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DESCRIPTION

[0001] The present invention relates generally to power conversion systems. More particularly,
the invention relates to a power conversion system used in a rotary power generation system
for converting a variable-frequency alternating current produced by a variable-speed rotary
power generator into an alternating current with controlled amplitude or frequency for feeding
an electric grid.

[0002] A rotary power generation system comprises a rotary power generator for generating
an alternating current with a variable frequency by rotation of a generator rotor and a power
conversion system for converting the variable-frequency alternating current into an alternating
current with controlled amplitude or frequency to be supplied to an electric grid. One example
of such a rotary power generation system is a variable-speed wind turbine power generation
system.

[0003] Variable-speed wind turbine power generation systems are one type of renewable
energy-based power unit that competes with traditional forms of electric power generation. As
a result, variable-speed wind turbine power generation systems depend on cost effective,
reliable as well as safe means to capture wind energy and convert it to electrical energy that is
suitable for delivery miles away. In operation, variable-speed wind turbine power generation
systems include a multiple of rotating blades connected to a rotor shaft that are turned by the
wind. The rotation of the blades by the wind spins the rotor shaft to generate a rotational
torque or force that drives one or more generators to convert mechanical energy to electrical
energy. The rotor shaft and generator are mounted within a housing or nacelle that is
positioned on top of a truss or tubular tower. The electrical energy generated in the nacelle is
distributed down through the tower to a utility grid via a transformer.

[0004] Variable-speed wind turbine power generation systems include generators with rotation
speeds that vary with wind speed and which generate an alternating current with a variable
frequency. Variable speed wind turbine generators can provide more energy over a range of
wind speeds as compared with wind turbine generators requiring a constant speed of
operation. See, for example, US 2011/018281 and GB 2 420 456.

[0005] Power conversion systems for variable-speed wind turbine power generation systems
typically include a generator-side electronic power converter for converting the variable-
frequency alternating current into a direct current at a DC link. A line (or grid) side electronic
power converter is also provided for converting the direct current at the DC link into an
alternating current with controlled amplitude or frequency for feeding the electric grid. The
electronic power converters may be made up of a single full size converter or multiple smaller
converters operated in parallel, each of which is referred to as a thread. It is desirable to
transmit as much of the wind power to the grid as possible.

[0006] During the generation of power in a variable-speed wind turbine power generation
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system, the generator currents or thread currents can become imbalanced by electrical
imbalances in the converter, generator or cables . Such imbalances in current can cause
power reduction of the generator to occur which leads to inefficient generation of power by the
wind turbine.

[0007] Hence the present invention, as defined by the appended claims, is provided.

[0008] The above described and other features are exemplified by the following detailed
description.

[0009] Various features of this invention will be more readily understood from the following
detailed description of the various aspects and embodiments of the invention taken in
conjunction with the accompanying drawings, that depict various embodiments of the invention,
and in which:

FIG. 1 is a block diagram of a rotary power generation system coupled to an electric grid,
according to an embodiment.

FIG. 2 is a diagrammatic representation of an exemplary permanent magnet generator
controller employed in the rotary power generation system of FIG. 1, according to an
embodiment.

FIG. 3 is a diagrammatic representation of an exemplary generator negative sequence
regulator employed in the permanent magnet generator controller of FIG. 2, according to an
embodiment.

FIG. 4 depicts a chart of D-axis and Q-axis negative sequence gains for a plurality of different
frequencies, according to an embodiment.

FIG. 5 is a flow diagram of a process for balancing generator currents, according to an
embodiment.

[0010] Embodiments disclosed herein relate to a power conversion system used in a rotary
power generation system for converting a variable-frequency alternating current produced by a
variable-speed rotary power generator into an alternating current with controlled amplitude or
frequency for feeding an electric grid.

[0011] Power conversion systems for variable-speed wind turbine power generation systems
typically include a generator-side electronic power converter for converting the variable-
frequency alternating current into a direct current at a DC link. A line (or grid) side electronic
power converter is also provided for converting the direct current at the DC link into an
alternating current with controlled amplitude or frequency for feeding the electric grid. The
electronic power converters may be made up of a single full size converter or multiple smaller
converters operated in parallel, each of which is referred to as a thread. It is desirable to
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transmit as much of the wind power to the grid as possible.

[0012] Described herein is a negative sequence current regulator that is used to balance
thread currents to maximize the wind power transferred to the electric grid. The negative
sequence current regulator is described below with regard to a single converter, but is
generally applied to a multi-threaded converter. For example, a multi-threaded converter can
include four (4) threads, each of which can include the negative sequence current regulator of
the present invention embedded therein. The result is that the thread currents are balanced
and so is the generator current. This is viable for any number of threads.

[0013] Reference is first made to a rotary power generation system as illustrated in FIG. 1. In
this embodiment, the rotary power generation system comprises a variable-speed wind turbine
power generation system 10 ("wind turbine system 10"). Although described herein with regard
to a variable-speed wind turbine power generation system, embodiments of the invention are
applicable to other rotary power generation systems having a rotary power generator that is
operated at a variable speed. Examples of other types of rotary power generation systems
may include, for example, gas turbines, micro-turbines, and marine hydro kinetic devices.

[0014] When wind conditions are sufficient, a turbine control 12 communicates control signals
to various sub-control systems in the wind turbine system 10. One of the control signals is a
pitch control signal 14 that is provided to a pitch control 16 to set the pitch of a set of turbine
blades 18 in order to regulate the rotational speed of a first shaft 20 to a gearbox 22. The
gearbox 22 is coupled to a permanent magnet generator 24 by a generator shaft 26.

[0015] The turbine control 12 regulates the power provided to the electric grid 28 via the pitch
control signal 14, torque command 30, permanent magnet generator converter and control 32
("generator converter" 32), and regenerative line converter and control 34 ("line converter” 34).
The real power provided to the electric grid 28 is controlled by the generator converter 32 and
line converter 34 (and associated controls) and is determined to be the product of the torque
command 30 and an angular speed 36 of the generator shaft 26.

[0016] The line converter 34 generates a set of three phase electrical sinusoidal voltages in a
manner to induce currents that are necessary for the line converter 34 to produce the active
power provided by the generator converter 32 and the reactive power commanded by the
turbine control 12. The line converter 34 manages the voltage at the dc link 38 so that nearly
all of the power generated into the dc link 38 by the permanent magnet generator 24 and the
generator converter 32 is exported to the electric grid 28.

[0017] The permanent magnet generator 24 develops a voltage on its terminals that is a
function of the rotational speed of the generator shaft 26. The generator converter 32
generates a set of three phase electrical sinusoidal voltages at its terminals in a manner to
induce currents that are necessary for the generator converter 32 to follow the torque
command 30 given by the turbine control 12 and to provide for losses in the system. In order to
perform proper control, the generator convertor 32 either calculates or measures the angular
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speed 36 of the permanent magnet generator 24 (e.g., the angular speed 36 of the generator
shaft 26). Typically, the angular speed 36 of the permanent magnet generator 24 is measured
and provided to the generator convertor 32 as depicted in FIG. 1.

[0018] The flow of the three phase currents from the permanent magnet generator 24 into the
generator convertor 32 must be managed in such a way as not to exceed the ratings of the
generator converter 32, the permanent magnet generator 24, and the conductors that connect
the generator converter 32 and the permanent magnet generator 24. Generally, this requires
that the maximum of the three phase currents does not exceed the capacity of those devices.
The same restrictions apply to the line converter 34, turbine transformer 40, and connecting
cabling.

[0019] The wind turbine system 10 can produce maximum power when all of the three phase
currents are at the maximum allowed value and are of the same magnitude. If the three phase
currents are imbalanced, the maximum current of the three phases must still not exceed the
allowed capacity of the system components. Thus, it is desirable to achieve balance of the
three phase currents between the generator converter 32 and the permanent magnet
generator 24 as well as the three phase currents between the line converter 34 and the turbine
transformer 40.

[0020] Since the frequency of the electric grid 28 voltage is somewhat fixed, it is relatively easy
to balance the three phase currents between the line converter 34 and the turbine transformer
40. However, the control complexity needed to balance currents between the permanent
magnet generator 24 and the generator converter 32 is much more difficult because of the
variable frequencies of the three phase currents flowing between the permanent magnet
generator 24 and the generator converter 32.

[0021] FIG. 2 is a more detailed view of a generator converter 32 in accordance with an
embodiment. Many of components of the generator converter 32 operate in a known manner
and will not be described in detail. In particular, the components of the generator converter 32,
with the exception of the operation of the negative sequence current regulator 50, are within
the purview of one skilled in the art and will not be described in detail.

[0022] Shown on the right side of FIG. 2 are a converter bridge 52, the permanent magnet
generator 24, and a system 54 for measuring the angular speed 36 of the permanent magnet
generator 24. These components are not part of the generator converter 32.

[0023] A vector demodulator 56 samples the voltages and currents from the permanent
magnet generator 24, and demodulates the sampled voltages and currents into signals Iq, Id,
Vq, and Vd. A vector rotate and PWM (pulse-width modulation) modulation component 58

receives Ug* 60 and Ud* 62 modulation commands from a voltage regulation and DC bus

compensation component 64, rotates the Ug* 60 and Ud* 62 modulation commands at the
frequency and electrical angle 104 of the generator voltages, and produces gating 66 signals
that are transmitted to the gating devices of the converter bridge 52. The remaining
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components depicted in FIG. 2 are used to generate the Ug* 60 and Ud" 62 modulation
commands in such a way as to follow the torque command 30 from the torque control 12.

[0024] A D-axis current control 68 compares a flux reference 70 to a generator flux 72
calculated by a generator flux and torque calculation component 74 from the Iq, Id, Vg, and Vd
signals output by the vector demodulator 56. The D-axis current control 68 outputs a D-axis
current command 76. A Q-axis current command 78 is generated from the torque command
30. The D-axis current command 76 and the Q-axis current command 78 are provided to a D-
axis current regulator 80 and a Q-axis current regulator 82, respectively.

[0025] The signals output by the D-axis current regulator 80 and the Q-axis current regulator

82 are compensated by two other signal sets to provide Vd* 84 and Vq* 86 voltage signals to
the voltage regulation and DC bus compensation component 64. One set, generated by a
voltage feed-forward component 88, includes a D-axis feed-forward voltage 90 and a Q-axis
feed-forward voltage 92, which approximate the net voltage needed and lessen the work of the
D-axis current regulator 80 and the Q-axis current regulator 82. The other set, generated by

the negative sequence current regulator 50, includes a NseqVq"® 94 signal and a NseqVvd* 96
signal, which are the focus of the present disclosure.

[0026] The NseqVqg® 94 and NseqVd* 96 signals are determined by the negative sequence
current regulator 50 in such a way that their summation into the Vd* 84 and Vq* 86 voltage

signals trims the Vd* 84 and Vq* 86 voltage signals to achieve balanced currents between the
generator converter 32 and the permanent magnet generator 24.

[0027] As depicted in greater detail in FIG. 3, the inputs to the negative sequence current
regulator 50 include a Q-axis current regulator error 100, a D-axis current regulator error 102,
a generator electrical angle 104, and a generator electrical frequency 106. The Q-axis current
regulator error 100 is determined by the Q-axis current regulator 82 and is based on the
difference between the Q-axis current command 78 and a Q-axis current feedback signal 108
(FIG. 2). Similarly, the D-axis current regulator error 102 is determined by the D-axis current
regulator 80 and is based on the difference between the D-axis current command 76 and a D-
axis current feedback signal 110 (FIG. 2).

[0028] Referring to FIG. 3, a vector demodulator 120 demodulates the Q-axis current regulator
error 100 and the D-axis current regulator error 102 using the generator electrical angle 104
into an Iq error signal 122 and an Id error signal 124, respectively. The Iq error signal 122 and
the Id error signal 124 are then passed through respective integrators 126 to generate signals
128, 130.

[0029] In accordance with an embodiment, a frequency-dependent set 132 of D-axis and Q-
axis negative sequence gains 134, 136 are applied to the signals 128, 130 and then rotated by

vector rotator 142 using the generator electrical angle 104 to generate the NseqVq* 94 and
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NseqVd*® 96 signals. When using NseqVqg*® 94 and NseqVd® 96 signals generated in this
manner, the currents in the three phases of the permanent magnet generator 24 (FIG. 1) are
balanced across the entire frequency range of operation of the permanent magnet generator
24 (FI1G. 1), thereby increasing the operational efficiency and yield of the wind turbine system
10 (FIG.1).

[0030] In an embodiment, referring collectively to FIGS. 1-3, it was determined that in a wind
turbine system 10 in which the generator electrical frequency 106 of the voltages vary over a
wide range with time, the D-axis and Q-axis negative sequence gains 134, 136 necessary for
proper and stable performance of the negative sequence current regulator 50 vary according
to the generator electrical frequency 106. To this extent, for a given wind turbine system 10, a
stable frequency-dependent set 132 of D-axis and Q-axis negative sequence gains 134, 136
across the operational frequency range of the wind turbine system 10 was developed and
dynamically applied (e.g., via a look-up table or calculation) as a function of generator electrical
frequency 106. Depending on the details of the electrical system design and tune-up of the
regulating structure detailed in Fig.2 each different wind turbine system 10 could have different
operational characteristics, a different frequency-dependent set 132 of D-axis and Q-axis
negative sequence gains 134, 136 may be required for each wind turbine system 10.

[0031] In an embodiment, an exemplary frequency-dependent set 132 of D-axis and Q-axis
negative sequence gains 134, 136 was determined by analyzing the performance (e.g., step
response) of the negative sequence current regulator 50 and wind turbine system 10 for a
range of rotational speeds (e.g. 300 rpm to 535 rpm to 2000 rpm) as the D-axis and Q-axis
negative sequence gains in the negative sequence current regulator 50 were varied. The D-
axis and Q-axis negative sequence gains thus determined were then normalized to achieve a
step response that had the same time response across the frequency range, thereby providing
the D-axis and Q-axis negative sequence gains 134, 136. An illustrative frequency-dependent
set 132 of D-axis and Q-axis negative sequence gains 134, 136, which shows the wide
variation of the D-axis and Q-axis negative sequence gains 134, 136 necessary for proper and
stable performance of the negative sequence current regulator 50 at different generator
electrical frequencies 106, is depicted in FIG. 4.

[0032] Referring again to FIG. 3, the D-axis and Q-axis negative sequence gains 134, 136 are
applied to the signals 128, 130 by a cross-coupled multiplier/adder circuit 140. Thereafter, the
outputs of the cross-coupled multiplier/adder circuit 140 undergo a vector rotation 142 based
on the generator electrical angle 104 and are then multiplied by a bandwidth gain 144 to

generate the NseqVg® 94 and NseqVd*® 96 signals. The bandwidth gain 144 is a fixed
normalizing gain for the current regulating structure. It is practically redundant to the D, Q
gains and is an independent way of adjusting the amplitude of the correction. The D, Q gains
are set to control the relative amplitudes of the components (which determine both the
amplitude and phase shift of the correcting signal) and the amplitude is further adjusted by the
bandwidth gain.

[0033] FIG. 5 depicts a flow diagram 200 of a process for balancing generator currents,
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according to an embodiment. At Pl, the electrical frequency of the permanent magnet
generator is obtained. At P2, D-axis and Q-axis negative sequence gains are determined
based on the obtained electrical frequency of the permanent magnet generator. At P3,
negative sequence voltage signals are generated based on the determined D-axis and Q-axis
negative sequence gains. At P4, the variable-frequency alternating currents generated by the
permanent magnet generator are balanced using the generated negative sequence voltage
signals, thereby maximizing the wind power transferred to the electric grid.

[0034] The terminology used herein is for the purpose of describing particular embodiments
only and is not intended to be limiting of the disclosure. As used herein, the singular forms "a",
"an" and "the" are intended to include the plural forms as well, unless the context clearly
indicates otherwise. It will be further understood that the terms "comprises" and/or
"comprising,” when used in this specification, specify the presence of stated features, integers,
steps, operations, elements, and/or components, but do not preclude the presence or addition
of one or more other features, integers, steps, operations, elements, components, and/or
groups thereof.

[0035] This written description uses examples to disclose the invention, including the preferred
mode, and also to enable any person skilled in the art to practice the invention, including
making and using any devices or systems and performing any incorporated methods. The
patentable scope of the invention is defined by the appended claims.
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1. Roterende kraftgenereringssystem (EN: rotary power generator system) (10), omfattende:

en roterende kraftgenerator (24) til generering af vekselstram med variabel frekvens;
en negativ sekvensstrgmregulator (EN: negative sequence current regulator) (50) der
omfatter en vektordemodulator (120) konfigureret til at demodulere en Q-akse
stramregulatorfejl (100) og en D-akse stromregulatorfejl (102) ved brug af en
elektrisk generatorvinkel (EN: a generator electrical angle) (104) til et Ig-fejlsignal
(122) og et Id-fejlsignal (124),

hvor den negative sekvensstrgmregulator (50) yderligere er konfigureret til at
indhente (EN: obtain) en elektrisk frekvens (106) af den roterende kraftgenerator
(29),

generere respektive integrerede signaler (128, 130) fra Ig-fejlsignalet (122) og fra
Id-fejlsignalet (124), og til at bestemme et seet (132) af frekvensathaengige negative
sekvensforstaerkninger (EN: frequency-dependent negative sequence gains) (134,
136) baseret pd den indhentede elektriske frekvens (106) af den roterende
kraftgenerator (24), hvori seettet af frekvensathaengige negative sekvens-
forstaerkninger omfatter en D-akse negativ sekvensforstaerkning (134) og en Q-akse
negativ sekvensforsteerkning (136), og

hvor den negative sekvensstrgmregulator (50) yderligere omfatter

et krydskoblet multiplikator-/adderkredslgb (EN: cross-coupled multiplier/adder
circuit) (140) konfigureret til at pafgre D-aksens negative sekvensforstaerkning (134)
og Q-aksens negative sekvensforstaerkning (136) af det roterende
kraftgenereringssystem (10) til de integrerede signaler (128, 130) ved at generere et
output fra det krydskoblede multiplikator/adderkredslgb (140) for D-aksen som en
sum af det integrerede Id-fejlsignal (130) ganget med D-aksens negative
sekvensforsteerkning (134) og det negative integrerede Ig-fejlsignal (128) ganget
med Q-aksens negative sekvensforstaerkning (136) og ved at generere et output fra
det krydskoblede multiplikator/adderkredslgb (140) for Q-aksen som en sum af det
integrerede Ig-fejlsignal (128) ganget med D-aksens negative sekvensforstaerkning
(134) og det integrerede Id-fejlsignal (130) ganget med Q-aksens negative
sekvensforstaerkning (136), og

en vektorrotator (142), der er konfigureret til at tilvejebringe en vektorrotation til
outputtene af det krydskoblede multiplikator/adderkredslgb (140) ved brug af den
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elektriske generatorvinkel (104) og derved generere negative
sekvensspaendingssignaler (ENG: negative sequence voltage signals) (94, 96) baseret
pad bestemte negative sekvensforsteerkninger (134, 136); og

et system (58) til styring af spaendingskomponenter til afbalancering af
vekselstrommen med variabel frekvens genereret af den roterende kraftgenerator
(24) baseret pd de negative sekvensforstaerkninger (134, 136),

hvor systemet (58) er konfigureret til at afbalancere den roterende kraftgenerators
(24) vekselstrem med variabel sekvens baseret pd de negative
sekvensspaendingssignaler NseqVq- (94) og NseqVd- (96) genereret af den negative
sekvensstromregulator (50).

2. Roterende kraftgenereringssystem (10) ifglge krav 1, hvor stramregulatoren (50) yderligere er
konfigureret til at multiplicere det vektorroterede output fra det krydskoblede
multiplikator/adderkredslgb (140) med en bandbreddeforstaerkning (EN: bandwidth gain) (144) for
at generere negative sekvensspaendingssignaler NseqVqg* (94) og NseqVvd- (96).

3. Roterende kraftgenereringssystem (10) ifglge krav 2, hvor NseqVq- signalet (94) og
NseqVd- signalet (96) bruges til at afbalancere stramme i de respektive faser af den roterende
kraftgenerator (24).

4. Roterende kraftgenereringssystem (10) ifglge et hvilket som helst af de foregdende krav,
yderligere omfattende:

en generatorkonverteringsenhed (74) til at modtage vekselstrommen med variabel frekvens fra den
roterende kraftgenerator (24), hvori speendingsreguleringssystemet (58) afbalancerer
vekselstrommen med variabel frekvens mellem den roterende kraftgenerator og
generatorkonverteringsenheden.

5. Roterende kraftgenereringssystem (10) ifelge et hvilket som helst af de foregdende krav, hvor
den roterende kraftgenerator (24) omfatter en vindmgllegenerator med variabel hastighed.

6. Roterende  kraftgenereringssystem  (10) ifglge krav 5, vyderligere omfattende:
en flerhed af vinger (18) til at rotere en aksel (20) af vindmgllegeneratoren (24) med variabel
hastighed.

7. Fremgangsmade (200) til at afbalancere generatorstrgmme af en roterende kraftgenerator (24) i
et roterende kraftgenereringssystem (10) ifelge et hvilket som helst af de foregdende krav,
omfattende:
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indhentning (P1) af den elektriske frekvens (106) af den roterende kraftgenerator
(24);

demodulering af Q-aksens stramregulatorfejl (100) og D-aksens stramregulatorfejl
(102) ved brug af generatorens elektriske vinkel (104) til Ig-fejlsignalet (122) og Id-
fejlsignalet (124), hvor Ig-fejlsignalet (122) og Id-fejlsignalet (124) er integreret i
integrerede signaler (128, 130);

bestemmelse (P2) af seettet (132) af frekvensafthaengige negative
sekvensforstaerkninger (134, 136) baseret pd den indhentede elektriske frekvens
(106), hvor seettet (132) af frekvensafhaengige negative sekvensforstaerkninger (134,
136) omfatter en D-akse negativ sekvensforstaerkning (134) og en Q-akse negativ
sekvensforstaerkning pd (136);

generering (P3) af negative sekvensspeendingssignaler (94, 96) baseret pd de
bestemte negative sekvensforstaerkninger (134, 136) ved at

ved hjeelp af det krydskoblede multiplikator/adderkredslgb (140) at pafgre
seettet (132) af negative sekvensforsteerkninger (134, 136) til de integrerede
signaler (128, 130) som fglger:

generering af et output fra det krydskoblede
multiplikator/adderkredslgb (140) for D-aksen som en sum af det
integrerede Id-fejlsignal (130) ganget med D-aksens negative
sekvensforstaerkning (134) og det negative integrerede Ig-fejlsignal
(128) ganget med Q-aksens negative sekvensforstaerkning (136), og
generering af et output fra det krydskoblede
multiplikator/adderkredslgb (140) for Q-aksen som en sum af det
integrerede Ig-fejlsignal (128) ganget med D-aksens negative
sekvensforstaerkning (134) og det integrerede Id-fejlsignal (130)
ganget med Q-aksens negative sekvensforstaerkning (136); og ved at
ved hjeelp af vektorrotatoren (142) tilvejebringe en vektorrotation til
outputtene af det krydskoblede multiplikator/adderkredslgb (140)
under anvendelse af den elektriske generatorvinkel (104); og

afbalancering (P4) af vekselstrammen med variabel frekvens genereret af den
roterende kraftgenerator (24) ved hjelp af de genererede negative
sekvensspaendingssignaler NseqVqg- (94) og NseqVd- (96).
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8. Fremgangsmade (200) ifglge krav 7, omfattende trinnet at gange det vektorroterede output fra
det krydskoblede multiplikator/adderkredslgb (140) med en bandbreddeforstaerkning (144) for at
generere negative sekvensspaendingssignaler NseqVg- (94) og NseqVd- (96).

9. Fremgangsmdde (200) ifelge krav 8, omfattende generering af NseqVq- signalet (94) og
NseqVd- signalet (96) til afbalancering af stramme i respektive faser af den roterende kraftgenerator
(24).
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