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An Electrical Power Conversion Svstem and Method

Field of the Invention
This invention relates to a power conversion system and method, in particular a power
conversion system for a tidal power generation arrangement for connection to an AC

electrical grid.

Background of the Invention

Many forms of power generation exploiting renewable energy sources employ electrical
generators, and cause the generator to be driven at a speed that varies according to the
prevailing conditions. For example, a wind turbine drives its generator at a speed dependent
on the wind speed, a tidal-current turbine drives its generator at a speed dependent on the
prevailing speed of the water flow, and a wave power converter may include a generator that
is driven at a speed that varies in a cyclic fashion. In such cases, the voltage and frequency
of the electrical output from the generator constantly vary. However, electrical grids operate
at fixed voltage and frequency and strict regulations embodied in a grid code are applied to

generating systems that are to be connected to the grid.

For large generating systems such as wind farms or groups of tidal-current turbines, grid

codes typically include the following principal requirements:

1. The generating system should be able to contribute to the control of grid
frequency by having the capacity to modify its real power output independently
of the prevailing wind speed, tidal velocity etc.

2. The generating system should be able to contribute to the control of grid voltage
by having the capacity to supply reactive power up to a certain defined
proportion of the real power supplied.

3. The generating system should be able to produce current with a sinusoidal
waveform. The current should not have a DC component, and all harmonic and
sub-harmonic components should be less than a prescribed upper limit.

4. The generating system should be able to remain connected to the grid throughout
a low-voltage transient fault on the grid, and so be ready to continue supplying

power when the fault is cleared.
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In order to comply with the first of these regulations, most large wind turbines include a
pitch control mechanism to adjust the mechanical power produced by the blades up to a

maximum value corresponding to the prevailing wind speed.

To comply with the second and third requirements, the electrical power from the generator is
converted to fixed-frequency, 50 or 60Hz, three-phase ac by a power electronic system

usually employing a pulse-width-modulated (PWM) inverter.

To comply with the last requirement, the inverter is controlled to restrict the output current

rather than simply disconnect to protect the inverter from short circuits.

Suitable inverters are available with output voltage ratings up to 690Vrms line-line, which is
one of the preferred standard voltages. Higher voltages are possible, but they are achieved
at the expense of increased cost, lower efficiency, and lower modulation frequency, leading
to higher harmonic currents sent to the grid and hence the need for auxiliary filters. It is
normal therefore to use a 690V inverter connected to the grid via a transformer that steps up

the voltage to the grid voltage at the point of connection.

For a land-based wind turbine this arrangement is satisfactory. However, for proposed tidal

current turbines this arrangement presents several difficulties.

Firstly, a tidal-current turbine situated on the seabed would require a very large and
expensive sub sea enclosure to house conversion equipment of the form described. Any
fault in the equipment would require expensive marine operations to retrieve and replace the
equipment, and work can be delayed by the prevailing weather conditions for long periods.
In general, it is desirable therefore that as much equipment as possible be located at the
receiving end of the cable that brings the power from the turbine to shore for connection to
the grid, or to an offshore platform housing a special substation receiving power from a

collection of such turbines.

Because of the transmission distance, it is preferable to use a moderately high transmission
voltage, to reduce transmission losses. For example, to transmit SMW over a distance of
5km via a two-core cable having 250mm” conductor cross section with a transmission loss

of 4% requires an operating voltage of about 10kV. Voltages of this magnitude can be
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generated by electrical generators, and so the possibility exists of a system that requires no

electrical power conversion equipment at the turbine.

Because of the high cost of sub sea cable and its installation, it is desirable to have as many
turbines as possible sharing a common cable. Ifthe electrical output of each turbine is AC,
then their outputs must be synchronised if they are to be connected together. However, if
the turbine outputs are DC, then they may safely be connected in parallel, provided that they

can operate at the same voltage.

Because of the high cost and the risk of failures of pitch-control mechanisms in a sub sea
environment, it is preferred to use turbines with fixed-pitch blades. Because of the
simplicity and efficiency, it is further preferred to use an electrical generator driven directly
by the turbine without an intermediate gearbox, and to use permanent magnet excitation of
the generator field. The AC output is easily and efficiently converted to DC by means of
diodes, which may be embedded in the generator winding or the terminal box. The
rotational speed of the turbine and generator and the associated output power then depend on
the prevailing flow and on the voltage of the DC system into which the turbine-generator-

diode feeds.

A preferred electrical arrangement for a group of tidal-current turbines is therefore as
illustrated in Fig. 1, which shows a series of turbine generator machines 10 producing direct
current output (via rectifying diodes 12). The generator machines 10 are connected in
parallel by a set of short cables 14 and a longer cable 16 to a receiving station 18. Receiving
station 18 may be on shore, or may be provided on an offshore platform where access is
possible for servicing the equipment. The output of the receiving station 18 is connected to

the AC power grid.

A known method for converting HVDC to AC power is through the use of a thyristor
inverter circuit. A three-phase current source thyristor inverter is illustrated in Fig. 2, having
an array of thyristors 100. During operation, a DC voltage is applied across terminal A.

The phases of the signals controlling the firing angles of the thyristors 100 are staggered,
such that a three-phase AC signal is provided at terminals X, Y, and Z. Thyristor inverters
provide the advantages of a combination of efficiency and reliability, along with being

relatively inexpensive.
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While current source thyristor inverters are known to be used for the conversion of HVDC
to AC power, current source thyristor inverters are in general not suitable for grid
connection, as they generates large amplitude harmonic currents and draw reactive power
from the grid. Furthermore, a current source thyristor inverter relies on the grid for the
voltage to turn off the thyristors at the end of their conduction period, and so it fails to

operate during a low voltage grid fault.

Michael Owen, "Homopolar Electro-mechanical Rotary Power Converter (HERPC), IEEE
Melecon 2004, May 12-15, 2004, Dubrovnik, Croatia, discloses a power conversion system
for converting high voltage DC power to AC grid supply power, the system comprising a
line voltage input for receiving a high voltage DC power input, a converter module for
converting said high voltage DC power input to AC power, a synchronous motor, said
synchronous motor driven by the AC power provided by said converter module; and a
synchronous generator operable to provide AC output power for connection to a grid supply,

wherein said synchronous generator is driven by said synchronous motor.

It is an objective of the invention to provide a DC to AC converter that can operate at a high

DC voltage, and which meets all the requirements of the grid code.

Summary of the Invention
Accordingly, there is provided a power conversion system according to the characterised

portion of claim 1.

As the synchronous generator is driven by a synchronous motor, there is a mechanical
isolation stage that prevents the feeding through of any harmonics from the original DC
input signal, or from the converted AC signal. While the invention is intended primarily for
use with arrays of tidal turbines, it will be understood that it may be used in other power
conversion environments, ¢.g. offshore wind turbines or wave power converters.
Furthermore, land-based wind turbines of a relatively simple and economical design could
be realised for use with a power conversion system according to the invention. It will be
understood that the drive of the synchronous generator be directly connected to the shaft of
the synchronous motor, or there may be any suitable mechanical coupling between the

motor and the generator.

Preferably, said converter module comprises a polyphase thyristor bridge inverter.
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The number of phases of the polyphase thyristor bridge inverter may be chosen to reduce the
effects of harmonic currents fed to the synchronous motor, and/or ripple current and voltage

fed back to the line voltage input.

Preferably, said converter module comprises a three-phase thyristor bridge inverter.

Preferably, the phase number of said synchronous motor is equal to the number of phases in

the polyphase thyristor bridge inverter.

Alternatively, the converter module further comprises a transformer for converting the
output of the polyphase thyristor bridge inverter to AC power having a voltage suitable for

driving said synchronous motor.

Preferably, the system further comprises a controller, the controller operable to control the
real power component of said AC output power by adjusting the phase angles of the
thyristor bridge inverter to vary the DC line voltage input to regulate the operation of said

turbine generator.

As the thyristor bridge inverter operation is adjusted, this allows for the variation of the DC
line voltage for the associated turbine generators. Adjustment of the line voltage affects the
operating conditions of the turbines, and accordingly allows for the regulation of the real

power provided by the conversion system to the grid.

In addition or alternatively, said synchronous motor is a field winding type synchronous
motor, the system comprising a controller operable to control the real power component of
said AC output power by adjusting the field winding excitation of the synchronous motor to

vary the DC line voltage input to regulate the operation of said turbine generator.

Similarly, as the excitation field of the synchronous motor is varied, the AC voltage at the
motor terminals, and consequently the DC line voltage, is varied, allowing for the real power
component of the output AC power to be regulated by adjustment of the associated turbines’

operating conditions.
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Preferably, said system further comprises an auxiliary load circuit provided in parallel with
said synchronous motor, wherein said system is operable to supply at least a portion of the

AC power provided by said converter module to said auxiliary load circuit.

The provision of an auxiliary load circuit means that any surplus power generated by the
associated turbine generators may be discharged into the load circuit, allowing the

conversion system to satisfy the required grid conditions.

Preferably, the auxiliary load circuit comprises an energy storage device to store AC power
from said converter module, wherein said energy storage device is further operable to

selectively provide AC power stored in the device to said synchronous motor.

As the auxiliary load circuit comprises an energy storage device, e.g. a battery, a flywheel, a
capacitor, etc., the surplus power that is generated by the associated turbines may be stored
and provided to the energy conversion system at a later stage. This may be the case for a
tidal turbine generator, wherein surplus power may be stored during a period of high tidal
flow, and released back into the conversion system (and, by extension, the power grid)

during a period of low tidal flow and/or during a period of high demand on the grid.

Additionally or alternatively, the auxiliary load circuit comprises a load bank.

A load bank can be used as an effective method of discarding excess power, and ensuring

the conversion system continues to satisfy the grid requirements.

There is further provided a method for converting high voltage DC power from a turbine

generator to AC grid supply power according to the characterising portion of claim 11.

Preferably, the method comprises the further step of controlling the real power output of the
synchronous generator by varying the line voltage of the DC power input to adjust the

operation of said turbine generator.

Preferably, said step of converting comprises controlling the phase angles of a polyphase
thyristor bridge inverter, and wherein said controlling step comprises adjusting the phase

angles of the thyristor bridge inverter to vary the DC line voltage input.
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Additionally or alternatively, said controlling step comprises adjusting the excitation of the

synchronous motor to vary the line voltage of the DC power input.

Preferably, the method further comprises the step of diverting at least a portion of said
converted AC power to an auxiliary load circuit when the output of the synchronous

generator exceeds a required level.

Detailed Description of the Invention
Embodiments of the invention will now be described, by way of example only, with

reference to the accompanying drawings, in which:

Fig. 1 illustrates a prior art setup of tidal turbines;

Fig. 2 illustrates a known thyristor inverter circuit;

Fig. 3 is a view of a power conversion system according to the invention;

Fig. 4 is a view of a first enhancement of the system of Fig. 3;

Fig. 5 is a view of a second enhancement of the system of Fig. 3;

Fig. 6 is a plot of a sample turbine characteristic curve;

Fig. 7 is a plot of turbine characteristic curves for a set of five turbines operating in
an array with different of tidal velocities;

Fig. 8 is a view of the system of Fig. 3 further comprising a load bank circuit; and

Fig. 9 is a view of the system of Fig. 3 further comprising an energy storage device

circuit.

In order to provide a conversion system having the required isolation, combined with the
appropriate real and reactive power control, power is delivered to the AC grid by a

synchronous generator which is driven by an electric motor. The motor is supplied with
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power from the high voltage direct current received from one or more turbines and

converted to a form suitable for feeding to the motor.

With reference to Fig. 3, an electrical power conversion system according to the invention is
indicated generally at 20. High voltage DC (HVDC) power is provided at the input
terminals 22. The incoming HVDC is converted to AC by means of a current-source
thyristor inverter 24. Individual thyristors are available with voltage ratings up to about
8kV. Therefore, the circuit illustrated in Fig. 3 would be suitable for a system with DC
voltage up to approximately 5kV.

The converted AC power is then used to drive a synchronous motor 26. As the incoming
HVDC power would normally be at too high a voltage for a DC electric motor to be a
practical choice of motor type, accordingly the arrangement of Fig. 3 utilises an AC
synchronous motor 26 with either a conventional field winding or permanent magnets for

excitation.

The output of the synchronous motor 26 (shaft 27) is coupled to the input of a synchronous
generator 28. The synchronous generator 28 provides an AC output 30, which can be easily
connected directly to the AC power grid. Such a synchronous generator may be of the same
type as may be found in conventional power stations fuelled by fossil fuels. Such generators
will meet most of the requirements of the grid code, and are available with power ratings up

to IGW.

As stated above, in general, a current source thyristor inverter is not suitable for grid
connection. However, in the system of the invention, the current-source thyristor inverter is
not connected to the grid but to the synchronous motor, which provides the necessary
reactive power and the voltage for turning off the thyristors as required. Furthermore, the

synchronous motor is largely not affected by the harmonic currents.

The mechanical coupling of the synchronous motor to drive the synchronous generator
provides mechanical isolation of the imperfections of the thyristor inverter from the grid
connection. Accordingly, the system of Fig. 3 provides a conversion system for converting

HVDC to AC grid supply.
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As stated above, the system of Fig. 3 would be suitable for a system with a DC input voltage
up to approximately SkV. However, if the maximum DC input voltage is higher than this
value, e.g. up to 10kV, then the initial conversion stage may be altered. For example, as can
be seen in Fig. 4, the thyristor bridge 24 is constructed using two thyristors in series,

allowing for a higher input voltage rating.

Alternatively, with regard to the circuit of Fig. 5, two or more complete thyristor inverters
24 may be connected in series at their DC input, with their AC outputs combined as
illustrated in Fig. 5, as inputs to a pair of converter transformers 32. The AC output of the

transformers 32 is then combined, and provided as the input to the synchronous motor 26.

Each of the converter transformers 32 shown in Fig. 5 has two separate input windings 34,
each supplied by a dedicated inverter bridge inverter — one winding 34a is star-connected
and the other 34b is delta-connected. The two bridges supply currents that differ in phase by
30 electrical degrees, and the current at the output winding follows a twelve-pulse pattern.
This has much smaller harmonic content than the six-pulse pattern produced by a single
three-phase bridge. This arrangement for reducing the harmonic content of the current in
rectifier and thyristor circuits avoids some of the loss in the synchronous motor 26

associated with harmonic currents.

The systems illustrated in Figs. 3 — 5 use three-phase inverters, but it would be possible to
use different numbers of phases as desired. This may be preferable in order to restrict
harmonic current fed to the synchronous motor 26 or ripple current and voltage on the DC

System.

It will be understood that while the AC output from the current source thyristor inverters 24
may be converted to three-phase by means of a suitably connected transformer 32,
alternatively a the synchronous motor 26 may be configured to have the same number of

phases as the inverters 24 used.

In general, a thyristor inverter 24 requires an AC voltage with a peak value that exceeds the
input DC voltage. A converter transformer 34 therefore has the further purpose in matching
the voltages of the thyristor inverter 24 to a value that matches the rating of an associated

motor 26.
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The rotational speed of the synchronous generator 28 is coupled to the frequency of the AC
grid. For example, a two-pole generator connected to a S0Hz grid must rotate at 3000rpm, a
four pole machine rotates at 1500rpm, a six-pole machine at 1000rpm, etc. The preferred
mechanical arrangement is to couple the motor 26 and generator 28 directly, in which case
the motor 26 rotates at the same speed. It is not necessary for the motor 26 to have the same
number of poles as the generator 28. Similarly, the frequency of the AC currents and

voltages at the AC terminals of the motor 26 is tied to the rotational speed of the motor 26.

If the pole number of the motor 26 and the pole number of the generator 28 are equal, and
the two machines are directly coupled via shaft 27 to run at the same rotational speed, then
the frequency of the voltage and current at the input to the motor 26 is equal to the
frequency of the ac grid — this arrangement allows for identical machines to be used for both

the motor 26 and the generator 28.

If the motor 26 has a higher pole number than the generator 28, then the motor frequency is
higher than the grid frequency. Alternatively if the coupling between motor 26 and
generator 28 causes the motor 26 to rotate faster than the generator 28 — for example by

means of a gearbox — then the motor frequency will be higher than the generator frequency.

Conversely, if the motor 26 pole number is less than the generator 28 pole number, or if the
rotational speed of the motor 26 is lower than the rotational speed of the generator 28 (due to
the coupling used between the two machines), then motor frequency is lower than the grid

frequency.

For example, a six-pole motor driving a four-pole generator connected to a S0Hz grid would
require a supply frequency of 7SHz. One advantage in arranging for the motor frequency to
be raised in this manner is that the physical size and the efficiency of a transformer depend
partly on the operating frequency. By selection of suitable operating frequencies, the

converter transformers 34 accordingly can be made smaller and more efficient.

An example of a turbine characteristic curve is illustrated in Fig. 6. In order to control the
real power delivered to the grid 30, the DC voltage may be controlled, which in turn affects

the operating conditions of the associated turbines and the power delivered by them. For
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example, if the voltage is raised, then the speed of each turbine will increase, leading to a

change in the power generated according to the typical turbine characteristic.

In practice, in a group of turbines each will be subjected to a different flow from the others,
because of variations in flow across the area of seabed. Therefore, each turbine has a
different characteristic of Power vs. Speed (and hence voltage) but the group as a whole has
an aggregate characteristic of Power vs. DC voltage. Fig. 7 illustrates the example of five
turbines operating together, but with different of tidal velocities ranging from 1.8 to 2.6m/s.
If these turbines were connected in parallel so that they all operated at, say, 5kV, then the
total electrical power would be approximately 2100 kW. The turbine with highest flow
would be operating at a slightly lower voltage than optimum, and that with lowest flow with
a voltage, and hence speed, slightly higher than optimum. If the voltage were raised to, say,
6kV, then the total power would be reduced to about 1900 kW. Raising the voltage to 8kV
reduces the total power to less than IMW. Voltage control is therefore a suitable means of

adjusting the power as required for compliance with the grid code.

The DC voltage may be adjusted by means of phase control of the switching signals fed to
the thyristor gate terminals of the thyristor inverters 24 used. Alternatively, if the
synchronous motor 26 is excited by a conventional field winding, the excitation of the
synchronous motor 26 may be controlled so that the AC voltage at its terminals, and in turn

the DC line voltage presented to the associated turbines, is adjusted as required.

Fig. 8 illustrates a further alternate embodiment, wherein control of the power delivered to
the grid 30 may be affected by discarding surplus power into an auxiliary load in parallel
with the synchronous motor 26, such as a resistive load bank 36. In Fig. 8, a resistive load
bank 36 is controlled by a half-controlled thyristor bridge inverter 38, which is all that is
required for controlled rectification. The half-controlled bridge 38 uses the voltage of the
synchronous motor 26 to turn off the thyristors of the bridge 38, and to provide the reactive
power absorbed by the bridge 38.

Alternatively, as shown in Fig. 9, surplus power is provided to an energy storage device,
such as a battery 40, in parallel with the drive motor 26, the battery 40 coupled with an
appropriate rectifier circuit 42. The system illustrated in Fig. 9 not only meets the need for

power control, but it also offers the possibility of using the energy storage system (battery
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40) to absorb energy from the turbines during periods of high tidal flow and to provide this

excess power to the grid 30 at a later time.

It is expected that periods of high tidal flow when the turbines produce high power will
often not coincide with periods of high demand on the grid 30. The energy storage system
can therefore increase the value of the energy generated, as well as provide the means for
complying with the power and frequency regulation aspect of the grid code. In addition, the
energy system can draw energy from the grid 30 at times when tidal flow is low by
operating the synchronous motor 26 and generator 28 in a reverse power flow configuration,
whereby the motor 26 operates as a generator and vice versa. In this case, energy can be
absorbed from the grid 30 at times of low demand and returned at times of high demand.

This provides a further additional advantage of the embodiment of Fig. 9.

The invention is not limited to the embodiments described herein but can be amended or

modified without departing from the scope of the present invention.
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Claims

1. A power conversion system (20) for converting high voltage DC power from a turbine generator
(10) to AC grid supply power (30), the system comprising:
a line voltage input (22) for receiving a high voltage DC power input exclusively from one or

more turbine generators (10);
a converter module (24) for converting said high voltage DC power input to AC power,;
a synchronous motor (26), said synchronous motor driven by the AC power provided by said

converter module; and
a synchronous generator (28) operable to provide AC output power for connection to a grid
supply, wherein said synchronous generator is driven by said synchronous motor
characterised in that;
said converter module (24} is a thyristor bridge inverter.

2. The system as claimed in claim 1, wherein said thyristor bridge inverter is a polyphase thyristor

bridge inverter.

3. The system as claimed in claim 1 or claim 2, wherein said thyristor bridge inverter is a three-phase

thyristor bridge inverter.

4. The system as claimed in claim 2 or claim 3, wherein the phase number of said synchronous
motor (26} is equal to the number of phases in the polyphase thyristor bridge inverter

5 The system as claimed in claim 2 or claim 3, wherein the converter module (24) further comprises
a transformer (32) for converting the output of the polyphase thyristor bridge inverter to AC power
having a phase suitable for driving said synchronous motor (26).

6. The systemn as claimed in any one of claims 1 to 5, wherein the system (20) further comprises a
controller, the controller operable to control the real power component of said AC output power by
adjusting the phase angles of the thyristor bridge inverter (24) to vary the DC line voltage input (22)
to regulate the operation of said one or more turbine generators (10).

7 The system as claimed in any preceding claim, wherein said synchronous motor {26} is a field
winding type synchronous motor, the system (20) comprising a controller operable to control the real
power component of said AC output power by adjusting the field winding excitation of the
synchronous motor {26) to vary the DC line voltage input (22} to regulate the operation of said one or

mere turbine generators {10)

8 The system as claimed in any preceding claim, wherein the system (20) further comprises an
auxiliary load circuit (36) provided in parallel with said synchronous motor (26), wherein said system

ey
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is operable to supply at least a portion of the AC power provided by said converter module {24) to
said auxiliary load circuit (36).

8 The system as claimed in claim 8, wherein the auxiliary load circuit {36) comprises an energy
storage device (40) to store AC power from said converter modude (24), wherein sald energy storage
device is further operable to selectively provide AC power stored in the device to said synchronous
motor (26)

10. The system as claimed in claim 8 or claim 9, wherein the auxiliary load circuit (36) comprises a
load bank.

11. A method for converting high voltage DC power from one or more turbine generators (10) to AC
grid supply power (30), comprising the steps of:

providing to a line voltage input (22), a high voltage DC power input (22) received exclusively
from ohe or more turbine generators (10},

converting said high voltage DC power input (22) to AC power;

driving a synchronous motor (26) with said converted AC power,

driving a synchronous generator {28) with the output of said synchronous motor (26),
wherein satd synchronous generator is operable to output AC grid supply power (30);
characterized by.
said step of converting comprising controliing the phase angles of a thyristor bridge inverter (24) .

12. The method of ciaim 11, wherein the method further comprises the step of controlling the real
power output of the synchronous generator (28) by varying the line voltage of the DC power input
{22) to adjust the operation of said one or more turbine generators.

13 The method of claim 12, wherein said confrolling step comprises adjusting the phase angles of
the thyristor bridge inverter to vary the DC line voitage input (22).

14. The method of claim 12 or claim 13, wherein said controlling step comprises adjusting the
excitation of the synchronous motor (26) to vary the line voitage of the DC power input (22).

15 The method of any one of claims 11-14, wherein the method further comprises the step of

diverting at least a portion of said converted AC power to an auxiliary load circuit (36} when the
output of the synchronous generator (28} exceeds a required level
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