- 1 - TITLE Power distribution systens DESCRI PTI ON Technical Field The
present invention relates to power distribution systens, and in particular
to power distribution systens that can be used onboard mari ne vessels for
supplying power to one or nore propul sion notors, in addition to ships
services. 10Background Art An exanple of a conventional marine power

di stribution and propul sion systemis shdwn in Figure 1. A series of diesel
engines D are used to drive individual ac generators G These supply a
power to a fj medi um vol tage swi tchboard or busbar MVAC1 and a second
medi um vol t & i tchboard or busbar MVAC2. The nedi um 15 vol t age busbars
are equi ppedboidrRIiRiRitRAlsyMEmSW t chgear that conprise circuit breakers and
associated controls and afe represented in Figure 1 by the x synbol _ Power
converters PC are used to interface the medi um voltage busbars to electric
propul si on q@%gggﬂgﬁgigat drive propellers_ The nmedi um vol tage busbars are
i nt er connect ctive swtchgear. 20 Most of the ships services
require 4 owpnpehhiglerialad it is convenient to derive this fromthe nmedi um
vol tage husbars by using a transformer, In the conventional nmarine power

di stri but i onlterRressnbipyrRiwrreljestte prwrbdistribatien gystens) and irf parieulprgq PPBICE age

Ct chboar d ' . : .
bushar 25 MACTOERYoug D i b FPIREEEBRh I I (BRI BT .
second | ow vmletoa@eors propalshaamdtosy, ibaddiadn o sHiysdeivicegsonnect ed to the second

medi um vol t age busbar WEVAC2 t hrough a second transforner T2 and protective
swi tchgear. The | ow voltage bushars are interconnected by protective

S“thhg?@f"ékﬁgﬁhﬁééﬁé unspecified electrical |oads (labelled I NAC | oads)

can be conn | ow vol t age -busbars. 30
An example of a conventional marine power distribution and propulsion system is

shown in Figure 1. A series of diesel engines D are used to drive individual ac
generators G. These supply ac power to a first medium voltage switchboard or busbar
MVACI and a second medium voltage switchboard or busbar MVAC2. The medium
15  voltage busbars are equipped with protective switchgear that comprise circuit breakers
and associated controls and are represented in Figure 1 by the x symbol. Power
converters PC are used to interface the medium voltage busbars to electric propulsion
motors PM that drive propellers. The medium voltage busbars are interconnected by
protective switchgear.
20
Most of the ships services require low voltage and it is convenient to derive this from
the medium voltage busbars by using a transformer. In the conventional marine
power distribution and propulsion system shown in Figure 1, a first low voltage
switchboard or busbar LVACI is connected to the first medium voltage busbar
25  MVACI through a first transformer T1 and protective switchgear. A second low
voltage switchboard or busbar LVAC2 is connected to the second medium voltage
busbar MVAC?2 through a second transformer T2 and protective switchgear. The low
voltage busbars are interconnected by protective switchgear. A series of unspecified
electrical loads (labelled LVAC loads) can be connected to the low voltage busbars.
30
Although it is convenient to connect the low voltage busbars to the medium voltage

busbars, such an arrangement normally leads to problematic coupling of harmonic



distortion. In other words, harnmonic distortion in the medi um voltage
bus-bars caused by the operation of the propul sion notors, for exanple,
will be transferred through the transfornmers Tl and T2 to the | ow voltage
busbars. If the electrical |oads connected to the | ow voltage bushars
require low harnonic distortion (i.e. a high quality of 5 power supply
(QPS)) then this may cause potenti al proBrenB with their normal operation.
Al so, sonic of the | oads connected to the | ow vol tage busbars may

t henmsel ves cause. harnopi ¢ distortion i.n the | ow vol t age busbars. This, will
be transfer %IOIF‘HPOLIHQH&‘FF\&"’E ARETIHEigtoRtion o dhe gy H@t%%sg’.“ﬁh?rw“ﬁ%dge

busbars. 101y} {RE Bfdrafich SMALpRDAIsTHRR, TR HKGmPLS WAl bb BAnsfbrREDBrdRd teost |y
filters F aré normally connected to the nmedi um voltage busbars. Another

option for dupploessisilg artieThér therow dillsge busbars. | K thaelastaicghasds- eonnéatédg
transfonners i | ace.of the transfornmers Ti and T2. 15 |In ofher ripe
poner  di ot 1 1BUPP B° SmUREs SRR BRCLGdPBRerrReR Sefior B dpBechalBol” <
enpl oyeds angholyir tsﬂb?lye@%ﬁ RBerR i NESTRAkseS PONehtidl Nprbbisewithi thei® tadrinal
applicable but the first and second nmedi um vol tage busbars MVACL and MVAC2
si mpl y oper @perasion] ofvspolsomgeol the doags glonngséed ke thadew virdtage tihisbass ey
rating of t 20, propul si,an tor.s PMis Lhsufficient rr. .he,_use of
a medi um voF %%Seel‘gecsz %&ﬁ%lhﬁm@ci%agg%o% *h%r Ot“f"leV%E)t?g epll} %%}4«'; rr'%pgor“rgﬁPRﬁut o0 be

suppl i ed wi tthngfetted freo@ thy &hhdosfiers TW avo TRag ¢hd Madivinh@llags\biwbhisage suppl y
that is provided to the I NAC | oads. For exanple, propul sion | oads may have
a 690 V supply whereas ships service | oads may have a 440 V supply. 25 In

such | oy vol it : . r i} ' | oads
such as' 'Ot 3er Y ShETEss choh halSRURD fiskdliod aEland Whyly Blofe T A kTR,
supply vol t agenend tb hiee pedipo wiltage bodbarss. Al t hough only propul sion | oads

are shown as being connected to the first and second nedi um vol t age busbars

1VI VAC1L and MWAC2, it will be 30readily appreciated that other electrical
l'oads may algRihe GAHYACEreigpPestiiEMhe Harfionic distortion is to use phase-shifting

transformers in place of the transformers T1 and T2.

15
In other marine power distribution and propulsion systems then a low voltage ac
supply is employed and in this case the arrangement shown in Figure 1 is still
applicable but the first and second medium voltage busbars MVAC1 and MVAC2
simply operate at low voltage. This might be the case where the power rating of the

20  propulsion motors PM is insufficient to warrant the use of a medium voltage ac
supply. It is common for the propulsion motors PM to be supplied with a different
value of low voltage than the low voltage supply that is provided to the LVAC loads.
For example, propulsion loads may have a 690 V supply whereas ships service loads
may have a 440 V supply.

25
In such low voltage systems it is common for larger auxiliary electrical loads such as
thrusters, pumps and cranes, for example, to be fed by the same supply voltage and
the propulsion motors. Although only propulsion loads are shown as being connected
to the first and second medium voltage busbars MVAC1 and MVAC2, it will be

30  readily appreciated that other electrical loads may also be connected to them.



Mor eover, in sonme cases the propul sion converters PC that are used to
interface the propul sion notors PMto the first and second nedi um vol t age
busbars MVAC1 and MVAC2, together with any other |arger auxiliary

el ectrical |oads, may, at a cost and size penalty, incorporate additional
technical features that m nimse harnoni¢ distortion in those busbars. The
use of such additional technical features would elininate the requi renent
for the filters F. Wi chever approach is used to m nimse harnonic
distortion there is.always a sjig,nificant size d,cost penalt 0 sure
that the QPEVPEOKE; it STTRG625h THnBropHsp condertes, Bl s & g dbgar <
MVACL and Npééalsisn etdtdrd M ao 3hé ifigdt amtl eyoridHRediBmSidliag@busbarBMVAC Nafd on
the | ow vol tage busbars LVACI and 10LVAC2. Sunmary of the Invention The
present i nvédViA§r- tagetbsr Vish aapibeslatase aprlingy slvalrcel leatiprngt 8roH dpdiAT ¢

di stortion mRALHORRGHARAY & JAREnA OMINHEE fRAtRAMEG: HifiideDikinSfc SHKEBBA in
conprising: a first distribution 15 busbar; a second distribution busbar; a
mul ti - pul se theset byshbars. hale rige tadnsuich sdditivnalc tachwied! | fpatvrmsnwenld celimginath dhé j r st
di stribution fushan, 0 eaﬁg&ktﬂr.p' wc%wt%,gm@@% Used'3Y ! Rhichist HarfHe
second gal vanrcall'y-isol ated stator Wi ndi n , the first stator w nding
provi di ng a distorsibn nhir¢ iis gllvagea tsignifaattpsite wid fosh ppladtgdas cande leit nlgg QBRnect ed
to the first _distributio uspar tional ly b a f..th l,.ti,- pul se
oot fier | rmihginc a8 i BrlaRh Feold BruiRcYa ber rdRe a0V e WY ALl G
di stri buti onhatal datigRdtotyOQBS RPkivhikarly niasitaided b iH¥UbivOvdlMSd b@berstIoVADE ahd r St
di stribution _bushar and the second stator w nding providing a second
nulti-pﬁéselééAG%tput with in phases and being connected to the second

di stribution busbar to supply a second distribution voltage to the second
di stribution bushar; wherein the n phases of the first ac output are phase
shifted rel aunyeary af thadnventighases of the second ac output, wherein a 25
first proporgi fi | .shi-fted by
a predetern{ﬁ% %%éﬁ%P§3ﬂ3§%$§q§gﬁ%ﬁ%%@wg%&i%gﬁﬁﬁ%gﬁggégh%PB?ﬁgq%%%g%% ac
out put and ansgionetthboropat rovdesdf pdvwee distriiution systdm tdneprisings b fiast dstribption | s
phase shifted by a predeterm.ne egative angle relative to.the. in. phases
bt he: Sboortist bafpl Seamiat Bt furiif ERE ot o Bt ieRE o
the second aenfustadud tHeefbl digiribitiod busthtCind Qmillfipld duRNEdethdthavihy Gist had t he

reasons explained in nore detail below, In practice, the second ac gutput
functions aseePndesabyaplcaly-batatnd: staat winringsn sheefirsh ptatog avipding iprojadigg iapfitst ar e

phase shi ft gghifi§hadel ACoulifut Wlith n phabes ani6eidd EothedEPlothe Wedd disRebution BLGhET abl y
divided into two or nore subsidiary stator w ndings" each stator w nding

provi di ng a (pptspeMy bymeshs phéermyhaubss redtifichén therogse where dafirst diphidution
bsi d PO ! ; o ‘ H
f, ;th 'r ;%r(ij ¢ fotct)l%ﬁa %gﬁﬁg&é%?&%ﬁgﬁ%ﬁgﬁr&it%j% _Xup%ﬁl ¥ 0 G ideiof Qb iR o PRI LAC

distribution busbar and the second stator winding providing a second multi-phase ac

output with m phases and being connected to the second distribution busbar to supply a
second distribution voltage to the second distribution busbar; wherein the » phases of the
first ac output are phase shifted relative to the m phases of the second ac output, wherein a
25 first proportion of the » phases of the first ac output is phase shifted by a predetermined
positive angle relative to the m phases of the second ac output and a second proportion of
the n phases of the first ac output is phase shifted by a predetermined negative angle

relative to the m phases of the second ac output.

30 Phase shifting the first ac output relative to the second ac output results in a reduction in
harmonic distortion for the reasons explained in more detail below. In practice, the
second ac output functions as a reference output and the phases of the first ac output are

phase shifted relative to it.



The first and second stator w ndings each include a plurality of coils
connected together and are nulti-phase (or poly-phase) stator w ndings. The
line current groups for the nmultiple output generator will operate at

di fferent voltages and harnonic distortion phase relatioriships. The |ine
current groups may al so operate at different power factors. 15The n phases
of the first ac output are preferably sulstantially symetrically phase
shifted relative to the I n phases of the second ac output. In other words,
the predeterm ned positive angle and the predeterm ned negative angle
preferably have substantially the sane magnitude. 20ln a first possible
arrangement ety hoR %ALY drsfefdp) RIS R w8 UbPHord Bt ddifrysagpd ac
output is a three-phase ac output. Three phases of the first ac output are
phase shi ft edindings, gachdtiter winditg posiding e parmireon ef ttei w phases phéheshsbad ac
out put and three phases of the first ac output are phase shifted by a
predeterninéﬂ“ﬂﬁgative angle relative to the second ac output. The

pre&t errgined positive angle is about -1-15 25degrees and the predeterm ned

negative angle is about -15 degrees. The nulti-pulse rectifier is a

12- pul se r eclhef subsidiary staterewndangsows ippéferablyr galyaniently isolateflifram eaeh otheput i s
a tmelve-phas% C ggﬁput(ﬁnq the(ﬁecond ac output is a three-phase ac

out put . Thré@‘&ﬁgg GEOREAPT YIAng, output are 5 phase shifted by a first
predeterm ned positive angle relative to the second ac output, three phases

of the first output are phase shifted by a second predeterm ned positive
angl e rel atiThe Gsttand sseewmhgtaser windings, cachriaelugp o eBrdity tafecdilsy eqnngetedut put

are phasg shi i FStnr m | n . ' t he
second 33 oubptfét 4l el pRROSHALBHEY SRR pIGRE Mt Coiont Bk
shifted by dosekondilpledaitputngenechtsregil ioperasngl diffeeémt volagé addaseadad ac
output. The first predetermned paositive angle is abog%@+22.5 de&rées t he
second pr edeligpriondthapp slatiopghiahglhe lige sypERt Grouss wayalseoperaie at difigrent

pr edet er m ngg)%ggﬁrtgrg_e angle is about -7,5 degrees, and the second
predeterm n negative angle is about ---22.5 degrees. The multi-pul se
rectifier is a 1024-pulse rectifier. A capacitor bank can be connected to

t he second out put t rvide a further -reductjion in harnoni.c distortion
and o i1 (e phies SRabd S GF P e RTINS BIEHALY GUHERATAD RHSSE he

first possi & FARBRMRNEhd '@ PR SUTHE Mcn®@acObGiBht. ITIRAS1REr WoRdS, 4hélo not
benefit from phase cancellation wthin the generator and harnoni es of order

| ower than Sredogerhanc posteve agle phdisles pwdetetnhiacd ongative anigle prstaahly fossi bl e
ar r angenent hErnDnﬁ§ﬂﬁurrents oﬁﬁprder greater than 13 do not benefit from

phase cancelSUB¥PURNGHRTANG REEYBIGEr at or and harmoni cs of order |ower than

14 may have inperfect phase cancellation. Thus, the second ac output of the

generator wll _ _ _
20 In a first possible arrangement the first ac output is a six-phase ac output and the

second ac output is a three-phase ac output. Three phases of the first ac output are
phase shifted by a predetermined positive angle relative to the second ac output and
three phases of the first ac output are phase shifted by a predetermined negative angle
relative to the second ac output. The predetermined positive angle is about +15
25  degrees and the predetermined negative angle is about -15 degrees. The multi-pulse

rectifier is a 12-pulse rectifier.

In a second possible arrangement the first ac output is a twelve-phase ac output and
the second ac output is a three-phase ac output. Three phases of the first ac output are

30



20cont ai n vol tage harnonic distortion. The action of the capacitor hank, in
conj unction the reactive and resistive inpedance of the electrical

machi ne, is conparable to that of a danped second-order lag LC filter, but
the practical nature of the electrical machine is such that the filtration
deviates fromthe ideal characteristic. Nevertheless, the action of the
capaci tor bank provi des beneficial harnofic filtration. By drawing a 25
fundanment al conmponent of current at a | eading power factor, the capacitor
bank al so prqvides_excitation of the generator, The fundanental MAR rating
of the capa&?qiaﬁ"r g‘iﬂgﬂig}?ﬁ rsmﬁ&ﬁ‘ém&% B efng‘?ﬁegat’é’ﬁﬁﬂ? foonyt A PUBMhi ty
per specti ve i fiGsGARAE Kt QloubRA hrdHinke LRSS, PLRKAS pRAClARiApYSYe
current limtation. - 6 - The second distribufion busbar (LVAC P) can al so
carry an ac aight reldsivei dirthe sédomdeact diputj threa phasdedf the fitse as eutput] arst phase

wi ndi ng of the | tiple output .geperat.or. The fjrs c distribution busbar
Wil nor mal 19HRY p O el RoBFS guetveptins ta B Vomidaedtpd) Blisoar
and the secqpfbeaghadés bf ithd!tir@nad st avé ?had&oﬂﬁﬁéd Yyf &netdrANpRaetdrohiadd

vol tage busbar. Thus, in the ease where the nger distribution systemis a

mari ne powernegpiste angla tebativa el thgrsepandsicontmy.s Theirst pecdgterpgd pogjeiMe azgled by
the multipl e out put rator y be distributed at .medi um or l.ow, V age
(o6 6 ko o 28" Belsrt 5 sind st BhsfE et Rl clh "Che
first ac di sdeptdesitthe firstQPredhamimddcheghtivOmalOlst &0t (.5 degrtds) adil thOsRbhds
services through the second ac distribution busbar. The nulti-pulse.
rectifier cdedsieralingd negetyve ynglsinebewd23ex drgeest hEhe mudi-pulse £ctifig isoh
busbar d i: notor. In other words, the nmulti-phase rectifier
may for ?n&pa?zt“p%lﬁpéégeg{é%f converter that also includes a de |ink and an
inverter that is electrically connected to the ac termnals of an ac
propul sion nptor. .1f a de propul sion m)tglr6 is used then its dc term.nals

may in some ‘&8BCI9E bapk el sy conmesied| 9 g SeRNGAC YR A RIOY(e tan Birther
multl - pul se e@diohlift hadiithid BisRAAG af PSRN IEGE R GRAMEG SENE Slififle atput

termnals of the nulti-mke rectitier by neans of an 1nterposing de/de
power convergeaerataz0 Iif Hee fiist possiblessrangatmientnhdmmebarcuneyts odorder grahter than 7

oS by on, ol oo b s, AL STSTont g Ll PSS LG LPr e
out put genergfef R & Hfay IHasé epRhebtd Yhhn chies@iont Omr @ iskdondhBodsiglst ac
output. In other words, tthe de distribution voltage that is carried by the
first 25di starfabgernent lpombeic jusredtsr oiverded grester Itharf {1 ddot g Henelt fram phasput  of
the generat Ocrangéﬁa{igr? V\';lﬁl(iltl itlflei %E:ne%gt%li' Md %];n';[lgnelcsmél tolr feP Lf(l)v%gr %ﬁtli4f rineel)r/ ‘have
imperfect phase cancellation. Thus, the second ac output of the generator will
20  contain voltage harmonic distortion. The action of the capacitor bank, in conjunction
with the reactive and resistive impedance of the electrical machine, is comparable to
that of a damped second-order lag LC filter, but the practical nature of the electrical
machine is such that the filtration deviates from the ideal characteristic. Nevertheless,
the action of the capacitor bank provides beneficial harmonic filtration. By drawing a
25  fundamental component of current at a leading power factor, the capacitor bank also
provides excitation of the generator. The fundamental MV AR rating of the capacitor
bank must not be excessive from a conventional stability perspective and the capacitor

bank must include provision for inrush current limitation.

30  The first distribution busbar (MVACI) can carry an ac distribution voltage that is
provided by the first stator winding of the multiple output generator.



The power distribution systemcan include additional distribution busbars.
Distribution .busbars carrying the sanme distribution voltage may be

i nterconnected 30 together by protective switchgear. Al conponents (e.qg.
mul ti pl e out put generators, power converters and | ow voltage | oads) may be
connected to the distribution .busbars by protective sw tchgear that
conprise circuit breakers and associated%ontrols. Each distribution
husbar nay receive power from additional multiple output generators. For

"ol ude two The oo BB SO ehEr B C e b Gl et or o
provi ded to i BRnfddaty dlb sddohbul i RUABRE tfeRbIBRA M Bhi@iobel N Tectified

by the nulti-pul se r |er in the case where first distribution
busbar carries a dc dlstrlbutlon vol tage) and whose second ac outputs are

provi ded to he seco tr|b i on. busbar, .Any. pract

di stribution l"s"y@‘isteﬁ‘f &E‘B?QP v n\lg’gpf?lﬂ%g“nf‘fﬁﬂ‘géf §n'6“rda‘BBw@ﬁE%ﬁ VD 8Lt i on
“islandss, Ry @J&@gé (IQVPlf)usIBQJ Ad 8k s&RD a6 (8B ol Rk Bar (LIS maRy ainatien s 10
and transitions befween operating nodes nust be carefully controlled.

| sl ands nmay dser bmv@tageéusbﬁget%s, inrthp gasel Whereithe power @stslbn@l’resyssqnaﬁﬁda

o provi e rediaang AA%yFaRaRl babgRel bilech M P JRFaRL BT RRE ™ °°

equi pnent f ahhlupl%%utﬁarghnéfuiok iy Se@idtAbited eN@EALAY ori I6wRblther @Y. ¥.6'160 ut at ed
by a conventional Automatic Vbltagg}Regulator 15(AVR) according to a

sui t abl e and19%g¥e torong; ¢ji mare prpyY ABYH susteps éhrgsgh firenfirsh gor distribetion
b | fi '
otor cafl D&, CERNGE] ?ifj 14 e‘%fOEkg%%ld%; g 4@6‘ tJ @ﬁl&)k ge& %ﬁgzﬂh{lglﬁgWP?%Em hat e

i nt er posi ng power conve n be any sul uct1 on,

synchr onous distabgtiddobwsbar, it will be readlly appreci ated that other

el ectrical |oads can al so be 20connected to the nulti-pulse rectifier as
requi red. Theti-pulse recufler nmay be -onventional industrial or marine

15, e S BEL I L EPATERt IRy eI et byt e
particul arl )budba'rl amg] :Bgmpplsmn mbair] Unesher words, the multi-phase rectifier may form
15  part of a power converter that also includes a dc link and an inverter that is electrically
connected to the ac terminals of an ac propulsion motor. If a dc propulsion motor is
used then its dc terminals may in some cases be connected directly to the dc terminals
of the multi-pulse rectifier and in other cases may be connected to the dc terminals of
the multi-pulse rectifier by means of an interposing dc/dc power converter.
20
The first distribution busbar may carry a dc distribution voltage. In this arrangement
the multi-pulse rectifier is electrically connected between the first stator winding of
the multiple output generator and the first distribution busbar to rectify the first ac
output. In other words, the dc distribution voltage that is carried by the first
25  distribution busbar is derived directly from the first ac output of the generator by the

rectifier action of the multi-pulse rectifier.

The power distribution system can include additional distribution busbars.
Distribution busbars carrying the same distribution voltage may be interconnected
30  together by protective switchgear. All components (e.g. multiple output generators,
power converters and low voltage loads) may be connected to the distribution busbars

by protective switchgear that comprise circuit breakers and associated controls.



25 The nulti-pulse rectifier may have either the standard series or

paral l el configuration and enpl oy diodes or thyristors, for exanple. If
thristors are used then they will normally be operated with the m ni num
practical firing delay angle but they can al so be phase controlled to

provi de protective or other regulatory features. \Wichever configuration
and semi conduct or power devices are enptdyed then, in the case where 30 the
first distribution busbar carries an ac distribution voltage, it is
essential that the nulti-pulse rectifier control system rectifier

comut ation design and dc link filtration take into account the requirenent
for phase b cq;dk | h | I Siditicn T TN i on
husbar. For a%%gngisgﬁbﬁggngﬁ%ggpgpgﬁdgﬁgie (Igvglér E:grc())fr?[]i i a?l?;uaqtniagnmliﬂgbﬁ;s g(ljlﬁﬁlen a
de bi as vol tgegeraims.exXjoerexempked it et pusesiblet freanigachiewd theapovmnabgrigutoanpsystdm t he
first stator winding. The nulti-puylse rectifier may be used in conbination
ul th any. corUBATBHICE, O dyemats, rRLtnie, i, e subeatt! asrofRli
two-leves pulrgEdawd & themsidiati®diddvbisba htibRAIBEak@ HRIn oAl fi IS thef iHilti-
exanpl e. Subject to the requirenent for phase ‘bal ance 1n the ac |ines of
the first dimisetectifierinbbe base, where theufirst distritssion dusbaricerriermydadisibytionsed

in conmbinati on wi.t h ,ot;her well, kno current.,source inverter,do lin
frequency. conVBRDePd VRS sPiRpgd E RS HegFoue S L RE siord difiaMRahiti o
t hat i ncl udegny pRctiddl owkt iBRibuEEH isldteh iy Hiserdteattechridat waeBelshd poiwest
di stri bution busbar and a prbg?ulsmn notor in the ease Were the first

di stri buti orfligtibyion cislapigs bat gearingset paratlelogpnpested gaultipls routpigeacralosywo or

o T oo . AT o
e T equi’t ea HENRFER] bicRken SRR SRMATRLE g bRl dohlried 1TbRATE DL bR
and non- dri wenhyuel egetict it glardliehds givay a binglomviant edaigentehe (4.4 &ir single

distribution busbar, I n the case where the first di tribu({qi on bushar
carries an dJUORHISORMRIET BHN{NG) (05 geay Pk fenarateds o prowiie; rgundagey ppdgraceful

mul ti - pul se LEder [ 5D r Ik e f C | ance
B e L UL R S sl
mul ti - phase gehemtoriis girefecbds regyfated oy becoovemientle dutamdtive Vbitagst R2gulator

di stribution bar. |In the ease ere the first distribpution.busbar
Ot oot h AR GREs it b yBRoIs gitlome on et cotied sodthod ALY

mul ti-phase | oads are conpliant with the requirenment for phase bal ance in
the ac lines of the first distribution busbar. Additionally, when series
connect ed mA propuldicremotrtcah becgnmhcted tp dhemuiti-pubse restifier esinglas aprrppridton
busbar it is _gessential that such non- onﬁerter.t ﬁsted rzultirq[})lhase | cads are
30conpl i ant {HCTAPSIRS UG TOPEHER ALY £87 {F PhARARY IR THR (BIULId PYEEPREL | s
expgr i enced e} VBSRetdreitiwidli b Fidadly RPFeEiatdGHRSotRér §1B&rikd1N8adsSéant Mo be
wi ndi ng.

g20 connected to the multi-pulse rectifier as required.

The multi-pulse rectifier may be a conventional industrial or marine type. The exact
form of the component that is employed will influence the operational behaviour and
capability of the power distribution system, particularly during equipment failures.
25  The multi-pulse rectifier may have either the standard series or parallel configuration
and employ diodes or thyristors, for example. If thyristors are used then they will
normally be operated with the minimum practical firing delay angle but they can also
be phase controlled to provide protective or other regulatory features. Whichever
configuration and semiconductor power devices are employed then, in the case where
30 the first distribution busbar carries an ac distribution voltage, it is essential that the
multi-pulse rectifier control system, rectifier commutation design and dc link filtration

take into account the requirement for phase balance in all of the ac lines of the first



- 9- Drawings Figure 1 is a schematic diagramof a conventional marine
power distribution and propul sion system Figure 2 is a schematic di agram
of a marine power distribution and propul sion systemin accordance with a
first enbodi ment of the present invention; Figure 3 is a detail schematic
di agram of a doubl e out put generator (1)00) having a six-phase ac out put
and a three-phase ac output; Figure 4 is8a schematic di agram showi ng

har nmoni ¢ phase cancel | ati on; Figure 5 is a detail schematic di agram of
a DOG havi ng,.a twel ve-phase ac out put and 10a three-phase ac aut . and
Figure 6 is e bHSambreBarc: S AmPIC, XM TRUTOT G SOt TSRS Ao ther

propul sion Sa)/ﬁé GER b&l}ﬁ%g?érjléygﬁﬂﬁﬁce\dﬁHeﬂ:vé%nﬁﬁ&f?ﬂ&ﬁzi@&ﬂ?glﬁés‘?g%uﬂ%fofttﬁlﬁﬁlﬁf aaght

invention with a de tion architecture. 15Although the follow ng
descri pti on wimdigr ected to a power distribution systens for marine
applications, and in particular to power distribution and propul sion
systens that are highly suitable for comrercial vessels, naval ships and
submarings, The Multl-pR8e F&AGkt Ynaynble 1 5ddoRAcdnihatforSivith | A% doaPeliedyvage
control nethod can be used in ofher sorts of power distribution systens
such as | andobessduvaster dypasrsath abdSB8d -kaged ewe-levieb pulze evidipinedulgied (P¥M) Shows

The present TR isndl B Mhtserof SaRhE sab g, By RayuRERE, 7 offnler)
that have tvalget amcad liMed 60Iht ARG didributiph ®a6bas; ik ahulvitpidden@stifi@aally

stator w nding being . o ) ] )
also be used in combination with other well known current source inverter dc link

10  frequency converters. The inverter may form part of a power converter that includes
the multi-pulse rectifier or be located between the first distribution busbar and a
propulsion motor in the case where the first distribution busbar carries a dc

distribution voltage, for example.

15  Two or more multi-pulse rectifiers can be connected to the first distribution busbar as

required.

Other multi-phase variable speed drives, fixed speed drives and non-drive type
electrical loads may be connected to the first distribution busbar. In the case where
20  the first distribution busbar carries an ac distribution voltage then it is essential that
their multi-pulse rectifiers are compliant with the requirement for phase balance in the

ac lines of the first distribution busbar.

Non-converter based multi-phase electrical loads may also be connected to the first
25  distribution busbar. In the case where the first distribution busbar carries an ac
distribution voltage then it is essential that the multi-phase loads are compliant with
the requirement for phase balance in the ac lines of the first distribution busbar.
Additionally, when series connected multi-pulse rectifiers draw power from the first
distribution busbar it is essential that such non-converter based multi-phase loads are
30  compliant with the requirements to withstand the dc bias voltage that is experienced

between the individual phase groups of the first stator winding.



25connected to an i ndependent |oad. A main diesel double output ac
generator DOGL and an auxiliary diesel double output ac generator 1)002
each supply ac power to a first nediumvoltage sw tchboard or busbar MACL
fromone of their nulti-phase stator w ndings and supply ac power to 30 a
first low voltage sw tchboard or busbar LVACI fromthe other of their

mul ti - phase stator windings, in a sinila®-anner, a main diesel double

out put ac generator DOG3 and an auxiliary diesel double output ac generator
DOCl 4 both supply ac power to a - 10 - second nedium vol tage sw tchboard
or busbar m one of their multi-phase stator w ndings and supply ac

1
power to a Slﬁiﬁﬁ’r'%dl LOW SALHIEE dRhdnt HPOAL SRRt SHAD '&Vﬁt%f&'gﬁri‘bhﬁ&l qhder of
their nulti-phase étator m?%ﬁing%. I't m%ﬁ} Bé reg%?fy ppgeéiated t hat each
st at or w ndiprgpdsioragdterdpubl e out put generator provides a 5different ac

out put vol tage .g. 6.6 kV and 440. V or, in the case where the nmedium
Vol L age bus Bapute el Sifadad  INplT GGOAen SPOTPRPT SRR 1 or
a transfor map P& MaRE Willea MRALMBOEREN! %é’?f&s&gﬁ‘m@dﬁgﬁgr s is elimnated,
t hereby inproving efficiency of the overall marine power distribution and
10pr opul si orFigystiein avhithié seltentabie dizgremtafmedqubbiueitpy geoemitor (WQSsehdvarg 2
machi nery Vosliyl('l-p asa r;ig 0%%? and a three-phase ac output;

Figure 4 is a schematic diagram showing harmonic phase cancellation;

Figure 5 is a detail schematic diagram of a DOG having a twelve-phase ac output and

10 a three-phase ac output; and
Figure 6 is a schematic diagram of a marine power distribution and propulsion system
in accordance with a second embodiment of the present invention with a dc

distribution architecture.

15 Although the following description is directed to a power distribution systems for
marine applications, and in particular to power distribution and propulsion systems
that are highly suitable for commercial vessels, naval ships and submarines, it will be
readily understood that a similar topology and control method can be used in other
sorts of power distribution systems such as land-based or aircraft-based systems, for

20 example.

Figure 2 shows a first marine power distribution and propulsion system in accordance
with the present invention. The system uses double output ac generators (DOGs) that
have two galvanically-isolated multi-phase stator windings, each stator winding being

25  connected to an independent load.

A main diesel double output ac generator DOG1 and an auxiliary diesel double output
ac generator DOG2 each supply ac power to a first medium voltage switchboard or
busbar MVACI1 from one of their multi-phase stator windings and supply ac power to
30 a first low voltage switchboard or busbar LVACI1 from the other of their multi-phase
stator windings. In a similar manner, a main diesel double output ac generator DOG3

and an auxiliary diesel double output ac generator DOG4 both supply ac power to a



The nedi um vol tage bush.ars carry a medi um voltage (MV)distribution voltage
(e.g. 6.6 kV, 60 Hz) and are equi pped with protective swtehgear. 'The
protective 15 switchgear conprise circuit breakers and associated controls
and are represented in Figure 2 by the x synbol. The medi um vol tage busbars
WAG and MVAC2 are interconnected by protective swtchgear. it will be
readi |y appreciated that the nedi um voltHye busbars MVAC | and MVAC2 may
carry any convenient voltage (including a | ow voltage e.g. 690 V. 60 Hz)
and that such arraggerrents woul d _be 20wi thin the sfcrope of the present
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certain operating conditions. Single and nultiple island operation of the
marine power distribution and propul sion systemis therefore possible using
an appropri afiR refti@fénttbr dAHRkR0EF bétWebih Bleehe@uhdbid &Sy IERAIAHRbEs i§EdI UM
vol tage busbars and busbar sections. First and second propul sion drive
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al so i ncl udemldmhé sid mask. second thruster drive systens. Each thruster drive
systemincl udes a power converter PCthat is used to interface the nmedium
vol t age busbars MVAC1 and MVAC2 to an ac thruster notor TMthat drives a 10
propel | er. P 0 | J | DCldes, se
rectifier, 5@%%%@1@1&&%%%%%% é:%:}lb}év\%eilél?l E?%ﬁ@% 2? rcllat i véﬁ)grlxr% gﬁg{%rrent
where the fi(egt 6ankVseé0dis) prdomel Qjuippedrwitte psotedimeswitthgemle The protgetivei on

notors or thruster notors then %ac power conve&ter PC V\éll onlé/ in(({‘l.ude a
12- puI sé5 r eciWlfchggar comprise circuit breakers and associated controls and are represented in

Figure 2 by the x symbol. The medium voltage busbars MVAC1 and MVAC2 are

interconnected by protective switchgear. It will be readily appreciated that the
medium voltage busbars MVAC1 and MVAC2 may carry any convenient voltage
(including a low voltage e.g. 690 V, 60 Hz) and that such arrangements would be

20  within the scope of the present invention.

The main and auxiliary diesel double output ac generators DOG1, DOG2 are
connected to the first medium voltage busbar MVACI by protective switchgear. In a
similar manner, the main and auxiliary diesel double output ac generators DOG3,
25 DOG4 are connected to the second medium voltage busbar MVAC2 by protective
switchgear. Although not shown, the medium voltage busbars can be divided into
two or more separate sections that are interconnected by protective switchgear. The
separate sections of each medium voltage busbar, and the first and second medium
voltage busbars themselves, may therefore be selectively isolated from each other
30  under certain operating conditions. Single and multiple island operation of the marine

power distribution and propulsion system is therefore possible using an appropriate



15The main and auxiliary diesel double output ac generators DOGlL, DOX2 are
connected to the first |ow vol tage busbar LVACL by protective sw tchgear.
in asimlar manner, the main and auxiliary diesel double output ac
generators DOG3, DOX4 are connected to the second | ow vol tage busbar LVAC2
by protective switchgear. The | ow vol tage busbars LVACL and LVAC2 are

i nterconnected by 20protective swtchgeatl- The | ow vol tage busbars LVACL
and LVAC2 carry a | ow vol t ageac distribution voltage (e.g. 440 V, 60 Hz)
and a nunber of unspecjfied | gads such as ships servjce distribuytion
Systems (| abeIIss of daEbledQayultplE) Gl aE @AnEraiorh dnedim a6t YAt Ak s by
protective syt.Eha88,s. The technical features of one of the double output
ac generators (DOGs) wll now be described in nore detail with reference to
Figure 3. The DOG has a rotor (not shown) that is driven by a prinme nover

such as a diesel ngi ne, for .e le. Afirst. stator 30 w ndi,ng.i | udes a
Slurality off EbArE SERBE PLoriion QO SIS S55ARRge &Ra™ERFITRRCRPE thatds s ; o
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from each otm%?mlﬁmﬁn PYSEp a&ﬁﬂgﬁlﬂﬁﬁeﬁr@wﬁn ;581%% tﬁl('ﬂsﬁﬁ dB?’%ﬂsﬂ Sge >t arc_kelxe{hrblﬁtgg es of
the first acrdtdsfentidlRlcs @CpRWerStlisederaPY thheisOlisedd toCintgfaps B grdivihr ee
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perfectly efdcadaik atrl anligveiiet.s HosteatQin wh allérngi whatdngeinbetr where ¢hdfirst and

specifically designed and constructed to conply wth these operatiopal
requi r ement $econd MoREEEA drixe sYEempngHids geiprtuliens metgss gF Hirpstsr BPOBHFE ( not

shown) connee%{:}?g?‘;, h0&ker fi%ﬁl?%?cl@dfﬁﬁﬂﬁisé‘&cﬁfl&?“t having three

phases. The and second stator wndings are galvanically isolated from
each other Mre particularly, the second stator wwnding is galvanically

E[ ggleta Lgﬁjs ]]: g?[ﬁ%et EgliI; :a;“l Ealg(tld réssf \%;egdq?qlirgjé %Iutapru¥ a.sct %gr?errat%rSSWDWéﬂgBd tare
connected to the first low voltage busbar LVACI1 by protective switchgear. In a
similar manner, the main and auxiliary diesel double output ac generators DOG3,
DOG4 are connected to the second low voltage busbar LVAC2 by protective
switchgear. The low voltage busbars LVAC1 and LVAC2 are interconnected by

20  protective switchgear.

The low voltage busbars LVAC1 and LVAC2 carry a low voltage (LV) ac
distribution voltage (e.g. 440 V, 60 Hz) and a number of unspecified loads such as
ships service distribution systems (labelled LVAC loads) are connected to the low

25  voltage busbars by protective switchgear.

The technical features of one of the double output ac generators (DOGs) will now be
described in more detail with reference to Figure 3. The DOG has a rotor (not shown)
that is driven by a prime mover such as a diesel engine, for example. A first stator
30  winding includes a plurality of coils (not shown) connected together and defines a
first ac output having six phases. A six-phase stator winding has all six phases wound

in a manner that gives them a specific operational relationship and this is true even



Al t hough the basic principles of harnonic phase cancel |l ati on and phase
shifting are well known, the specific phase shifting that is used within
the present invention requires further detailed explanation as follows. As
shown in Figure 3, the two three- 20 phase groups of the first ac output
are phase shifted symmetrically about the second three-phase ac output.
More particularly, three phases of the fil2st ac output that are provided by
the first subsidiary stator winding are shifted by -t-15 degrees relative

to the respegtive three phases of the second ac output and the other three
phases of { nibongh dhe et g Buvindmg lsafﬁéldsﬁ? wpdgdnﬁgm&%%@/eow&mé@@é S@oLr y
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4 in which the first subsidiary st
t hree pﬁasesWB’Flnigﬁéhaftit‘?%eltsheééo"Bﬁhﬁ st Sttpinding as Stator 1/1 and the

second subsidiary stator w nding that

Although the basic principles of harmonic phase cancellation and phase shifting are
well known, the specific phase shifting that is used within the present invention
requires further detailed explanation as follows. As shown in Figure 3, the two three-
20  phase groups of the first ac output are phase shifted symmetrically about the second
three-phase ac output. More particularly, three phases of the first ac output that are
provided by the first subsidiary stator winding are shifted by +15 degrees relative to
the respective three phases of the second ac output and the other three phases of the
first ac output that are provided by the second subsidiary stator winding are shifted by

25  -15 degrees relative to the respective three phases of the second ac output.

The phase shift angles are applied with respect to the fundamental components of
stator voltages and are specifically selected to cause the S5th and 7th harmonic
voltages (i.e. the harmonic orders 5 and 7) of the first three-phase group of the first ac
30  output to be in anti-phase with the respective 5th and 7th harmonic voltages of the
second three-phase group of the first ac output. There is a 30 degree relative phase
shift between these fundamental voltages, a corresponding 30 degree “plus” 5 x 30 =



15 provides the second three phases of the first ac output is |abelled as
Stator 1/2. The second stator w nding that provides the second ac output is
| abell ed as Stator 2. As described above, the 5th and 7th harnonic voltages
circulate in anti-phase between the first and second subsidiary stator

wi ndings Stator 1/1 and Stator 1/2. The first and second subsidiary stator
wi ndings Stator 1/1 and Stator 1/2 are ihherently well 20 coupl ed because
together they define the first stator w nding. Consequently, there is

m ni mal | eakage of the 5th _and 7th har ic voltages into both the rotor
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st at or \ﬁl)\lla ndir}lg)éCér*gé%m?g%glg%ggéu%ggﬁatﬁé %&%‘a\gggﬁyl nglct‘E)zta% ¥ ee phases of the
first ac output that are provided by the second subsidiary stator w nding.
In Figure 3 the nediumvoltage busbar is | abel]ed as a MAC propul si on bus

because it ilhasheasgiddiongndcourlan a8 be fpisher syplagedvgthprebssemeste fige ¢ dn
systens, T : £k L J-FP j ushar
by means of arch ot SLABEkId, Saftr iR HF bR Pnd L HRL MR RORE

12- pul se recici dutput isslabelivieas Sthtdvro 1f1haend ithes secaad ublidiaryASlatandimlirge tehd ac

input term nal Qf each 12-pulse rectjfier is connec to the second ac
busbar AC2. _prﬂsggaSzt- (e BRI Ragssed _ft{a? ﬁrﬁéﬂoumutﬂ%@g%ﬁ%ﬂ Q@Bﬁ%ﬁhe
thruster driggRYsit8BindiRE thal PrdRadds! thk&ionY actdiut %5 RBER& 4LSthtok '2‘?%% are

an integral part. of the power converters PC shown in Figure 2. The d
term nal s ofdesartied dbopel the Stleend f7/ikchararmic voltages etcilatetiheintiqdesd hetegemc

propul si on tar PMand ac thruster nmotqgr T an f e.link and a
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connection Riéordt swskdiax?estaﬁsaddvinmrg@psm& al/@CaddnBlatér PRI @lel RihefeRNHEREIl ON
can al so be used. The 5fh and 7th harnonic voltages that are drawn by the

12- pul s&0 r ecobpled bscasise tagethes theyrdfigh theErsbsBtacviodigien ¢ ansequsatlyietherekisown
phase shift irﬁlﬂirgzrﬂi lgﬁ(iagle of %h%astth iar'lsd 7th harmonic voltages into both the rotor winding and
the second stator winding Stator 2 that provides the second ac output. The simplified
single phase form has been used in Figure 4 for reasons of clarity. However, in
practice it will be readily appreciated that the first and second subsidiary stator
25  windings Stator 1/1 and Stator 1/2, the second stator winding Stator 2 and the rotor
winding will each have three respective phases and the phase relationships for the
respective first phases that are shown in Figure 4 will also be maintained between the
respective second and third phases. The angles shown in Figure 4 are applicable to
the stator fundamental frequency and the skilled person will understand that the

30  equivalent physical angles will be dependant upon the number of rotor poles.



25 descri bed above and this neans that the rotor of the DOG does not
experience, to any significant or problematic degree, the adverse and

probl ematic effects of the 6th harnonic voltage that are associated with

t hr ee- phase 6-pul se rectifier systenms, H gher order harnonic conponents do
not benefit from phase cancellation and the rotor of the DOG will therefore
experience the effects of the 12th, 18thl424th... 30harnonic vol tages, but
these are not considered to be particular problematic. - 15 - The second
ac output is _copnected to a three-phase | ow vo] tage buspar that c e the
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25 about the se%g%? tﬁr?ﬁgygpase out put .. Mor ar%i cularly, thr eea[p(gases
of the f¥rstPasiculitpire {Alsg Tectificsy PHredn Byregtb Pt o the pRWpGFvyTtes dior

w nding are sﬁBbvBtiﬁq?iQ}i—e 215,489 ’E&Eéndiseb%dc}ielZtlaalﬁé‘&cfiﬁ&pﬁetcbﬂﬁe&é&rtﬁ%é’haS es
of the second ac output, the three phases of the first ac output that are
provi ded by askeiget angropulssindinatoy P and mac whmstiengotorel Mhhyf neahshof a-de Enk
degrees rel ativelztolt he rﬁgszectt've ihr ee phases of the second ac 30 output,
the three pHIdds!2%pultqyavertrdpot 008yt that are provided by the third
subsidiary stator winding are shifted by -7.5 degrees relative to the

respective three phases of the second ac output, and the three phases of
the firg® adiipaepushomsan 12pulsprsenesdedinpstianhieut it wilb be readily appreciated that a

parallel connection can also be used.

The 5th and 7th harmonic voltages that are drawn by the 12-pulse rectifiers circulate
through the DOG according to the well known phase shifting principle that is
25  described above and this means that the rotor of the DOG does not experience, to any
significant or problematic degree, the adverse and problematic effects of the 6th
harmonic voltage that are associated with three-phase 6-pulse rectifier systems.
Higher order harmonic components do not benefit from phase cancellation and the
rotor of the DOG will therefore experience the effects of the 12th, 18th, 24th...

30  harmonic voltages, but these are not considered to be particular problematic.



fourth subsidiary stator winding are shifted by -22.5 degrees relative to
the respective three phases of the second ac output. The present invention
can be symmetrically extended to any conveni ent nunber of phases for the
first ac output within the series 3Ne where Ne is an even integer and where
harnmoni c orders in the series 5, 7, 11, 13 up to 6Nel benefit from phase
cancel l ati on. However, it will generallylhe inpractical to distribute ac
power with an excessive nunber of phases because this would i npose a

requi renent for an unreasonably | arge nunber of ac busbars and sw.tc
contacts wi _tTheffe’E‘Pﬂéiu Ui SHPYHHF thég%{ﬁgﬁf-l’hsgdw V@Rggr‘o@&%ar e BReTH? | ne
power distri SR oRF ‘?ﬂfg‘%é b2dbat Y¥RM IV ACE AR GEFiPlLeD. L RRhAIBSRET

invention. The systemis tical to that shown in Figure 2 apart” fromthe
fact that t hecdrdratouweutoviilpontapr onmided SthyandHsh hamsinic veltage agiarrdsuligofthe of

h DOG i tifi i - pul tifi bef bei ng.. li ed
Frret and sdugcetiBar U bab agb BEn 3% Nibomeats i REevaes prorhe et ar ¢
vol tage HUShRE fsbShbdeRE in 8RO MNRG2ik8rRInd. © TheR' 188 @Bhi cBcoRffonkRts SnlCbe

distribution architecture. By enploying nulti-pulse rectifiers R and by
di stri but i ngnedergeddry, emhloyiren dfade sbrifgeptesti Bets aansle by dnéreasing thd sixeptagpded

by allowing the first stator w ngdi ch,DOG 1t o.have. 2 conveni ent
nunber of - preggaeief i onthd ROV, B aRG B iR T ) SRR
using an exaRsk invafa/_ helsdipkctel tpRas&sond Ac bhigubin edgetEpiovide dHogup®s Giliche

[

multi-pulse rectifiers replicate the rectifier function of each power
converter PEespeshin pombigatien withTthe spephaseite thremrphpse Isalere ramtancoof|the at ed

i n cl osg, physheal i m ] h i . i.s distri

hr ough € he 7085, RS, Brdvtatd 8C WGhEY ARGl 0P VBR U Bt
only an i nvepoiondntfie8dsh k@apeitus bank 3 shotvarih digureh2 aad pareipwdsld grovide or s
PM - 17 -

beneficial stator excitation.

Figure 5 shows the phase cancellation for an alternative arrangement where the first
15  stator winding of each DOGs defines a first ac output having twelve phases. The first
stator winding is divided into four subsidiary stator windings, each one providing
three phases of the first ac output. The four subsidiary stator windings are
galvanically isolated from each other. The second stator winding defines a second ac
output having three phases. The first and second stator windings are galvanically
20  isolated from each other. More particularly, the second stator winding is galvanically
isolated from the four subsidiary stator windings that together form the first stator

winding.

The four three-phase groups of the first ac output are phase shifted symmetrically
25  about the second three-phase ac output. More particularly, three phases of the first ac
output that are provided by the first subsidiary stator winding are shifted by +25.5
degrees relative to the respective three phases of the second ac output, the three
phases of the first ac output that are provided by the second subsidiary stator winding
are shifted by +7.5 degrees relative to the respective three phases of the second ac
30  output, the three phases of the first ac output that are provided by the third subsidiary
stator winding are shifted by -7.5 degrees relative to the respective three phases of the

second ac output, and the three phases of the first ac output that are provided by the



CLAIMS |. A power distribution systemconp a first distribution busbar
(MVAC, 1); a second distribution busbar (LVAC 1); 5a nulti-pulse rectifier
having termnals electrically connected to the first distribution busbar
(MVACI, WAC2); and a nmultiple output generator (DOG 1) having first
and second gal vani cal |l y-isol ated stator w ndings, the first stator w nding
providing a first multi-phase ac output- fith n phases and bei ng connect ed
to the first distribution busbar (WACO to 10 supply a first distribution

voltage to the first_ distribution busbar (WACO and the_ second st ator.
wi ndi ng pr O\fpﬁﬁﬂhglﬁé?l‘%@'é’é%orn‘m@ln%%@%ﬁé Yutpatdegheehralfiveia dssreshigtivei ng

connect ed tc{hfe@?h%%ﬁ%ﬁw@h&ﬁfdi&%. busbar (NACl) to supply a second

distribution vol'tage to the secon i stribution busbar (:VACL);
wherein the n phases of the first ac output are phase shifted relative to
the in 15phases of the second ac out [

ut; wherein a firs roportion
of the n phaS¥sPratent Hvepfip cam be sypifrigallyghdaded i PER OBy BHEBEPH ned
posi ti ves angigsds&bAtHeVErst 8 bii®ut WithhAdeSels 3N wiREONE ifsn SWPittegdP end
second proportion of the n phases of the first ac output is phase shifted

by a predet evldreddrmagatordees am ghee seragdsat, i el It, d 3t e to ©Nphhdesefdf fromeplwec ond
ac output. 20 2. A power distribution tem accordi to claiml, wherein
the first st“é’é“éﬁléﬂﬁ“hdﬁﬁ&’ei"%r’ HivA (fé’aeriaﬂ%// ¢ ipBraghcahte aggﬂ’(%‘? i BWEISY A Bt

}N: Pglt ngi , Oﬁfé%gft:s%fvggﬂﬁmﬁ‘érngf haBdsOBEGOD (RisPHBARYN fthpSkeOh fehfirdmaitagRsapf the
unrea.sonably large number of ac busbars and switch contacts within the distribution

10 system.

Figure 6 shows a second marine power distribution and propulsion system in
accordance with the present invention. The system is identical to that shown in
Figure 2 apart from the fact that the first ac output provided by the first stator winding
15  of each DOG is rectified by a multi-pulse rectifier R before being supplied to first and
second medium voltage busbars MVDCI1 and MVDC2. The medium voltage busbars
MVDCI1 and MVDC?2 therefore represent a possible dc distribution architecture. By
employing multi-pulse rectifiers R and by distributing dc power, the benefits of phase
cancellation can be extended by allowing the first stator winding of each DOG to have
20 any convenient number of phases without incurring the penalty of distributing ac

power using an excessive number of phases.

In the arrangement of Figure 6 the multi-pulse rectifiers replicate the rectifier function
of each power converter PC shown in Figure 2. The rectifiers R are preferably
25  located in close physical proximity to each DOG. Since dc power is distributed
through the first and second medium voltage busbars MVDCI1 and MVDC2 only an

inverter I needs to be used to interface the ac propulsion motors PM.

30



-18- 3. A power distribution systemaccording to claim1 or claim
2, wherein the predeterm ned positive angle and the predeterm ned negative
angl e have substantially the same nagnitude. 4. A power distribution
system according to any preceding claim wherein ti is not equal to in.

5. A power distribution systemaccording to any preceding claim wherein
the -first ac output is a six-phase ac output and the second ac output is a
t hree- phase ac 10output. 6. A power distribution systemaccording to claim
5, wherein three phases of the first ac output are phase shifted by a
predeterninéabﬁgggtive angle relative to the second ac output and three

phases of the fi r&{pﬂ@&&k’ﬁ—ﬂgﬁoﬁgﬁt @&ﬁpﬁghé:t ed by a predeterm ned negative
p .

angle relative to e second ac -out put. A power distribution system
accordi ng to cl aiatit distnibogom budbar (MEFA&LI9r m ned positive angle is about +15

degrees and the predetgerm ned n ti | e is about -15 degrees, 20 8. A
power distributi &rﬁeg?}gfém%%qg&}% r@&&lg)’pf claims 5 to 7 Werein the
mul ti-pugse rectif 'rrﬁfltinﬁ%)sf@ reﬁ:@ﬁ&uh%{lé Q%ﬂiﬁﬁl@relcchqcal@ BMREted i 15t fhicbitst ON

system according to any claimse 1 t0 4, wherein thé first ac output is a
t wel ve- phasdligiabatinnphisban( VY AE1sMOhdA2)aendut put is a three-phase ac output.

10. B poter st BULLSD SIS AEDr A8 045 P IR ST s
angl e rel atijyfate® statorl ¥indings, the first stator winding providing a first multi-phase ac
output with n phases and being connected to the first distribution busbar (MVACI1) to
10 supply a first distribution voltage to the first distribution busbar (MVACI1) and the
second stator winding providing a second multi-phase ac output with m phases and
being connected to the second distribution busbar (LVACI1) to supply a second
distribution voltage to the second distribution busbar (LVACI);
wherein the n phases of the first ac output are phase shifted relative to the m
15  phases of the second ac output;
wherein a first proportion of the #n phases of the first ac output is phase shifted
by a predetermined positive angle relative to the m phases of the second ac output and
a second proportion of the n phases of the first ac output is phase shifted by a

predetermined negative angle relative to the m phases of the second ac output.

20
Ea A power distribution system according to claim 1, wherein the first stator
winding is divided into two or more subsidiary stator windings, each stator winding
providing a proportion of the » phases of the first ac output.

25

30



the second ac output, three phases of the first output are phase shifted by
a second predeterm ned position angle relative of the second ac output,

t hree phases of the first sic output are phase shifted by a first
predet erm ned negative angle relative to the second ac output, and three
phases of the first ac output are phase shifted by a second 5predet erm ned
negative angle relative to the second ael®utput. 11. A power distribution
system according to claim 10, wherein the first predet erm ned positive
angl e is about +22.5 degrees, the second predeterm ned positive angle is
about +7.5 dbegreed, pavtes distribetiqs syhere asperdingniogeleinyd emglain iZs vdisedin the7. 5
degrees, an rm LV i -

degrees. A 5%@?“%?@%ﬂﬁgﬁ?ﬁ%ﬁéﬁyg?gﬁ?g%@%%hhﬁgd?% t@?éﬁﬁgqu%gﬂ%%mﬁﬁ% ein
the mul ti-puhseamesiaghingle. i s a 24-pul se rectifier. 1513. A power

di stribution systemaccording to any preceding claim further conprising a
capaci tor bank connected to the second ac output. 14. A power distribution
syst em agcordi ng i J i i -di i i:on
busbar ( Aé’i) Cam’uog"syélﬁ%gﬁlﬁ‘g’?‘yﬂ% u%%%ﬁ%ﬁg@e?%ﬁ&h@?mﬂ’ E’%&%?*’" i®

di stributi omotygiatmo mccording to claim 14, wherein the nulti-pul se
rectifier (PC) is electrically connected between the first distribution
busbar (MVAC) and an electrical load (e.g. a propulsion notor). 2516. A

pover distriuti o st HRAGRINIRRNT AcdRNingfto GhigicedingCcldid, Whg&iRithe t he

first ac output is a six-phase ac output and the second ac output is a three-phase ac

10 output.

6. A power distribution system according to claim 5, wherein three phases of the
first ac output are phase shifted by a predetermined positive angle relative to the
second ac output and three phases of the first ac output are phase shifted by a

15  predetermined negative angle relative to the second ac output.

7. A power distribution system according to claim 6, wherein the predetermined
positive angle is about +15 degrees and the predetermined negative angle is about -15
degrees.

20
8. A power distribution system according to any of claims 5 to 7, wherein the

multi-pulse rectifier is a 12-pulse rectifier.

9. A power distribution system according to any of claims 1 to 4, wherein the
25  first ac output is a twelve-phase ac output and the second ac output is a three-phase ac

output.

10. A power distribution system according to claim 9, wherein three phases of the
first ac output are phase shifted by a first predetermined positive angle relative to

30



first distribution busbar (MVDCl) carries a dc distribution voltage and the
multi-pulse rectifier (R) is electrically connected between the first
stator winding and the first distribution busbar (MVDCl) to rectify the
first ac output.

-19-

the second ac output, three phases of the first output are phase shifted by a second
predetermined position angle relative of the second ac output, three phases of the first
ac output are phase shifted by a first predetermined negative angle relative to the
second ac output, and three phases of the first ac output are phase shifted by a second

5  predetermined negative angle relative to the second ac output.

11. A power distribution system according to claim 10, wherein the first
predetermined positive angle is about +22.5 degrees, the second predetermined
positive angle is about +7.5 degrees, the first predetermined negative angle is about —

10 7.5 degrees, and the second predetermined negative angle is about —22.5 degrees.

12. A power distribution system according to any of claims 9 to 11, wherein the

multi-pulse rectifier is a 24-pulse rectifier.

15 13. A power distribution system according to any preceding claim, further

comprising a capacitor bank connected to the second ac output.

14. A power distribution system according to any preceding claim, wherein the

first distribution busbar (MVACI1) carries an ac distribution voltage.

20
15. A power distribution system according to claim 14, wherein the multi-pulse
rectifier (PC) is electrically connected between the first distribution busbar (MVAC)
and an electrical load (e.g. a propulsion motor).

25 16. A power distribution system according to any of claims 1 to 13, wherein the

first distribution busbar (MVDC1) carries a dc distribution voltage and the multi-
pulse rectifier (R) is electrically connected between the first stator winding and the

first distribution busbar (MVDC1) to rectify the first ac output.

30



