
An Enhanced Method of Controlling the Output of a Hydroelectric Turbine
Generator Field of the Invention The present invention relates to a method
of controlling the output of a hydroelectric turbine generator, in
particular controlling the output via the transmission system for that
output, which additionally provides for the monitoring of fault conditions
in the transmission system during periods of reduced generator output..
Background of the Invention The increased interest in environmental
awareness, and a reluctance to rely on non renewable sources of energy, has
led to greater usage of renewable energy systems, e.g. solar power, wind
power, thermal power, and tidal power. The latter involves the installation
of turbine generators in an area of tidal flow, and converts the energy of
the tides into electrical energy. With reference to Figs. 1 and 2, an
example hydroelectric turbine generator is described in PCT Application No.
PCT/EP2007/006258. The generator 10 is of a direct-drive shaftless
permanent magnet generator construction. The generator 10 comprises a
ring-shaped stator 12 and a rotor 14, the stator 12 having a plurality of
coils 17 (Fig. 2) located about the circumference of the stator 12. The
rotor 14 comprises an inner rim 16, which defines an open centre. The rotor
14 further comprises an array of generally radially extending blades 18
captured between the inner rim 16 and an outer rim 20. The rotor 14 further
comprises an array of magnets 2 1 (Fig. 2) disposed about the outer rim 20.
The stator 12 concentrically surrounds the rotor 14, with the plurality of
coils providing a magnetic flux return path for the magnets. The generator
10 is positioned in an area of tidal flow, such that the motion of the
seawater through the generator 10 acts on the blades 18, resulting in
rotation of the rotor 14 within the stator 12. The motion of the magnets
relative to the coils of the stator 12 causes the magnetic field generated
by the magnets to induce an EMF in each of the coils. These induced EMFs
provide the electrical power output from the turbine generator 10. 



As there is increased utilisation of such tidal power generators, it
becomes of greater importance to be able to accurately and effectively
control the operation of the generators, inparticular ensuring that the
turbine generator is operating at its optimum "tip-speed ratio". The
"tip-speed ratio" is the ratio between the rotational speed of the tip of a
blade of the turbine and the actual velocity of the tidal flow, and is
generally turbine-design dependent, with each turbine having an optimum
tip-speed ratio for the optimum power generation by that turbine. Thus, the
speed of operation of the turbine should be varied to ensure optimum output
power for the level or tidal power available. Also, sometimes it can be
necessary to "run back" the generated power output, dependent on the
requirements of the main power grid. In standard electrical generator
systems, the amount of power extracted from generators can be controlled by
varying the voltage or frequency of operation. This control is generally
executed local to the generator. The electrical generator and associated
controller are usually easily accessible for commissioning, servicing
tests, maintenance and settings adjustments. In addition to a controller,
renewable energy generators often locate power conversion and monitoring
equipment in the vicinity of the generator, in order to immediately convert
output power to a fixed voltage and frequency, and in order to monitor the
condition of each individual generator. The transmission systems that
transport output power operate over long distances at a high voltage, using
a voltage and frequency that is fixed to a certain value within a
relatively small tolerance gap. Accordingly, the voltage output by a
generator is normally stepped up to transmission levels close to the
generators using a transformer. Harnessing tidal energy presents
significant challenges with respect to maintenance of the turbine in order
to ensure continuing and efficient operation in the harsh submarine
environment. The installation and decommissioning of submarine turbine
generators is relatively expensive, and it is not economic to carry out
regular maintenance on the various components in the system. Also, it is
not feasible to include sensitive electronic equipment, power conversion
and/or cooling systems local to the submarine generator (i.e. components 



that require regular servicing and routine maintenance in order to maintain
long term reliability). Therefore, it is an object of the invention to
provide an alternative system and method for controlling the rotational
speed of a hydroelectric turbine, and consequently the output of
ahydroelectric turbine generator, which eliminates the need for controlling
and monitoring components located local to the submarine generator. Summary
of the Invention Accordingly, there is provided a method for
remotely-controlling the output power generated by at least one off-shore
tidal hydroelectric turbine generator from a remote substation using at
least one submarine power cable transmitting power from said at least one
turbine generator to said substation, the method comprising the step of
varying the line voltage of the submarine power cable to control the
rotational speed of the turbine generator, the rotational speed of the
turbine generator being related to the output power generated by the
turbine generator. The turbine rotational speed of a turbine generator is
controlled by the transmission line voltage present at the turbine
generator, as well as the tidal velocity, with the rotational speed related
to the level of output power generated. As the line voltage of the
generator is varied, the turbine speed can be directly controlled up to
that level at which the tide is free spinning the turbine, with the result
that the level of output power produced by the generator can be adjusted as
required. The use of the power transmission system to control the output of
the turbine generator allows for suitable control over the generator output
to be located away from the generator site, which allows for more efficient
monitoring and maintenance of the system. As the line voltage of the
submarine power cable can be varied from a remote power substation, this
allows for the remote-control of the rotational speed, and consequently the
level of power generated, by the off-shore turbine generator. This
eliminates the need for control circuitry at the sub-sea generator site. It
will be understood that the remote power substation may be an on-shore
substation. Preferably, the varying of the line voltage is in proportion to
the tidal power available at the 



turbine generator, such that the line voltage of the submarine power cable
provides for the optimum tip-speed ratio of the turbine generator for the
tidal power available. The quantity of output power that can be generated
by a turbine generator is determined by the tidal power available at that
generator. As more tidal power is available, the generator may generate a
higher quantity of output power. Accordingly, the optimum turbine operation
for a period of higher tidal flow is at higher speed to maintain the
optimum tipspeed ratio. Similarly, if there is a reduction in the tidal
power available, the optimum turbine operation is at a lower tip-speed to
maintain the optimum tip-speed ratio. As the rotational speed of the
turbine is related to the transmission line voltage the turbine is allowed
to operate at, then the line voltage can be varied to ensure that the
turbine generator is always operating at its optimum level. Preferably, the
method comprises the steps of: (i) monitoring a signal representative of
the tidal power available at the at least one off-shore tidal hydroelectric
turbine generator and received at said remote substation through said
submarine power cable; (ii) adjusting the line voltage on said submarine
power cable from said remote substation, wherein the line voltage is
reduced when the tidal power available decreases and the line voltage is
increased when the tidal power available increases; and (iii) repeating
steps (i)-(iii) such that the line voltage level of the submarine power
cable is varied in proportion to the tidal power available. Preferably,
step (i) is performed for a given line voltage value of said submarine
power cable, and wherein said signal representative of the tidal power
available is the output power level at said given line voltage value, and
wherein step (ii) further includes updating the given line voltage value to
the adjusted line voltage value. As the output power generated by a tidal
turbine generator at a particular line voltage is directly proportional to
the tidal power available at that time, then the level of output power
generated is indicative of the current strength of tidal power available.
Using the level of 



output power generated to indicate the current tidal flow strength means
that additional tidal flow monitoring components and communications
networks are not required, as it is possible to determine changes in the
tidal flow strength by monitoring changes in the level of output power
generated. Preferably, the method comprises the steps of: (i) receiving a
signal of a constraint condition that the output power generated by said at
least one off-shore tidal hydroelectric turbine generator is to be
constrained, including an indication of a set level of output power that it
isdesired to be generated by said at least one off-shore tidal
hydroelectric turbine generator; (ii) monitoring the output power generated
by said at least one off-shore tidal hydroelectric turbine generator and
received at said remote substation through said submarine power cable;
(iii) comparing the monitored output power level with said set output power
level; (iv) adjusting the line voltage on said submarine power cable from
said remote substation, the adjustment based on said comparison, such that
the output power generated by said at least one turbine generator closely
follows the set output power level; and (v) repeating steps (ii)-(iv) such
that the monitored output power closely follows the set output power level
until the constraint condition is removed. Sometimes it is desirable to be
able to "run back" the output of a generator, e.g. if, due to a
transmission constraint, the transmission system operator may send a
request that generation is temporarily reduced until the constraint is
removed. In this case, it is possible to vary the line voltage of the
submarine power cable until the set level of output power is reached. After
the constraint is removed it is possible to again vary the line voltage to
bring the output power back to the optimum level. Preferably, in a further
embodiment, the method provides for remotely-controlling the output power
of an array of off-shore tidal hydroelectric turbine generators from an
on-shore 



substation using a submarine power cable transmitting power from said array
to said on shore substation, the method comprising the step of varying the
line voltage of the submarine power cable to control the rotational speed
of the turbine generators in the array, the rotational speed of the turbine
generators in the array being related to the output power of the array of
turbine generators. In this way, the output of an entire array of turbine
generators can be monitored, and the line voltage varied to control the
total output of the array, using only a single submarine power transmission
cable. Preferably, the varying of the line voltage is in proportion to the
tidal power available at the array, such that the line voltage of the
submarine power cable provides for the tip-speed ofeach turbine generator
in the array that allows for the maximum power generation by the entire
array for the tidal power available. This ensures that the line voltage of
the array can be varied to ensure the generation of the maximum amount of
power that can be extracted from the array, for the prevailing tidal
conditions. While this may mean that not all or perhaps none of the turbine
generators are operating at their specific optimum point, it ensures that
the overall output of the array is maximised when using a single power
cable to control the array. It will also be understood that the variation
of the line voltage can be said to follow a half-wave sinusoidal signal,
varying as it does in parallel with the ebb and flow of the level of tidal
power. Alternatively, the method provides for remotely-controlling the
output power of an array of off-shore tidal hydroelectric turbine
generators from a remote substation, wherein each turbine generator in the
array has a respective submarine power cable transmitting power from said
turbine generator to said remote substation, the method comprising the step
of varying the line voltage of each of the submarine power cables to
control the rotational speed of each individual turbine generator in the
array, the rotational speed of the turbine generator being related to the
output power of the turbine generator. It will be understood that an array
of turbine generators may comprise at least one turbine generator. 



Preferably, the varying of the line voltage is in proportion to the tidal
power available at the turbine generator, such that the line voltage of
each of the submarine power cables provides for the optimum tip-speed ratio
of each of the turbine generators in the array for the tidal power
available at the array. Preferably, the step of varying the line voltage of
the submarine power cable to control the rotational speed of the turbine
generator is based on the predicted tidal power available at the turbine
generator. If the variation of the line voltage is based on the predicted
level of tidal power available, this allows for simple automatic control of
the generator operation, based on known information regarding predicted
tides, etc. Preferably, the amount of power produced at a given line
voltage set point is checked against the amount of power expected for that
setpoint at that moment in time. Given the predictable nature of tidal
energy, by tracking the date and time an estimate of the amount of power
expected can be taken from a database, and compared to provide a method of
monitoring if the control system and the array of turbine generators are
performing correctly. Furthermore, there is provided a method for
remotely-controlling the output power generated by at least one off-shore
tidal hydroelectric turbine generator from a remote substation using at
least one submarine power cable transmitting power from said at least one
turbine generator to said substation, the method comprising the step of
varying the line voltage of the submarine power cable to control the
rotational speed of the at least one turbine generator, the rotational
speed of the turbine generator being related to the output power generated
by the at least one turbine generator, characterised in that the method
comprises the step of maintaining a minimum line voltage level on the
submarine power cable when the output power generated by the at least one
turbine generator drops below a defined output power level. As a minimum
voltage level is maintained on the submarine power cable, this allows for
the monitoring of fault conditions in the cable during periods of slack
tide. Also, the electrical stress acting on the power cable is reduced, due
to the reduced range of variation of the 



voltage on the power cable, leading to an increased cable lifetime.
Preferably, the varying of the line voltage is in proportion to the tidal
power available at the turbine generator, and further characterised in that
the method further comprises the step of maintaining a minimum line voltage
level on the submarine power cable when the tidal power available at the
turbine generator drops below the cut-in speed of the turbine generator.
Preferably, the line voltage is varied between a first value corresponding
to a first value below which no output power is generated by the at least
one turbine generator, and a second value at which level maximum power is
generated by the at least one turbine generator. Preferably, the minimum
line voltage level is between 25%-35% of the peak voltage of the turbine
generator.Alternatively, the minimum line voltage level can be much higher
during open-circuit or "runback" operation. Furthermore, there may be
occasions when the minimum level could be as high as 50-60% of the peak
voltage. Also, it will be understood that the line voltage level may be
maintained at a minimum level before the power generated by the turbine
generator reaches zero (i.e. before the tidal power available reaches the
cut-in speed of the turbine generator). Preferably, the method comprises
the steps of: (i) monitoring a signal representative of the tidal power
available at the at least one off-shore tidal hydroelectric turbine
generator and received at said remote substation through said submarine
power cable; (ii) adjusting the line voltage on said submarine power cable
from said remote substation, wherein the line voltage is reduced when the
tidal power available decreases and the line voltage is increased when the
tidal power available increases; and (iii) repeating steps (i)-(iii) such
that the line voltage level of the submarine power cable is varied in
proportion to the tidal power available, 



characterised in that the method further comprises the steps of: (iv)
maintaining a minimum line voltage level on the submarine power cable
whenever the tidal power available at the at least one off-shore tidal
hydroelectric turbine generator drops below the cut-in speed of the
hydroelectric turbine generator. Preferably, the method further comprises
the step of: while maintaining the minimum line voltage level on the
submarine power cable, monitoring the state of a circuit formed by the
submarine power cable to determine the presence of faults in the cable.
Preferably, the method provides for remotely-controlling the output power
of an array of off-shore tidal hydroelectric turbine generators from a
remote substation using a submarine power cable transmitting power from
said array to said remote substation, the method comprising the step of
varying the line voltage of the submarine power cable to control the
rotational speed of the turbine generators in the array, the rotational
speed of the turbine generators in the array being related to the output
power of the array of turbine generators,characterised in that the method
comprises the step of maintaining a minimum line voltage level on the
submarine power cable when the output power generated by the at least one
turbine generator drops below a defined output power level. Detailed
Description of the Invention An embodiment of the invention will now be
described, by way of example only, with reference to the accompanying
drawings, in which: Fig. 1 shows a known tidal hydroelectric turbine
generator; Fig. 2 shows a cross-section of a portion of the generator of
Fig. 1; Fig. 3 shows the generator of Fig. 1 connected to an on-shore
substation; Fig. 4 is a graph of several torque speed curves for a sample
turbine generator in different levels of tidal flow; Fig. 5 is a graph of
the voltage and current for a sample turbine generator; Fig. 6 is an
illustration of a sample control algorithm for the method of the invention;
Fig. 7 is a graph showing a sample variation of the transmission line
voltage of a 



submarine power cable with respect to the speed of the tide; Fig. 8 is a
graph showing the optimum tip-speed for a turbine generator with respect to
the speed of tidal flow at that turbine generator; and Fig. 9 is a graph
showing the line voltage applied to a submarine power cable coupled to an
off-shore tidal turbine generator for sample tidal flow conditions, for a
semidiurnal tide, over a 24-hour period, according to an embodiment of the
invention. With reference to Fig. 2, an off-shore tidal hydroelectric
turbine generator 10 is installed in an area of tidal flow. The generator
10 is connected to an on-shore power substation 22 via a submarine power
cable 24. The substation 22 provides an interface between the hydroelectric
generator network and the electrical distribution grid 26. The power cable
24 transfers the power generated by the generator 10 over the distance from
the off-shore turbine 10 to the on-shore substation 22. In general, the AC
power generated by the turbine 10 is rectified to DC prior to transmission
over the power cable 24. It will be understood that while the system in
Fig. 2 shows a single hydroelectric turbine generator 10, the submarine
power cable 24 may connect to other turbine generators as part of an array
of tidal turbine generators 10. An array of turbine generators 10 may
comprise anumber of generators connected in parallel, contributing power
onto the same power cable. Alternatively, an array of turbine generators 10
may comprise a number of generators located in the same tidal area,
contributing power to a series of power cables. The cumulative power
generated by the generators in the array may be then transferred back to
the on-shore substation 22 via a single power cable 24. Alternatively, each
turbine generator 10 in an array may be connected to the on-shore
substation 22 by a respective submarine power cable 24 associated with that
generator 10. The on-shore substation 22 comprises the appropriate power
conversion and power transformation apparatus. The power conversion
apparatus may comprise a controller operable to vary the DC line voltage on
the submarine power cable 24. In the preferable operation of the system,
the variation of the DC voltage on the cable 24 is performed in proportion
to the amount of tidal power available at the generator 10. For optimum 



operation, the output power of the generator 10 is transferred along the
cable 24 at a higher voltage during strong tidal conditions, and at lower
voltage during weak tidal conditions. It will be understood that the
voltage induced is of a high enough level that it is suitable for
transmitting power over long distances, e.g. from a remote off-shore tidal
generator array to an on-shore sub-station and supply grid. Above a certain
tidal flow level, the rotational speed of the turbine is proportional to
the voltage the turbine generator 10 is allowed to operate at. In order to
continually draw maximum power from the tidal flow, it is necessary to
operate the turbine at a fixed tipspeed ratio. The tip-speed ratio is the
ratio between the rotational speed of the tip of a blade and the actual
velocity of the tidal flow. If the velocity of the tip is exactly the same
as the tidal speed, the tip speed ratio is 1. The optimum tip speed ration
for a particular turbine generator is determined by the design of the
blades 18 for that particular turbine. Therefore, it is desired to vary the
speed of rotation in proportion to the speed of the flow, to ensure optimal
operation of the turbine generator 10. As the speed of rotation is
controlled, then the output power of the generator 10 can be maintained at
the optimum level for the tidal power available at the generator 10.The
control of the speed of rotation is achieved by the controller by
controlling the level of the DC line voltage on the submarine power cable
24 in proportion to the speed of the tide, to allow a single turbine to
operate at a fixed tip-speed ratio, or an array of turbines to operate as
close as possible to the optimum tip-speed ratio for the array. In an area
of relatively constant tidal velocity, the optimum rotational speed of a
turbine is dependent on the torque speed curve for the turbine. With
reference to Fig. 4, the torque speed curve is shown for a particular
turbine for four different levels of tidal velocity, showing the variation
in torque produced as the rotational speed of the turbine is varied, as
well as the optimum points of the various torque speed curves. The curve
showing the optimum points represents voltage and current, and is shown in
more detail in Fig. 5. As can be seen from the graphs, the optimum power
output when in a tidal flow of 4m/s occurs at a tip-speed of approximately
17 RPM, resulting in an output 



torque of approximately 520 kNm. In order to operate the turbine at 17 RPM
it is necessary to operate the cable at 4,200V, as can be seen from the V-I
graph. Any increase or decrease in turbine tip-speed from this point will
result in a corresponding reduction in output power. While the manual
control of the transmission line voltage by an operator is possible, it is
also foreseen that the control operation may be automatically regulated,
for example via a control algorithm implemented in a Programmable Logic
Controller (PLC) or other suitable processing means located at an on-shore
power substation 22. The PLC or processing means is operable to vary the
transmission line voltage of the submarine power cable 24. With reference
to Fig. 6, a sample control algorithm is illustrated. The algorithm is
operable to vary the transmission line voltage across a range of DC voltage
values, in order to ensure optimum power generation. At initiation of the
algorithm, 100, the line voltage is set at some starting voltage X, step
102. The controller then measures, step 104, the output power generated by
the turbine generator 10 for the set line voltage value X on the submarine
power cable 24. The measuring action may be performed by averaging the DC
output power level generated over a period of time.The measured power level
for that particular line voltage level X is then recorded, step 106. The
transmission line voltage on the power cable is then increased by a step
voltage A, creating a new voltage level Y = X + A, step 108. The output
power generated for that particular line voltage value Y is measured, step
110. A comparison operation is then performed, step 112, comparing the
level of output power measured at line voltage Y, and the level of output
power recorded at line voltage X. If the currently measured level of output
power is greater than the recorded power level for line voltage X, then
this indicates that the line voltage Y value results in improved output
power generation, as a result of a tip-speed ratio closer to the optimum
tip-speed ration for that generator (in part determined by the tidal power
available at the turbine generator 10). Dependent on the current position
on the turbine characteristic curve (see Fig. 4), a further increase to the
transmission line voltage may result in increased power output. At this
point, 



the line voltage is increased by a further step voltage A, resulting in new
transmission line voltage level Z = Y + A, step 114. The measured power
level for that particular line voltage level Z is then recorded, step 116.
A comparison operation is then performed, step 118, comparing the level of
output power measured at line voltage Z, and the level of output power
recorded at line voltage Y. If the measured output power at Z is greater
than the recorded output power for Y, then it is possible that the optimum
point on the turbine characteristic curve has not yet been reached. The
algorithm can then be looped back, assigning X so that X = Z, step 120, and
returning to step 108 of the algorithm for further testing of the output
power level. If, however, the output power at Z is less than the output
power at Y, then it is likely that the transmission line voltage value of Y
provides for the optimum power generation, and the line voltage value Y is
maintained on the power cable 24 for a period of time T, step 122, after
which the algorithm returns to step 104.Time period T is chosen to provide
a balance between how quickly it is predicted that the tidal power level
can vary dramatically, and how often it is desired to vary the transmission
line voltage on the submarine power cable 24, e.g. 5 minutes. If in step
112 the level of output power measured for line voltage Y is less than the
level of output power measured for line voltage X, then this indicates that
increasing the line voltage on the submarine power cable 24 results in a
drop in the output power generated. The algorithm then aims to check if a
reduction in the transmission line voltage would result in improved output
power generation. This is again dependent on the current position on the
turbine characteristic curve. First, step 124, the line voltage is reduced
to a level Z = X - A. Then, step 126, the controller measures the output
power generated for line voltage Z. A comparison is then made of the level
of output power measured for line voltage X and the level of output power
measured for line voltage Z, step 128. If the level of output power
measured for line voltage Z is less than the level of output power measured
for line voltage X, then the optimum output power appears to be generated 



at a line voltage level of X. Accordingly, the line voltage value X is
maintained on the power cable 24 for a period of time T, step 131, after
which the algorithm returns to step 104. If the level of output power
measured for line voltage Z is greater than the level of output power
measured for line voltage X, then it is possible that a further reduction
in the transmission line voltage level will result in a corresponding
increase in the output power generated (see Fig. 3). First, the
transmission line voltage is reduced to a new level, assigned X = Z - A,
step 130. The output power generated for this level is then measured for
this line voltage level X, step 132. In step 134, a comparison is made
between the level of output power measured at line voltage X, and the level
of output power recorded at line voltage Z. If the level of output power
measured for line voltage Z is greater than the level of output power
measured for line voltage X, then line voltage Z results in the optimum
powergeneration for the current level of tidal power available.
Accordingly, the transmission line voltage is increased back to level Z,
step 136, and the line voltage value Z is maintained on the power cable 24
for a period of time T, step 138, after which the algorithm returns to step
104 for further monitoring. However, if the output power continues to
increase for further reduced line voltage values, then the algorithm
continues to reduce the transmission line voltage level until the optimum
power generation has been reached, steps 140,142. The use of such a
described algorithm will result in a continued variation of the level of
the transmission line voltage to ensure that the optimum power generation
is continually maintained. With reference to Fig. 7, a graph is shown for a
sample tidal hydroelectric turbine generator system, illustrating the
optimum line voltage levels for a range of values of tidal flow. As can be
seen from the graph, the optimum voltage increases as the tidal flow speed
increases, and this is as a result of the need to operate the turbine at a
higher RPM in order to maintain the same optimum tip-speed ratio. 



With reference to Fig. 8, a graph is shown illustrating an optimum turbine
RPM level for a sample turbine in relation to the speed of tidal flow at
that turbine. This relationship should be followed in order to maintain the
optimum tip-speed ratio. The linear relationship between the tidal power
and rotational speed can be easily seen from this graph. However, in a
fixed tide of, say 3 knots, any change in turbine rotational speed above or
below approximately 4.5RPM will lead to less than optimum power output (see
Fig. 4 above). While the illustrated sample algorithm is geared towards
finding the transmission line voltage for the optimum power generation, it
will be understood that different variations of this algorithm may be
implemented without departing from the scope of the invention. For example,
the same control system can also be used to reduce generation output when
required - e.g. due to a transmission constraint, the transmission system
operator (e.g. a national grid operator) may request that the output power
is temporarily run back, or reduced, until the transmission constraint is
dealt with. On receipt of this request, the onshore control system will
modify the line voltage accordingly and move the farm ofturbines away from
their optimum tip speed ration until the desired level of output power is
reached. When the constraint from the operator is removed the farm can
return to normal operation. Also, it will be understood that the algorithm
may be interrupted by an operator at any time to allow for manual control
of the transmission line voltage level. It will also be understood that the
algorithm may be adapted to receive additional input signals, e.g. the
output from a tidal speed sensor upstream of the turbine generator, to
ensure that the line voltage is adjusted such that the turbine generators
always operate at their optimum tip-speed ratio. Furthermore, in an
alternative embodiment, variation of the line voltage of the submarine
power cable may be based on the estimated tidal power available at the
turbine generator. In locations where the level of tidal power can be
relatively easily predicted, e.g. through tidal charts, it may be possible
to base the variation of the line voltage on the predicted tidal power
level, to ensure optimum operation. Given enough knowledge of the tidal
flow at the 



turbine generator site, the line voltage can be simply varied every six
hours to set the appropriate RPM of the turbine, with minimum RPM/voltage
allowed at slack tide and maximum voltage/rpm on a given day dictated by
the expected peak tidal velocity on that day, with the maximum voltage for
the year occurring during spring tides. It will also be understood that the
remote control of the rotational speed of the turbine generator may be used
to stop rotation of the turbine itself, e.g. by varying the line voltage to
such an extent that the turbine purposively stalls. It should be noted that
for a specific tidal speed, increasing line voltage may actually reduce the
amount of power available, see Fig. 4. Reducing line increases the risk of
stalling the turbine, as there can be relatively large changes in power
output as the turbine slows down. Increasing turbine speed above the
optimum tip-speed can result in a more gradual reduction in power output,
and this may be a more preferable way to implement such a control. In a
further enhancement, the method may be adapted to deal with the problems
associated with cable damage detection at slack tide levels, as well as
reducing the stresses applied to a submarine cable with a view to
increasing the lifetime of the components used.In an area of tidal flow,
the level of tidal power available varies over the course of the tidal
cycle, i.e. when the water level is increasing (rising tide, called the
flood tide), and when the water level is decreasing (lowering tide, called
the ebb tide). During the flood tide, the tidal currents will gradually
increase until the peak flood tide level is reached. The power level of the
tidal current then gradually decreases until the sea reaches its highest
level, at high tide. At this point, the tidal current reaches its lowest
point, and is called the slack tide. Once slack tide is reached, the
direction of tidal flow reverses, and enters the ebb tide. Similar to the
flood tide, during the ebb tide the tidal currents will gradually increase
until the peak ebb tide level is reached. The power level of the tidal
current then gradually decreases until the sea reaches its lowest level, at
low tide. Once at low tide, the tidal current again is slack, and the
direction of tidal flow reverses, and becomes a flood tide. The above cycle
continues to repeat itself, occurring twice every day for a semidiurnal
tide 



(two high waters and two low waters each day), or once a day for a diurnal
tide (one tidal cycle per day). Strictly applying the above-described
control method involves varying the line voltage of the submarine power
cable from OV to peak voltage over the tidal cycle in correlation with the
level of tidal power available, i.e. every 6 hours for a semidiurnal tide,
or every 12 hours for a diurnal tide. There are some disadvantages with
this approach. In general, submarine power cables are vulnerable to faults
such as breakages caused by, e.g., fishing gear, environmental conditions,
etc. If a cable fault occurs during that period of slack tide when the line
voltage of the cable is at OV,such a fault might not be easily detected. In
such a case, as the tidal power level begins to rise as part of the tidal
cycle, and as power generation recommences, an undetected fault in the
submarine power cable would result in further damage to the cable. This
damage would initially occur in the region of the fault, but could result
in a catastrophic failure of the cable if the power generation were allowed
to continue. If such asituation occurs, the entire cable may require
replacement, resulting in considerable expense and time devoted to repair
and replacement. Also, the constant variation in electrical stress on the
cable insulation reduces its lifetime, as the cable insulation will
gradually suffer a loss of polarisation. In the enhanced control method,
the line voltage of the submarine power cable is varied in accordance with
the level of tidal power available at the offshore generator, with the
further condition that a fixed voltage is applied in the power cable once
the tidal power available drops below a threshold level. The fixed voltage
is maintained on the cable until the tidal power available rises above the
threshold. The threshold may be chosen as any value of tidal power, but
preferably is that level of tidal power (or tidal current velocity) below
which the turbine generator is unable to be extract power. This level is
called the cut-in speed of the turbine. As below the cut-in speed of the
turbine no power can be generated by the turbine, there is no loss in the
total level of energy that may be generated by the turbine. However, 



maintaining a fixed voltage on the submarine power cable allows for any
cable faults to be detected quickly, as the fault would be immediately
apparent. Once detected, the faulty cable may be easily isolated from the
generation grid before any additional damage is done to the cable, i.e.
before generation is allowed to continue. Utilising this method means that,
in the event of fault or breakage, only a small section of cable in the
vicinity of the fault may need to be repaired, as opposed to the
possibility of replacing the entire cable. Further advantages of this
method include an increased cable lifetime, due to the reduced electrical
stresses applied to the cable. Also, the power conversion equipment and
other electrical components used in the generating system may be designed
to have a reduced range of operation. Furthermore, the early identification
of a fault during slack tide (i.e. before the peak generation output) gives
enough notice to the transmission system operator that there will be an
outage on the tidal farm, such that alternative generation systems can be
employed to cover the shortfall.To detect the presence of a cable fault,
the system earth point is located onshore and connected through a high
impedance. The voltage across this impedance can be measured, and in
healthy conditions (i.e. non-fault conditions) is expected to be zero.
However, it will be understood that are various different methods that can
be used for detecting faults on cables and lines (e.g. differential
protection, overcurrent/earth fault undervoltage, neutral voltage
displacement etc.). All of these methods of protection require that the
circuit is in a live state in order to detect the change in state caused by
the fault. With reference to Fig. 9, a graph is shown of the line voltage
applied to a submarine power cable coupled to an off-shore tidal turbine
generator for sample tidal flow conditions, for a semidiurnal tide, over a
24-hour period. It can be seen from the graph that, as the tidal velocity
(i.e. the level of tidal power) varies between the peak flood tides (marked
'A') and the peak ebb tides (marked 'B'), the voltage applied to the
submarine power cable is varied accordingly. However, once the tidal
velocity falls below approximately 0.7 m/s (i.e. the cut-in speed of the
particular turbine), the cable line voltage is maintained at approximately
1500V. Once the tidal velocity recovers above the cut-in speed, the line
voltage is varied 



accordingly again, and power generation can resume. It will be understood
that the particular fixed voltage applied to the submarine power cable will
depend on the design of turbine generator used. Preferably, the cut-in
speed is approximately 30% of the peak voltage. For example, for a 500V
machine the voltage corresponding to the cut-in speed is approximately
150V, while for a 3300V machine the voltage level corresponding to the
cut-in speed will be approximately 990V. It will also be understood that
the enhanced method may be applied in the situation where an array of
turbine generators are controlled using a single submarine power cable. In
such a case, the cut-in speed will correspond to that level of tidal power
below which the power extracted from the array reaches OW. The use of the
enhanced control method allows for a more reliable method of operating a
single turbine generator or an array of turbine generators, by always
maintaining a voltage on the submarine power cable to increase the cables
lifetime, and to provide a means of detecting a faulty or damaged cable
quickly.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.Claims 1. A method for remotely-controlling the output
power generated by at least one off-shore tidal hydroelectric turbine
generator from a remote substation using at least one submarine power cable
transmitting power from said at least one turbine generator to said
substation, the method comprising the step of varying the line voltage of
the submarine power cable to control the rotational speed of the at least
one turbine generator, the rotational speed of the turbine generator being
related to the output power generated by the at least one turbine
generator, characterised in that the method comprises the step of
maintaining a minimum line voltage level on the submarine power cable when
the output power generated by the at least one turbine generator drops
below a defined output power level. 2. The method of claim 1, wherein the
varying of the line voltage is in proportion to the tidal power available
at the turbine generator, and further characterised in that the method
further comprises the step of maintaining a minimum line voltage level on
the submarine power 



cable when the tidal power available at the turbine generator drops below
the cut-in speed of the turbine generator. 3. The method of claim 1 or
claim 2, wherein the line voltage is varied between a first value
corresponding to a first value below which no output power is generated by
the at least one turbine generator, and a second value at which level
maximum power is generated by the at least one turbine generator. 4. The
method of any one of claims 1-3, wherein the minimum line voltage level is
between 25%-35% of the peak voltage of the turbine generator. 5. The method
of any one of claims 1-4, wherein the method comprises the steps of: (i)
monitoring a signal representative of the tidal power available at the at
least one off-shore tidal hydroelectric turbine generator and received at
said remote substation through said submarine power cable; (ii) adjusting
the line voltage on said submarine power cable from said remote substation,
wherein the line voltage is reduced when the tidal power available
decreases and the line voltage is increased when the tidal power available
increases; and(iii) repeating steps (i)-(iii) such that the line voltage
level of the submarine power cable is varied in proportion to the tidal
power available, characterised in that the method further comprises the
steps of: (iv) maintaining a minimum line voltage level on the submarine
power cable whenever the tidal power available at the at least one
off-shore tidal hydroelectric turbine generator drops below the cut-in
speed of the hydroelectric turbine generator. 6. The method of claim 5,
further comprising the step of: while maintaining the minimum line voltage
level on the submarine power cable, monitoring the state of a circuit
formed by the submarine power cable to determine the presence of faults in
the cable. 7. The method of claim 1 for remotely-controlling the output
power of an array of off-shore tidal hydroelectric turbine generators from
a remote substation using a submarine power 



cable transmitting power from said array to said remote substation, the
method comprising the step of varying the line voltage of the submarine
power cable to control the rotational speed of the turbine generators in
the array, the rotational speed of the turbine generators in the array
being related to the output power of the array of turbine generators,
characterised in that the method comprises the step of maintaining a
minimum line voltage level on the submarine power cable when the output
power generated by the array of off-shore tidal hydroelectric turbine
generators drops below a defined output power level. 8. The method of any
preceding claim, wherein the step of varying the line voltage of the
submarine power cable to control the rotational speed of the turbine
generator is based on the predicted tidal power available at the turbine
generator. 


