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POWER CONVERTERS Technical Field The present invention relates to
power converters, and in particular to power 5 converters that can be
used to interface motors operating at variable voltage at variable
frequency to a power grid or supply network at nominally fixed voltage and
frequency. The present invention also includes features that allow the
power converters to remain connected to the supply network and retain

control during network fault BRYHER G&ANIABHERS The power

converters are particularly suitable 10 for use with, but not restricted to,

marine propulsion systems. Background Art The propeller assembly of a
n@%@&%%&-@pically rotates at variable speed, both in the forward and
repRespaiterligRenIE TR BB YRS EL USRS R EISGINCPYMRIcANE &> power
propulsion system then the motor driving the propeller assembly will also

nELUVEIBISefate SRS dquEREAT6r IMIAsPRIRERS thE BrEpRlfervoltage at
asseayis gliéven irestivdyathe spiRippfythR etRrthamihailieAveneyitage and

will be approximately proportional to the speed of rotation of the?géopeller

adSENGY-and Variisk Voraya e poiniaiiges rdpumishah riiqteriby) power

ThenRemat system2h tasnmasine wesael APl heveosknaminathidix@fhtrol during
voltage and frequency and it is therefore necessary to interface the motor

toP R Pt SHRELIFTUNATY COPAWRRoRDE REV SFIOISHERBRRSHE Y suitable
tyRicaly wansisiafoiyesRaiisd e NeRKREp@S thadykestiies the ac power

from the power system to a nominally fixed dc voltage (the dc link), and

25 a motor bridge that inverts the dc voltage to the appropriate ac voltage

foB Abeoroater Akhe power systems of many marine vessels are often

referred to as being "weak" since the total generating capacity is cl g

I
HRE ARG AR EAOR A FHTSFREAVS th AR Bl Behleteet goth in

tha PRMRAANGh PIEPENSIQTBYSRR) aNhBENESh Qe SINIIGRIRE iARKEHS power and
(dips) may occur. Any dips or faults on the powe%%){stem will 30 interfere

WRIPEHS I080F8HC B8 A RO'GpEIAYISs (i RoRRIR e e DBa ¥ g0 need to
theyefate ormabler flegueawe eenuertektovaeternrdmiipiaiavaidembly is driven

damaging, the
%irec%ygby the rotor of the motor then the frequency will be approximately

proportional to the speed of rotation of the propeller assembly) and variable voltage
(approximately proportional to frequency). The power system of the marine vessel
will have a nominally fixed voltage and frequency and it is therefore necessary to

interface the motor to the power system using a power converter.

The power converter will typically consist of two parts: a network bridge that rectifies
the ac power from the power system to a nominally fixed dc voltage (the dc link), and
a motor bridge that inverts the dc voltage to the appropriate ac voltage for the motor.
The power systems of many marine vessels are often referred to as being “weak”
since the total generating capacity is closely matched to the total load. This means
that when large loads connected to the power and propulsion system are turned on,
significant transients (dips) may occur. Any dips or faults on the power system will
interfere with the network bridge and its operation to provide the dc voltage. It is

therefore normal for the power converter to be turned off to avoid damaging the
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1 various components. For many marine applications this requirement to

turn off the power converter, and hence the total loss of the associated
propulsion equipment, is considered unacceptable. 5 There is therefore a

need for an improved power converter that can remain connected to the

power system in the event of a dip or a fault. Summary of the invention

The present invention provides a power converter that can be used to

intaFfatE GPMRPRTSIST that reamir8x aRAmRliFaliane B sfapienesgeriein off the

topawhPal Netwo L PreMidingeataminRlyfixed wtageand AasRalyuipment, is
fixed frequency, the power converter comprising: a first active

reQimidarRrerscesaEially connected to the stator of the motor and
including a plurality of semiconductor power switching devices; 15 a
second active rectifier/inverter including a plurality of semiconductor

paWeie SueraiycoR IR a8 IMRTESAH BONEF ISORVERR thalfraR Aol connected
reptifierinvertersand ihesecendactiyedestifige/inverter; a filter connected
between the second active rectifier/inverter and the supply 20 network,

the filter including network terminals; a first controller for the first active

restifi@r ARV e i@k aven@opecond controller for the second active
rectifier/inverter; wherein the first controller uses a dc link voltage demand

siRaIRFRH Y SHUPH BT cAIRR VBTtEg BT Eb it 138 Sentideshduudpipriace a
PavesS\HiehiBguaeYiGesi b ithe o2 di shactivesRCtfiepinuates ta aabjgyenetwork
the desired level of dc link voltage that corresponds to the dc link voltage

d@FR NS ghatOHBANK eFFNO LaZO L B s d& sl p Sisrtdinatllg Power
sighaldneicativerriiibe level of power to be transferred to the dc link from

the supply network thrgﬁgh the second active rectifier/inverter, and

voltage &eﬁlr]i%{rf’(f%@rf& bqﬁlé@iwtsf m%cgmbreconnected to the stator %f the motor

and including a plurality of semiconductor power switching devices;

a second active rectifier/inverter including a plurality of semiconductor power
switching devices;

a dc link connected between the first active rectifier/inverter and the second
active rectifier/inverter;

a filter connected between the second active rectifier/inverter and the supply
network, the filter including network terminals;

a first controller for the first active rectifier/inverter; and

a second controller for the second active rectifier/inverter;

wherein the first controller uses a dc link voltage demand signal indicative of a
desired dc link voltage to control the semiconductor power switching devices of the
first active rectifier/inverter to achieve the desired level of dc link voltage that
corresponds to the dc link voltage demand signal; and

wherein the second controller uses a power demand signal indicative of the
level of power to be transferred to the dc link from the supply network through the
second active rectifier/inverter, and a voltage demand signal indicative of the voltage

to be achieved at the network terminals of the filter to control the semiconductor
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30 to be achieved at the network terminals of the filter to control the
semiconductor 2 power switching devices of the second active

rectifier/inverter to achieve the desired levels of power and voltage that
correspond to the power and voltage demand signals. The power

converter can be used to interface the motor to the supply network during

5 situations where the supply network is operating normally, but also _
inRFE S TARTRS davaeeall tePepRI AR iiYe JRGEHIBHE YR Tt tnecBigypIthe desired

n@év»@w?m@ ARV RBYIRG IR dS-TAPE PTdTRRSIBHS ARENBIBMRRI¥mand signals.

network. The second controller is also able to control the second active
rectifier/inverter to provide voltage support to the supply network when

thEns YRR NESMRIKY QRS dRvipis SHtam distRomital 0 eitipphOnERork during

motor can be a rotating or linear motor of any suitable type. Examples
wtHAt R NS R RYERON HRBTSF o ISLBFEHIS Aot Bt etendirBifiamipatures

SUHADIAGHERRS CPeFitam RAMANRNHVMAL RIS GO ME@RERNabRAge is varying due
superconducting windings). In the case of a rotating motor, the rotor can

b&cMHE B HtSIEBIO FBIIBE RN ORF Brsky TRG ISP RCIUFRESS I5afso able to

reQyAiis0 e QbR Gl el IR difp AR QT RSy idOWSNEEe taBport to the supply
mechanical load must normally retain sufficient energy (in the form of

intronphearheriverty Bsteik e asetarigte a ity thaamisahralitig.
not possible to obtain electrical power from the supply network. A linear
motor could be used in applications that require reciprocating motion. 20

Inthe BALY WAHERS the by R ANSABITRAIGH MABY, thdehist¥Bfrdisrmples would
prgfenablylsemen sk nidbespanc Signalrindicativetelf eedesiedyemsl ohflsidoneans

be achieved in the motor to control the semiconductor power switchin

1ing
A &Ve 8P HAHIA R HE Ifi ST B EP 0P rSRSEEOSH BT e ttndpes).  In the

qdadities thai@ehiRweothendasitad HAuxoe tbgnaetar ol Reprpiaemnasi@idly or any
electrical quantities" is used herein to refer to any and all of the individual

PRI VetdgR b rre dRAtiERsITr pheesish SERE HaBHRHe p LG arddowever,
fraquaneydnicamviitpRasenvetally retain sufficient energy (in the form of inertia,

momentum etc.) to maintain operation during the time when it is not possible to
obtain electrical power from the supply network. A linear motor could be used in

applications that require reciprocating motion.

In the case where the motor is an induction motor, the first controller preferably uses a
flux demand signal indicative of a desired level of flux to be achieved in the motor to
control the semiconductor power switching devices of the first active rectifier/inverter
to produce stator electrical quantities that achieve the desired flux in the motor. The
term “stator electrical quantities” is used herein to refer to any and all of the
individual phase voltage magnitude individual phase current magnitude, phase and

frequency in a multi-phase motor.

The operation of the semiconductor power switching devices in the first active
rectifier/inverter can be controlled using gate drive control signals derived in

accordance with a conventional pulse width modulation (PWM) strategy.
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The operation of the semiconductor power switching devices in the first
active 30 rectifier/inverter can be controlled using gate drive control
signals derived in accordance with a conventional pulse width modulation
(PWM) strategy. 3 The first controller preferably compares the dc link
voltage demand signal indicative of a desired dc link voltage to a dc link
voltage feedback signal to determine a torque demand signal indicative of
a desired level of torque to be achieved in the motor. The 5 first controller

camdhencnrRlihie sarianpdusipnrwer switaRingidexieemMdngdititindicative
active rectifier/inverter to product stator electrical quantities that achieve

tH delsirad e dind ivcleristardeTHekcurHagrifpRRfantETsh Qi ppBGH torque

MR ARIR] LRSI NS PRSEL QR MBRIQERAYFbriRIGH 12 acHRNHRWRARBor. The
commonly used technique. However, it will be readily appreciated that

ahiybisslies s Mhemen upLhistrsMerRABRn, SoEontRinSdiseretb the first
timei{ield ariad AR fRPLkIEF BIEBE PG GO PlafAEIX MM Hesired

could be used instead. The first controller preferably supplies a control .
sitgrar st PariBerr actlf Rante WittPlgrecpieiemifg Ebfiforst below is
theaserend wmsrotshtbinisvaabl ak SigRAIERAGRANaA® BenksedIDYIRA technique.

second controller to limit the level of power that is transferred to the dc link

fr&tavtREesuBpR Hebfud Mo ABP ERRISECORE arrvEhectitERRR dREhogngf control

conpRindignabihesaiara Pravents AR POME@ERERhIFBPEARTONE direct
dc link through the second active rectifier/inverter when the motor has

rdQEHSCRE FHy SESr AR heRHIE Pities (netedthen the motor is already
operating at its maximum shaft speed or its 20 maximum rate of
acceleration, for examq%le). The second controller preferably converts the

pdWe B AN ECERICHSERERSERAY he? RARIDrHREMY BaTtPaARrRerarpgce with
thadsrlinkifriemibesepritioatwethdheah toausaeendi@stiddtrol signal can then

rectifier/inverter to a quadrature axis current demand signal for the 25

s BEORA LR Re SR ARVERLE TR Doy D LR b fansgred to the de

CUiR I den e a@hpeyastinoiRatiopply thebveskd hbeveaeont cantialer CRi control
then control the semiconductor power switching devices of the second
aé{%fg&méwﬁgged@p%any more power being imported into the dc link through the

second active rectifier/inverter when the motor has reached its physical performance
limits (i.e. when the motor is already operating at its maximum shaft speed or its

maximum rate of acceleration, for example).

The second controller preferably converts the power demand signal indicative of the
level of power to be transferred to the dc link from the supply network through the
second active rectifier/inverter to a quadrature axis current demand signal for the
second active rectifier/inverter indicative of a desired quadrature axis current to be
achieved in the supply network. The second controller can then control the
semiconductor power switching devices of the second active rectifier/inverter to
produce filter/supply network electrical quantities that achieve the desired quadrature
axis current in the supply network. The term “filter/supply network electrical
quantities” is used herein to refer to any and all of the individual phase voltage

magnitude, individual phase current magnitude, phase and frequency in a multi-phase
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produce filter/supply network electrical quantities that achieve the desired
quadrature axis current in the supply network. The term "filter/supply

network electrical 30 quantities" is used herein to refer to any and all of

the individual phase voltage magnitude, individual phase current

magnitude, phase and frequency in a multi-phase 4 active

rectifier/inverter system. The term "multi-phase” typically refers to three-
pREGEHIRCEAS RIS ot RUmBERs (§FBhasE i-PRase pdYRifch biigfers to three-

S%HQBQHEE%HMMYEV&%ECHH&%@%V&%HMBG ?ﬁ@%@r@ﬁgﬂ%f the semiconductor
rectifier/inverter can also be controlled using gate drive control signals

denvEs s Hekinadresshith hiesaveitioriay PRANTisTdirgEsy cahalpReefontrolled

demRnd SRR \<aR e sORMEHRI IBIR a6 fuURdRIMIR &Xisr U Teph diemand PWM
signal by dividing the power demand signal by a signal that is derived from
therdi®ttage at the network terminals of the filter. This signal is preferably

the quadrature 10 axis component of the ac voltage that is derived from
three-phase voltage measurement on the network side of the filter and

mBCoptiFalBRIA MEsrd FaeheisAT RIS dentrc SHAYME Bréterqhfyent demand
usasma feytheydeminnyopagerdesmand signal Bp indisalivenal & desiked dfom the

link voltage and comgares the further dc link voltage demand si%r,]al to the

e altdbR TeRHB kRSP (of ditdthfne Htudaratird st aRlfBpquadrature
demanebsigbather #e gecord asliye: ragtifierdinyeresdnaisalivéi@bdhase voltage
desired quadrature axis current to be achieved in the supply network. The

SRFHEBKRLIRG BEnFEPLorsirs e BenitshdididrpoweHenitbhifg a filtered

devicgrm of the second active 20 rectifier/inverter to produce filter/supply
network electrical quantities that achieve the desired quadrature axis
current in the supply network. The control implementation described in

mplie detaihdelowtns Rasee RmBCtagontrRlitdtChciSANebknWacaNhd signal
commonly used technigue. However, it will be readily aggreciated that any

otRdicaiitanie et ofe ditfotigR Rt RIRREGE HiYs BiEl dginfak Voltage
figlehonianiaal fooostae (R VREDeofeaiinaikiaighe eoakRkionexaimielture axis

could be used instead. _ e e .
current demand signal for the second active rectifier/inverter indicative of a desired

quadrature axis current to be achieved in the supply network. The second controller
can then control the semiconductor power switching devices of the second active
rectifier/inverter to produce filter/supply network electrical quantities that achieve the
desired quadrature axis current in the supply network. The control implementation
described in more detail below is based on vector control, which is a well-known and
commonly used technique. However, it will be readily appreciated that any other
suitable method of control implementation (such as discrete time field oriented

control (DT-FOC) or direct torque control, for example) could be used instead.

A signal indicative of the supply network power is preferably supplied to the first
controller from the second controller. The signal indicative of the supply network
power can be added to the output of a dc link controller in the first controller and used
to determine a desired level of torque in the motor. The signal effectively provides an

advance warning to the first controller that more or less power is going to be imported
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A signal indicative of the supply network power is preferably supplied to
the first controller from the second controller. The signal indicative of the
supply network power can be added to the output of a dc link controller in
the first controller and used 30 to determine a desired level of torque in
the motor. The signal effectively provides an advance warning to the first
controller that more or less power is going to be imported 5 into the dc

linktenterigh tHk SBeved dbtivesandinetivisvisaaFierievarst cohbisptcggntroller can
theestattite.datemmine the gasicaddovebpiipgaredniberneiosdsfo@dn@ange in

change in the amount of imported power causes a corresponding change
in S A kA IHERRS e RRYEAIT B tinp SRERTIORIAA SbHe B difs ds Fipfe voltage.

sqepnd.aantialissRrafesrRbnsRMRBiSSHthe voltage demand signall
indicative of the level of voltage to be achieved at the network terminals

of the filter to a voltage feedback signal measured at the network

termrw&ﬁatlasnfdﬂﬁrewﬁ@ﬁﬁawec&%@@ @IS SERNidamand signaldRative of
the second active rectifier/inverter. The second 10 controller can then

cortrivilersenlicsndo o rpimeidsHitRing Haticksinte Qbtuntitaktre voltage
reetifiidRvesiRN R dredaraditeriuReix natweri elrakical Quanties1at a direct

achieve the desired direct axis current in the supply network. The second

cAirofEFERh MBI thigRAtetralis Mt dSHEn ST MYSEEDrdate second

1201 HBI1BE REEHRIHNGD SHEPINNRIMYRUNIEHRE D SRBE ARG A H /RIS Tof the second
demand signal can be provided by a i{ower controller. The power

CORVEFIEPPERIFUDIG et rRIB NSRS BT/ SRRIY h¥SFoFIgeiiiMg Gpantities  that

sper’vethsigpaldndinativexef thasnesehefsapgpyvieaseakt of the motor (i.e.
the rotor in the case of a rotating motor and the translator in the case of a

linear motor). However, in some cases the speed sensor may be

repiacRdony acRRAR ORSEHYEIi By Hierithat A4se suttern@nkignalg el thealitstdance
active rectifier/inverter to derive a speed signal, The power controller can

theHLE eV s UipEINARINE Y B LS sensor or the speed 25

observer system) to derive the power demand signal using any suitable

method. For . .
The power demand signal can be provided by a power controller.

The power converter preferably further comprises a speed sensor for deriving a speed
signal indicative of the speed of a moving part of the motor (i.e. the rotor in the case
of a rotating motor and the translator in the case of a linear motor). However, in some
cases the speed sensor may be replaced by a speed observer system that uses internal
signals to the first active rectifier/inverter to derive a speed signal. The power
controller can then use the speed signal (derived from the speed sensor or the speed
observer system) to derive the power demand signal using any suitable method. For
example, the speed signal can be used as a pointer to a look-up table of power demand
signal versus speed. The speed signal may be modified by one or more filter

functions to dampen any shaft or drive train resonances if applicable.

The power controller preferably receives one or both of a power demand signal and a

speed demand signal from a vessel control system (which may optionally incorporate
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example, the speed signal can be used as a pointer to a look-up table of

power demand signal versus speed. The speed signal may be modified

by one or more filter functions to dampen any shaft or drive train

resonances if applicable. 30 The power controller preferably receives one

or both of a power demand signal and a speed demand signal from a

vessel control system (which may optionally incorporate 6 a dynamic
pAsHIBAIAY SPStERNIMERYSefvkr dBBmvesigraIad dish thardeethgsrpsdgiemand

sig@ﬁmm% he 5@»@%&@@&* direstly from contn! lgisoplithenManESessel or the

vessel like. 5 The present invention also provides an arrangement
cé%rising a plurality of power converters as described above connected
to a common supply bus of a supply network providing a nominally fixed
voltage and nominally fixed frequency, wherein the voltage demand
signal indicative of the voltage to be achieved at the network 10 terminals

offihe fitesRTiRAGRBRURLGHOVRILE S sHRRlGddR thaireend coniraller 6f power
each power converter from a power management system. Each individual

POARICESHY RHESEHIRG ABRY eSS e 4R CROR SHERIMRES iactrpimpetwork
connaaiad hehypemine azs@ciAtesiltaindihig.a9niRen sRRbOYSwherein the

The power converter is particularly suitable for use in a propulsion unit for

udelinsmarmansbsigna! TRdigrdye miinthentisiagfererobs A pisliaedhy network

PESRHIBINS dNihcGPRRPBSIBELR PO AAMIBHR RiatYpABd (9106 RE5RPRUREroller of
assembly including at least one blade rotated by the rotor of the motor,

afitch POV COHGERET 3R d i B8RDbS Y HEBropeller assembly
can be integral with the rotor of the motor. Alternatively, the propeller
assembly is mounted to a rotatable shaft and the rotor of the motor is

cbaibd gl i tRabier sHaR SRR RITELAH Sr iREtrdeRy thiieRHyn  transformer

gemhgsally RlbiabitycalteiaRulsap MRS May e Lsed it 3dNARRE VPPSEbus.
The present invention 25 therefore also provides a marine vessel

comprising a supply network providing a
The power converter is particularly suitable for use in a propulsion unit for use in

marine vessels. The present invention therefore also provides a propulsion unit
comprising a motor having a stator and rotor, a propeller assembly including at least
one blade rotated by the rotor of the motor, and a power converter as described above.
The propeller assembly can be integral with the rotor of the motor. Alternatively, the
propeller assembly is mounted to a rotatable shaft and the rotor of the motor is

coupled to the rotatable shaft either directly or indirectly through a gearbox.

A plurality of propulsion units may be used in a marine vessel. The present invention
therefore also provides a marine vessel comprising a supply network providing a
nominally fixed voltage and nominally fixed frequency and having a common supply
bus, and a plurality of propulsion units described above. The respective power
converters of the plurality of propulsion units are connected to the common supply
bus and wherein the voltage demand signal indicative of the voltage to be achieved at
the network terminals of the filter of each power converter is supplied by a power

management system.
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nominally fixed voltage and nominally fixed frequency and having a
common supply bus, and a plurality of propulsion units described above.
The respective power converters of the plurality of propulsion units are
connected to the common supply bus and wherein the voltage demand
signal indicative of the voltage to be achieved at 30 the network terminals
of the filter of each power converter is supplied by a power management
system. 7 The present invention further provides a method of operating a

pW@%}F@%ﬁ?ﬁﬁfem% GaRIRS PRR4IQ interace %m@a@ﬁgta{%&@%nvermr that

variable voltage at variable frequency to a supplie:etwor providing a
nEARIMSIRP kRN DRSS AMBCHIHIARIRARNEY fretbEnkgltasaré eipkle frequency to

CANBPEr SQWMBHiSHey Ailish iR RGeSt siRCHIsaIICP RReatEEquency,
to the stator of the motor and including a plurality of semiconductor power
SWIECPANY HeRAVEECh OBeRiiti M tive rectifier/inverter including a plurality of

semiconglyeterPeVele SWItEhING fieVitas:idf 19 dediRkeanberied REWEaR motor
the first active rectifier/inverter and the second active rectifier/inverter; a

filf8F dBriHe e & BREAEB e BicInlcetiPe WeE A8 &Y iR the supply
network athe-GHe Rl dia ManyQesterminali 2 ipsh comnretiee fac shaddist power

active rectifier/inverter; and 15 a second controller for the second active
rettie R AREFESwherein the method comprises the steps of: the first

controlles usimgie cmipkarbaae-eemandrsigakinaicative/eharteesiieddCsecond
link voltage to control the semiconductor power switching devices of the

iRy E RS HEEHIRYAN P rter to achieve the desired level of dc link voltage
that 20 gairesRangdededhetectinkivokagmdemandrsigimak/anertbe sreardsupply

controller usigﬂ a power demand signal indicative of the level of power to
1

barRgfelbeditis el itarbHP TR LRI network through the second

a first controller for the first active rectifier/inverter; and

a second controller for the second active rectifier/inverter;

wherein the method comprises the steps of:

the first controller using a dc link voltage demand signal indicative of a
desired dc link voltage to control the semiconductor power switching devices of the
first active rectifier/inverter to achieve the desired level of dc link voltage that
corresponds to the dc link voltage demand signal; and

the second controller using a power demand signal indicative of the level of
power to be transferred to the dc link from the supply network through the second
active rectifier/inverter, and a voltage demand signal indicative of the voltage to be
achieved at the network terminals of the filter to control the semiconductor power
switching devices of the second active rectifier/inverter to achieve the desired levels

of power and voltage that correspond to the power and voltage demand signals.
The method may include further steps as outlined below.

The first controller may use a flux demand signal indicative of a desired level of flux

to be achieved in the motor to control the semiconductor power switching devices of
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active rectifier/inverter, and a voltage demand signal indicative of the
voltage to be achieved at the network terminals of the filter to control the
semiconductor power 25 switching devices of the second active
rectifier/inverter to achieve the desired levels of power and voltage that
correspond to the power and voltage demand signals. The method may
include further steps as outlined below. 30 The first controller may use a

flhediviad sgrsli fdEatrie biariediedsielnd e st atalpnttrmeliag aphieve the

themeteniq aemeahihgrsemiconductor power switching devices of 8 the
first active rectifier/inverter to produce stator electrical quantities that

achieve the desired flux in the motor. The first controller may compare the

datipkiyaltagrrorsranshsignalindigrtive phia volteRirgshia dinkoralidee dide of a
dc link voltage feedback signal to determine a torque demand signal

inthelEdelorikesitgieleroftdighevRipee e thnsl iHEAY iotlstcHRge a torque
cerifahthe semigarductospoweaiswitshingrdsniae sPhdhR fiksteactivide motor, and

rectifier/inverter to product stator electrical quantities that achieve the
désie! e ermicerdusioforo Yer srdtrir g dntiene Phily SinbRHNccRt e/ inverter

Sigfﬁl&lﬂfﬁt \BHieSdIR AGeRr qaﬁ'ﬁ@tﬁé@thlﬁ'ﬂ aciealigente E&Qﬂé’iﬂpﬂh% Wotor.
the second controller. The second controller can then use the control

signal to limit the level of power that is transferred to the dc link from the

supRifipgtwsitdhesuahytRepreandonetbiesiaedifigrinvantar id 2. dddedaaeonsith the
controller may convert the power demand signal indicative of the level of

pBIFER S TRARS oMY ta e B RARCREITOIEYGhpletsvond irBtightthean then

secensk ashiyel rastifietdmyaiteidtead YaRIaIRXIK GHieRhdamaMd ginak from
for the second active rectifier/inverter indicative_of a desired quadrature

akié SEPRIMOE B dHiRVE A SR 8B 3R RERRIHIRT ARG LBtrol the
semiconductor power switching devices of the 20 second active
rectifier/inverter to produce filter/supply network electrical quantities that

adHhB VSt GEBIFallcy SRR SRR Ehocchre IFTHBCCSBR) MEkitS phihe level of

PPYREr derpanchsighadCan e crnvekterintththaugppdratugiaxissilikeme second
demand signal by dividing the power demand signal by a signal that is

dBFY 6 %@Wméet(étaﬂgéladrature axis current demand Signal for the second

active rectifier/inverter indicative of a desired quadrature axis current to be achieved
in the supply network, and control the semiconductor power switching devices of the
second active rectifier/inverter to produce filter/supply network electrical quantities
that achieve the desired quadrature axis current in the supply network. The power
demand signal can be converted into the quadrature axis current demand signal by
dividing the power demand signal by a signal that is derived from the voltage at the

network terminals of the filter.

The second controller may use a further dc link voltage demand signal indicative of a
desired dc link voltage and compare the further dc link voltage demand signal to the
dc link voltage feedback signal to determine a quadrature axis current demand signal
for the second active rectifier/inverter indicative of a desired quadrature axis current
to be achieved in the supply network during a start-up condition. The second

controller can then control the semiconductor power switching devices of the second
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network terminals of the filter. 25 The second controller may use a further
dc link voltage demand signal indicative of a desired dc link voltage and
compare the further dc link voltage demand signal to the dc link voltage
feedback signal to determine a quadrature axis current demand signal for
the second active rectifier/inverter indicative of a desired quadrature axis
current 30 to be achieved in the supply network during a start-up

capdlforetHICKBRGHET cOnREMBIEaA IRERIPORrdeiRede pliegHEctarantities that

PQWRERWIteInGrdgYierR A 1D 38 coReh SR SuisAYTiIREIRMRter to
produce filter/supply network electrical quantities that achieve the desired

quadrature axis current in the supply network. The second controller may

sumRl¥RSlanaiieikatingyofips P urpbh NeMR RRWE e sappPs fi&tvork power to
controller. The signal indicative of the supply network power can be added

to B ApRretel dd I RiserltaflicAt e HhestBRYIREVARE RS fgn be added to

detersntpard g aearhievateitarftddniRe JatelcF RE SN SRRIFRIRE a desired
may compare the voltage demand signal indicative of the level 10 of

VoSOt &oBs dRIBGEBUPhe network terminals of the filter to a voltage
feedback signal measured at the network terminals of the filter to
determine a direct axis current demand signal for the second active

rebifietARTE ReRtoNST Bl SRR S AHETsIe BNk shntdRtigadgicbshe level

obiheorasend aetiviceslifigriRvestania Rinaes fltarsynrly inatvsltkee feedback
electrical quantities that achieve the desired direct axis current in the

SR SRtk DAY TR B SISO SRR i s bl current

Thensrl Qi ghel s ehedipcdndhistdesedntion ;i selation dashippltredaakonductor
dip situations refers to a situation where the supply network voltage is

R BERRMP LA D51 SR ST A THLR RS S HEP SRR dredir filter/supply

agymBaticalneivgikfatls 20 ceupitenmoasmphitivaushstberaaitehing supply
of a large inductive component (such as a transformer or harmonic filter,

fORERARSIBY BB A EEtBE 15 1RBIX AP, HetRHRS T L8EHRB: controller may

modify the direct axis current demand signal in accordance
The use of the word “dip” in this description in relation to supply network dip
situations refers to a situation where the supply network voltage is reduced below its
nominal value as a result of either symmetrical or asymmetrical network fault
conditions, or simply through the switching of a large inductive component (such as a

transformer or harmonic filter, for example) connected to the supply network.

The second controller may modify the direct axis current demand signal in accordance
with the prevailing supply network voltage conditions during a supply network
voltage dip situation.

The power demand signal can be provided by a power controller.

A speed signal indicative of the speed of a moving part of the motor may be derived
and the power controller may use this to derive the power demand signal. The speed

signal may be derived using any suitable method and may be modified by one or more
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with the prevailing supply network voltage conditions during a supply
network 25 voltage dip situation. The power demand signal can be
provided by a power controller. A speed signal indicative of the speed of a
moving part of the motor may be derived 30 and the power controller may
use this to derive the power demand signal. The speed signal may be
derived using any suitable method and may be modified by one or more

16 KeeliRatasn ¥ hidh cRtinal alsoused e du B ¢R s\ere a8 ghadhgr drive train

shaft R ddye train resonances. The present invention also provides a
method of operating a plurality of power 5 converters as described above
connected to a common supply bus of a supply network providing a

nqmingisdieshveragse and neaviaalyafixedHsaauenpirdigNethRfality of power

comprising the step of supplying the voltage demand signal indicative of
tHOVBHAHE AolserHERTEVRRY QLB & ie £ mmis BPRRE itted st Bty network

PRWRIAARVERNhE $ReandseREoler Alaaah ROWRE FARVAIAE J OReamethod

power management (z%/stem. 10 The present invention also provides a
mamal%%;?%?éﬁ% prephigsisntokesnstismpbsisptbindiseraquaede voltage

vasiaRladrpiade AtiMarirble Fe uene ABE thaSieslatUasRPSAON Bnverter to the
propeller assembly including at least one blade rotated by the rotor of the

MmN GARNE PENAF ERiVRPRFRIR STETFEYE OBt SRABRELRPIgyStem.
network 15 providing a nominally fixed voltage and nominally fixed
frequency, the power converter comprising: a first active rectifier/inverter

elERE i REASFRbAREEREE0 2150 SBERsidsP e MEHRdanb PRItAIIRG & pRiFRIign unit

sesliganghietorhowetiswitehing devieasicavsnagnhactivayRCHlQUINGRId has a
including a plurality of semiconductor power 20 switching devices; a dc

kLS ARt b eReBR AP s MRt VRTE e AiftRsHaP SRl s datsshly the rotor
aglivdd aatiftal/inueHaower converter that interfaces the motor to a supply network

providing a nominally fixed voltage and nominally fixed frequency, the power
converter comprising:

a first active rectifier/inverter electrically connected to the stator of the motor
and including a plurality of semiconductor power switching devices;

a second active rectifier/inverter including a plurality of semiconductor power
switching devices;

a dc link connected between the first active rectifier/inverter and the second
active rectifier/inverter;

a filter connected between the second active rectifier/inverter and the supply
network, the filter including network terminals;

a first controller for the first active rectifier/inverter; and

a second controller for the second active rectifier/inverter;

wherein in response to a change in the desired thrust of the propulsion unit the
method comprising the steps of:

controlling the second active rectifier/inverter to change the level of power
imported into the dc link such that the dc link voltage changes from a desired level,;

and
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a filter connected between the second active rectifier/inverter and the
supply network, the filter including network terminals; 25 a first controller
for the first active rectifier/inverter; and a second controller for the second
active rectifier/inverter; wherein in response to a change in the desired
thrust of the propulsion unit the method comprising the steps of:
controlling the second active rectifier/inverter to change the level of power

30 imporeefintengehachinnk s treatifirs/HYy RHRIVOItEYROEh aMdisicfopyent from
desirgd ipvelhransh kitecoriraling thedifstantiverestifieriiovsriert®xPalt de link

sufficient current from_ the dc link through the first active rectifier/inverter
to'tlEgRdohodsisiestdeivrd rdiackignidiselesithe BE&ited level and achieve

the desired thrust. 5 Drawings Figure 1 is a schematic drawing showing

how a power converter according to the present invention is used to
inkdAYEEBetween a motor and a supply bus of a fixed frequency supply
Netwai 1aRdFighER A1 SEReMatia sayding SheWHWh QWA ket Sfling to the
power converters according 10 to the present invention can be connected

tPREFBLBIGISNE 48 peed &¢ disaiane betdisersdrneyiaid poweplyobierEa fixed

tqp@&ggycljrgq@ggﬁemj@g,yl@f the power converter will be outlined with
reference to Figures 1 15 and 2. Although the power converter is

&SRS B SRR A EOHASE T EIBE RV AP BT O ST SpateHiEsipccording
Wil hecrenelibneppresiRie ¢ ihabothaindsrsl ate thessipisly bak exapaplesfthe marine
power converter can be used as part of a drive system for pumps, fans,
cORBHIEEErY8iEBther industrial type loads. 20 A propeller assembly 2 of

an electric marine propulsion system is driven by the rotor (not shown) of

a variable speed ac induction motor 4. The propeller assembly 2 will
Power converter topologv

The basic topology of the power converter will be outlined with reference to Figures 1
and 2. Although the power converter is described below in the context of electric
marine propulsion systems, it will be readily appreciated that other uses are possible.
For example, the power converter can be used as part of a drive system for pumps,

fans, compressors or other industrial type loads.

A propeller assembly 2 of an electric marine propulsion system is driven by the rotor
(not shown) of a variable speed ac induction motor 4. The propeller assembly 2 will
normally consist of a number of blades mounted on a rotating shaft with a fixed pitch.
The rotating shaft may be directly connected to the rotor of the motor 4 or indirectly
through a gearbox (not shown) that is used to adjust the shaft speed. The speed at
which the propeller assembly 2 must rotate will depend on the speed of the marine
vessel and the level or direction of thrust required for propulsion. However, because
the speed of rotation varies, the voltage and frequency applied to the terminals of the

motor 4 must also vary.

The terminals of the motor 4 are connected to the ac terminals of a three-phase motor

bridge 10 which in normal operation operates as an inverter to supply power to the
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normally consist of a number of blades mounted on a rotating shaft with a
fixed pitch. The rotating shaft may be directly connected to the rotor of the
motor 4 or indirectly through a gearbox (not shown) that is used to adjust
the shaft speed. The speed at 25 which the propeller assembly 2 must
rotate will depend on the speed of the marine vessel and the level or
direction of thrust required for propulsion. However, because the speed of

rdRien arles dh&Votage ARG BHEFA PRI foaPry eafiATAIETREase two-
ML 4SPURIAISHMANA 3Qrde LemURAle Al BR MBS ARIRIMECRIilRs fully

the ac terminals of a three-phase motor bridge 10 which in normal

ofsepsblechprddra kcd e Adriscswisbly pedErietHE W itaicaomHpwever,
dénlipladiZecTine Mot bridae P hasacomyerienatthsss: BVR-daKele-level

topology with a series of semiconductor power switching devices fully

cHRtEREBCANCIagDrstdePakasy arpuraBliisie hiserirgion (b g gf the gate

HaMevesmiRastice thenmotRy fidoe 10680 hRy]amksiitrRbe PAWitching
such as a three-level 5 neutral point clamped topol%g@/ or a multi-level
A

tdoisGy OTH (RAOLBEAST tRdSHaerisdd L BItin dRASRAGI that are used

to control the semiconductor power switching devices of the motor bridge
10 is described in more detail below. A supply network of the marine

vESSEIPIh RS Rt afiss BeEorftssly (Filete 19) fRRGTRIR hAdARgly fixed
2 FREHRY afdSiRRlYAUS (anabadchuppl Ay eeBbRs PBVET diaIMeaBi A% power

generator 28. Power is supplied to the ac terminals of a network bridge 14

froOPE S635RPBUS A af StBLAb PRI thiei e e T8 filtd By ork bridge 14
ingugiens 4 APduothennessinie filtersifdrraieetivel syvitrbagasy(fRtuctors 16 (and

shown) can be included to provide a reliable connection to the supply bus

ates ROSRIRLeHE B p B IE Fs tRH R SRR L B QP b hBeABTkift5H Lo provide a
VREIRAOpSHASans &nehs Qe a0 ARl reditbemets pihygi RESWRKKIBRIB®m the
14 in normal operation operates as an active rectifier to supply power
fré?ﬁRW%b‘ﬁB‘ig Uit DREFMkOP3! AAkRBHARSIR IO THY SRR Similar
three-phase two-level topology to the motor bridge 10 with a series of

semiconductor 20 povie.r switchi{lg devices fully controlled and reguflated i
u;l}ha %GBWW BHQ%Sgy 1n normal Operation operates as an active rectifier to supply

power from the supply bus to the dc link 12. The network bridge 14 has a similar
three-phase two-level topology to the motor bridge 10 with a series of semiconductor
power switching devices fully controlled and regulated using a PWM strategy.
However, in practice the network bridge 14 can have any suitable topology as
discussed above for the motor bridge 10. The principal control for the dc input
voltage of the motor bridge 10 is achieved by controlling the motor bridge. The
network bridge 14 is controlled to meet two principal objectives, namely active power
and network voltage. A detailed description of how this control is achieved is

provided below.
The derivation of the gate drive command signals that are used to control the

semiconductor power switching devices of the network bridge 14 is also described in

more detail below.
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However, in practice the network bridge 14 can have any suitable
topology as discussed above for the motor bridge 10. The principal
control for the dc input voltage of the motor bridge 10 is achieved by
controlling the motor bridge. The network bridge 14 is controlled to meet
two principal objectives, namely active power 25 and network voltage. A
detailed description of how this control is achieved is provided below. The

dévivafisniibeehacgeiie dtdcorsHTAT Qg mistisapErecuBftodonRBRiRR of the

seRHcenduyl ePPYyeK shatching deyicss é?fe‘i@% PRI Qe RIdGe it AR AJBGhe three-
described in 30 more detail below. 13 As described herein, active

retite RN QES RHEgSriméhmdei et apdiatieniontis themybne Birilseel gpsgation of

thacamerianel eneromirechiResrfm efaikals ofdheitiRraeiinkasiehe three-phase
network bridge to the dc link and inversion (as the prime mode of

opstidiigeaie HioteripHage!10)ioHy tonterdiobedradidyRppissiaisd deat there
Iinkas}fﬁeeiiﬁ@@emé}aﬁenagnp&rm@gﬁsﬁ)d}%@ii%{@if@bﬁ)éfﬁ@m\é%dwiﬂridge 10
be readily appreciated that there may be times when it might be

neEEESAr Yt trediFighiand Bisersate o Wisteh bride RO NYETHH adiffecxample, in a
regtifietoan@ bR NABVRIKRHAER M &S BRNNKe e Rk S8R INGstem may be

situation where the marine vessel is braking then the propulsion system

mipHEd d9afHeR SegpsFeregendiatiifh. A EniBC ARt ioRdr DF mAgTAEd in 2
OpeRRIaENE MJdasnNaRing poode KN QYide: PRSIV DRGK HKNBrSHBYp resistor)

network (or a dump resistar) through the motor brid,%é 10 gperating as an

altiau#BhRdR AR RHESTH OREBIAg A AN APy AT HE AR shihs et Wark bridge 14

sigpaians whekemvsdaply network voltage dip occurs, the network bridge
14 may 15 operate in either an active rectifier mode or in an inverter

mode as required in order to provide reactive current into the supply

neiwailaisoWNastipRanes oftRe NiaaR diuMaihtenproptNieidge 14 may
system topology 20 As mentioned briefly above, a number of power

cORSEMR IR fUhCh ant e diesi fistppode or in an inverter mode as required in order to

provide reactive current into the supply network to counteract the cause of the voltage

dip.

Marine propulsion system topology

As mentioned briefly above, a number of power converters can be connected to the
common ac supply bus of the nominally fixed frequency supply network to define a
marine propulsion system. This is shown schematically in Figure 2. Each power
converter la to 1d includes an associated filter 16a to 16d and a step-down

transformer 6a to 6d.

In a conventional marine propulsion system, the desired supply network voltage
would typically be set by a power management system 26 and provided to the
automatic voltage regulator (AVR) 30 of each generator 28. In the arrangement of
Figure 2, the power management system 26 also supplies a voltage demand signal

VBUS* to each of the power converters la to 1d. The voltage demand signal VBUS*
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common ac supply bus of the nominally fixed frequency supply network to
define a marine propulsion system. This is shown schematically in Figure
2. Each power converter la to Id includes an associated filter 16a to 16d
and a step-down transformer 6a to 6d. 25 In a conventional marine
propulsion system, the desired supply network voltage would typically be
set by a power management system 26 and provided to the automatic

voRRIGESRY st dFTASARY AR S5t bR edHeYalortZBeInaEr rishgdialselogach filter
Figgir &2 dhaRpweiomaNagemest sYsiRpARAlsnstipplies a voltage

demand signal 30 VBUS* to each of the power converters la to Id. The
voltage demand signal VBUS* 14 represents the desired voltage to be

aghigredialiogveeapsfRHNIAIR 9bAAGT iliRinskBmie BOA JMHIARMEBRU to the

operation of the power converter. A large inductive component in the form
o ATRARTIHARSY %‘Qsiésaﬂgﬁ%ﬁh@c&'é@ the 5 common supply bus as
shown in Figure 2. Motor bridge control 10 The motor bridge controller 18
supplies gate drive command signals to the motor bridge 10 which cause
the semiconductor power switching devices to be switched on and off
resulting in a particular voltage being applied to the terminals of the motor
4. The motor bridge controller 18 will select the voltage to be applied

b and signal 1* that represents a desired level of flux to

berchiryed bidoe ypiesifbrlasdpping wliaae demanthsidnadknals to the motor
VDC_MOT* that represents a desired dc link voltage, a dc link voltage

feitEc kSRS PeYS e S RIRIORUEIRN RO THEVHCRIAR JE YRS o Bsgryitched on

opgdosimRIRlieed hask sigoals delived biens agpeaswanertafie 67ak motor 4.
hase currents IU, IV and 1W, and a power feedforward signal

p ar .
POWER Pt EprEedts | dnitlatelasonhsr YREASS S haRRbAL Baiggy on a flux
Therfknddemang signaldRésend the:siecaQdink yphtageriamenidsignalkhe motor 4,

VDC_MOT* will usually be set constants for a Earticular drive

corfigipRashesndamarttzaadtiCeNNE GhRhIREIEYS Befiknd diding voltage,

a dc link voltage feedback signal VDC_FB that is indicative of the actual dc link
voltage, one or more feedback signals derived from a measurement of the motor phase
currents IU, IV and IW, and a power feedforward signal POWER_FF that represents
an indication of the supply network power. The flux demand signal ®* and the dc
link voltage demand signal VDC_MOT* will usually be set constants for a particular
drive configuration. The difference between the dc link voltage demand signal
VDC_MOT* and the dc link voltage feedback signal VDC_FB is used to provide a
torque demand signal for the motor 4. A suitable control implementation such as a
vector control scheme can use the derived torque demand signal and the flux demand
signal ®* to generate the appropriate switching pattern for the semiconductor power

switching devices of the motor bridge 10.

It will be readily appreciated that the flux demand signal ®* may be omitted if the ac
motor 4 is a synchronous electrical machine. In this case, the switching pattern for
the semiconductor power switching devices of the motor bridge 10 will be generated

solely on the basis of the derived torque demand signal.
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VDC_MOT* and the dc link voltage feedback signal VDC_FB is used to
provide a torque demand signal for the motor 4. A suitable control
implementation such as a vector control scheme can use the derived
torque demand signal and the flux demand 25 signal (D* to generate the
appropriate switching pattern for the semiconductor power switching
devices of the motor bridge 10. It will be readily appreciated that the flux
demand signal 1* may be omitted if the ac motor 4 is a synchronous

eletticak maghinenkidihis case, the switching pattern for 30 the
semiconductor power switchigz%devices of the motor bridge 10 will be

gdheraterodoRsld ssretirleiL Bthp ievisala dhiecquniadd igetlatorte network
Netweki aridgieicenttel RBgMeWANKAUAgE wanteHari R0 snBle R3] witched on

drive command signals to the network bridge 14 which cause the

séftlcor digetdtipb e A RefteHiy delives ksine anrtigtktpdhesiise gminals. The

reglliog B patistidrveiageiheing Rrplied ta dhedilierdgsmindssclingh a power
network bridge controller 20 will select the voltage to be applied based on

aPoner Henahd Sightansesanit FRpIeLERE RRY feVR RS v Herla the de link 12
traashenedsonte Gk 12 TabHa8 ARYBRISUPBIRSItEAIOR Wvided by a

generator bridge 14 and is provided by a speed/power controller 24, a

vORSRHERINYRaANSighel B A go Rge derard mignrbi¥ ey b3l dieRE tp!Ha desired

agbiesdabihgchrvark termisaief ihenfiltes d6madiiepievidadspréified by the
power management system 26, one or more feedback si%’r%?ft(l%s{ (V.NET an

d
| RES" RANEERHSTh VS IERy & @RS uremerts (ARDaAY sisdda(fhithd thd LNET)

thieevebasenyelbagee measktaberty ke agossthtsorcalleehred fike voltage
yellow (Y) and blue (B) output lines_that srli(gply power to the networ

k .
bIRFGEHAFIM TR AR ANSUITRY RISIeAHE buivBR 18 hidssbisniBhugput lines
theAeWeTK psidge:d iasacewornbsidiRe Y gl Bhearthaneaniiphl§1808) and current

IDC_LIM that is used to limit the level of power that is transferred to the dc
RSP IR BoRintBh RESfkpbEIsheBoR M EERSAR sigh4Pe+1R: iy dgcontrol
byithal prevailing tiadaliye @xisienwolkwoltzge We hi TstarabiRined to the dc

adrature axis current demand signal (i.e. a real current demand signal).
-?—ﬂg%)&%lr ﬁgncigﬁ)ang@ﬁapply bus. gThe %)ower demand signal P* is dSWQided) by the

prevailing quadrature axis network voltage VQ_NET to obtain a quadrature axis

current demand signal (i.e. a real current demand signal). The power demand signal
P* is also compared against the voltage demand signal VBUS* to derive a reactive
current demand signal. A suitable control implementation such as a vector control
scheme can use the derived real and reactive current demand signals to generate the
appropriate switching pattern for the semiconductor power switching devices of the

network bridge 14.

Operation of the marine propulsion system

One possible operational implementation of the above marine propulsion topology is
as follows. At start up the shaft speed is zero and a dc link voltage demand signal
VDC_NET#* supplied to the network bridge controller 20 is set to 950 volts. The dc
link voltage demand signal VDC_NET* is only used during start up and will usually

be a set constant for a particular drive configuration. The semiconductor power
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20 P* is also compared against the voltage demand signal VBUS* to
derive a reactive current demand signal. A suitable control
implementation such as a vector control scheme can use the derived real
and reactive current demand signals to generate the appropriate
switching pattern for the semiconductor power switching devices of the
network bridge 14. 25 Operation of the marine propulsion system One

poedipengpasatishdni s craevREfidHidethtiaptsyenthirh e pfoprdsiogontrol of the

toRQIPSK isriascfelpMsu AR LPRRIShalt SoRES IBVASEY BPEHDYS kK.
voltage den;aaéhed signal VDC_I\rI*g)t* supplied to the networ%(ﬂbridge i

controller 20 is set to 950 volts. The dc 30 link voltage demand signal

VREuNERRIS gply, ussdiduiing pc@ﬁfﬁﬂ!!—”s?%w}j@_mg%ﬁi’éﬂ to the

for a particular drive configuration. The semiconductor power 16
sWIRATRY des ral it Retveirie#99e' 2sare enabled and under control

of the network bridge controller 20 bring the dc link voltage (VDC) up to
950 volts. At the same time, the dc link voltage demand signal .
vOEUMBS thi She dgy e PE RN CBRtrd TeAEc SR iRoPrapigle thrust for

V%@pﬁ%@ﬂ%@“ﬁ{mﬁemﬁ%ﬁ PRE PIASIRD RIRIM fA%eR SRAKRINRRYIBes in the
provide thrust for propulsion of the marine vessel, the semiconductor

pORRERTRtitesAg e feblat ird Holritidgidavauelabidaviteangrol the direct

MARr dieae eoRtiRer the NuteeMr otk endiiehd@axiswuiremdAashievelitage is
the necessary flux in the motor 4. While the dc link voltage is less than

tresac ik PitdgdiBknialiesidaaansd & Sb YR etk cantroligk hgptroller (not
sRRYm INthgdnpistobridgpcadiateld svill1equgsta RegatiMg EURRBLINe: axis

axis current in the maotor 4 (to return power to the dc link 12) but this will

bSUBTERKR ThRaRRISE thEQHERSr RN Bropeiier desbiantir) DI it ridliRg blocked

andcthgeetsenmahalt o pavpellavalahidlYVhes foihruskiigduifeéMRmé is no shaft
made to the marine propulsion system this will either be supplied directly

a@Wso et irence (i.e. the power demand signal P*) or as a speed

When a thrust requirement is made to the marine propulsion system this will either be
supplied directly as a power reference (i.e. the power demand signal P*) or as a speed
reference (i.e. a speed demand signal N*). The power and speed references can be
provided to the speed/power control 24 directly from control levers on the bridge of
the marine vessel or from a vessel control system and are labelled on Figure 1 as
vessel control commands. A speed demand signal N* will be converted to a power
demand signal P* by the speed/power controller 24 as part of a speed control loop
with reference to the actual speed N of the motor 4 detected by a speed sensor 22.
Applying the power demand signal P* to the network bridge controller 20 will cause
the dc link voltage to increase. Once the dc link voltage reaches the level set by the
dc link voltage demand signal VDC_MOT™, the dc link controller of the motor bridge
controller 18 will begin to request positive quadrature axis current in an attempt to
limit the dc link voltage at the desired set level and will start to accelerate the shaft of

the propeller assembly 2.
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reference (i.e. a speed demand signal N*). The power and speed
references can be 20 provided to the speed/power control 24 directly from
control levers on the bridge of the marine vessel or from a vessel control
system and are labelled on Figure 1 as vessel control commands. A
speed demand signal N* will be converted to a power demand signal P*

by the speed/power controller 24 as part of a speed control loop with .
re(ﬁé‘i*élﬁcglﬁo fife ltfuarspERdiN SrRHE niBiSr Dhaetisctibkoy dliggeedemand signal

senser RE2ouPriying s ReNRReRaNE RIBRALEEJRbRPOQK Hiitge
controller 20 will cause the dc link voltage to increase. Once the dc link
voltage reaches the level set by the dc link voltage demand signal

Vipte M@hituthestaiinbsnairgliasiel ieomMandrdarokopH@de 18 Mihited by a

begin to request positive quadrature axis current in an attempt to limit the
deigARl vistiygd Bpmehgdared demribrighal Wil start to accelerate the shaft

of 30 the propeller assembly 2. 17 While the dc link voltage is greater

than the dc link voltage demand signal VDC_NFT* the voltage control in
tHenferAR b gieadh P Elierps Rarsasiiey hdhn RMitidersy eHEpaRGER(es in a
trapstanithQueR e RSO drid aRakEisdimitRd Ry ardnsianaligrivashple, for an
from the power demand signal P*. Once an initial steady state has been

alERASHIGHETHOWEHBBRIERE (ohel e inngr Ay HTe Wearfitanapd signal P¥) the
ageanmosiaie changinerthousiued wkenRenttk beldexampiantpé@more power from

increasing thrust requirement (i.e. for an increasing power demand signal

PG EPPEYRSNORK IRitgedediftiolier Bsieasitsdinematnbat Begktha {s imported

IMPQHeMRIeipEWer R (heusURBYahetiMOket AENBHIC liblake. INGi€asher bridge
the amount of power that is imported. to the dc link 12 leads to an

incBULHSH I &egrandk (g dcrrrsmiBibieslidyek dalitas iy s te domglogbridge
thi iRcoeaseribrthpodkelinkveftagedolaause tha motaddyigaetolthéonsi@n 4 until a

more power out of the dc link 12 and provides this to the motor 4 until a 15

nB sty Sl ARG 6. R RS AR AAbAHPAY Fothiat hapRalied from the
supppBtFeredne sinmpiyinRtyrKdguiheiedinkddnsoEpoaldotHae isRigipied from

of power that is supplied from the dc Jink to the motor 4). In this steady

Slrgf‘efimglh&qlﬂw\%ﬂtgé él)h a]él mﬁéff@lﬁlXﬁéa@C the dc link voltage has matched the dc

link voltage demand signal VDC_MOT*. For a reducing thrust requirement then

opposite control actions take place.

The supply network shown in Figure 2 is a “weak network™ since the total generating
capacity is closely matched to the total load. In the event of a supply network voltage
dip (caused, for example, by the turn-on of the transformer 32) the power converter
will detect this reduced voltage, which is seen as a change in the feedback signal
V_NET derived from three-phase voltage measurements VR, VY and VB and the
network bridge controller 20 will set an appropriate reactive current demand signal to
supply reactive current back into the common supply bus. This will help to
compensate for the current that is being drawn by the transformer 32 and restore the

voltage in the supply network.
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link voltage demand signal VDC_MOT?*. For a reducing thrust requirement

then opposite control actions take place. 20 The supply network shown in
Figure 2 is a "weak network" since the total generating capacity is closely
matched to the total load. In the event of a supply network voltage dip

(caused, for example, by the turn-on of the transformer 32) the power

converter will detect this reduced voltage, which is seen as a change in

thid RSB QGRatD5 ET werREbefo RNt ccpmarny BiRRje bus causing the

MERAPWEIRGRIA (B1)E% Y BeaBd I e HRBNAHE DHATBRARENRERO WM set the

set an aé)propriate reactive current demand signal to supply reactive
cRRERT BaRIdts el EoMmE ARy IHURIPPRIS @RFNEIpH e HdAge s e common

fog i cHEremtdhatis %&eg@fﬁ%ﬁllpgmlmsmfcamg%gm@bw@;@ae 8 practice,

voltage in the supply network. n the event of a severe fault

sohiefitiehs aRMs¥COMNTBA BEMTKoRrides Lol eHer Oppfifribtalyrverriding the
voltReesitoRgSereralpredRdne the HRWEHSRBVRURKSYIHS®E thaile the fault

power demand signal P* to zero and will supply reactive current back to

tHREESHIM IR DBy BBt SacinkimaghesutispIg iRk baRidess U and
raaevgnetc RREFGHCEoth thismaideoachieyepdetgeaivork AifER momentum

controller 20 effectively overriding the power demand signal P* supplied
bk JPALRAPEHSH controller 24 while the fault persists.) During this
time, the dc link voltage is sustained by the motor bridge 10 and the
kinetic energy in both the motion of the propeller assembly 2 and the

EFRUIR TBIPoN SBfi AT AR Ic PO T SHEICtB I 60RVEHEPEr AN S SRptrol signals

regpopseaf therROWENEONHRNIGT, BNaLonial SRk BARRSSVABSIMEEN More
the motor bridge and network bridge controllers. More particular

rly, the
nERRSTRI BTG JACBHPETK D3 Bt Sl @MB{B%&@@&B{%&P&I&%@ RHQfler 18
povir iepeianvridi tignal OWERPEMVIIRL repiBseripraseiidigatindieitbs of the

amount of power that is being transferred into the dc link 12 through the network
bridge 14. The power feedforward signal POWER_FF therefore provides the motor
bridge controller 18 will advance notice of a change in the level of power flow before
the dc link voltage actually starts to increase or decrease. The motor bridge controller
18 provides a control signal IDC_LIM that specifies a dc link current limit. This
control signal provides the network bridge controller 20 with a limit as to how much
additional current the motor bridge 18 can accept based on the current shaft speed and

acceleration limits of the motor 4.

Practical implementations of the marine propulsion topology

The marine propulsion topology arrangement can be implemented as follows. The
motor bridge 18 and network bridge 14 can each be implemented using a MV3000
liquid cooled DELTA inverter module of suitable power rating. This is an IGBT-
based voltage source inverter module suitable for operating with ac voltages up to 690
V. The motor bridge controller 18 and the network bridge controller 20 can each be
implemented using a PEC controller. This is a microprocessor-based electronic

programmable controller that can provide all the necessary control functions and
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15 amount of power that is being transferred into the dc link 12 through

the network bridge 14. The power feedforward signal POWER_FF

therefore provides the motor bridge controller 18 will advance notice of a
change in the level of power flow before the dc link voltage actually starts

to increase or decrease. The motor bridge controller 18 provides a control
signal IDC_LIM that specifies a dc link current limit. This 20 control signal

pidie HIHE P eIRRSIRERR sttt dPPEERAt athen RRR o FRIWSHISfch The power

additionaherireplithe maionbridgn dfsaiacaerhbagad OBINEPUIeNtThis is a
shaft speed and acceleration limits of the motor 4. Practical

inTpIERRSAEANSDBF A ecHglivii propslbi pveag) 28 TH rifarsigributed control
PLIRISION KIPQIOMhY: R THOERFRE N CA PRl &% fottowsBbghton Road,

motor bridge 18 and network bridge 14 can each be implemented using a
MR WigidcksbisdDRL B Wher&dAo8aie8r suitable power rating.
This is an IGBT- based voltage source inverter module suitable for
%erating with ac voltages up to 690 V. The motor bridge controller 18

0 , .

al @ HEMI RIFHEGE EBNRFOReF 20 WarElapRgE M G tifdRTe Mhabits rfp edinated
P 1ReME0eohiis] ISiaiMiCIRHRCasROfrhiasar SIREHOBII R QAABMADIS to the
controller that can provide all the necessary control functions and 19 firin

pagerAtydnisterionntedaed e ihpiemiritdhd PEEE dsrivialy, %@tﬂswn%egrate

MABAE/NIHSY SN GRN QR drpRieMentes onapmVEareatielas: TRigigAly, the
microprocessor-based electronic controller designed for use in distributed
c WEF(E

oRgh R GRUIA o PReh ASERLRETS B PN CATPETRVE IS fagvspient to
Betghien R0atplEniRHalsn \Vedvwipkshire SaVaielBU, United Kingdom. The

controller arrangement proposes two independent controllers that are
coordinated by means of control signals being sent from the motor bridge

caniglepd&iopheeneswaikdridasiaantiQiito2h @ deBevarSa. piopalidn drives

be equally suitable to integrate 10 the functionality of the controllers on to

oG Iy LRSI S PR RES BRI DR P RIS NG BO Ep rdB Fs b ase, the

mey& dhandwpeeanisaiersdt this iBeCprseaéaniodaheneesaglisadr controller 24 by a
implementation of the power converter. )
vessel control system. In certain cases, the vessel control system may include a
dynamic positioning system to provide references to the various propulsion units in

order to control the heading and position of the marine vessel.
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The proposed power converter could be used to interface the main
propulsion drives 15 or the thruster drives of the marine vessel to the
supply network. In either case, the power and speed references can be
provided to the speed/power controller 24 by a vessel control system. In
certain cases, the vessel control system may include a dynamic
positioning system to provide references to the various propulsion units in
ofdeAYontrol the heading and position of the marine vessel. 20 20

CLAIMS AL, Avepwsivenay erigcihabcathed pratainterBes smotuiRatvariable
requires variable voltage at variable frequency to a supply networ

X
preIaHTG B ORIl e Y Bia gBPRIN I FISTRRR R Tixkeerrerpia @) yiged voltage

PAWER GAMYATIEN CMRIGSIAE S ddipshreiunvesrtfissimnyetes electrically
connected to the stator of the motor and including a plurality of

semiconddiEtdrpdvieicsiiterinteHe risstricdbr SARNSEIRE PedSridiAipk aftlie motor
ingladinguainl ity Af Snicandusiac R R s Witthingd demses; a dc link
connected between the first active rectifier/inverter and the second 10

active retfEMNAEHYF; EaiiiFraBheidider Bkne arPtHE dacahtratarductor power
regiifiesiiprestgeand the supply network, the filter including network

terminals; a first controller for the first active rectifier/inverter; and a

second Cotitrbkr teriResblsiaRtiDe FuctiferitsvEtEFeIANFETEthee second
firglicRneigeMsRe@egC link voltage demand signal indicative of a desired

dc link volta%‘eé to control the semiconductor power switching devices of

the firsta il roBRReieth PR Benesnthactiysiree lekibregetiard the supply

veltagerk) @ eRree SRANES S e ¢i% kyedtage demand signal; and
wherein the second controller uses a power demand signal indicative of

the 20 IBVERbFYUTNIEId Behrdistarr B LI AN orAthe supply

network @@l Edatroller for the second active rectifier/inverter;

wherein the first controller uses a dc link voltage demand signal indicative of a
desired dc link voltage to control the semiconductor power switching devices of the
first active rectifier/inverter to achieve the desired level of dc link voltage that
corresponds to the dc link voltage demand signal; and

wherein the second controller uses a power demand signal indicative of the
level of power to be transferred to the dc link from the supply network through the
second active rectifier/inverter, and a voltage demand signal indicative of the voltage
to be achieved at the network terminals of the filter to control the semiconductor
power switching devices of the second active rectifier/inverter to achieve the desired

levels of power and voltage that correspond to the power and voltage demand signals.

2. A power converter according to claim 1, wherein the first controller uses a
flux demand signal indicative of a desired level of flux to be achieved in the motor to
control the semiconductor power switching devices of the first active rectifier/inverter

to produce stator electrical quantities that achieve the desired flux in the motor.
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second active rectifier/inverter, and a voltage demand signal indicative of
the voltage to be achieved at the network terminals of the filter to control
the semiconductor power switching devices of the second active
rectifier/inverter to achieve the desired levels of power and voltage that
correspond to the power and voltage demand signals. 25 2. A power
converter according to claim 1, wherein the first controller uses a flux

démand AigANERNBEETE GEeCadisitda Bysn dfFfsladnoe Rdwisiihmitré controller
MQRDIRCARLR Ik $8MISOREMGIRT HoMe RN OeMiseR Plithenrsbitage to a

active rectifier/inverter to produce stator electrical quantities that achieve

tH didirsalfgg iseRarkotinaloio fefermins i FEBRvEltaaE OpaRlgRdicative of a
Clad®rddoreclainy 2@1‘6{9@ 8idhe fifsteorelie m SOMRAESHEHE dhiaKse miconductor

voltage demand signal indicative of a desired dc link voltage to a dc link

vOR3YE TadEhiukdSYiear f dradiinetiytdrGHETEMERG S REPIHElChtigs Gectrical

aqdesires levehohiraur Rhs-achigiethimth@dngtor, and controls the
semiconductor 5 power switching devices of the first active

rectifier/inverter to product stator electrical quantities that achieve the

desired tQrgésvis thenMQter. decdrBRWerCamyeesRaaRrdiadD ailverein the first
preceding claim, wherein the first controller supplies a control signal that

VARBETHE BRI Ceo ROl R R Ad 18raoRs BReRwHE theReevailing motor

SeeanricRNIIIIR RBchiNecseeIRd SanikellRtvse sshe ArMtigkstapabiartiMitgnal to
the level of power that is transferred to the dc link from the supply network

thiBtg thth e eele8hdaray e iR iRares (o e glinile SFRrar8F supply network

ageRiAgHS RBYIAreceingcaalminvhesein the second 15 controller
converts the power demand signal indicative of the level of power to be

transferred to the dc link from the supply network through the second

agtive rectifiprpveteeiea Aot axis Groeaidemant, signakiortesecond
second active rectifier/inverter indicative of a desired quadrature axis

cORERRHE RPRYFSY iROME" dEPBRARYaRBNdIsA SN tolagHgYel of power to be
sermeaRelictey pRyvelc syiehfgharicesflfnenetwork through the second active

rectifier/inverter to a quadrature axis current demand signal for the second active
rectifier/inverter indicative of a desired quadrature axis current to be achieved in the
supply network, and controls the semiconductor power switching devices of the
second active rectifier/inverter to produce filter/supply network electrical quantities

that achieve the desired quadrature axis current in the supply network.

6. A power converter according to claim 5, wherein the power demand signal is
converted into the quadrature axis current demand signal by dividing the power
demand signal by a signal that is derived from the voltage at the network terminals of

the filter.

7. A power converter according to claim 3, wherein the second controller uses a
further dc link voltage demand signal indicative of a desired dc link voltage, and
compares the further dc link voltage demand signal to the dc link voltage feedback

signal to determine a quadrature axis current demand signal for the second active
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20 second active rectifier/inverter to produce filter/supply network

electrical quantities that achieve the desired quadrature axis current in

the supply network. 6. A power converter according to claim 5, wherein

the power demand signal is converted into the quadrature axis current

demand signal by dividing the power 25 demand signal by a signal that is
derived from the voltage at the network terminals of the filter. 7. A power
COPREIEARYEETEINGIFa V&Il 3, denisreinurdauEpAviESHEFsNEFUBBSIghieved in the
fustherydeelipkrkoltage demand signal indicative of a desired dc link

voltage, and 30 compares the further dc link voltage demand signal to the

dc link voltage feedback signal to determine a quadrature axis current

dgmand gignaléer dbRveaepnetagtivis 24 retifierrinvartesiindicativ@ Bid controller
desired quadrature axis current to be achieved in the supply network. 8. A
pSAEFUBN RGP ARICORIRE 26 PRI, WHETRIRGhdSdeshdbortitoligpegnd  active

CRLIAIS IR SRERILPPRIGIY PRVWRLSWIIGRIRE AevieesiSlItiRseeRRdREHVRIeve the
rectifier/inverter to produce filter/supply network electrical quantities that

alRRErE RN HuFaRI8 BasHRREREIN e supply network. 9. A
power converter according to any preceding claim, wherein a signal 10
indicative of the supply network power is supplied to the first controller

frdm the/ B COIRYSTIEF. 2eFARdRRVED Y dHeTedERDralRg o WhGHIB, @ signal
whieii Veeosignakipigaivaweithpowup Ry suppredkibane tissadsReolffi®om the

output of a dc link controller in the first 15 controller and used to
dEtERRON9ESHed level of torque in the motor. 11. A power converter
according to any preceding claim, wherein the second controller
compares the voltage demand signal indicative of the level of voltage to

bd0achidy @ MERISETHERITE ACEHHRSIS S4B el ieagigtaktiigasive of the

sigiplnassvead gowairthe netwpis tarentaluobthe fiteriik dIRHBIRE & the first
direct axis current demand signal for the second active rectifier/inverter,

afaesies pngased f; gswtﬁﬁ)&&ap(&%?d level of torque in the motor.

11. A power converter according to any preceding claim, wherein the second
controller compares the voltage demand signal indicative of the level of voltage to be
achieved at the network terminals of the filter to a voltage feedback signal measured
at the network terminals of the filter to determine a direct axis current demand signal
for the second active rectifier/inverter, and controls the semiconductor power
switching devices of the second active rectifier/inverter to produce filter/supply
network electrical quantities that achieve the desired direct axis current in the supply

network.
12. A power converter according to claim 11, wherein the second controller
modifies the direct axis current demand signal in accordance with the prevailing

supply network voltage conditions.

13. A power converter according to any preceding claim, wherein the power

demand signal is provided by a power controller.
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switching devices of the second active rectifier/inverter to produce
filter/supply network electrical quantities that achieve the desired direct
axis current in the supply network. 25 12. A power converter according to
claim 11, wherein the second controller modifies the direct axis current
demand signal in accordance with the prevailing supply network voltage
conditions. 30 13. A power converter according to any preceding claim,
wherein the power demand signal is provided by a power controller. 23

144A DOW%%%?\&%H%@&%QHQII‘Q @in3futhes conpiang a spea@densor or
sensor or speed observer for deriving a speed signal indicative of the

sPBES SRSy ety Bie thepssskoteaabinHerties wetpotrse ¢ Shrdmering part of

uses thrcrreRdaIgRA R BHNe SRS uedemad iGN allfy AROVWEE power
converter according to claim 13 or claim 14, wherein the power controller

retsanaed 8188%r both of a power demand signal and a speed demand
signal from a vessel control system. 10 16. An arrangement comprising a
plurality of power converters according to any preceding claim connected

told- comtdR $EFRNBERSF A SUPPY HRIFBHK phdViBIREEN nidimiviastFikdee power

velagsirnddeerniRalhe fbresbirestie peyyovaerei desvaltage fdepasidemand signal
signal indicative of the voltage to be achieved at the network terminals of

tHEMSr 6P CUFPh&RE Eonverter is supplied to the second controller of
each power converter from a power management system. 17. An
arrangement according to claim 16, wherein each individual power

cfiverteMhRITRISS B H BRI BRARBHARD I AAEEN R et cording to any
bgtaeamthela2 asspsiaieddilieoantoinepPmreen SupplyPlysaddiofk providing a
propulsion unit comprising: ) ] ]
nominally fixed voltage and nominally fixed frequency, wherein the voltage demand
signal indicative of the voltage to be achieved at the network terminals of the filter of
each power converter is supplied to the second controller of each power converter

from a power management system.

17. An arrangement according to claim 16, wherein each individual power
converter includes a step-down transformer electrically connected between the

associated filter and the common supply bus.

18. A propulsion unit comprising:

a motor having a stator and rotor;

a propeller assembly including at least one blade rotated by the rotor of the
motor; and

a power converter according to any of claims 1 to 15.

19. A marine vessel comprising:
a supply network providing a nominally fixed voltage and nominally fixed
frequency and having a common supply bus; and

a plurality of propulsion units according to claim 18;
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a motor having a stator and rotor; a propeller assembly including at least
one blade rotated by the rotor of the 25 motor; and a power converter
according to any of claims 1 to 15. 19. A marine vessel comprising: a
supply network providing a nominally fixed voltage and nominally fixed 30
frequency and having a common supply bus; and a plurality of propulsion
units according to claim 18; 24 wherein the respective power converters

of the plUYBSHS BIPFOISERSIIH BIrEY er E SBeHEEteRf thhen eafiinoh BIfRpion units
byganshidergin tig.vobiagn femany sanahdnaicatine ekinevalededARe signal

achieved at the network terminals of the filter of each power converter is

sippianvsyeh fhewekassriadieniehicygdiahihs mywarkysmpirals Gpébstitier of each
POURECIMRIIRT IDahSANES VagRh iR IHRHACG R ANSYfe At requires

variable voltage at variable frequency to a supply network providing a
nominally fixed voltage and nominally fixed frequency, the power

copvertes fRMBAINIpAthirsthaciive sactifierinyestarriesticalbterface a motor
connected to the stator of the motor and including a plurality of

séhAlcsuiEtor BERT Koltasing iAbls e RsasHd AaIRIPPAL RV RTbREeY Iding a
INGHAGIREI PRIt S SRMIGRNAUSFHIADBIVET &YV ITEHBROVIGRS: Bdeelinkonverter

connected between the first active rectifier/inverter and the second 15
altiV¥Predi$er/inverter; a filter connected between the second active

rectifier/ipygstelcand thaiseppiy cRefwWRik gl filtoniekeding etWas of the motor
terminals; a first controller for the first active rectifier/inverter; and a

séagracluting fer v ibe deeaHECacHc TS RigE devices:

a second active rectifier/inverter including a plurality of semiconductor power
switching devices;

a dc link connected between the first active rectifier/inverter and the second
active rectifier/inverter;

a filter connected between the second active rectifier/inverter and the supply
network, the filter including network terminals;

a first controller for the first active rectifier/inverter; and

a second controller for the second active rectifier/inverter;

wherein the method comprises the steps of:

the first controller using a dc link voltage demand signal indicative of a
desired dc link voltage to control the semiconductor power switching devices of the
first active rectifier/inverter to achieve the desired level of dc link voltage that
corresponds to the dc link voltage demand signal; and

the second controller using a power demand signal indicative of the level of
power to be transferred to the dc link from the supply network through the second
active rectifier/inverter, and a voltage demand signal indicative of the voltage to be
achieved at the network terminals of the filter to control the semiconductor power
switching devices of the second active rectifier/inverter to achieve the desired levels

of power and voltage that correspond to the power and voltage demand signals.
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20 wherein the method comprises the steps of: the first controller using a
dc link voltage demand signal indicative of a desired dc link voltage to
control the semiconductor power switching devices of the first active
rectifier/inverter to achieve the desired level of dc link voltage that
corresponds to the dc link voltage demand signal; and 25 the second
controller using a power demand signal indicative of the level of power to

bé transfériegthednecerr e fiont e seBp P ke SRS Uh fife YR ol the first

acivg sReHiREHBVE Rl andanPliagR damRAARIANELINAIGRIVEQEING flux to be
voltage to be achieved at the network terminals of the filter to control the

SEREIREUBIRDBWEY SvieRiie) thevicaaiemiis s civitching devices of the
regtifierdnveieiioachieveiths drsird Ivels 3RafipaneiAnddolagethatve the

correspond to the power and voltage demand signals. 25 21. A method
afesvghf s wdhs P8!SUrther comprising the step of the first controller
using a flux demand signal indicative of a desired level of flux to be
achieved in the motor to control the semiconductor power switchin

. . . g
dévices 6f REhArsperAidinfelRindtiRvEter Rapfbdhclistatbrealarteag the step of
qyRatitint IR 2chipyAthend ’estied dltheéndtheamPitn A2n A dREYRRH a desired dc

according to claim 20 or claim 21, further comprising the step of first

comtFoirdFesHhadad e qlasik etk dismalia drrramineitrofigmand signal

desdiestide JinkarliRaadepddadiaky alitgadrriback gignalia, e B Bing the
torque demand signal 10 indicative of a desired level of togﬁJe to be

aCRTRERIRCRE RAYIT S WHANBR HBNIRE thlet NSt SRRYICISF POFFER EtECHmgroduct

devicssRbtheaJfigiactivg reatifiendoyerteadsaRmpdughcstatne glegrical
guantities that achieve the desired torque in the motor. 23. A method

according to any of claim 20 to 22, further comprising the steps of 15 the

firs3. controliesisoPRbisglia € HaY g oRithaORIES iNrksordaneRwihhdeteps of
prevailing motor_conditions to the second. controller and the second
C

Shirdifsk GemEPire Lambgrsigharitntignelidval orpsier thegqudance with the
transfgiigg taotbe emlinkolions the dpplly vk thieup {beosactkoller using

active rectifier/inverter. . .
the control signal to limit the level of power that is transferred to the dc link from the

supply network through the second active rectifier/inverter.

24. A method according to any of claims 20 to 23, further comprising the step of
the second controller converting the power demand signal indicative of the level of
power to be transferred to the dc link from the supply network through the second
active rectifier/inverter to a quadrature axis current demand signal for the second
active rectifier/inverter indicative of a desired quadrature axis current to be achieved
in the supply network, and controlling the semiconductor power switching devices of
the second active rectifier/inverter to produce filter/supply network electrical

quantities that achieve the desired quadrature axis current in the supply network.

25. A method according to claim 24, wherein the power demand signal is

converted into the quadrature axis current demand signal by dividing the power
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20 24. A method according to any of claims 20 to 23, further comprising
the step of the second controller converting the power demand signal
indicative of the level of power to be transferred to the dc link from the
supply network through the second active rectifier/inverter to a quadrature
axis current demand signal for the second active rectifier/inverter
indicative of a desired quadrature axis current to be achieved 25 in the

sUsPIKetigbik b B Ith PreizetitRdhe iR peRar dwitdiryk terminals of

deyigesepf the second active rectifier/inverter to produce filter/supply
network electrical quantities that achieve the desired quadrature axis
current in the supply network. 25. A method according to claim 24,

wherein \ignRmugr e si00plila 30 eonNar t&ﬂﬂg&ﬁﬁ? fvadeptéiethe second
axis current demand signal by dividing the power 26 demand %gnal by a
f

SiEPIIeHsE siaeivButham el origecHamentbtisank tediritiyk Wradesired de link
filtncR; Adnetbegancordindiridaine A2 KWHIRLE0MRISING IS PRP @E dc link

the second 5 controller using a further dc link voltage demand signal

intheagod SiRagksitarpHEItCUBIRigR IR EaR TR GUHEN AT Shghal for the
VQHagR] demanesianaliin the dmlinktiveliaoe ReFEa G MFRALEONRIRIRIRR to be

a quadrature axis current demand signal for the second active
rekieYAh R S SHRREU I ENGI ettt YAURASIRILIGE-current to be
achieved in the supply network during a start-up condition. 10 27. A
method according to claim 26, further comprising the step of the second

critrollef ORtROM AT HHE SisniR SHITL St JHIHT sTtepit 8 e stepr théhe second
seeatdiRstimtIGEfiaHinveriRb HIRQH pot Bitew RURRY netveykElecticahd active

guantities that achieve the desired q]tjadrature axis current in the sup

i . ply .
nERHIR i FETATREY LB HRD kO Y G CRISHTE S Wy filisihay achieve the
caeypdgigganasten-al aupalyingtr sigpd indicative of the supply network

power to the first controller from the second controller.
28. A method according to any of claims 20 to 27, further comprising the step of
supplying a signal indicative of the supply network power to the first controller from

the second controller.

29. A method according to claim 28, wherein the signal indicative of the supply
network power is added to the output of a dc link controller in the first controller and

used to determine a desired level of torque in the motor.

30. A method according to any of claims 20 to 29, further comprising the step of
the second controller comparing the voltage demand signal indicative of the level of
voltage to be achieved at the network terminals of the filter to a voltage feedback
signal measured at the network terminals of the filter to determine a direct axis current
demand signal for the second active rectifier/inverter, and controlling the
semiconductor power switching devices of the second active rectifier/inverter to
produce filter/supply network electrical quantities that achieve the desired direct axis

current in the supply network during a supply network voltage dip situation.
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20 29. A method according to claim 28, wherein the signal indicative of the
supply network power is added to the output of a dc link controller in the
first controller and used to determine a desired level of torque in the
motor. 30. A method according to any of claims 20 to 29, further
comprising the step of 25 the second controller comparing the voltage
demand signal indicative of the level of voltage to be achieved at the
network terminals of the filter to a voltage feedback signal measured at

they netwgrkteraunalseéithe fiten i detewning @ ditagkanis @HE8NEr modifies the
demand signal for the second active rectifier/inverter, and controlling the

sEFEbAYIICEIF BBV MR iR bV e Blie 8¢ fbEaRisyailing supply network
reglifigsdipyRatanie a&ﬁfdgguﬁsmy%@mw»a%g@awﬁﬁ&ﬁ%l quantities

that achieve the desired direct axis current in the supply network during a
supply network voltage dip situation. 27 31. A method according to claim

3@pwhergimthgoaereprirpimlisr anadifies e divadeMsHupRtdRMand signal

signal in accordance with the prevailing supply network voltage conditions

TR WP AR KPS dip situation. 5 32. A method according

any of claims 20 to 31, wherein the power demand signal is provided by a

power controller. 33. A method according to claim 32, further comprising
\ﬁ%&vmg a

thesstep Of BERAR Ferordiap e R al indithRrecOrAEsipe dbeotiePnit

papked themmotpaishthvthe Paweapcantolenysing therspear tserividdhgie power
power demand signal. 34. A method according to claim 32 or claim 33,

fUFEREOUSRH TG HIBSER]S SFThE BERRY EbHEBARY fé&iling one or both
of a power demand signal and a speed demand 15 signal from a vessel
caontrol rs%stem. 35. A method of operating a plurality of power converters

acCording BEEMRAGCQLIAS P 48 Criedalid i al WERTHATRISHIg HissStswp of the
a seipplyAatusk Rierdind A BPBUNRYY fixed sMoliagenansonaminallyspxardemand

frequency, the method comprising the 20 step of supplying the voltage

detEH Sy Sttt sHiETbitage to be achieved at

35. A method of operating a plurality of power converters according to any of
claims 1 to 15 connected to a common supply bus of a supply network providing a
nominally fixed voltage and nominally fixed frequency, the method comprising the
step of supplying the voltage demand signal indicative of the voltage to be achieved at
the network terminals of the filter of each power converter to the second controller of

each power converter from a power management system.

36. A method of operating a propulsion unit comprising a motor that requires
variable voltage at variable frequency and has a stator and rotor, a propeller assembly
including at least one blade rotated by the rotor of the motor, and a power converter
that interfaces the motor to a supply network providing a nominally fixed voltage and
nominally fixed frequency, the power converter comprising:

a first active rectifier/inverter electrically connected to the stator of the motor

and including a plurality of semiconductor power switching devices;
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the network terminals of the filter of each power converter to the second
controller of each power converter from a power management system.

36. A method of operating a propulsion unit comprising a motor that

requires 25 variable voltage at variable frequency and has a stator and

rotor, a propeller assembly including at least one blade rotated by the

rotor of the motor, and a power converter that interfaces the motor to a

supply neFeRRpASUHRECH HIAHINEIIG TRl dtEat B1HITHIth SintRENIgomdigtor power
freguensy: dagipQwer converter comprising: a first active rectifier/inverter
electrically connected to the stator of the motor 30 and including a

plurality ®fSelesinanessidbrersivifthiigidslivedeosiiedmEHarawf éhe second

reglifierfinyaiteniieliding a plurality of semiconductor power switching
devices; a dc link connected between the first active rectifier/inverter and

the secohdiSERrReciciebrRvesehS seennst athvretaeilsstinuaiternd the supply

seeansrRAterRGtifierimyertRtehak RensHBRY network, the filter including
network terminals; a first controller for the first active rectifier/inverter; and

a second HEHirOMEOHs dns Qisdirst astived seldtifE Rt tertdherein in

responsg {edmandfolnHerdasisech i usti o Foaipranuiziapunit the 10
method comprising the steps of: controlling the second active

rectifier/POSTEE tB TBAGY (R VRIS PoWe AHHBGHEYHSHES threRienRion unit the

sugdtibatctiepiciigkioliage @hanges from a desired level; and controlling
the first active rectifier/inverter to export sufficient current from 15 the dc

link throGGRTARIRgsthechter R RRRYArSHEFIOTHE RS R i mas e theehiof power
linkhpepttadmde dhedesinedueyehaniaabiayr thetgesieshRiUFom% desired level;

and
controlling the first active rectifier/inverter to export sufficient current from
the dc link through the first active rectifier/inverter to the motor to restore the dc link

voltage to the desired level and achieve the desired thrust.
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