WO 2011/ 039249PCT/ EP2010/ 064449 1 An El ectrical Power Conversion System and
Met hod Field of the Invention This invention relates to a power conversion
syst em anORBtIHB®4% n particul ar a power 5 conversion sYSTERRY18(06444% | dal
power generation arrangenment for connectipon to an AC electrical grid.
Background of the Invention Many fornms of power generation exploiting
renewabl e ener gy sourcam ERprivdl Pbeait Cosedrsiba Syereai andMethedd cause the
generator to be driven at a speed that varies according to the prevailing
conditions. For exanple, a wind turbine drives its generator at a speed
dependent F’f&ld@ﬁ WiRferiRged, @ tidal-current turbine drives its generator
at a speed depen ent on the prevailing speed of the water flow, and a wave
power co nv@hl‘s érvenayn rehatude @vge nemnatoon tysem sl wrtheénn phrteubpepdwehat
varies i cllcfas In such cases, the voltage and frequ ?Xrbcy 15 of
the ol eck rf IS P IPDATIHPOFER BPt BT CBHEESPET JONRR)EC OB IR b

el ectrical elg@thgaq(%ggerate at fixed voltage and frequency and strict

regul ati ons enbodied in a grid code are applied to generating systens that
are to be connect ed to the grid. For | arge generating systens such as

wi nd farns or ‘W? f tldatl current turbines, grid 20 codes typically

i ncl ude thﬁ ‘f ﬂ%ﬁlﬁ requirenments: 1 The generating system
shoul d be Bfahg fdrﬁlswmwelbg@@ra&l@nfeh@oﬁﬁl@tre@wacbie &letd s‘onﬁféy@mﬁwy%cm; ng the
capaci to nodify its real power output independently of the prevailing

wi nd spéedgenﬂ?’d%tﬁ apdicausette generatorp be'lﬂﬁléfelgé‘fr%ﬂ&?ﬁi Hyt syrssassgpivgltathise abl e
to contrib t i

suppl y 1 cater g RiEas’ P ok arbbg HBRE Mot RLL ARh O SRR Al
supplied. on the3vm€f bp:eg;emﬁdaatchﬂgntsyﬁm&rﬂrm@uh @erh‘,watabahtfa stp@ecpdqﬂu@@t otitlieent

w th a sinusoi.dal wavef orm The current should not have a DC conponent, and
al | har nonP'evalBe Stse9f s Wseh fovecig dreePosib ey e masiiciuds s esnspios dat bed

upper i m & driven at a speed that varies in a cyclic fashion. In such cases, the voltage and frequency

15 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

20 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.

25 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

30 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.



4. The generating system should be able to remain connected to the grid

t hroughout a | owvoltage transient fault on the grid, and so be ready to
conti nue ¥AFBYPRY power when the fault is cleared. WOPCT/EP2010/064449

2011/ 039249PCT/ EP2010/ 064449 2 In order to conply with the first of these
regul ations, nost large wind turbines include a pitch control nechanismto
adj ust t helm@déanicomiplypeitke thepfirstdafabebe byguldi®nk| racke sarpgwinal tartimosi inelmloval ue

corresponding to the prevaili wi.nd speed. 5 To c ly with the second and
third requt firsl Lo iR SesrEenicd! SRYER ROgHTRIT st IS Blae%w?ear ted to
fixed-freqgeRedm 99u®to8QbBndih ﬂﬁﬁeBHﬁ%ﬁm@Qmﬁ&sﬁmﬂpmer el ectronic system
usual |y enpl oying a pul se-w dth-nodul ated (PWW inverter. To conply

with the last requirenment, the inverter is controlled to restrict the

out put rrent 10 rather than si di sconnect tq .protect_.the. inverter.
rom shar T rraapiih &8 sedeband WBl aPeoaran S5 bduPl FrEh Thot bt B0 Shige
ratings upcdcR@DM fiked!frdd@ehdy80 oBOIGN thige PRGQL biyhepdWeekREMSklc SYadar d
vol tages. Hi gher voltages are possible, but they are achieved at the

expense of ujualy emplegingospulsa-wigh-medpagede®dYM) angricbwer nodul ati on
frequency, |eading 15 to higher harnonic currents sent to the grid and
hence the need for auxiliary filters. It is nornmal therefore to use a 690V
inverter coOsoempBAvitiothehsst squitemirt, thetifivorst Gravatrodibto redteaheiputhhittcuvieht age
to the grid voltage at the point of connection. For .a | and-based w nd

t ur bi neﬂ)t hagheg thagryapy discpaneshiq ripiget the ynverisiio@shott sicHisSoposed ti dal 20
current turbines this arrangenent presents several difficulties. Firstly, a
tidal-current turbine situated on the seabed would require a very |large and
expensi ve Suilrbfeaverst asuveildbde Wahsetpnoneiergs iramge gp itg 680N rof lirtehlénef ahioh is

oper nt © onsota e et s LS Bl det koS b Dy Barfepieved
del ayed bYatttH@eﬁfeﬁyeaéﬂih&gas‘é’ﬁ%ﬁ,elrow%f)@fﬁc{ein%%na%wérqﬁ&dlﬂeﬁ{oinﬁg&]geﬁd}, ganmpal .

it is desirable therefore that as nuch equi pnent as possi bl e l'ocated at
t he reck viorgglendawhortiheurcitd sent teghe prid agdherige throwed o avmliahefittesbitie t o

Spacial  subSTRE Mok isc@rot R e S e BERTA R -SRI s

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

20 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
25 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.
30
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



Because of the transm ssion distance, it is preferable to use a noderately
hi gh transm ssi on voltage to reduce transm ssion | osses. For exanple, to
transmt SRAPBVEP2E di stance of Skmvia a two-core cabl BCRAPRHGOSH M
conductor cross section with a transm ssidon | oss of 4% requires an
operating vol tage of about 10kV. Voltages of this magnitude can be WO
2011/ 03924g et ddRA0dI0¢t 164144 8crBtoge ned st thd pbysilaligodxistcal a gewer dtoreguirand so
the possibility exists of a systemthat requires no el ectrical power
conversioneléﬁ{}gﬁﬁ’@mer8‘?“"?‘%’%%‘1‘1tha SYE®of the high cost of sub sea
cable and its installation, it is desirable to have as many 5 turbines as
possi bl e sharing a common cable. If the electrical output of each turbine
is AC, theBedaued of thehphteesmistb be @plecindotsiisdlatibntihsydesirable v lpec eomegt ed
t oget her

oot gy (iR nofyivts Sttty b e e tiodl Bt O PR RER IS s

10 Bec auseth@ﬁ tHeeoutp @Ot FhchrbhiSed if StkeyQire fohd domasct&d toRbthem -4ORNEVe] if
mechani sms in a sub sea environnent, it is preferred to use turbines with

fi xed- pi t ctheukineutRicaaC, shentthey Bappt il hocoanerted minaralish provided tatfthey her
preferred generator driven directly by the turbine

W t hout an‘Ea?1 "f)%far‘gé%ttﬁ% ga%tlétraar%gx and to use pernmanent magnet excitation of
the generator field. The AC output is easily and efficiently converted to

DC by nmeans of 15 di odes, which may be. enbedded in the generator w nding or

the tertl nBecayesof th Bighsosandihg rl%@%féall%rﬁs phitahefomirabMEHRNEEMRAR 45BP S&nd t he
associ at ed, &%B%%mp%"i@ re &F‘e’atgmﬁ@{ﬁgblﬁ Mﬁ‘?ﬁ ﬁéﬂ BiRgks! 'B%ﬁﬁﬁ@@ ﬁié the
IC eed 20 A

vol tage of the systeminto e tur generator ode

preferred ahpatity a:mj efﬁmaqgetmmﬁlrtlfeo preﬁergerdau pns@im tlecdabalgencretolr dtmelbdlrm:slyi S
therefore siII strated in. Fi Wsaserles of turb

gener at or it WOBC B, AR Bt el i © U6 PHTRANEY raa%@&?wm%of

di odes 12)the§€§er%ﬂﬁéﬁt Athe TRRE By t%ﬁﬁm%@s@ra%df’e%&m%n%héﬂ%@é% R¥nfoset of
short cables 14 and a | onger ca a receiving station 1 Recei vi ng

st at i onl318dindss, bdichrmaghlor @nbaﬂudemthbgemrmr Wetdimgwo ¢ tfrgiad bex. prﬁ form

wher e acces ssi bl e for servi The oqut t he
Fecei vi ng. SruioRarPe B EhE kg rad B FRE S s Sl BT R b un SRR Bhob or
conver ti ngthYRkyatlimeAovoEsn 1he vblisughhd be #%nﬂﬁtoawhlbﬂfhe&hﬂﬁnd PRI GL

circuit. A three- phase current source thyristor inverter is illustrated in

Fig. 2, hadiPAgfesds.an array of thyristors 100. During operation, a DC
voltage is applied across termnal A The phases of the signals controlling
the firing angles of the thyristors 100 are staggered, such that a

t hr ee- pltasa ppéfestdtlattricsl apraayérma fata grouponadsa-crrenf, tugbivbs Zs thEfefere s or
inverters provide the advantages of a conbination of efficiency and
reliabilitylustigten Mgt h vusthyfomeiaaeries iiurbiesgrapgeranachines 10 producing direet

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

25 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
30 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.

35



WO 2011/ 039249PCT/ EP2010/ 064449 4 Wil e current source thyristor inverters
are known to be used for the conversion of HVDC to AC power, current source
thyri st orWVPRIE/B2HE are in general not suitable for gr|8CEGQﬂ@@PPHﬁ’ as

t hey generates | arge anplitude harnonic @urrents and draw reactive power
fromthe grid. Furthernore, a current source thyristor inverter relies on
the grid fWwhilkhkerrbntwolitcagieyristrtinventens dre kiewt toyld wtd fer the cddversemcbfdd VDRei r

conduction period, and so it fails to operate duri | o ol t ge grid
faul t. Wa‘g POWEh CURERF T SE éliyr’éToé&Q@Heﬁé’éhglrﬁeélﬁlia?gé&s&i@% nverter

( HERPC) ;| &Eﬁe%n‘?&@ﬂﬁe% 00bratMrgbdmdptitu de0fmo e Qﬁﬁ&'ﬁk Knd @a%%h@hve%%f oses
a power conversion system 10 for converting high voltage DC power to AC
grid s uppl fropohegrid.t Rertleympmr comprtissineg thyrision envegkt mwes dmihatgritidor thecei vi ng

Vol 1 age D DGe /o 1RRTE he M pea i S R Gittndienbe M CHiRY onous

ot or dri veperly¥ dufifs &Moo O¥RipcRiidhgied by said converter m)dul e; and a
synchronous generator operable to provide AC output power for connection to

a grid supply, 15 wherein said synchronous generator is driven by sald
synchr onou to

AC convert g/lr %hp(?wgg’n HOO%% a?lﬁkfc(&lo Tﬁ&h%&lsgigo&ﬁlg'v[%&er cri&]é)%e?éﬁﬁ@%t)

requi r emenk/eleebn 0G4, gﬂaﬂlz;oﬂezoozmﬁumkycl@fatm hﬁcld@manpmoa o%@e@sﬁnrsgitym
there is pr ovi ded . a power conversion szt em according to the characterised
por t i onlf fo& canypting lﬂgh Vakage e RPYRLIGS G EHE SERIIY PPYer Fhwﬁewoanwﬁ@rﬁ onous
not or, the Iy I t edi ng
through of fngen%qa r n?%@ %ovﬁ%he%grvﬁg?%@?ét% Werd tﬂ { sarygoﬁa%wr P %o%ft he
converted ék(ﬁvsmglgahldlﬂghi/dtatghém paeertinan to Al mmda@mhmmtans mytofrosaldjse W th
arrays of tid tur bi ne it. will be understo that it may be used in

ot her pomwgtﬁe}gvss%hr divs lah%n@powerg&)mwfi?@ﬂwaég SPRATELPBR BT wave
power convgikkiodoud é@'n%ﬁ%r%%ﬁlblel t@%@os@@e’sﬁé d’Mtﬂ’!@ pB{%lbfo? ‘é@mf%&tléh troed éﬁd MBbY,

si npl e and "'econom cal design coul be realised f use with a power
conver s]SOnWnysnmdaﬁmohrdnw geoetabye i§ drvemtbiyownid Sythhmphd)queotther st ood t hat
the drive of the synchronous generator be directly connected to the shaft
of the synchronous notor, or there may be any suitabl e mechani cal coupling

bet ween t hr i@t §je@id of iR igeRIat®provide a DC to AC converter that can operate at a high

the

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

20 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

25 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

30 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.

35 Preferably, said converter module comprises a polyphase thyristor bridge inverter.



WO 2011/ 039249PCT/ EP2010/ 064449 5 The nunber of phases of the pol yphase
thyristor bridge inverter nmay be chosen to reduce the effects of harnonic
currents Y8F'HP3?IHE synchronous notor, and/or ripple cuPFEFP2UAQ444T t age
fed back to the line voltage input. Prefeérably, said converter nodul e
conprises a three-phase thyristor bridge inverter. Preferably, the phase
nunber of said synchronous notor is equal to the nunber of phases in the
pol yphase ristor bridge.inverter. Alternatively, the converter dul e
furt her COW PUBRCTR T PR p b DPBFSC BT TS S HELIRLPC BROSeRE BORSRES o
thyristor bidfasr HaAUEHit 8hrrtRs A (BONEfynPRYh&S: rﬁo%R'ah%?riﬁM'etcﬁHleﬁ_ dn@Wolidevi Ng
sai d synchronous notor. 15 Preferably, the system further conprises a
contr ol | erfedtbaek toothe tiot veltagopepuabl e to control the real power conponent of
said AC out put power by adjusting the phase angles of the thyristor bridge
inverter to vary the DC line voltage input to regulate the operation of

sai d turbi P@f@ﬂﬂ?,rs%l@éonv&@erﬁﬁoduﬂ@cdrﬁﬁﬁdf@E@[reélbh@%hyirﬁv&rﬂrﬁge aRefation is
adjusted, this allows for the variation of the DC |line voltage for the
associ ated turbine generators. Adjustnment of the line voltage affects the
operating It th I n ccor di nal Ll o r .
equt at | ont 1S aflss bR B RSB RERRR baRb B APl PEPRRe B o
25 I n addi the@plyphaslthpisiatiridgk ynvesat.d synchronous motor is a field w nding
type synchronous notor, the systemconprising a controller operable to
controil% he real power conponent of said AC output power by adjusting the

field w ndj ' ' : r lij, ne
vol tage | n%gfgmgfé%rl%gﬁ% Qc%hv%iftﬁrt &Y AEHP 9@?&1&95‘?{%& ri{@ e E&Rfel%'g-thg 0

ul ate the operation sal d turbine generato

Sim | arly, o@puttdfehepadiplaké tryriktioe bddgf intéreer sy A€hpoonohavinp oo lthge sodtabledor t he
AC vol tage, at. the notor term nals, and consequently the DC |line voltage, is
vari ed, al fViHgE oyn OpRHHower conponent of the output AC power to be
regul ated by adjustment of the associated turbines' operating conditions.

WD 2011/ 039249PCT/ EP2010/ 064449 6
15 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.

20 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.

25 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.

30 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.



Preferably, said systemfurther conprises an auxiliary load circuit
provi ded inzgarallel with said synchronous notor, wherein said Séften1is

oper abl e WO 28UABP3#at | east a portion of the AC power pPEVERSUOQA44Y; d

converter nodule to said auxiliary load @ rcuit. 5 The provision of an
auxiliary load circuit neans that any surplus power generated by the
associ at edPtetirithinesagesysteat frthemnaynprascdas ahalige doddntiouit peovideadn paratel with

all owi ng the, conversion systemto satisfy the require rid conditians.
Pr ef er abl y$31¢ NECBREPHS RPiPTy WhdeiRispid et cRdhpPsTalis toawp@fveaﬂdwg% BYAgB oG ce

to store ARCHRMRE pldidddUP i DneQRMehd Rille BRI £ixilbEIRH Rirs@.d ener gy
storage device is further operable to selectively provide AC power stored

in the device to said synchronous notor. As the auxiliary load circuit

conpris ener orage device, e.qg. a batter a flywheel

cophc tor, 1B BV af iR G bE Froifend GEbPiranSay e italiueg

turbi nes mMayodi@e§t@bRd gieraideh MYV dicchat@dtih® tROREYIrEON\WEbRiMRNhsySst em at a
| ater stage. This may be the case for a tidal turbine generator, wherein

sur pl us poswyeiron sysferrtesald iy the raguiecdpsid eadisionti gh tidal flow, and
rel eased 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 Phérgsli,dhe 20xiRagildddosiault\comiprigdstadronaigdywedriige ddviceadsiokd ACYpdwaad
circuit conprises a | oad bank. A | oad bank can be used as an effective

met hod & Ep@caidgionyerést seadyils ghsrein saidi gy ptPrge drace Brivehaioparabledpem
conti nues 3t : Jooh T, j 4 : LS f r provided a
met hod for&%%%@%$§%%6&€§§ﬁ&t%?Fgggi%gﬂﬁgﬁg?”%ﬁgﬁggﬁﬁﬁ? ﬁﬁg&ggﬁerator to AC
grid supply power according to the characterising portion of claim11.

Preferably, the t ho onpr.ises the further step aof controlling.the rea
pover out p(tf tsraurHry %aﬁggy hURIESS g Ry 89%9%\9‘&9%% agbgiteny; %QW tiethe

of the DC pQweforl &BUthetsArAd pbiter tE is3RneREIHAS, B8 a Qb iRl duibd inie BensERt or .
Preferably, said step of converting conprises controlling the phase angles

of a poldyphrakpovidyd fostheendsey defevei nuesyistan atanldtonstegei Fhis alag bedh east ffarrg st ep
conpri Ses AghSbl0g kDS PNASEATGNER 12luck Ny RS ikl d S50 FPHEHY St ©

vary the
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.
20 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.

25 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

30 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.

35



WO 2011/ 039249PCT/ EP2010/ 064449 7 Additionally or alternatively, said
control li ng stqu7 conpri ses adjusting the excitation of the Ei)?‘(nchronous
not or to WY HE4Pi ne voltage of the DC power input. BFZEERHB(004443 e
met hod further conprises the step of diverting at | east a portion of said 5
converted AC power to an auxiliary load circuit when the output of the
synchr onouaddiensalbt mraltexaaedsy, aid eqtroileg stepu@impriSet aljhseng Besexcitptiomost thé t he

| nventi on Enbodi nents of the inyenti i || now be described, by way of
exanpl e onP¥PehiRneYs bnbioF 6 Rt e s G 4Ees POYH ™ awi ngs, in whi ch:
Fig. 1 illustrates a prior art setup of tidal turbines; Fig. 2 illustrates
a known thyristor inverter circuit; Fig. 3 is a viewof a power

conver si onPystidy the ostigidrfgrthe cohprisentbastcpf divBiFing at feats: poridreef sofd a fi r st
enhancenent of .t system of Fi.g. : Fi.g..5,is,a view af, a second
oo mEntor et hE R B o iry Hiadiehuie R o Qe B irSvBERARES, ur bi ne

char act er i gdrefatGldx¢&ds a requircil@vel.7 s a plot of turbine characteristic
curves for a set of five turbines operating in an array with different of

tidal velocities; 20Fig. 8 is a view of the systemof Fig. 3 further

conpri si ngD@ta'ilQ&‘i’)e?@r’i]ﬁti&d 5tctll'1ietlilv nqngi g. 9 is aviewof the systemof Fig.
3 further conprising an energy storage device

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

10 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;
15 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;
20 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
25 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



circuit. In order to provide a conversion system having the required

i solation, conbined with the 25 appropriate real and reactive power
control, WORRH/BL4e| i vered to the AC grid by a synchr oRSHEPIUAEPHEDr whi ch
is driven by an electric notor. The notog is supplied with WO

2011/ 039249PCT/ EP2010/ 064449 8 power from the high voltage direct current
recei ved fpowsrdim gre igh voltage diraeiscugmnt reonivesk Ted one onmbey frkjudstaall e f or

feeding t O 4 e OPLOL ool i EFFENGS, {qnEldior>. an. el ectrical pover
conversi on sy et O8R! ng o't he Imvent I'6n'i s 5 i ndi cat ed general ly at

20. Hi gh voltage DC (HVDC) power is provided at the input termnals 22. The
incomng H/DC is converted to AC‘b){ means of a current-source thyristor
i nverter 2Withrsferencaialiee hyan decdiict! apwensaavegionsysiEnmesyingde theaitvsiyonip t o

about 8kV.: f [ it qehd ) ' i : ui tabl e
for a s?stlé{rgﬁﬁ\?\feta #%E%a%tﬁtfz a‘ﬁeﬁ% V%’%é‘éﬁplg%ﬁ%@e@& egk%ro%gg\@#etﬂ%o \lllgrted AC
power is tteninabe?. tThedndongng HSYMC liv ametscd ot AC b GncaAsof heurranc-courng HVDC

power would normally be at too high a voltage for. a electric tor to be
a practi caﬁ‘YHFFBf Biedr Horggv %Ct'}wg%%@a? Rggble wgthaw?fga@%a% upfo gyt 3
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w ndi ng or permanent nmagnhets for 15 excitation. The output”o

synchr onousoltagt ap t@éprrekiafatel2¥hVi s coupl ed to the input of a synchronous
generat]g)r 28. The synchronous generator 28 provi des an AC out put 30, which
can be easily connected directly to the AC power grid. Such a synchronous

generat or TRYcdReRéd ADSH o R Bbh 1390 ABivER YyRBrdmoUS thotdt 260RY et ih@fiaing pover
stations fuelled by fossil fuels. Such generators will neet nost of tfhe

requi r enenHY DY pevier would newaly bered toer igh e aplteds for wDhelpevie moterttpibge up to
16N 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

15 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
20 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

25 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.

30 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.



As stated above, in general, a current source thyristor inverter is not

suitable for grid 25 connection. However, in the systemof the invention,
the curreNP28BIBE#t hyristor inverter is not connected FETEREIYOIH4HuUt to
t he synchronous notor, which provides the necessary reactive power and the

voltage for turning off the thyristors as required. Furthernore, the
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Fig. 3 provides _a conversion systemfor converting HVDC to AC grid supply.
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woul d be SM&g@Béﬁ¥%§ﬁ#%§?ﬁ§%?@%ﬁéﬂﬁﬂ@ DC i nput voltage up to approxi mately

5kV. However, I nput vol tage is higher than this val ue,
e.g. up to 10kV, then the initial conversion stage may be altered. For

exanpl e, as. can .be seen in Fig. 4, the thyristor bridge 24 is constructed
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conplete thyriStor inverters 24 may be connected in series at their DC

i nput, wi tlustneid inAGeg outap inpsitsctorigiamed casvdrick trensfatneas 32 FhgACxutas off Aput s
to a pajy of converier transforners, 32.. The AC.outpuf of the 10

transt ot el ens B3RS TEE A CRBTRA: Mheoxiia0 futly 10 Fhe ity Snad ppsor 26
synchronous notor 26. Each of the converter transforners 32 shown in Fig. 5
has two separate input wi ndings 34, each supplied by a dedicated inverter
bri dge i nvBaahef the emwerigriginnpreds 2shevain Egnadet e separathiapytwiadingg Bdi s

del t a- connected. .The t br | ) | urrents that. di.f,fer_in phase by 15
56, eheotr Sh o by RaRL IR RN BRude UG e WiRdipE i Rt o3&

t wel ve- pul &gl thabther B4b FhicBadasncotedh Thowwd BFid faRrs0Pplly Cugoms et diffai pihse by
si x-pul se pattern produced by a single three-phase bridge. This arrangenent
for redici %elﬁﬁ@cwe%ﬁ&&néébﬁ@menb@ theeutpyfryddingfallowtd tweles-ralseipdtioyri st or

circuits aypi i nr t j.at ed
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phases as desjred., This nmay be preferable in order to restrict rmoni c
current fetfotiderand RYFHENC huitsaRisopmoe T ghe lpﬁsplaﬁﬁe %wbr@ﬁt)u%aw&g?t age on

the DC sysj&Miated with harmonic currents.

20
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.

25
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.

30
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.



It wll be understood that while the AC output fromthe current source
thyristor inverters 24 nmay be converted to three-phase by neans of a

sui t abl y WOABAB#%t r ansformer 32, alternatively a the géﬁ@%?@ﬁ@&@“ﬁotor 26
may be configured to have the sanme nunbenoof phases as the inverters 24
used. In general, a thyristor inverter 24 requires an AC voltage with a
peak val ue that exceeds the input DC voltage. A converter transfornmer 34

t herefore ) e further.purpose in natchi t he vo es. of the.thyfkstor
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generator 28 is coupled to the frequency of the AC grid. For exanple,

a
t wo- pol e gowEPalesRacapsrREics gt 1 PUPmopixpeicmaghdte %tdBQQ@“aFtCB@‘@r%‘#?“@ f our
ol e machi LX< I : o€
et err o Deqleficll Sufbmtm BEO M GbhR 2 s IO B Rl a1
28 di r ect | the niatomt wiatess ehd daencraptat. 126 nooicatBsryabr theensan®s ieed thel damies

not necessary, for, t

e tor 26 tqQ _have the s nunber of poles as. the
gener ator 24 basipple Fyt etgﬁléerf@égé-eﬁeylaé?, m%‘cﬁeewr{ém SCEeysidges at
the AC ter@dinalsatdhc KGRI offhe Motht 86listtR dtH end BlRAbhARBLe SR InBlorBe
notor 26. 10 I'f the pole nunber of the notor 26 and the pole nunber of the

generator 28 are equal, and the two nachines are directly coupled via shaft

27 tor the sa r tional,, s d, then the frequen f the vol tage
and our [Bnfttos pein 3Rt B mBRE 26508 e s Sohubel D et REtY Bepie Byl andf he
ac grid - hRitso idchMESIRMircadly QMpIddofia kiGNt ©atin ARG IsNAS rdtidaal peed thet
both the notor 26 and the generator 28. 15 If the notor 26 has a higher

pol e nunbethetiiggnenchef Henwliagoand@ironhetihe hpuiiettbe Mot gganequal t thegher t han
the grid f uencye Al ternatjvely if t coupl i.ng..bet ween nptor 26 -and
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for exanpl gechyotoEDNsndahe gegeaob? - then the notor frequency will be higher
than the generator frequency. 20 Conversely, if the notor 26 pole nunber is
| ess thkn the generator 28 pole nunber, or if the rotational speed of the

IS 20 S hoUBy A, | IEpLEiALARAL SRt ShcAbe narElaton b g2 11
the grid fhighereharythe 2b6id 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.
20
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.
25
For example, a six-pole motor driving a four-pole generator connected to a S0Hz grid would
require a supply frequency of 75Hz. 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

30 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



For exanple, a six-pole rmt or driving a four-pole generator connected to a
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par al | €30 synchronous motor 26 may be controlled so that the AC voltage at its terminals, and in turn

in

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
25 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.
30
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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Clainms 1. A power conversion system (20) for converting high voltage DC

power from a turbine generator (10) to AC grid supply power z th
syst em coMBr?SYHE495a | i ne vol tage input (22) for recelypﬁﬁw‘nﬁoﬁﬂ4%oltage
DC power input; a converter nodule (24) fiegr converting said high voltage DC

power input to AC power; a synchronous notor (26), said synchronous
nmot or dri vekiimg t he AC power provided by said converter nodul e; and 10a
synchronous generator (28) operable to provide AC output power for
connection to a grid supply, wherein said synchronous generator is driven

by said syncApewetconierison sgttaﬂha(%)efor 8@l citihgt High Vol O F@@er\f@dmag@rbmput
(22) receives the hlgh vol t DC power i nput exclusively fromone or nore
turbi ne geB@eEiYd0)tPA)C gllé Sumalym@ers@gk dbs systea %W&F“}% claim1, wherein

said converter I ﬁpgﬁ Jdge i nverter.
3. The gysten1agﬁg hﬁﬁé%%&nﬁ@?@f&ﬁ%&a grel con ?ér nbdule (24)
conprises a threanﬁ@ﬁmhmsaﬂeh&ﬂnhﬂ@mw@mmggadﬂmyewﬂegeDcmonhemﬁy&iAﬁ)as

clainmed in claim2 or claim3, wherein the phase nunber of said synchronous
mot or (26)P?%CTequal to the number of phases in the polyphase thyristor

bridge inverter, s@Rhronous motor (26), said synchronous motor driven by the AC power provided

by said converter module; and

10 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 line voltage input (22) receives the high voltage DC power input exclusively from one
or more turbine generators (10).

15
2. The system as claimed in claim 1, wherein said converter module (24) comprises a

polyphase thyristor bridge inverter.

3. The system as claimed in claim 2, wherein said converter module (24) comprises a three-

20 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
mverter.

25
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).

30 6. The system as claimed in any one of claims 2-5, 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).



5. The systemas clainmed in claim2 or claim3, wherein the converter
nodul e (24§ further conprises a transfornmer (32) for converting the output

of the poV9pPAHEE*MAyristor bridge inverter to AC power RSU{ERGOIE0pHALe

suitable for driving said synchronous notiagr (26). 30 6. The system as
clainmed in any one of clainms 2-5, wherein the system (20) further conprises
a controller, the controller operable to control the real power conponent

of said A t put. power .by,adj usting.the .phase angl.-es of the thyrist.aor
or i dge. | vl L s Rl JF NG et DL AR i bbbt O E A 8 ¢ e

oper ati on f¢ldSahding MeGin 6 ouls tidIb M) EhedSRRMALOY Sorlifriking a ¥dtroller operable to
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field w ndihe@pbragxcof @lid ome @fmdkeudbyrclenonus(ldpt or (26) to vary the DC
line voltage input (22) to regulate the operation of said one or nore
turbine generators (10). 8. The systemas clainmed in any preceding claim

wherei n t he HysEamn(RYaihbd 8y FOsBAMHSESnA W hakk iHe%?MeﬂnQQ@b falth&GWopk3&)
provided in parallel with said’synchronous notor (26), wherein 10 said
system i s opardlmre laad csapip (36)aroidaisin parablet with said SyndheontGs pwier(20), occed by

said converter nodul e 4), to said ayxiliar a ircuit (36).. 9 The
ayst em Ls WS vl SfioatodRaf i wansiad BF At il sy
conpri ses &ﬁn@ﬂ@ﬂﬁ&&ﬁéQﬁ?ﬁﬁyﬁ?%bﬁ&n&%ﬁh«h@uﬁKﬁﬂe AC power from said
converter nodule (24), erein said 15 energy storage device is further

operable to selectively provide AC power stored in the device to said

h t 2 . 10. h ; | & i.n.clai 8 .cl ai 9,
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met hod f or eizenvastad geitglaoy @l stager Opowerdmfshidoanated inodaleq 24 ) itdicften said
generators (10) to AC grid supply power (30), conprising the steps_ of:
15 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.
20
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 a high voltage DC power input (22);
converting said high voltage DC power input (22) to AC power;
25 driving a synchronous motor (26) with said converted AC power;
driving a synchronous generator (28) with the output of said synchronous motor (26),
wherein said synchronous generator is operable to output AC grid supply power (30);
characterized by:
providing the high voltage DC power input (22) exclusively from one or more turbine

30 generators (10).

12. The method of claim 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.



providing a high voltage DC power input (22); converting said high voltage
DC power i nput %22) to AC power; 25driving a synchronous notor (26) with
sai d conV¥PZEH/ %824 owver ; driving a synchronous geﬁgfrﬁjtpé?m%“%)w with

t he out put of said synchronous notor (26)5 wherein said synchronous
generator is operable to output AC grid supply power (30); characterized
by: provi di ng the high voltage DC power input (22) exclusively from one
or nore turbine 3 nerat o 10). .12. The nethod of claim1 erein
Che et hod TR ERSHALOLS iRl wid Sie BE S MR Mt Por P Biond PR D
of the syngip@uTuolgnesahoristo2Eidgeynwatcy (399, dnldevidréie svalcba@slling stche DC
power input (22) to adjust the operation of said one or nore turbine

gener at or sComiyes adiustgraba pimsy ampopaliho Hyaistpr bydee mverfeido yatyHBe D6 g aj m
12, whergi ]ﬁl%qﬁﬁﬁﬂﬂ?pf converting conprises controlling the phase angles
of a pol'yphas€ thyristor bridge inverter (24), and wherein said controlling
step conprises adjusting the phase angles of the thyristor bridge inverter
to vary th li ne |.tage input (22). . 14, The nethod of claim 12 or

cl aim 13, Fndeimetiad o i o qqﬁgl & @?@@mﬂ@ SQUTOLHRg PR FRMRTSS AKEFH i on
of the SyngRrOfeKRnTRHR syhdBdndR NALY(J6NE VarPthMRlet@388e bt thd B Ko GRS ut
input (22). 10 15. The method of any one of  clains 11-14, wherein the

met hod fur¢Ber conprises the step of diverting at |east a portion of said
converted AC power to an auxiliary load circuit (36) when the output of the
synchr onous generator (28) exceeds a required |evel.

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.



