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(57) Abstract: A power transmission system may include a plurality of renewable-energy devices (4a, 4b, 4c) such as wind tur-
bines or subsea turbines. The devices are connected together in parallel to a subsea cable (10) that carries an ac transmission volt-
age. Fach device includes a turbine assembly (6) that is rotated by wind or water current flows, and a variable speed ac induction
generator (G1, G2, G3). A power converter (2) is connected to the subsea cable (10) and is used to interface the generators (G1,
G2, G3) to a supply network or power grid. The power transmission system is operated such that an indicated operating speed of
one or more of the devices is used to control the power converter (e.g. the PWM strategy that is used to open and close the power
semiconductor devices) to achieve desired stator electrical quantities at each generator (G1, G2, G3).
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TITLE

Power transmission systems

DESCRIPTION
Technical Field

The present invention relates to power transmission systems, and in particular to
power transmission systems that can be used to interface renewable-energy turbines to
a power grid or supply network with a nominally fixed voltage and frequency. The
power transmission system can optionally include features for grid fault ride-through

and energy storage.

Background Art

It is possible to convert renewable energy such as wind, wave, tidal energy or water
current flows into electrical energy by using a turbine to drive the rotor of a generator,
either directly or by means of a gearbox. The ac frequency that is developed at the
stator terminals of the generator (the "stator voltage") is directly proportional to the
speed of rotation of the rotor. The voltage at the generator terminals also varies as a
function of speed and, depending on the particular type of generator, on the flux level.
For optimum energy capture, the speed of rotation of the output shaft of the
renewable-energy turbine will vary according to the speed of the wind or water
current flows driving the blades of the turbine assembly. Matching of the variable
voltage and frequency of the generator to the nominally constant voltage and

frequency of the power network can be achieved by using a power converter.

The efficiency of a turbine is usually expressed by a Cp-Lambda curve. In a given
cross section through a fluid flow, there is an amount of power present given by the
flow rate and the kinetic energy per unit volume that it contains. Cp represents the
efficiency of the turbine in converting this power into mechanical power. Lambda is

the turbine blade tip speed divided by fluid flow rate.
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Summary of the Invention

The present invention provides a power transmission system that can be used to
supply power generated by renewable-energy turbines to a supply network or power
grid. The power transmission system comprises: a plurality of renewable-energy
turbines connected in parallel to a power converter, each renewable-energy turbine
including a turbine assembly and an induction generator; and a controller for the
power converter; wherein the controller uses: (i) an indication of the operating speed
of one or more of the renewable-energy turbines, and/or (ii) an indication of the speed
of the fluid flows that are acting on the turbine assemblies, to control the power
converter to achieve desired stator electrical quantities at each induction generator.
The term "stator electrical quantities” is used herein to refer to any and all of the
individual phase voltage magnitude, individual phase current magnitude, magnetic
flux, phase and frequency in the induction generators. However, the stator electrical
quantities that are most typically controlled are the stator voltage and the stator

frequency.

The controller may control the power converter to achieve desired stator electrical
quantities at each induction generator, for example control the stator voltage, to keep
the renewable-energy turbines operating substantially at their maximum efficiency,

i.e. to stay on the peak of the efficiency (Cp) curve of the turbine assemblies.

The induction generators may have any suitable construction such as a squirrel cage

type, for example.

Any convenient number of renewable-energy turbines may be present. The
renewable-energy turbines may be part of an onshore or offshore wind farm that
generates electrical energy from wind flows, or a wave farm or subsea turbine farm,
for example. It will be readily appreciated that subsea turbines that generate electrical
energy from tidal flows and water current flows may be either partially or completely
located in any body of water including oceans, seas, tidal estuaries, rivers and other
waterways etc. A major advantage of the power transmission system is that the

equipment that is placed on the seabed or underwater is minimised.
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The induction generators may be connected to the power converter by a single
transmission cable. However, each induction generator may be connected to the

power converter by its own transmission cable.

The transmission cable(s) may be of any suitable type and where necessary may be
specifically designed to be suitable for subsea (or offshore) use. For example, the
subsea cable may be capable of carrying high or medium transmission voltages and
may use crosslinked polyethylene (XLPE) insulation. The transmission cable(s) may
consist of a plurality of main power cables (typically three single-core cables for a
three-phase ac transmission system or a single cable with three cores) together with a
plurality of auxiliary power cables and optical fibres for data transmission. The main
power cables may be specifically designed to carry the power generated by the
renewable-energy turbines and are rated at least to the desired ac transmission
voltage. The auxiliary power cables may be used to supply power to the turbines for
the purpose of powering auxiliary loads etc. The power that is supplied to the
turbines may be conveniently derived from a connection between the power converter
and the supply network or power grid (typically on the network-side of a step-up
transformer that is electrically connected between the power converter and the supply
network) and can be provided by means of an auxiliary switchboard. However, the
power that is supplied to the turbines may be derived from any suitable or convenient

source.

The power converter can be electrically connected to the transmission cable(s) by

means of a step-down transformer.

The power converter can have any suitable topology or construction as long it is
capable of being operated in accordance with the control strategies of the present

invention to achieve the desired stator electrical quantities at each induction generator.

In one arrangement the power converter may include: a first active rectifier/inverter

electrically connected to the transmission cable(s) (optionally by means of the step-
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down transformer mentioned above) having a plurality of semiconductor power
switching devices, a second active rectifier/inverter having a plurality of
semiconductor power switching devices, and a dc link connected between the first
active rectifier/inverter and the second active rectifier/inverter. In this case, it will
typically be the first active rectifier/inverter (or machine bridge) that is controlled to
achieve the desired stator electrical quantities. The first and second rectifier/inverters
can have any suitable topology. In normal operation the first active rectifier/inverter
will operate as a rectifier and the second active rectifier/inverter (or network bridge)
will operate as an inverter. However, in some circumstances it might be useful to
supply power from the supply network to the induction generators so that they can
operate in a motoring mode. In this case, the power converter will be designed to
cope with bi-directional power flow and the second active rectifier/inverter will
operate as a rectifier and the first active rectifier/inverter will operate as an inverter.
The operation of the semiconductor power switching devices in the first active
rectifier/inverter can be controlled using gate drive control signals derived in

accordance with a conventional pulse width modulation (PWM) strategy.

Other types of possible power converter would include a cycloconverter or matrix

converter, for example.

A dump resistor can be electrically connected to the dc link, optionally by means of a
suitable power converter. The dump resistor provides a grid fault ride-through

capability.

An energy storage device can be electrically connected to the dc link, optionally by
means of a suitable power converter. Possible energy storage devices would include

super-capacitors, batteries, flow cells and inertial devices (e.g. flywheels).

A step-up transformer can be electrically connected between the power converter and
a supply network. The step-down and step-up transformers may have any suitable

topology.
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The power converter may be electrically connected to the step-down and step-up
transformers, respectively, by means of protective switchgear. This enables the power
converter to be isolated from both the induction generators and the supply network or

power grid.

The turbine assembly of each renewable-energy turbine can have any number of
blades or other suitable aerofoil construction such that it is rotated by fluid flows. The
turbine assembly is connected to the rotor of the induction generator either directly or
by means of a gearbox. Each induction generator may be connected to the
transmission cable by means of protective switchgear so that it can be isolated in the

event of a fault or for maintenance or repair.

It will be readily appreciated that because the turbine assembly of each renewable-
energy turbine is connected to the rotor of the associated induction generator (either
directly or by means of an optional gearbox) then the respective operating speeds will
be directly linked or proportional to each other. In other words, if the operating speed
of the turbine assembly increases as a result of an increase in fluid flow speed then the
operating speed of the induction generator (or the shaft speed) will also increase. Any
reference herein to the operating speed of the turbine may therefore be taken to be the
operating speed of the turbine assembly or the operating speed of the induction

generator unless otherwise stated.

The indication of the operating speed of a renewable-energy turbine that is optionally
used by the power converter controller may be derived in a number of different ways.
For example, the operating speed of an induction generator may be estimated by an
associated encoder or speed sensor that measures rotor speed. Alternatively, the
operating speed of an induction generator may be estimated or calculated from the
stator frequency and slip frequency. The slip frequency represents the relative motion
between the rotating field and the rotor of the induction generator and can be
calculated from the stator voltage, stator frequency, stator current and knowledge of
the generator parameters. The optimum operating speed of a turbine assembly may be

estimated from the speed of the fluid flows that are acting on the turbine assembly,
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and this optimum speed command can be used by the power converter to regulate the
actual speed of the turbine assembly by setting the electrical frequency of the machine
inverter voltage appropriately. The optimum operating speed of the turbine assembly
may alternatively be calculated from shaft speed, generator power and the properties

of the turbine assembly, for example.

The indication of the fluid flow speed that is optionally used by the power converter
controller may also be derived in a number of different ways. It may be measured
directly by a speed sensor that is local to the turbine assemblies or estimated or
calculated from the generator power, generator speed and the Cp-Lambda curve for

the associated turbine assembly, for example.

The power converter can be located onshore, offshore on a fixed or floating platform

such as an oil and gas rig, or subsea.

Since the plurality of renewable-energy turbines are connected to the power converter
in parallel the individual induction generators cannot be controlled independently. As
a result, the induction generators will require stator electrical quantities (and in
particular a stator voltage and a stator frequency) that are matched to an operating
speed of one or more of the turbines at any given time. A suitable stator voltage and
stator frequency for the induction generators can be determined by the power

converter when it is operated in accordance with a suitable control strategy.

The controller may use an average of the estimated operating speeds of all of the
renewable-energy turbines or the estimated operating speed of just one of the turbines
to calculate the desired stator electrical quantities and control the power converter in
such a way to achieve them. For example, the slip speed of all the induction
generators could be calculated and the stator voltage and stator frequency set to
ensure that the most heavily loaded induction generator does not exceed its maximum

torque.

The controller preferably uses a control strategy (optionally one based on variable
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voltage variable frequency (VVVF) control or vector control, for example) to
automatically control the power converter to achieve the desired stator electrical
quantities at each induction generator based on an indicated operating speed of one or
more of the induction generators and/or an indicated operating speed of the fluid
flows acting on one or more of the turbine assemblies. In one arrangement the stator
voltage is controlled to achieve optimum flux in the induction generators at low
operating speeds. Once the induction generators are indicated to be running at their
rated speed then the stator voltage is controlled to be substantially constant and

preferably at a magnitude that fully utilises the rating of the power converter.

It will be readily appreciated that the stator frequency should increase as the operating
speed of the induction generators increases. Thus, in high flow conditions where the
available turbine power exceeds the rating of the associated induction generator the
operating speed of the induction generator will increase in accordance with the
proposed control strategy until the turbine power has fallen by virtue of the increased
speed and the Cp-lambda curve. Eventually, a stable point can be reached where the
turbine power is less than the power that can be collected by the induction generator.
The use of the proposed control strategy therefore means that the renewable-energy
turbines do not need to have pitch control or stall regulation. The turbines also do not

require any means to shed power at high flow rates.

Cp depends on Lambda and the Cp-Lambda curve usually takes the form of an
inverted parabola having a peak value at the optimum Lambda. The shape of the Cp-
Lambda curve does not change greatly with fluid flow speed so that the optimum
blade tip speed increases linearly with flow rate. In the present invention, when the
fluid flow speed and the optimum Cp gives more power than the generator is rated
for, the turbine blade tip speed and Lambda are allowed to increase so that Cp falls.
Cp will always reach zero at some value of Lambda. The importance of this approach
is that the induction generator of the renewable-energy turbine can be rated at the
economic optimum power and not at the power that might be achieved only
infrequently. It will be readily appreciated that the fluid flow speed cannot be
controlled — although there will normally be statistical data on which the design of the
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renewable-energy turbine can be based. It is also important to note that with the
control strategy of the present invention rated power will still be developed when the

fluid flow speed is above the speed that is sufficient to achieve rated power.

The indicated operating speed of the one or more renewable-energy turbines can be
used as a pointer to a look-up table that is then used by the controller to set the desired
stator voltage and stator frequency by appropriate control of the power converter. If
the indicated operating speed is zero then the stator voltage and stator frequency are
both zero or close to zero. As the indicated operating speed increases then the stator
voltage and stator frequency also increases according to a predetermined relationship.
The non-linear relationship between operating speed, stator voltage and stator
frequency is defined by the design parameters of the induction generators. But the
optimum stator frequency depends on the fluid flow speed and the Cp-Lambda curve
of the turbine assembly. This means that the shaft speed is normally kept proportional
to fluid flow speed until the rated speed of the induction generator is reached. Once
the indicated operating speed reaches the rated speed for the induction generators (i.e.
the indicated operating speed reaches a predetermined threshold) then the stator
voltage is preferably kept substantially constant, typically at the rated voltage. In
other words, if the indicated operating speed increases above the rated speed or
predetermined threshold then there is no significant increase in the stator voltage. It
will be readily appreciated that some small increase in stator voltage can be permitted
within the voltage limit of the power converter and the voltage drop in the
transmission cable(s). Stator frequency will continue to increase as fluid flow speed,
and hence turbine assembly and shaft speed, increase. If the indicated operating
speed falls below the rated speed for the induction generators then the stator voltage

and stator frequency are decreased according to the same predetermined relationship.
The design rating for the induction generators is defined in terms of operating speed,
stator voltage and stator frequency and is completely independent of the prevailing

voltage and frequency of the supply network or power grid.

In practice the flow speed at a given location will vary and it is necessary to consider
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both the highest flow speed and the average flow speed. The average fluid flow speed
can be used in various ways to determine the most economic optimum power rating
for the induction generators. An advantage of the proposed control strategy is that the
power rating of the induction generators only has to be designed for the fluid flow
speed that is equivalent to the most economic optimum power rating and not the

power rating that is equivalent to maximum flow speed conditions.

The present invention further provides a method of operating a power transmission
system comprising: a plurality of renewable-energy turbines connected in parallel to a
power converter, each renewable-energy turbine including a turbine assembly and an
induction generator; the method comprising the step of using: (i) an indication of the
operating speed of one or more of the renewable-energy turbines, and/or (ii) an
indication of the speed of the fluid flows acting on the turbine assemblies, to control
the power converter to achieve desired stator electrical quantities at each induction
generator, optionally to keep the renewable-energy turbines operating substantially at

their maximum efficiency.

Each induction generator can be protected against overspeed by appropnate
proportioning of the Cp-Lambda curve so that the power developed by the turbine
assembly falls to zero before the shaft speed exceeds the maximum rated shaft speed
of the induction generator. Furthermore, by using the method of the present
invention, each induction generator can develop useful power even when the shaft

speed exceeds the speed at which full power can be extracted.

Drawings

Figure 1 is a schematic diagram showing a power transmission system according to
the present invention,;

Figure 2 is a graph of turbine speed against voltage and frequency.

The basic topology of the power transmission system will be outlined with reference

to Figure 1. Although the system is described in more detail in the context of a subsea
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turbine farm, it will be readily appreciated that it can be used for other renewable-

energy turbines such as wind turbines or wave turbines, for example.

A power converter 2 is used to interface between a plurality of variable speed ac
induction generators G1, G2 and G3 and a nominally fixed frequency supply network
or power grid. Each induction generator G1, G2 and G3 forms part of a subsea
turbine 4a, 4b and 4c. In the basic topology shown in Figure 1 three subsea turbines
4a, 4b, 4c are shown to be connected together to define a subsea turbine farm.
However, in practice it will be readily appreciated that the power transmission system
can be used with any convenient number of subsea turbines, each having an induction

generator.

Each subsea turbine typically includes a turbine assembly 6 with any suitable number
of blades mounted on a rotating shaft. A gearbox 8 (which in some configurations
would be optional) is used to connect the rotating shaft of the turbine assembly 6 to
the rotor of the induction generator G1, G2 and G3. A gearbox lubrication pump P is
mechanically connected to each generator and is used to pump a suitable lubricant
(e.g. oil) through the gearbox 8. A speed transducer E provides an estimate of the
rotation speed of the generator rotor and may have any suitable construction (e.g. an
encoder or tacho). The gearbox, generator, gearbox lubrication pump and encoder are

located within a suitably-shaped nacelle.

The stator terminals of each generator G1, G2 and G3 are connected in parallel to the
main power cables of a subsea cable 10. More particularly, the subsea cable 10
includes three main power cables (one for each ac phase or a single power cable with
three cores), three auxiliary power cables which enable power to be supplied to
auxiliary loads at each subsea turbine and any convenient number of fibre optic cables
for data transmission. In other configurations then different numbers of main power

cables and auxiliary power cables can be used.
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Each generator G1, G2 and G3 is connected to the main power cables of the subsea
cable 10 by means of protective switchgear 12 that enable it to be isolated from the

rest of the power transmission system.

The main power cables of the subsea cable 10 are connected to the power converter 2
by means of a step-down transformer 14. In Figure 1 the step-down transformer 14 is
shown to have star (or wye) primary windings and delta secondary windings but other
constructions are possible. A neutral earthing resister (NER) is used for the neutral
earthing of the primary windings. The subsea cable 10 is designed to carry a
transmission voltage (e.g. 11 kV, 13 kV or 33 kV; 50 Hz) and the transformer steps
this input voltage down to a convenient output voltage (e.g. 0.69 kV, 0.9 kV or 3.3

kV) which is then provided to the power converter 2.

The secondary windings of the step-down transformer 14 are connected to the ac
terminals of a three-phase machine bridge 16 which in normal operation operates as
an active rectifier to supply power to a dc link 18. The step-down transformer 14 is
optional. It will typically be provided in power transmission systems with a long
subsea cable where it is essential to have a high transmission voltage. It may not be
economic to provide the step-down transformer on power transmission systems with a
shorter subsea cable. In such systems, there may not even be a single subsea cable,
but rather a number of subsea cables, one from the induction generator of each turbine

to the machine bridge 16.

The machine bridge 16 has a conventional three-phase two-level topology with a
series of semiconductor power switching devices fully controlled and regulated using
a pulse width modulation strategy. However, in practice the machine bridge can have
any suitable topology such a three-level neutral point clamped topology or a multi-

level topology (Foch-Maynard arrangement, for example).

The dc output voltage of the machine bridge 16 is fed to the dc terminals of a network
bridge 20 which in normal operation operates as an inverter. The network bridge 20

has a similar three-phase two-level topology to the machine bridge with a series of
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semiconductor power switching devices fully controlled and regulated using a pulse
width modulation strategy. However, in practice the network bridge can have any

suitable topology, as discussed above for the machine bridge.

As described herein, active rectification (as the prime mode of operation of the
machine bridge 16) is the conversion of energy from the ac terminals of the three-
phase machine bridge to the dc link and inversion (as the prime mode of operation of
the network bridge 20) is the conversion of energy from the dc link of the three-phase
network bridge to its ac terminals. However, it will be readily appreciated that there
may be times when it might be necessary or desirable to operate the machine bridge
16 as an inverter and operate the network bridge 20 as an active rectifier. For
example, during start-up of the subsea turbines 4a, 4b and 4c the network bridge 20
may operate as an active rectifier to supply power from the supply network to the dc
link 18. It can also be advantageous for maintenance purposes and when the subsea
turbines 4a, 4b and 4c are operating at very low speeds to operate the generators G1,
G2 and G3 in a motoring mode. In this case, power can be supplied from the supply
network to the generators through the network bridge 20 operating as an active

rectifier and the machine bridge 16 operating as an inverter.

The ac input voltage to the machine bridge 16 and the ac output voltage from the
network bridge 20 is filtered by suitable filter arrangements 22. The filter
arrangements 22 are primarily to remove pulse with modulation (PWM) voltage
content, but can offer power factor correction if required to balance the impedance of
the transmission cable 10. Protective switchgear 24 is included to provide a reliable
connection to the step-down transformer 14 and the supply network and to isolate the
power converter 2 from the power network for various operational and non-

operational requirements.

The ac output voltage of the network bridge 20 is supplied to the nominally fixed
frequency supply network by means of a step-up transformer 26. In Figure 1 the step-
down transformer 26 is shown to have delta primary windings and star (or wye)

secondary windings but other constructions are possible. A neutral earthing resister
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(NER) is used for the neutral earthing of the secondary windings, but may be omitted
if a direct connection to the supply network is provided. The transformer 26 steps up
the input voltage to an output voltage that matches the nominally fixed transmission

voltage of the supply network or power grid.

The machine bridge 16 is operated under the control of a machine bridge controller
28. The machine bridge controller 28 uses various data inputs to derive the gate drive
command signals that are used to control the semiconductor power switching devices
of the machine bridge 16. In this manner, the machine bridge controller 28 can
control the machine bridge 16 to achieve the desired stator voltage and stator

frequency for the induction generators G1, G2 and G3.

Shaft speed information from the speed transducers E is provided to the machine
bridge controller 28 through the fibre optic cables that form an integrated part of the
subsea cable 10. More particularly, the subsea cable 10 will carry data signals such as
individual generator voltage, current, power factor, or perhaps even direct
measurements of ac voltage and current. The machine bridge controller 28 can also

use a measurement of the water speed.

An energy storage device 30 such as a supercapacitor is optionally connected to the dc
link 18 of the power converter and can be used to store excess power that is not

supplied to the supply network or power grid.

A dump resistor 32 and switching device (chopper) is also optionally connected to the
dc link 18 of the power converter to provide a grid fault ride-through capability. The
machine bridge 16 uses voltage transducers to identify low voltage on the output
terminals of the network bridge 20. Such a low voltage might commonly be referred
to as a grid fault. As active power export is limiting during the grid fault, the dc link

voltage will rise and the dump resistor current is controlled to regulate the dc voltage.

Power is supplied to auxiliary loads at each subsea turbine 4a, 4b and 4c¢ through the

auxiliary power cables of the subsea cable 10. The power can be conveniently
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derived from the output voltage of the step-up transformer 26. As shown in Figure 1,
an auxiliary step-down transformer 34 having delta primary windings connected
between the step-up transformer 26 and the supply network and star (or wye)
secondary windings is connected to the auxiliary power cables by means of an
auxiliary switchboard 36. Other electrical loads may be connected to the auxiliary
switchboard 36, which may also employ an uninterruptable power supply (UPS).

One possible control strategy will now be described with reference to Figure 2, which
shows the relationship between the operating speed of an induction generator and its

stator voltage and stator frequency.

The indicated operating speed of the induction generators G1, G2 and G3 is measured
by the speed transducers E and the shaft speed information is supplied to the machine
bridge controller 28 by means of the fibre optical cables. An average of the indicated
operating speeds is calculated and used as a pointer to a non-linear look-up table to
determine a desired stator voltage. A speed transducer can be used to compare the
slip speed on each induction generator and as such determine if any of the generators
is about to exceed its torque capability. However, a speed transducer is not essential
to the basic operation of the power transmission system if the subsea turbines are
equally loaded. The indicated operating speed (or shaft speed) of the induction

generators can be determined from the stator frequency and the generator slip speed.

Figure 2 shows the design rating for the induction generators G1, G2 and G3 in terms
of rated speed, rated stator voltage and rated frequency. Typical examples for the
design rating might be between 100 to 1000 kW. For any calculated average speed
then the desired stator voltage can be determined from the look-up table and the
machine bridge controller 28 can control the machine bridge 16 to achieve the desired
stator voltage for the generators G1, G2 and G3. The stator voltage and stator
frequency are initially zero for an average speed of zero. As the average speed
increases then the stator voltage and stator frequency will also increase according to a
predetermined relationship. Once the average operating speed reaches the rated speed

for the generators then the stator voltage is preferably kept substantially constant at
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the rated voltage by the machine bridge 16 as shown in Figure 2. If the average speed

increases above the rated speed then the stator frequency will continue to increase.

While the average turbine speed exceeds rated speed, the stator voltage can be kept
substantially constant, ideally at the highest magnitude that can be achieved within the
ratings of the induction generators and the power converter, and taking into account
any voltage drop in the subsea cable 10. The magnitude of the stator frequency will
be determined by the point where the power developed by the turbine assembly falls
below the power that the associated induction generator and the power converter can

export.

It will be readily appreciated that alternative control strategies can be used. One
example would include conventional variable voltage variable frequency (VVVF)
control which provides a known way of controlling stator voltage for a given stator
frequency. The VVVF control strategy might typically use a speed reference to keep
Lambda constant where Lambda represents turbine blade tip speed / water speed. A
measure of shaft speed is normally provided as part of the VVVF control and can be
calculated from stator frequency and generator slip frequency as described above.
The water speed can be directly measured by a transducer that is local to the turbine
assembly or it can be estimated using generator power, generator speed and the Cp-
Lambda curve. The VVVF control strategy might also typically use a stator voltage
reference that would be programmed with a profile that compensates for the voltage

drop in the subsea cable 10.

A suitable VVVF control strategy would have a speed limit at the rated speed of the
induction generators G1, G2 and G3 so that above rated speed it would set a
maximum power limit from the generators. This is as required for the power
transmission system and enables the induction generators to speed up at a stable point
where the turbine power has fallen to within the capability of the associated generator.
Clearly, the maximum power set by the VVVF control strategy would depend on the

number of induction generators “on-line” at any given time.
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CLAIMS
1. A power transmission system comprising:

a plurality of renewable-energy turbines (4a, 4b, 4c) connected in parallel to a
power converter (2, 16), each renewable-energy turbine including a turbine assembly
(6) and an induction generator (G1, G2, G3); and

a controller (28) for the power converter (2, 16);

wherein the controller (28) uses:

(1) an indication of the operating speed of one or more of the
renewable-energy turbines (4a, 4b, 4c), and/or

(ii)  an indication of the speed of the fluid flows acting on the
turbine assemblies to control the power converter (2, 16),

to control the power converter (2, 16) to achieve desired stator electrical
quantities at each induction generator (G1, G2, G3) to keep the renewable-energy

turbines operating substantially at their maximum efficiency.

2. A power transmission system according to claim 1, wherein the induction
generators (G1, G2, G3) are connected to the power converter (2, 16) by means of a

single transmission cable (10).

3. A power transmission system according to claim 1 or claim 2, wherein the
power converter (2) includes a first active rectifier/inverter (16) having a plurality of
semiconductor power switching devices, a second active rectifier/inverter (20) having
a plurality of semiconductor power switching devices, and a dc link (18) connected
between the first active rectifier/inverter (16) and the second active rectifier/inverter
(20);

wherein the first active rectifier/inverter (16) is controlled to achieve desired

stator electrical quantities at each induction generator (G1, G2, G3).

4. A power transmission system according to any preceding claim, further
comprising a dump resistor (32) electrically connected to the dc link (18) to provide a

grid fault ride-through capability.
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S. A power transmission system according to any preceding claim, further

comprising an energy storage device (30) electrically connected to the dc link (18).

6. A method of operating a power transmission system comprising a plurality of
renewable-energy turbines (4a, 4b, 4c) connected in parallel to a power converter (2,
16), each renewable-energy turbine including a turbine assembly (6) and an induction
generator (G1, G2, G3);
the method comprising the step of using:
6] an indication of the operating speed of one or more of the renewable-
energy turbines (4a, 4b, 4c), and/or
(>i1) an indication of the speed of fluid flows acting on the turbine
assemblies (6),
to control the power converter (2, 16) to achieve desired stator electrical
quantities at each induction generator (G1, G2, G3) to keep the renewable-energy

turbines operating substantially at their maximum efficiency.

7. A method according to claim 6, wherein the operating speed of the one or
more of the renewable-energy turbines (4a, 4b, 4c) is estimated by one or more of the
following: (i) an associated encoder (E) or speed sensor that measures rotor speed, (ii)
the stator frequency and slip frequency, and (iii) the speed of the fluid flows that are
acting on the turbine assembly (6).

8. A method according to claim 6, wherein an average of the estimated operating
speeds of all of the renewable-energy turbines (4a, 4b, 4c¢) is used to calculate the

desired stator electrical quantities at each induction generator (G1, G2, G3).

9. A method according to claim 6, wherein the estimated operating speed of just
one of the renewable-energy turbines (4a, 4b, 4c) is used to calculate the desired stator

electrical quantities at each induction generators (G1, G2, G3).

10. A method according to any of claims 6 to 9, wherein a control strategy is used

to automatically control the power converter (2, 16) to achieve the desired stator
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electrical quantities at each induction generator (G1, G2, G3).

11. A method according to any of claims 6 to 10, wherein the stator voltage is
controlled by the power converter (2, 16) to achieve optimum flux in the induction

generators (G1, G2, G3) when the indicated operating speed is below a threshold.

12. A method according to any of claims 6 to 11, wherein the the stator voltage is
controlled by the power converter (2, 16) to be substantially constant when the

indicated operating speed is above a threshold.

13. A method according to claim 12, wherein the stator voltage is controlled by
the power converter (2, 16) to be substantially at the rated voltage of the one or more
renewable-energy turbines (4a, 4b, 4c) when the indicated operating speed is above

the rated speed of the one or more renewable-energy turbines.

14. A method according to any of claims 6 to 13, wherein the indicated operating
speed of the one or more renewable-energy turbines is used as a pointer to a look-up
table to obtain a desired stator voltage, and the power converter (2, 16) is controlled to

achieve the desired stator voltage that is obtained from the look-up table.

15. A method according to any of claims 6 to 14, wherein the power converter (2,
16) is controlled by variable voltage variable frequency (VVVF) control based on a
speed reference calculated from an indication of the speed of the fluid flows acting on

the turbine assemblies (6).

16. A method according to claim 15, wherein the speed of the fluid flows acting
on the turbine assemblies (6) is estimated by one or more of the following: (i) the
generator power of an induction generators (G1, G2, G3) and the output frequency of
the power converter (2, 16), (ii) the average generator power of the induction
generators (G1, G2, G3) and the output frequency of the power converter (2, 16), and
(i11) the output power and the output frequency of the power converter (2, 16).



PCT/EP2011/001672

1/2

WO 2011/124355

[ 21an31yg

Jepooug = 3
dwnd agn| xoqeas) = ¢
lojessuan) = 9

]
_
9¢
X
ve
oz KEA g
MJNH \ 8k p
[ av —o--—
0 INTwd N
NOILO3INNOD m NN\ — v
MHOMLIN mw\. | - abejjon %
m .H H .H A5Uanbal} 10)0y S
sa|qed 2ndo aiqy essqns BIA w
(jeuondo) psads Jojesauab
‘(jeuondo) paads Jsjem ‘auigqin)
w0l Juaund pue abejon

JHOHS NO v3Sans



PCT/EP2011/001672

WO 2011/124355

2/2
Stator freauency

paads

no _uBO

7 2Ing1yg

paadg suiqin] easgng

paads pajey

paads ul Jn)

j

Aouanbaliy

T
'
'
|
1
'
'
1
|
'
1
|
'
'
'
|
1
(
'
|
1
1
'
'
|
1
'
1
'
|
A
|
'
¢
'
\
'
'
‘
I
1
1
|
v
'
'
(
'
'
'
'

abejjon

abej|oA J0)elS

| abejjon
paiey




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2011/001672
A. CLASSIFICATION OF SUBJECT MATTER
INV. HO2J3/38 FO3D9/00
ADD.

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO2J FO3D

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

\ WO 00/73652 Al (ABB AB [SE]; LEIJON MATS 1-16
[SE]; KYLANDER GUNNAR [SE])

7 December 2000 (2000-12-07)
abstract; claims 1-32; figures 4-7
page 14, line 9 - page 17, line 7
Y US 2007/085343 Al (FORTMANN JENS [DE]) 1-16
19 April 2007 (2007-04-19)

abstract; claims 18-32; figures 1-3

page 4, paragraph 66 - page 6, paragraph
102

A WO 2009/082204 Al (2 B ENERGY HOLDING B V 1-16
[NL]; JAKOBSSON JOHAN MIKAEL [US]; PEELS
HUIBER) 2 July 2009 (2009-07-02)
abstract; claims 1-12; figure 1

page 8, line 5 - page 10, line 2

_/__

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents : i i i .

"T" later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

"A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international "X" document of particular relevance; the claimed invention

filing date cannot be considered novel or cannot be considered to
"L" document which may throw doubts on priority claim(s) or involve an inventive step when the document is taken alone
which is cited to establish the publication date of ancther

citation or other special reason (as specified) Y" document of particular relevance; the claimed invention

cannot be considered to involve an inventive step when the

"Q" document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu-
other means ments, such combination being obvious to a person skilled
"P" document published prior to the international filing date but in the art.
later than the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
11 May 2011 24/05/2011
Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040, - .
Fax: (+31-70) 340-3016 Koutsorodis, Dafni

Form PCT/ISA/210 (second sheet) (April 2005)



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2011/001672
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A WO 20107002402 Al (AMERICAN SUPERCONDUCTOR 1-16

CORP [US]; FOLTS DOUGLAS C [US]; GRITTER
DAVID) 7 January 2010 (2010-01-07)
abstract; claims 1-18; figures 2B-4D

page 5, paragraph 26 - page 12, paragraph
55

Form PCT/ISA/210 (continuation of second sheet) (April 2005)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2011/001672
Patent document Publication Patent family Publication

cited in search report date member(s) date

WO 0073652 Al 07-12-2000 AU 759174 B2 10-04-2003
AU 4939099 A 18-12-2000
BR 9917307 A 19-02-2002
CA 2375067 Al 07-12-2000
CN 1352731 A 05-06-2002
EE 200100629 A 17-02-2003
EP 1190176 Al 27-03-2002
JP 2003501000 T 07-01-2003
MX  PAD1011953 A 21-06-2002
NO 20015786 A 21-01-2002
PL 351025 Al 24-02-2003
TR 200103401 T2 22-04-2002
TW 522202 B 01-03-2003

US 2007085343 Al 19-04-2007 EP 1665494 Al 07-06-2006
WO 2005025026 Al 17-03-2005

WO 2009082204 Al 02-07-2009  EP 2235367 Al 06-10-2010
EP 2232667 Al 29-09-2010
WO 2009082326 Al 02-07-2009

WO 2010002402 Al 07-01-2010 AU 2008358896 Al 07-01-2010
CA 2728849 Al 07-01-2010
EP 2311165 Al 20-04-2011

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - wo-search-report
	Page 23 - wo-search-report
	Page 24 - wo-search-report

