 connected to the grid. Specifically, the results are
shown for the following numbers of turbines 900 coupled to the grid: 1 (total power
P1), 5 (total power P5), 10 (total power P10), 15 (total power P15), 20 (total power
P20), 25 (total power P25), 30 (total power P30), 35 (total power P35), 40 (total
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power P40), 45 (total power P45) and 50 (total power P50).

Figure 12 likewise shows performance of the wind farm with compensation with
variable parameters 46a’ according to the zero-sequence component of the current
during a specific time interval t3 and for a specific number of turbines 900 coupled to
the grid in each case. It is also found that performance improves with respect to the
previous case of the state of the art (Figure 10), stability of the system 1000
improving regardless of the power being generated and the number of wind turbines
900 connected to the grid. Specifically, the results are shown for the following
numbers of turbines 900 coupled to the grid: 1 (total power P1), 5 (total power P5),
10 (total power P10), 20 (total power P20), 30 (total power P30), 56 (total power
P56) and 126 (total power P126).
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The embodiments of the invention in which an exclusive property or privilege is
claimed are defined as follows:

1. A control method for controlling a system having a frequency converter connected to
a power grid, the method comprising, obtaining sub-synchronous components of a grid
voltage of the power grid; determining damping current set points from the sub-synchronous
components of the grid voltage and based on a variable damping gain generated from the
sub-synchronous components of the grid voltage; and outputting the damping current set
points to control circuitry to compensate for sub-synchronous resonances of the power grid
in current regulators controlling operation of the frequency converter, wherein the variable
clamping gain is dynamically adjusted according to a sub-synchronous component of the
power grid such that a required compensation level of the frequency converter is adapted
for damping sub-synchronous resonance of the power grid, wherein the variable damping
gain is adjusted based on at least one electric variable of the system reflecting a sub-
synchronous resonance behaviour of the power grid, said electric variable being selected
from the sub-synchronous components of the grid voltage, a zero-sequence current at a
point in the system where it is possible to determine the zero-sequence current, and a bus
voltage of the frequency converter, the method further comprising determining at least a
module of said electric variable to adjust the variable damping gain based on the electric
variable, the variable damping gain being calculated based on said module by a regulator

receiving said module as input and returning the damping gain.

2. The method according to claim 1, wherein the variable damping gain used for
obtaining the damping current set points is limited by a maximum limit and a minimum limit
both of which are pre-established according to characteristics of the power grid and of a

power generation farm where the frequency converter is located.

3. The method according to claim 1 or 2, wherein if it is determined that the module of
an electric variable based on which the variable damping gain is calculated, or the
derivative of said module, exceeds a predetermined safety threshold, determination of the

damping current set points is stopped and the system is decoupled from the power grid.

Date Regue/Date Received 2020-06-23
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4. The method according to claim 1 or 2, wherein if it is determined that the module of
an electric variable based on which the variable damping gain is calculated, or the
derivative of said module, exceeds a predetermined safety threshold for a predetermined
safety time, determination of the damping current set points is stopped and the system is

decoupled from the power grid.

5. The method according to any one of claims 1 to 4, wherein the variable damping
gain comprises a first damping gain and a second damping gain, the method further
comprising calculating the first damping gain based on a first electric variable reflecting the
sub-synchronous component of the power grid and the second damping gain based on a
second electric variable also reflecting the sub-synchronous frequency of the power grid,
said first and second electric variables being selected from the sub-synchronous
components of the grid voltage, the zero-sequence current, and a bus voltage of the
frequency converter, and selecting a higher of the first damping gain and the second

damping gain as the variable damping gain.

6. A method according to claim 4, wherein a first of the damping current set points is
determined based on one of the sub-synchronous components, and a second damping
current set point is determined based on another of the sub-synchronous components, the
first damping gain being determined based on the sub-synchronous components of grid
voltages, and the second damping gain being determined based on the zero-sequence
current, the damping current set points being determined based on both the first damping

gain and the second damping gain.

7. The method according to claim 4, wherein the variable damping gain used for
obtaining the damping current set points is limited by a maximum limit and a minimum limit,
both of which are pre-established according to characteristics of the power grid and of a

power generation farm where the frequency converter is located.

8. The method according to claim 1, wherein the variable damping gain used for
obtaining the damping current set points is limited by a maximum limit and a minimum limit,
both of which are pre-established according to characteristics of the power grid and of a

power generation farm where the frequency converter is located.

Date Regue/Date Received 2020-06-23
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9. The method according to claim 8, wherein if it is determined that the value of the
variable damping gain reaches the maximum limit and maintains said maximum limit
throughout a predetermined safety time, determination of the damping current set points is

stopped and the system is decoupled from the power grid.

10. The method according to claim 1, wherein the variable damping gain used for
obtaining the damping current set points is limited by a maximum limit and a minimum limit,
both of which are pre-established according to a current capacity of the frequency

converter.

11. The method according to claim 10, wherein if it is determined that the value of the
variable damping gain reaches the maximum limit and maintains said maximum limit
throughout a predetermined safety time, determination of the damping current set points is

stopped and the system is decoupled from the power grid.

12. The method according to claim 1, wherein the variable damping gain used for
obtaining the damping current set points is limited by a maximum limit and a minimum limit,
both of which are pre-established according to characteristics of the power grid and of a
power generation farm where the frequency converter is located and according to a current

capacity of the frequency converter.

13. The method according to claim 12, wherein if it is determined that the value of the
variable damping gain reaches the maximum limit and maintains said maximum limit
throughout a predetermined safety time, determination of the damping current set points is

stopped and the system is decoupled from the power grid.

14. An electrical power generation system comprising, a frequency converter connected to
a power grid, a voltage detector for detecting a grid voltage of the power grid, a current
detector for detecting a grid current of the power grid, and a central control unit for
controlling the frequency converter, configured for implementing a method as defined in any

one of claims 1 to 13.

Date Regue/Date Received 2020-06-23
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15. An electrical power generation system comprising, a frequency converter connected
to a power grid, a voltage detector for detecting a grid voltage of the power grid, a current
detector for detecting a grid current of the power grid, and a central control unit for
controlling the frequency converter, configured for implementing a method as defined in

claim 10.

16. An electrical power generation system comprising, a frequency converter connected
to a power grid, a voltage detector for detecting a grid voltage of the power grid, a current
detector for detecting a grid current of the power grid, and a central control unit for
controlling the frequency converter, configured for implementing a method according as

defined in claim 12.

Date Regue/Date Received 2020-06-23
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