An Enhanced Method of Controlling the Qutput of a Hydroelectric Turbine
CGenerator Field of the Invention The present invention relates to a nethod
of cont r olbizng/tiBseout put of a hydroel ectric turbi ne gemreratresos/odsw7i
particular controlling the output via the transm ssion systemfor that
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Background of the Invention The increased interest in environnental
awar eness, and a reluctance to rely on non renewabl e sources of energy, has
led to gFieldef thesknyentien enewabl e energy systems, e.g. sol ar power, wind
power, t : ' r . ' I, I L.ation
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t he tiblegenandtor,éh partticulaatorrdling the\Gutgut viafthe ansissiofrsgsem Torathat citpian
exanpl e hydroel.ectrjc turbine generator is_describped in PCT | i cation No.
PCT/ Epzo@%@oaéfégyna )ﬁB“{j’é‘?Fé&aE&'F rgpioging of i copeiiogs 1 the rpapplvaios system
permnenuuﬁgg?égo(g%@%@;cgdg&g@.ﬁgf&%ﬁ@n. The generator 10 conprises a
ring-shaped stator 12 and a rotor 14, the stator 12 having a plurality of
coils 17 (Fig. 2) located about the circunference of the stator 12. The

r ot or 14gcg%rgrri SGS gﬂ 'hpneer. rim116, which defines an open centre. The rotor
14 furthé? r?f)'?‘ sog % "ar“F‘&? of generally radially extending bl ades 18
capt ur@d TheineeRed fiftert e envitdAnidnta At arshe S bR a Fdliittdibe thelyodldn- 14 further

conprises an array of magnets 2 1 (Fig. 2) disposed about the outer rim 20.
The st at mewablesauicas pf ensrgy; hasleddo grpater ysagef genepveble gnergy sistemsuegl ity of
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rotation of the rotor 14 within the stator 12. The notion of the magnets
rel ati veCkoriCAENSE s of the stator 12 causes the magnetic field generated
by thes magnets to induce an EMF in each of the coils. These induced EMFs
provi de the el ectrical power output fromthe turbine generator 10.

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

20 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 21 (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

25 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
30 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, in



As there is increased utilisation of such tidal power generators, it
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controller are usually easily accessible for comm ssioning, servicing

tests, mgtidt enance and settings adjustments. In addition to a controller,
renewabl e energy generators often | ocate power conversion and nonitoring
equi pnent in the vicinity of the generator, in order to i medi ately convert
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not feastBYY EFREP e sensitive el ectronic equi pment, power conversion
and/ or cooling systens |ocal to the submari ne generator (i.e. conponents

The transmission systems that transport output power operate over long distances at a high
20 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
25 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
30 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 a



that require regular servicing and routine maintenance in order to nmaintain
long termreliability). Therefore, it is an object of the invention to
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ahydr oel ?xg&{oieféctrn%rtﬁlibri]fe ngeglgfeﬁ&t alﬁlgzlﬁvgffn%Fat?% ih?nggé ?c% ﬁéfq&%@% %ngi %on(i:t&%r ol I'ing

and noni toring conpone ocate oca he su enerator. %um"rary

of the | cumponenrs lacated thicabloythe tiitenidinepepé@orded a net hod for
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that the |evel of output power produced by the generator can be adjusted as
requi red! IRSEPNGTA®e power transmi ssion systemto control the output of
the turbine generator allows for suitable control over the generator output
to be located away fromthe generator site, which allows for nore efficient
moni t or i e anbineaotatiems speedadf at thbisy gineratorAs colteolledriey the krangpaissidn {ihe

subnari ne power caple can be varied froma yenote power substation,, this
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elimnates the need for control circurtry at the sub-sea generator site. It
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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
20 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

25 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.

30
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 tip-



turbi ne generator, such that the line voltage of the submarine power cable
provides for the optimumtip-speed ratio of the turbine generator for the
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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
20 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
25 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.
30
Preferably, the method comprises the steps of:
@) 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 is
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submari ne power cable unt e set out put power Is reached. After
the constraint is renoved it is possible to again vary the line voltage to
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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.
20
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
25 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
30 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 of



substation using a submarine power cable transmtting power fromsaid array
to said on shore substation, the nethod conprising the step of varying the
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It will be understood that an array of turbine generators may comprise at least one turbine

20 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

25 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.

30
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 set
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to the reduced range of variation o
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

20 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

25 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
30 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.



vol tage on the power cable, leading to an increased cable lifetine.
Preferably, the varying of the line voltage is in proportion to the tidal
power avawvbabloei8test he turbi ne generator, and further clparart@viosmd i n that
the method further conprises the step of maintaining a mnimmline voltage
| evel on the submarine power cable when the tidal power available at the
tur bi ne generator drops below the cut-in speed of the turbine generator.
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vol t age. tibie gehdrattk).! be understood that the |ine voltage |evel may be

mai ntai ned at a mninum | evel before the power generated by the turbine
generator reaches zero (i.e. before the tidal power avail able reaches the

cut-in sggeggr?&%r §htgqn%ér%#§&gﬁlﬁalqge@?ﬁeg%§és)0f Preferably, the nmethod conprises

the step representative of the tidal power
avai | abl e at (e at Insmstoriaga sigrial spegsenthiivtodf thy ddalgloast aivgilable dritheat
generator and received at sajd renpte substation through said supbmarine
power cable; (ii) adﬁ‘??éi‘?‘ﬁgo fhoreitidal 1@61"?"35‘@“6WE‘QF@%‘?IBWEF‘P‘%?CEW%EF“ cabl e

fromsaid remte subgiatlBse e«e&a&%&%&;%h!shmu\s atia@polver Eiced when the

tidal power avail abl e decreases an i ne voltage i s I ncreased when the
tidal power agai | abl edjusingthediie valtdgy o1 $3id suhpearinempver epile fiom ¢4id igmageich
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15 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:

20 @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.

25 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
30 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 nmethod further conprises the steps of: (iv)
mai ntaining a mninum|line voltage | evel on the subnarine power cable
whenever wbeoto/dsiespower avail able at the at | east one eCTrapbavweodordal
hydr oel ectric turbine generator drops bél ow the cut-in speed of the

hydr oel e LG5 Ukl r . , J 1 | ses
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submar i néeveborethecabineringypowérarablegwhdnethe batpat péwer genemteadtbyf the aeldasiyone he
submarine power cable to.deternm pe the presence of faults in the cable.
Pr ef er ablf§fOIEBENGFRIOR EP%PS&%%&QW?‘@W&I’QWE@B%roI ling the output power
of an array of off-shore tidal hydroelectric turbine generators froma
renote substation using a subnmarine power cable transmtting power from
sai d abr BetailedDesgriptiontof thebnventionn, t he met hod conprising the step of
varying tyhe | | tage. of the | rqagl t I e
rotationa esnpl)ljéoe%?am %ﬁ%(’t he n&?‘&?"ﬁ*ewgfé‘%g%% (@gsg&lg%\&tbﬁe r(r?faef %ﬁ%&pg’t“a'{ti onal
speed of ré¢fbenédnolthe ecp@ipangingidsawings,lig whi¢hay being rel ated to the out put
power of the array of turbine generators,characterised in that the nethod
conprises the step of maintaining a mnimumline voltage |evel on the
submari ne po . by the at | east one
t ur bi ne gene\rl\g's%(riasg?g'ss g@\?vﬁgpgi#yﬁgﬂmgﬁ%g!{% gg\le%r&% evel. Detailed
Descr ipti on offig. Reshbws arnrossrsedtivresfiroptirttemof the geheratonw€Rig. dn wi Il now be

descri bed, by _way of exanple onl W th reference to the acconpanyi ng
drawi ngs, in 'érﬁ?‘OWFé‘enge@f‘?g%‘yff ‘%HOWF?tFéJO e rgé'tlt?slg 1% bi ne
generator; Fi gig 4 i§ hQMphoGEPsat filel spledXurdesBr 4 kafplefubit gasiGtinr of
Fig. 1, Fig. 3 shows the generator of Fig. 1 connected to an on-shore
subst at i differgntdevels ofdidal §owph of several torque speed curves for a sanple
turbine generator..in dihf i | d. I.S..2 graph of

t he vol t age a%%g' ul% F gg%pf}%ogtﬁé;{/%lga%%éﬁf %%4t@%%nﬁ Q%ﬁ“glﬁeg?ﬂa B's an

i lustsation @ig & isamillwuation 604 sahglecodtfohalgarithmdombe madhaf of the inveutiod;i on;

Fig. 7 is a graph showing a sanple variation of the trans[’n' ssion |i ne
1n

vol tage of a Fig. 7 isagraph'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
20 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
25 anarea 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

30 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 a



submarine power cable with respect to the speed of the tide; Fig. 8 is a
graph showi ng the optinmumti p-speed for a turbine generator with respect to
t he speedwof2otodstesf | ow at that turbine_generator; and PCHEP0M0HR7Yr aph
showing the line voltage applied to a stiBnari ne power cable coupled to an
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cabl e 24. The substation 22 provides an interface between the hydroel ectric
generator_network and the electrical distribution grid 26. The power cable
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over the gpoagtor ¢ #n afay hky bk cbnivetednd giesdrositbré hibistatioh 12€ byherespestieen i n
Fig. 2 shows a single hydroel ectri C_EUI‘ bi ne generator 10, the submarine
pover caBrmarmnepawes SAbEf appciptekyith thasgarergendl-at ors as part of an array
of tidal turbine generators 10. An array of turbine generators 10 may
conpri se anunber of generators connected in parallel, contributing power
ont o 10e Thaws-shoresubstalidre?2 ¢dmpriseathe/agipyopriate powencoofersionfandgogener at ors 10
may conprise. a %nber ong?Rerators | ocat ed intthe sane tidal t{J}rﬁa,
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t he on-shore substation 22 via a si ngl e power cable 24. Alternatively, each
t ur bi ne @gperation of the gystemathe yariatjornelt 9@@1@1&9@@ padhe epbie24 isrpesfosned in
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convel$i operatioh, plosutpht povwed @fﬂ’&ultgianﬂra&ﬁﬂ@rigrraﬁsfeffd@alpﬂg\ﬂfe cabl\2r & iadiigher
appar at us y conprise g controller qgperable to vary the DC |ine _yoltage on
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to the anount of tidal power available at the genérator 10. For optinum
transmitting power over long distances, e.g. from a remote off-shore tidal generator array to

an on-shore sub-station and supply grid.
20
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 tip-
speed ratio. The tip-speed ratio is the ratio between the rotational speed of the tip of a blade
25 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
30 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.



operation, the output power of the generator 10 is transferred along the
cable 24 at a higher voltage during strong tidal conditions, and at | ower
vol t age dwoizngp/memk tidal conditions. It_w |l be understoudprévatodone

vol tage induced is of a high enough levél that it is suitable for
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generator ‘array to an on-shore sub-statio ove a certain
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the voltage,the turbine generator 1Q is.allowed to operate_at., In order to
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rati o between the rotational speed of the tip of a blade and the act ual

vel oci®?y of the tidal flow. If the velocity of the tip is exactly the same
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bl ades 1dependertvatthporiiespead citvielfone tbleef ore, it is desired to vary the

speed of rotation in proportion to the speed of the flow, to ensure optinmal
operation of the turbine generator 10. As the speed of rotation is
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the optinmumlevel for The ti wer avall a e generator he
contr &0 differérs leyedeof tofal velbaity, showmgdbdvariatidnby tarljee podiicesl dsehe togational
controlling,t | evel of the DC |.jne,voltage on the . subnaripe power.cabl e
24 1 pr SHROGie EPine, B vaEorell fahy PRERIRg s ShE SRyt Bl RS 1o
operat e g@hrvas. lTheetrid PosPeedie optiRim ASinBReftsenls Witakd b B@fert ARSI as
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I n torque produced as the rotational speed of the turbine is varied, as
vel | as thepsspet KAt 200 ag gan Dasaen dom Bieq\(rd 25anbe Any dRcrease oTHeCTEAsEY o
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output when in a tidal flow of 4nfs occurs at a tip-speed of approxinmately
17 RPM r\h?hslfél tille pr%n{lgl c%gtrgf%fptﬁg transmission line voltage by an operator is possible, it is
20 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.

25 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

30 102. 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.



torque of approximately 520 KNm In order to operate the turbine at 17 RPM
it I's necessary to operate the cable at 4,200V, as can be seen fromthe V-1
graph. Anyoiznoves®se or decrease in turbine tip-speed freartEreepodont w | |
result in a corresponding reduction in dat put power. Wil e the manual
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to Fig. 6, a sanple control algorithmis illustrated. The algorithmis
operabde to vary the transmission |line voltage across a range of DC voltage

val ues, in_qQrder ensur e ti m r eration. JAt. initiation of the
LPaor it nil ccilsoh SofRRAH 5 (REL bR o PEEERRRAR: tellehd st plipuOhoe, oo
102. The neanired bl lde ¥diape Ve afd RS eve tof puthlétpowdiaecurti @it lﬁﬁV\Rﬂta%@Xer ated by
the turbine generator 10 for the set line voltage value X on the submarine

power cable 24. The neasuring action nmay be performed by averagi ng the DC
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for that particu age I's then recor ep e
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| evel of output power nmeasured at |line voltage Y, and the | evel of output

power recorded at line voltage X. If the currently neasured | evel of output
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on the t%mrggqe‘%@%rgcftpw §%’gqlgyrve (see Fig. 4), a further increase to the

transmssiorrline voltagé may result in increased power output. At this
poi nt,

The measured power level for that particular line voltage level Z is then recorded, step 116.
20 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.

25 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
30 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.



the line voltage is increased by a further step voltage A resulting in new
transm ssion line voltage level Z =Y + A step 114. The neasured power

| evel forwohatopsresi cul ar |ine voltage | gv Z is then rertmrd@djoo®rep 116.
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112 the ower neasure Ine voltage Y I's ess than t he
| evel 10f twhinpehapetesstimeaseired for |ine 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 algorithmthen ainms to check if a

reduct i ok step @24, 'tAO HHE §61tADR ib FdaRcoPlotAgPeIIDH T IAe Thkh, stép i2wpkiRved out put
power generation. This is agai n dependent on the current position on the

t ur bi ne ebrircllsr mepsuresthe gt pevesgeneatesdsfor line velasel 4. fecompparisga is Biepeduced
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of oulputneagmedfdmasuzbﬁdgéprstép m8.voltage X and the | evel of out put power
nmeasured for line voltage Z, step 128. If the |evel of output power
nmeasured for line voltage Z is less than the | evel of output power neasured

for Ii ne Mgl IRGFoPHuthitPawer TreBRirb AP IR LB Ao P2 s ARRE HeS et oPBupaner at ed

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

20 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
25 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
30 132.Instep 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 power



at a line voltage level of X Accordingly, the line voltage value X is
mai nt ai ned on the power cable 24 for a period of tine T, step 131, after
whi ch t hewel2goviisfeen returns to step 104, If the | evel ofcowprpeb/opmner
nmeasured for line voltage Z is greater #Aan the level of out put power
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transm ssion |ine valtage is reduced to a_pew |l evel, assigned X = Z - A
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this |ingoyedd@aber B Glorihe. St€P 132. In step 134, a conparison is made

bet ween the | evel of output power neasured at line voltage X, and the |evel

of output power recorded at line voltage Z. If the | evel of output power
measured for line,valtage Z is greater than_t evel, of, out put power
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Accordingly, the transmssion |ine voltage is increased back to |evel Z,

step 136PoRGHsIsEtionhas begn isaehedeastens 40,142 nt ai ned on the power cable 24
for a period of time T, step 138, after which the algorithmreturns to step
104 for further nonitoring. However, if the output power continues to
i ncr ed@ e Thousd off sukh ia desatibed dldaritiemwalltresydt inal coetinuddheaniatibne o ithg devel bfithe

continues to reduce the transmssion line voltage |level until. t optimum
power | geTaRSHiSAN Al oy S Satie i Degpimii pawa eepstatiguds cantisidly o

descri bechaltggegt hmwi Il result in a continued variation of the |evel of
the transm ssion line voltage to ensure that the opti mum power generation
Is continually maintained. Wth reference to Fig. 7, a graph is shown for a

| idal hydr oel ' bi i] | | h
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increases, and this 1s as a result of the need to operate the turbine at a
hi gher RO bsegpdm the graphs tha eptimmem yahegedipeteasemas ths- tideb Bawrspeedincreases,

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.

20 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

25 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
30 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 of
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fl ow at tirkine generator site, the line voltage can be simply varled every six hours to set the

appropriate RPM of the turbine, with minimum RPM/voltage allowed at slack tide and
20 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
25 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

30 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.
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20
Strictly applying the above-described control method involves varying the line voltage of
the submarine power cable from 0V 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.

25
There are some disadvantages with this approach. In general, submarine power cables are
vulnerable to faults such as breakages caused by, €.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 0V, such a fault might not be easily detected. In such a case, as the tidal

30 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 resultin a

catastrophic failure of the cable if the power generation were allowed to continue. If such a
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damage would initially occur in the region of the fault, but could result
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further condition that a fixed voI tage is applied in the power cable once
the tidal power available drops below a threshold | evel. The fixed voltage
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called the cut-in speed of the turbine. As below the cut-in speed of the
turbi ne no power can be generated by the turbine, there is no loss in the

total | evglpeffw BRuEYN §ﬂ}@3 of the tgﬁlmﬁ@%&(taﬁ Ye tg@ﬁerﬁféﬁ l?)iyrﬁ?e ttffﬂ‘ﬁ@,vtﬁére 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

20 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.

25
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.

30 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.
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particular turbine), the cable Iline voltage is maintained at approxi mately
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20 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.

25 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.

30 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.



accordingly again, and power generation can resune. It will be understood
that the particular fixed voltage applied to the submari ne power cable w |
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t he enhanced nethod rmay 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 |evel of tidal power
bel ow which the power extracted fromthe array reaches ON The use of the
enhanced control nmethod allows for a nore reliable nethod of operating a
single turbine generator or an array of turbine generators, by always

mai ntai ning a voltage on the submari ne power cable to increase the cables
lifetime, and to provide a neans of detecting a faulty or damaged cabl e
qui ckly. The invention is not Iimted to the enbodi nents descri bed herein
but can be anended or nodified wthout departing fromthe scope of the
present invention.Clains 1. A nethod for renotely-controlling the output
power generated by at |east one off-shore tidal hydroelectric turbine
generator froma renote substation using at |east one submarine power cable
transmtting power fromsaid at | east one turbine generator to said
substation, the nethod conprising the step of varying the |ine voltage of
t he submarine power cable to control the rotational speed of the at | east
one turbine generator, the rotational speed of the turbine generator being
related to the output power generated by the at | east one turbine
generator, characterised in that the nethod conprises the step of
maintaining a mninmum|ine voltage | evel on the submari ne power cabl e when
t he out put power generated by the at |east one turbine generator drops
bel ow a defined out put power |level. 2. The nethod of claim1, wherein the
varying of the line voltage is in proportion to the tidal power avail able
at the turbine generator, and further characterised in that the nethod
further conprises the step of maintaining a mninum|line voltage | evel on
t he submari ne power



cabl e when the tidal power available at the turbine generator drops bel ow
the cut-in speed of the turbine generator. 3. The nethod of claim1 or
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t he at I%ﬁgllmsone turbi ne generator, and a second val ue at which | evel

maxi mum power- i s generated by the at | east one turbine generator. 4. The
nmet hod of any one of clainms 1-3, wherein the mnimumline voltage |evel is

bet ween 25% 35% t he peak voltage of the turbine generator. 5. The nethod
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pover 1@ alihe valtaedywl oh hise subtietring Poser eabdé Wabn theatutpi®odier f@rsdtedBEthe at
off-shor? tidal hydroel ectrjc turbine generator drops below the cut-in
speed of [GHPTGHEOHME SREFAQT Gropyheiew gelsiingd eptpugpowissdevabt hod of cl ai m 5,
further conprising the step of: while maintaining the mninmumline voltage
| evel on the submari ne power cable, nonitoring the state of a circuit
formed by. Themsihodwf claom dowbereimtheevaryinglef the hineeottiage isiim prapogianftoftibatidad i n

the cable, 7. T met ha f claiml for.renotely-contcoll] t t put
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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
20 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 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:
1) 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
30 substation through said submarine power cable;
(i)  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



cable transmtting power fromsaid array to said renpte substation, the
met hod conprising the step of varying the |ine voltage of the submarine
power cabWe 20m/ua8Tebr ol the rotational sEeed of the turbiPoe/EPeoenedoors in
the array, the rotational speed of the tr bi ne generators in the array
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preceding C{i® M malhesifing atrﬁﬁmﬁhﬁﬂl&fvovﬁgwengl dGe 'shlS}ﬁaxYﬁ’é ]%(ﬂgﬁt at et he

subnmari ne power cable to control the rotational speed |ne
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generator. 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
10 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

15 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

20 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

25 the predicted tidal power available at the turbine generator.



