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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] One type of 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 power generation system comprises a variable-speed wind turbine
power generation system.

[0003] Variable-speed wind turbine power generation systems include generators with rotation
speeds that vary with wind speed and 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.

[0004] Power conversion systems for variable-speed wind turbines typically include a
generator side power electronic converter ("generator side converter") for converting the
variable-frequency alternating current into a direct current at a DC link and a line (or grid) side
power electronic converter ("line side converter") for converting the direct current at the DC link
into an alternating current with controlled amplitude or frequency for feeding the grid. It is
desirable to transmit as much of the wind power to the grid as possible while protecting the
power generation system under different wind and grid conditions.

[0005] One such conventional system is disclosed, for example, in GB 2 432 267.

[0006] Various aspects and embodiments of the present invention are defined by the
appended claims.

[0007] Various features, aspects, and advantages of the present invention will become better
understood when the following detailed description is read with reference to the accompanying
drawings in which like characters represent like parts throughout the drawings, wherein:

FIG. 1 is a block diagram of a conventional power generation system electrically coupled to an
electric grid.

FIG. 2 is a block diagram of a power generation system electrically coupled to an electric grid
in accordance with one embodiment of the present invention.
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FIG. 3 is an exemplary block diagram of a line side controller according to one embodiment.

FIG. 4 is an exemplary block diagram of a generator side controller according to one
embodiment.

[0008] Various embodiments disclosed herein relate to a power conversion control system for
controlling operation of a power conversion module for converting a variable-frequency
alternating current generated by a rotary power generator into an alternating current with
controlled amplitude or frequency for feeding an electric grid. As used herein, or is intended to
be inclusive such that "controlled amplitude or frequency” is intended to include controlled
amplitude, controlled frequency, or both controlled amplitude and controlled frequency. The
power conversion module comprises a generator side converter, a line side converter, and a
DC link between the generator side and line side converters. The power conversion control
system uses a torque control command to control operation of the line side converter and uses
a DC link control command to control operation of the generator side converter. Although
exemplary figures illustrate wind power generation systems for purposes of example,
embodiments of the invention are applicable to any rotary power generation system having a
rotary power generator that is operated at a variable speed and a power conversion module
for converting electric power having a variable frequency alternating current generated by the
rotary power generator to electric power having an alternating current with a different
frequency, a different phase angle, or both. The rotary power generators may include, for
example, variable-speed wind turbines, gas turbines, micro-turbines, and marine hydro kinetic
devices.

[0009] Reference is first made to a conventional rotary power generation system which is a
conventional variable-speed wind turbine power system 10 (herein after "system 10") as
illustrated in FIG. 1. System 10 comprises a variable-speed wind turbine generator 12 (herein
after "turbine 12") for generating an alternating current on phase conductors 14 with a variable
frequency, a power conversion module 16 for converting the variable-frequency alternating
current on phase conductors 14 into an alternating current on phase conductors 18, and a
conventional power conversion control system 20 for receiving several reference signals and
commands for generating control signals for controlling operation of power conversion module
16. Alternating current on phase conductors 18 is further fed to an electric grid 22.

[0010] Turbine 12 comprises a plurality of turbine blades 26, and a generator 28 having a
generator rotor (not shown) and a generator stator (not shown). The pitch of turbine blades 26
is variable and may be controlled. Turbine blades 26 are coupled to a first rotatable shaft 24
which in some embodiments is mechanically coupled to a gearbox 30. Gearbox 30 is further
coupled to the generator rotor through a second rotatable shaft 25 to drive the generator rotor
to rotate. Gearbox 30 typically includes a step-up speed transmission with a fixed ratio so that
the generator rotor rotates at a fixed multiple speed of the first rotatable shaft. The generator
air gap is distributed with a magnetic flux field (F), and rotation of the generator rotor induces
the alternating current on phase conductors 14 from windings on the generator stator.



DK/EP 2400655 T3

Accordingly, alternating current on phase conductors 14 has a variable frequency and a
variable magnitude which is proportional to the rotation speed of the first rotating shaft 24 (or
the second rotating shaft or the generator rotor) and the magnetic flux F.

[0011] As is illustrated, power conversion module 16 comprises a generator side converter 32,
a DC link 34, and a line side converter 36. Generator side and line side converters 32, 36 each
include a plurality of semiconductor switches 35, such as IGBTs, IGCTs, MOSFETs, and the
like. Generator side converter 32 receives variable-frequency alternating current on phase
conductors 14 from generator 28 and converts alternating current on phase conductors 14 into
a DC current at DC link 34. Line side converter 24 receives the DC current at DC link 34 and
converts the DC current into an alternating current 18 with controlled magnitude and/or
frequency for feeding electric grid 22.

[0012] The illustrated conventional power conversion control system 20 includes a generator
side controller 38 and a line side controller 40. Generator side and line side controllers 38, 40
respectively receive a number of reference signals and commands and respectively generate
pulse width modulation (PVWWM) control signals for the generator side and line side converters
32, 36. As is illustrated, the conventional power conversion control system 20 uses a torque
reference generator (TRG) device 41 to direct the power trajectory of turbine 26 and generate
a torque command signal T_¢omm. Generator side controller 38 receives the torque command

signal T ¢comm and uses an interrelationship between the torque command signal and

alternating current on phase conductors 14 (such as a measured three-phase current and
voltage signals ig, ip, ic and vg, vy, v¢) to generate a PWM control signal for controlling switching

operations of semiconductor switches 35 of generator side converter 32. In one embodiment,
generator side controller 38 uses the alternating current on phase conductors 14 to generate a
torque feedback signal T feedhack and then uses the torque command T ¢omm and the torque

feedback signal T feednack to generate the PWM control signal for generator side switches to
control the generator torque. In certain embodiments, the torque feedback signal T feedback

can be obtained by searching in a look-up table, by observing measured results, or by
observing a correlation function of generator torque and the alternating current.

[0013] Line side converter 40 receives a DC link voltage command signal Vgc comm, and a
measured DC voltage feedback signal Vg feedback Of DC link 34 and uses these signals to

control switching operations of semiconductor switches 35 of line side converter 40 and
maintain the DC link voltage at a desired level.

[0014] Using such a conventional power conversion control system 20, performance of the line
side converter 40, to maintain DC link voltage, may be compromised by an ill behaved grid. For
example, if grid 22 is very weak or has an electrical resonance, due to shunt or series
connected capacitance, the line side converter 40 DC link voltage control may become
unstable.

[0015] Referring to FIG. 2, an exemplary rotary power generation system 42 comprising a
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power conversion control system 50 according to one embodiment of the invention is
illustrated. The exemplary rotary power generation system 42 ("system 42") includes a rotary
power generator, which in one embodiment comprises a wind turbine generator 12 ("turbine
12"), a power conversion module 48 electrically coupled to both turbine 12 and to grid 44, and
power conversion control system 50 for controlling operation of the power conversion module
48. In the illustrated embodiment, turbine 12 has a similar configuration as the conventional
turbine described above with reference to FIG. 1. In other embodiments, turbine 12 may
comprise any rotary power generator including, for example, other types of variable-speed
wind turbines, gas turbines, micro-turbines, and marine hydro kinetic devices.

[0016] In the illustrated embodiment, power conversion module 48 comprises a generator side
converter 52, a DC link 54, and a line side converter 56. DC link 54 comprises at least one
capacitor 55. Generator side and line side converters 52, 56 may comprise bi-directional
converters, and each include a plurality of semiconductor switches 57, such as IGBTs, IGCTs,
and the like. Generator side converter 52 receives variable-frequency alternating current on
phase conductors 46 from turbine 12 and converts alternating current on phase conductors 46
into a DC current at DC link 54. Line side converter 56 receives the DC current at DC link 54
and converts the DC current into an alternating current on phase conductors 58 with controlled
amplitude and/or frequency for feeding electric grid 44.

[0017] In the illustrated embodiment, conversion control system 50 comprises a generator side
controller 60 and a line side controller 62 for controlling operations of generator side and line
side converters 52, 56. In certain embodiments of the invention, generator side controller 60
and line side controller 62 respectively govern DC link voltage control and generator torque
control. Generator side and line side controllers 60, 62 may be physically separated or may
situated within an integrated control unit.

[0018] In the illustrated embodiment of FIG. 2, generator side controller 60 receives a DC link
voltage command Vg comm representing a desired DC voltage at DC link 54, and a measured

DC link voltage feedback signal Vyc feedback- Generator side controller 60 uses a DC link

voltage difference (the difference of the DC link voltage command signal and the DC link
voltage feedback signal) to generate a PWM control signal 64 for controlling switching
operations of the semiconductor switches 57 of generator side converter 52. When there is a
decrease in the DC voltage at the DC link and the measured DC link voltage feedback signal
Vdc-feedback decreases, generator side controller 60 controls generator side converter 52 to
increase the power flow from turbine 12. WWhen there is an increase in the measured DC link
voltage feedback, the opposite control action occurs. In either event, it is useful to provide the
PWM control signal 64 in a manner to ensure that the output DC link voltage is maintained at a
desired nominal level.

[0019] In the illustrated embodiment of FIG. 2, generator side controller 60 also receives a
VAR command signal (VAR ¢omm) indicative a desired VAR output of the generator and a

voltage limit signal (VAR jimm) indicative of a desired maximum level of voltage allowed at the
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generator stator terminals. In certain embodiments, the generator is operated with zero VAR
output to minimize output current. In certain embodiments, the VAR output may be adjusted
during high-speed operation to limit the generator AC voltage.

[0020] With continued reference to FIG. 2, line side controller 62 receives torque command
signal T_comm representing the desired torque and a measured or calculated torque feedback

signal T feedback for generating a PWM control signal 65 for line side converter 56. FIG. 3

illustrates one embodiment of line side controller 62 in more detail. The illustrated line side
controller 62 comprises a torque regulator 66 for receiving the torque command signal T _¢omm

and the torque feedback signal T feedhack to generate a torque control signal 68, and a PWM

modulator 70 for receiving the torque control signal 68 to generate PWM control signals 65. In
one embodiment, torque regulator 66 uses a torque error signal AT, which is a difference
between the torque command signal T comm and the torque feedback signal T feedpack, to

generate the torque control signal 68. Torque feedback signal T feednack Can be obtained by
any appropriate method. In one example, torque feedback signal T feedhack IS calculated from

measured current on phase conductors 46 and generator flux based on measured voltage and
rotation speed of the generator rotor. Line side controller 62 uses the torque command and
torque feedback signals T comm, T feedback t0 generate PWM control signals to control

operations of semiconductor switches 57 of line side converter 56.

[0021] In the illustrated embodiment of FIG. 3, line side controller 62 further comprises a
regulator gain adjustment module 72 for generating a regulator gain adjustment signal 74 for
adjusting a control gain of torque regulator 66. In the illustrated embodiment of FIG. 3, the
regulator gain adjustment module 72 uses a measured generator rotational speed (w) to
adjust the control gain of torque regulator 66. In one exemplary embodiment, the torque

control signal 68 can be obtained by:
T=Kx AT
wherein "T" is the torque control signal, "K" is the control gain, and "AT" is the torque error.

Control gain K is adjusted by the rotational speed w. In certain embodiments, a higher
rotational speed w represents a higher power level, and accordingly, a larger control gain K is
selected for torque control.

[0022] In the illustrated embodiment of FIG. 3, line side controller 62 further comprises voltage
regulator 74 for receiving voltage command V ¢omm, representing the desired grid side
converter output voltage magnitude and a measured voltage feedback signal V feedback, and
for generating a voltage control signal 76. In one embodiment, voltage regulator 74 uses a
voltage error signal AV, which is a difference between the voltage command signal V_¢omm and
the voltage feedback signal T feedhack, 0 generate voltage control signal 76. The voltage
control signal 76 defines the magnitude of the desired output voltage to be applied to phase
conductors 58 (shown in FIG. 2) whereas the torque control signal 68 defines the desired
output voltage angle. In the embodiment of FIG. 3, the combination of desired voltage
magnitude and angle is used by the PWM modulator 70 to generate control signals to control
the output voltage applied to phase conductors 58. When there is a change in the output
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voltage due to changes in the grid or generator torque level, the measured three-phase
voltage signal V feedback changes, and line side controller 62 controls line side converter 56 to

maintain an output voltage nominally equal to the voltage command V ¢omm. In certain

embodiments, line side controller 62 further regulates reactive current or VAR output.

[0023] Referring to FIG. 4, in one more specific embodiment, generator side controller 60
further receives torque command signal T ¢omm.. In one embodiment, the torque command

T comm is applied to a filter block 78. A filtered torque command 80 from the filter block 78 is

used to generate the PWM control signal 64 that will increase or decrease the generator output
power flow into the DC link 54, and thus to improve the torque response of the generator to
better follow the torque command T ¢omm. For example, in one embodiment, when there is an

increase in the wind speed, the torque command signal T _¢omm increases, and the generator

side controller 60 controls that generator side converter to output more power to the DC link 54
while maintaining the DC link voltage within a desired level. In the illustrated embodiment,
generator side controller 60 further comprises a DC voltage regulator 84 for receiving the DC
voltage command signal Vgc comm and the DC voltage feedback signal Vqc feedback and for

generating a DC voltage control signal 86 which is a function of the DC voltage difference
between Vgc comm. and Ve feedback- In the illustrated embodiment, the filtered torque

command 80 is used as a variable for adjusting the DC voltage control signal 86 before feeding
to an active current control 88 for generating the PWM control signals 64. A higher filtered
torque command 80 increases the active current control signal 87 while maintaining the
generated DC voltage at the DC link 34 within a desired value. An increase in the active current
control signal 87 will cause more power to flow into the DC link 54 to balance the output power
flow to grid 44.

[0024] Referring back to FIG. 2, power conversion module 48 may further comprise a
protective circuit or dynamic braking circuit 90 ("DB circuit 90"). In the illustrated embodiment,
DB circuit 90 is coupled to DC link 54 for preventing the generator 28 and the gearbox 30 from
experiencing large transient torques that may damage the gearbox during grid fault events
when the grid is unable to accept the generated power. In one embodiment, DB circuit 90
comprises an energy absorbing element 92 coupled to DC link 54, and at least one DB switch
94. In one embodiment, the energy absorbing element 92 comprises one or more resistors.

[0025] In one embodiment, power conversion control system 50 comprises a DB controller 96
for controlling operations of DB circuit 90. In certain embodiments, DB controller 96 uses the
torque error AT, which is a difference of the torque command signal and the torque feedback
signal T comm, T_feedback, t0 generate a DB control signal 98 controlling switching operation of
DB circuit 90. In one embodiment, when the torque error AT is greater than a threshold value
ATO, an enable signal is transmitted to actuate switch 94. When switch 94 is activated, the
energy absorbing element consumes energy from the DC link 54 to increase the generator
load and the corresponding torque feedback T feednack t0 @ level determined by the torque

command T comm. Accordingly, when there is a grid fault that reduces the grid side converter
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output power, generator side converter 52 will quickly reduce the generator torque to maintain
a steady DC link voltage which will induce an increase in the AT and cause the energy
absorbing element 92 to operate and restore the generator torque loading to a nominal level to
minimize gearbox wear.

[0026] While only certain features of the invention have been illustrated and described herein,
many modifications and changes will occur to those skilled in the art. It is, therefore, to be
understood that the appended claims define the invention.
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KRAV

1. Elproduktionssystem (42) til et turbine-elproduktionssystem (10) omfattende:
en roterende stregmgenerator (12) til generering af en vekselstrgm med variabel
frekvens;
en generator-side konverter (52) til konvertering af vekselstrgm med variabel
frekvens til en jeevnstrgm;
en jaevnstregmsforbindelse (54) koblet til generator-side konverteren til modtagelse
af jeevnstrgmmen fra generator-side konverteren;
en net-side konverter (56) koblet til jeevnstremsforbindelsen til konvertering af
jeevnstrgmmen til en vekselstrom med kontrolleret amplitude eller frekvens;
en generator-side kontroller (60) til modtagelse af et
jeevnstrgmsforbindelsesspaendingskommandosignal og et
jeevnstrgmsforbindelsesspaendingsfeedbacksignal og generering af styresignaler til
generator-side konverteren; kendetegnet ved:
en net-side kontroller (62) til modtagelse af et kommandosignal for
generatormoment og et feedbacksignal for generatormoment og
generering af styresignaler til net-side konverteren; og
et dynamisk bremsekredslgb (90) koblet til jeevnstramsforbindelsen
(54).

2. System (42) ifglge krav 1, hvor generator-side kontrolleren (60) er konfigureret til at modtage
kommandosignalet for generatormomentet og bruge kommandosignalet for generatormomentet
ud over jaevnstrgmsforbindelsesspaendingskommandoen og -feedbacksignalerne til at generere
styresignalerne til generator-side konverteren.

3. System (42) ifelge et hvilket som helst af de foregdende krav, hvor net-side kontrolleren (62) er
konfigureret til at modtage en malt generatoromdrejningshastighed til at justere forstaerkning for
styresignalerne genereret af net-side kontrolleren.

4. System (42) ifglge et hvilket som helst af de foregdende krav, hvor net-side kontrolleren (62)
yderligere er konfigureret til at modtage en net-side konverter
afgangsspaendingsstgrrelseskommando og -feedbacksignaler til at generere et
spaendingsstyresignal til anvendelse i generering af styresignalerne til net-side konverteren.

5. System (42) ifglge et hvilket som helst af de foregdende krav, hvor det dynamiske
bremsekredslgb (90) omfatter et jaevnstromsforbindelsesenergiabsorberende element og mindst
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en dynamisk bremsekontakt i seriel forbindelse med det
jeevnstrgmsforbindelsesenergiabsorberende element.

6. System (42) ifelge et hvilket som helst af de foregdende krav, yderligere omfattende en
dynamisk bremsestyring (96) til styring af operationer af det dynamiske bremsekredsigb (90) ved
anvendelse af en forskel i momentkommandosignalet og momentfeedbacksignalet til at styre
omskiftningsoperationen af den dynamiske bremsekontakt.

7. System (42) ifglge et hvilket som helst af de foregdende krav, hvor den roterende
stramgenerator (12) omfatter en vindmglle, en gasturbine, en mikroturbine eller en marin
hydrokinetisk anordning.



DK/EP 2400655 T3

DRAWINGS
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