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(57) Abstract: A power distribution system (30) having one or more phases is described. The power distribution system (30) has a
power converter (46) with a plurality of semiconductor switching devices per phase, a PWM controller (52), and a current limitation
controller (58). The current limitation controller (58) is adapted, at least when a short-circuit fault is detected, to calculate the differ -
ence between a measured current (la, Ib, Ic) for each phase and a reference current (Ia_max, Ib_max, Ic_max) for the corresponding
phase. If the calculated difference is located outside a predetermined current range centred about the reference current (Ia_max,
Ib_max, Ic_max) for the corresponding phase, the current limitation controller (58) will allow the semiconductor switching devices
of the corresponding phase to be turned on and off by the PWM controller (52). Otherwise, if the calculated difference is located in -
side the predetermined current range, the current limitation controller (58) will control the semiconductor switching devices for the
corresponding phase to be turned off irrespective of the PWM control strategy applied by the PWM controller (58).
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Technical Figld

The present invention relates to power distributions systenss, and in particular to marine

power distribution systems or marine power distribution and propulsion systems. The
term “marine vessels’ is mtended fo include ships, drilling rigs and any other

surface-going vessels or platforms or submersible (submarine) vessels,

Marine power distribution and propulsion systerns are well known,  In & typical
arrangement a series of power converters are used to interface 3 main ac bus to a series
of loads which can be eleciric motors, e.g., propulsion motors or thrusters. Other loads
can b connected directly 1o the main ac bus or connected to an auxiliary ac bus which
is in turn cormected to the main ac bus by means of g transformer. The ac buss typieaily

operate at different voltages, e.g., 80VAC and 440VAL,

Fach sower converter can have an ‘gotive front end’ (AFE} converter with g supply-side
sotive rectifier/inverter {or 'front end’ bridge) having a¢ terminals connected to the main
ac bus and 8 lead-side active rectifier/inverter connecied Yo the load. The do output of
the supply-side active rectifier/inverter is connected o the do input of the load-side
active rectifier/inverter by 2 doe Hnk,  In normasl operation, the supply-side active
rectifier/inverter will operate as an active rectifier to supply power to the do link and
the load-side active rectifier/inverter will operate a5 an inverter to supply power to the

fond.
Each active rectifier/inverter will typically have & conventional topology.

A prime mover (8.8, a dizss! sngine or turbing) is comnected to Individual generators

which supply power to the main 3¢ bus,
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The muain ac bus can be sguipped with profective switchgear with ciroult breskers and

associated controls.

The marine propulsion system will typically include a first {or port} ac bus and a second
{or starboard) ac bus that are interconnected by a bus tie. Some merine propulsion
systems use & plurality of ac bus sections or groups interconnected by a plurality of bus

ties to improve power availability.

In one srrangement, shown in Figure 1, the marine propulsion system 1 inclodes a
power take-infpower tskewout (PTUPTOY hybrid drive sysiem 2. The hybrid drive
svstem 2 includes an electrical machine 4 and 8 diesel engine 6. The electrical machine
4 can be a synchronous machine or an asynchronous machine such as an induction
machine. The rotor of the electrical machine 4 and the driving end of the diesel engine
¢ are mechanically coupled for example through a clutch and gearbox § and are used to
drive a propulsion thruster 10, for example. The electrical machine 4 is connecied to
the main ac bus 12 by means of an AFE converter 14 with & supphv-side active
rectifier/inverter 16 baving sc terminals connected o the main sc bys and a machine-
side active rectifier/inverter 18 connected to the clectrical machine. The de output of
the supply-side active rectifier/inverter 16 is connected o the de input of the machine-
side active rectifier/inverter 18 by a de link 20. During a PTI mode, the electrical
machine 4 is operated as 2 motor and is used to drive the propulsion thruster, Power is
supplied to the slecirical machine 4 from the main ac bus 12 through the AFE converter
14 with the supply-side active rectifier/inverter 16 being operated as an active rectifier
and the machine-side active rectifier/inverter 18 being operated as an joverter. During
3 PTO mode, the elecirical machine 4 is operated as 8 generator with the rotor of the
clectrical machine being driven by the diesel engine 6. Power i3 supplied from the
electrical machine 4 to the main ac bus 12 through the AFE converter 14 with the
maching-side active rectifierfinverter 18 being operated as an active rectifier and the

supply-side sctive rectifier/inverter 16 belng operated as an inverter.
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IMess] generstors 22, 74 supply powsr to the main ac bus 12, In some stiuations, the
hvbrid deive system 2 can be used as the only power source for the marine propulsion
system 1 during & normal operating mode. For example, the diesel generators 22, 24
can be turned off to reduce fuel costs or to try and minimise harmful emissions emitted
the dissel engines. In other situations, the hybrid drive system 2 can be the sole power
soures for the marine propulsion systom | because the diesel gonerators 22, 24 are non-
operational for any reason, £.¢., 45 g result of an electric power blackout. In this case,
the hybrid drive system 2 might nesd to recover the main ac bus 12 by supplying power
to the main sc bus through the AFE converter 14, In other words, the electrical machine
4 will be driven by the diesel engine 6 and operated as 3 generator for recovery

jubycacioch

In a situation where the hybrid drive system 2 is the sole power sowree for the marine
propulsion system 1, and a short-cireuit fault ocours at 8 certain load branch of the
marine propulsion system 1, the hybrid deive system 2 must operate without ripping to
avoid an entire power blackout. To ensure that the circuit breaker associated with the
load branch that is experiencing the short-cirenit fanlt is abde to properly discriminate
and disconnect the faulty load branch from the remainder of the marine propulsion
system 1, the AFE converter 14 needs to provide s certain amount of overcurrent for a
certain period of thme to enable selective fault discrimination. The AFE converter 14
maast also be capable of opersting without tripping or failing due to thermal overoad.
in particular, one or both of the supply-side active rectifier/inverter 16 and the machine-
side active rectifierfinverter 18 may need to provide overcurrent and perhaps at 8 level

that is determined by the X/R ratio during the short-civouit fault.

e way of limiting feolt current o such situstions is to use reactors or ansformers.
However, this is a passive strategy and is highly dependent upon the impedance of the
reaciors or fransformers. The passive impedance is able to Hmit the amplitude of the
faukt current, but cannot eliminate the imbalance caused by individual phase fault
currents and any do offset between individual phase and multi-phase fault curvents.

frnbalanced fault currends can lead to system insisbilities, additional negative sequence
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voltages and corrents, increased therma! siress on the system components sic. The do
oifset can cause wound magnetic components {2.g., in the transformers) to saturate and
consequently lead to cascaded system failurss. A passive strategy has other drawbacks
such as high cost, large physical size and mass, additional voltage drops and high

standby losses.

The present invention proposes an alternative method of current limitation which
avoids faplt current imbslances and de offkets and does not need additional passive

hardware compongats i the system.

The present invention provides a power distribution system {e.g., 8 marine powsr
distribution system or & marine power distribution and propulsion system) having one
or more phases, the power distribution system comprising a powsr converter with a
plurslity of senuconductor switching dovices per phasge, a pulse width modulation
{PWMM) controller, and a current limitation controller adapted, at least when a short-
circuit fault is detected, to:

calenlate the difference between 8 measured curvent for each phase and a
reference current for the corresponding phase; and

it the caleulated difference is locsted outside a predetermined current range
{e.g., the proportional band of an on~off controller forming part of the current limitation
controller) centred about the reference current for the corresponding phase, aliow the
semiconducior switching devicss of the corresponding phase to be turned on and off by
the PWM controller, .8., on the basis of a FWM control sixategy;

if the calculated difference is located inside the predetermined current range,
control the semiconductor switching devices for the corresponding phase to be trned

off or inhibited,

When the ealculated difference is located inside the predetermined ouwrvent rangs, the

FWM control sirategy for the corresponding phase is effectively overridden by the
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wurrent limitstion controller and the semiconductor switching devices are turned off or

inhibited to provide current limitation.

In one arrangement, the PWM controller can generaie a frst signal per phase having a
first value {e.g., a high vahwie} indicating that the semiconductor switching devices for
the corresponding phase should be turned on and 2 second value {e.g., a low value)
indicating that the semiconductor switching device for the corresponding phase should
be tumed off or inhibifed. As used herein, 2 high value might be "1" and 2 low value

might be "0", for example.

The current limitation controller can be further adapted o generate a second signal per
phase having a first value {e.g. & high value} indicating that the semiconductor
switching devices for the corresponding phase can be twned on if the calculated
difference is located outside the predetermined current range or 8 sscond valve {e.g., a
jow value) indicating that the semiconductor switching devices for the comresponding
phase should be turned off or inhibited if the calculated difference is located inside 2
predetermined current range. The current Hmitation controller can be further adapted
to use the first and second signals o gensrate o third signal per phase having a first
value {e.g., 8 high value} indicating that the semiconductor switching devices for the
gorresponding phase should be tumed on and 8 second value {e.g. a low vehug)
indicating that the semiconductor switching devices for the correaponding phase should

be turmned off or inhibited.

The current Hmitation controller can generste each third signal by applying a logical
conjunction to the corresponding first and second signals. Each third signal can have
the first value if both the corresponding first and second signals have the first value and
otherwise the third signal can have the second value, Put another way, each third signal
can have the second value ift

the corresponding second signal has the first value and the corresponding fiest

signal has the second value; or
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if the comresponding second signal has the second value and the corresponding

fivst signal has the first or second value.

When a second signal has the first value, the corresponding third signal is effectively
controlied by the corresponding first signal, Le., the phase output of the current
iimitation controller is determined by the comesponding phase output of the PWM
controller. This is because the caloulated difference between the measured current and
the reference current for the corresponding phase is located outside the predetermined
current range so the semiconductor switching devices for the corresponding phase can
be turned on and off according to a PWM control sirategy in the same way as they
would when the power distribution system is operating nornally. Put another way,
when 2 second signal bas the fivst valoe, the current limitation controller allows the
semiconductor switching devices for the corresponding phase to be tuned on and off

by the PWM controller on the basis of the corresponding first signal.

When a second signal has the second value, the corresponding third signal will always
have the second value because the caloulated difference between the measured current
and the reference curremt for the corresponding phase s located inside the
pradetermined current range.  The semiconductor switching devices for the
corresponding phase are tumned off or inhibited even if the first signal has the first value

and the normal PWM control strategy is overridden by the current Himidtation controlier.

The logical conjunction can be summarised by the following table:
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The individus] semiconductor swiiching devices of the power converter can be tumned
on and off by gate control in a conventional manner, e.g., by gate drivers operated under
the control of an appropriate command signal. In one srrangement, cach first signal
generated by the PWM controlier can be used to control the semiconductor switching
devices for the comesponding phase to be trned on and off during normal operation of
the power distribution sysiem and each third signs! generated by the current linitation
controller can be used to control the semiconductor switching devices for the
corresponding phase to be turned on and off when a shorb-cirenit fault is detected. Bach
first signal and cach thivd signal can be provided in parailel w a control selector which
selects between the first and third signals depending on the opersting condition of the
power distribution systom snd which provides the selected signal to the gate drivers as
& fourth signal (or command signal} per phase having a first value (s.2., 8 high value)
indicating that the semiconductor switching devices for the corresponding phase should
be turned on and a scoond value {e.g., 2 low value) indicating that the semuconductor
swiiching devices for the corresponding phase should be turned off or inhibited. The
current limitation controller can be operated continuously or operated only when g
short-circuit fault has been detected, e.g., by & fault detection systern that can form part
of the power distribution system and detects a fault i a measwred cwrrent exceeds a

predetermined threshold, Other ways of detecting a short-cireuit fault can also be uzed.

In snother arrangement, the control selector can be omitted and each third signal
generated by the current limitation controlier can be provided to the gate drivers as a
command signal and used to control the semiconductor switching devices for the
corresponding phase to be turned on and off during normal operstion of the powsr
distribution system and when a short-cireuit fault is detected. In thiz arrangement, the
first signal generated by the FWM controller is provided only to the current Himitation

eomtrolier,

The power distribution system can further include an electrical machine. The elecirical
machine can be slectrically connected to an ac bus of the power distribution system by

the power converter. The elecirical machine can be of any suitable type or construction.
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In one arrangemvent, the electrical machineg can be a synchronous machine or an

induction {or agynchronous) machine,

The slectrical machine can form part of a hybrid drive system further comprising 2
primee mover, the rotor of the electrical machine and the driving end of the prime mover
being mechanically coupled to & load, e.g., by means of 2 mechanical linkage suchas a
gearbox, The hybrid drive svetem can use any suitsble prime mover, e.g., 8 disssl
engine or turbine. The power distribution system as described herein can be a maring
power distribution system or 2 marine power distribution and propulsion system, for
example. In this case, the hybrid drive sysiem can be used to drive a propeller or

prepulsion thruster,

In one arrangement, the power converter can be an active rectifier/inverter {or sapply
bridge) having ac input terminals electrically connected to an ac bus, and de output
terninals. Such a power converter can typically be operated as an sctive rectifier when
power is supplied from the ac bus to the slecirical machine, e.g., when the electricsl
muachine of 3 bybrid drive system is operating as a motor during & PTI mode, and as an
inverter when power is supplied from the electrical machine to the ac bus, e.g., when
the slectrival machine of a hybrid drive system is operating as 8 generator during a PTO
mode, The power distribution system can further include 2 second power converter
which can be an active rectifier/nverter (or machine bridge} having de input terminals
electrically connscted to the do output of the first power converter by a de link, and ac
output terminals olectrically connected to the elecirical machine. Such a sscond power
gonverier can be operated a8 an inverter when powsr is supplied from the ac bus to the
glectrical machine, e.g., when the electrical machine of a hybrid drive svstem is
opersting 23 a motor during a PTI mode, and as an active rectifier when power is
supplied from the slectrival machine to the ac bus, e.g., when the slecirical maching of
a hybrid drive system is operating as a generator during a PTO mode. In another
arrangement, the power converter can be an active rectifier/inverter {or machine bridge)
having ac output terminals electrically connected to the elecivical machine and do input

terminals and where the power disiribution aysiem can further include 2 second power
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comverter which can be an active rectifierfinverter {or supply bridge) having a¢ input
terminals elecirically connected to an ac bus, and do output ferminals electrically

cormecied to the de input of the fivst power converter by a de link.

The first and second power converters can together define an astive front end (AFE)
converier. Only one of the first and second power converters will normally be rated for

the full prospective faull current which leads to significant cost savings.

Fach power converter {or bridge} employed in the power distribution system can have
any suitable topology such as a two-level, three-level or multi-level topology with 2
series of semiconductor switching devices fully controlled and regulated using a pulse
width modulation (FWM) strategy during normal operstion, for example. Any suitable
semiconductor switching devices can be used, e.g., insulated-gate bipolar transistors

(IGBTs).

In one arrangement, sc generators can be electrically connected to the ac bus. The ac
generators can provide power to the ac bus during normal operation of the powsr
distrilaation sysiem and each has an associated prime mover, .g., a8 diesel engine or
turbine. But it will be readily appreciated that in other arrangements the electrical
machine that is connected to the ac bus by the power converter can be the sole provider

of power to the ac bus during both normal and fault conditions.

The electrical machine can be used as a generator o supply power to the sc bus through
the power converter. For exarmnple, in the case of a hybrid drive system, the electrical
machine will be driven by the prizne mover and operated as 3 generster for recovery

PUIpOSSS QU &S & normal POWET SOUICE,

Diuring a short-circuit fault situation, the current Hmitation controller can control the
power converter to provide controlled overcurrent for a cariain period of time to allow
the circuit bresker to properly diseriminste and disconnect the faulty Joad branch. This

can be critical if the electrical machine is the sole power source for the power
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distribution system, ¢.g., if there sre no ac gonerators or the sc generators are non-
operational for any reason. In some cxamples, the controlled overcurrent might be

about 2x the nominal or rated current.

The current limitation controller can include an on-off controller (sometimes referred
to as & hysteresis controller} for each phase with g proportional band that is centred
sbout the reference current for the comresponding phase and which defines the
predetermined corrent range.  Such on-off controllers are fast scling, robust and are
casy to implement. Hach on-off coptroller receives the calcolated difference of the
measured cwrrent snd the reference current for the corresponding phase as an input{e.g.,
as the oniput from a summing node}, and can provide the second signal as an output.
The size of the predetermined current range {or the proportional band of each on-off
controller) determines the ripple current, A narrower current range results in a smaller
ripple current and faster switching and vice versa. The predetormined reference current
and/or the current range for each phase can be dstermined with reference to thermal
analysis of the power converier. For example, the parameters of sach on-off controller
can be selecied o weet the thermal reguirements of the semiconductor switching
devices of the power converter. Other factors that might affect the parameters of each
on-off controller, and which are inputs for the current limitation controfler design
process, include circuit breaker diserimination requirements, and acceptable limits for

voliage drop and distortion during short-ciroult FRT.

The current limitstion controlfer can be bnplemented as software or firmwars, Ror
example. In one grrangement, the surrent lenitation controlier can be implemented as

a field-programmable gate arrsy (FPGA) or similar integrated civouit,

The present invention further provides a short-circuit FRT method for a power
distribution system {e.g., 2 marine power distribution system or a marine power
distribution and propulsion system) having one or more phases, the power distribution
systemn comprising a power converter with a plurality of semiconductor switching

devices per phase, the method comprising the steps of
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calovlating the difference between 3 measursd current for sach phase and s
reference current for the cormesponding phase; and

it the caiculated difference is located outside s predetenmined current range
{e.g., the proportional band of au-off controller forming part of & current limitation
controller) centred about the reference current for the corresponding phase, allowing
the semivonductor switching devices of the corresponding phase to be turned on and
off, e.g., by & PWM countroller on the basis of a PWM control strategy;

if the calculated difference is located inside the predotermined current range,
controlling the semiconductor switching devices for the corresponding phase to be

turned off or inhibited.

if the caleulated difference is located fuside the predetermined cwrent range, the
semteonductor switching deviees for the comresponding phase are controlled fo be
purned off or inhibited regardless of any PWM control strategy applied by the PWM

controller.

Int one arrangement, the method can further comprise the step of penerating a first signal
per phase having a first value {o.g., 8 high value genermied by the FWM controller)
indicating that the semiconductor switching devives for the corresponding phase should
be turmned on and 8 second value {e.g., a low value} indicating thet the semiconductor

switching device for the corresponding phase should be tumed off or inhibited,

The method can further comprise the steps of!

generating a second signal per phase having g first valoe {e.g.. 3 high value)
wmdieating that the semuconductor switehing devices for the corresponding phase can be
tumed on if the calculated difference iz locsted outside a predetermined current range
{e.g., the proportional band of an on-off controller forming part of the current limitation
sontroller) centred about the referencs current for the sorresponding phase or a sseond
value {e.g.. 8 low value} indicating that the semiconductor switching devices for the
porresponding phase should be tumed off or inhibited if the caloulated difference is

located inside 8 predetermined current range; and
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valng the frst and second signals to generate a third signal per phase having a
first value {e.g., 2 high value} indicating thet the semiconducior switching deviges for
the corresponding phase should be wrned on and 8 second value {e.g., 2 low valug)
indicating that the semiconductor switching devices for the corresponding phase should

be turnsd off or inhibited,

The method eliminstes the do offeet between the individual phasge fault currenis that are
present i passive, impedance-based, strategies. The amplitnde of the fault current is
fully controlied and can be adjusted depending on the thermal margin of the
semiconductor swilching devices in the power converter, and other factors mentioned
above such as the discrimination requirements for the circuit breakers, acceptable

voltage drop and distortion eie.

It will be readily sppreciated that msintsining balanced fault curvents provides

improved system stability.

propulsion system with a hybeid drive system;

Figure 2 is a schematic drawing showing part of a marine powsr distribution and
propulsion system with a first current limitation controller according to the present
nvention;

Figure I is 8 schematic drawing showing part of a marine power disiribution and
propulsion system with 2 second awrrent limitation controller according to the present
prvention;

Figure 4 is a schematic drawing showing the current limitstion controller of Figures 2
and 3;

Figure 5 is 2 schematic drawing showing the supply bridge of Figures 2 and 3;

Figure & is a flow disgrare showing the steps of 2 short-eirouit faull ride-through (FRT)

method according fo the present invention;
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Figure 7 is a faull current wavelorm produced by the shorbcirenit FRT method
aceording to the present mvention; and
Figure B is & fault current waveform produced using 3 known passive, impedance-

based, method.

With reference fo Figure 2, & maving power distribution and propulsion system 30
according o the present invention Inchudes a FTUPTO hybrid drive system 32, The
hybrid drive system 32 includes an clecirical machine 34 and a diesel enging 36, The
rotor of the clecirical machine 34 and the driving end of the diesel engine 36 are
mechanically coupled through a cloich and 2 gearbox 38 and are used to drive a

propulsion thruster 48, for examples.

The electrical machine 34 is connected fo 2 main sc bus 42 by means of an AFE
conwerter 44 with a supply bridge 46 having ac ierminals connected o the main ac bus
by means of & line reactor and 3 machine bridge 48 connected o the terminals of the
slectrical machine. The de ouiput of the supply bridge 46 is connected to the de input

of the machine bridge 48 by a de link 58 with one or more capacitors,

Dhegel generators {not shown) supply power to the main ac bus 42.

A PWM controller 32 for the supply bridge 46 includes a vector conidroller 54 that
receives measured phase cwrrents for each phase "a", "b" and "¢ from cuwrrent sensors
{not shown) and 2 messured phese angle 8, The measured phase currents are labelled
ia, Tb and fc. The vector controller 54 uses the measured phase currents Ja, b and To
and the measured phase angle 8§ to detormine reference phase signals Va ref, Vb ref
and Vo _ref which are provided o 8 PWM penerator 56, It will be readily understoond
that in practice the AFE converter 44 can have any suitable number of phases and tha
the PWH controller 52 and the corrent limitation coniroller 58 described below can be

adapied accordingly.
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The PWH gencrator 56 uses the reference phase signals Va ref, Vb refand Ve refto
generate first signals for cach phase "a", "b" and "¢". The first signals are labelled
¥a PWM normal, Vb PWM pormal and Ve PWM normal and cach has g high value
{e.g., "1} indicating that the semiconductor switching devices of the corresponding
phase of the supply bridge 46 should be turped on or a low value {e.g, "0"} indicating
that the semiconductor switching devices of the corresponding phase should be turmed
off or inhibited. The first signsls Ve PWM noreal, Vb PWM normal and
Yo PWM normal generated by the PWM generator 36 for phases "a", "b" and "¢" are
provided to a current Iimitation controller 58 and to a control selector 80 as shown in

Figure 2,

The current Hmitation controlier 58 alzo receives the measured phase currents I, Ib and
e and reference phase currents Ia_max, b _max and kk_max. The reference phase
currents fa_max, Ib max and le_max are predetermined fixed values and set the Umited
gvercurrert for short-circuit fault ride-through (FRT) control. Suitable semiconductor
awitching devices of the sapply bridge (e.g., IGRTs) can typically be operated af about
2% rated current for about 10 seconds, The fixed values for the reference phase currents
fa_max, Ib_max and Jo_max might therefore be set at about 2x rated cwrrent of the

respective semiconductor switching devices, for example.

The current limitation controlier 58 is shown in more detall in Figure 4 and includes an
an-off controller 624, 628 and 62C for sach phase. The magnitude of each measured
phase current Ia, Ib and kb s determined and is summed with the corresponding
reference phase cumrent Tamee, Tv mex and Ie max using s summing node. The
caloulated difference betwesn each messured phese current and the corresponding
reference phage current iz provided to each on-off controller 624, 62B and 82C as an
inpot, In partioodar, the messured phase cuwrrent Is for phase "3" is summed with the
reference phase current Ia_msx for phase "2" and the caleuiated difference is provided
to the first oneoff controller 624, the measured phase current Ib for phase "b" is suramed
with the referenece phase current Ib_max for phase "b” and the calenlated difference ia

provided to the second oneoff controller 628, and the measured phase current k for
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phase "¢” is summed with the reference phase current e max for phase "¢” and the

calculated difference is provided to the third on-off controdler 620,

Each on-off controller 624, 628 and 620 has a proportional band centred on the
corresponding reference phase current Iz max, b max and kb max. For example, the
proportional band can be about £5% the corresponding reforence phase current. This
would reguire sbout Ix the normal switching fequency {e.g. § kHe) during fauh
Hmitation control and give about 15% total harmonis distortion {THD). I the input is
inside the proportiona! band, the ocutput of the op-off controller 424, 6B and 62C is
"3 atherwise the output of the on-off coniroller is *1%. The output of each on~-off
controller 624, 628 and 62C is a seoond signal. Each second signal therefore has a
high value (Lo, "1™) indicsting that the semiconducior swiiching devices of the
sorresponding phase of the supply bridge 46 can be tuwmed on and off because the nput
is outside the proportional band and current Hmitation does not need to be applied or a
fow value (e, 0"} indicating that the semiconductor switching devices of the
corresponding phase should be turned off or inhibited because the inpuwt is inside the

proportional band and current Bmitation needs to be applied.

The current limitation controlier 58 also includes a logic controller 64A, 648 and 64C
for each phase. The first and second signals for each phase are provided to the logic
controtlers 644, 648 and 64C as inputs. In particular, the first signal Va PWM_normal
generated by the PWM gencrator 56 for phase "a" and the output of the first onvoff
controller 624 are provided to the first logic controller 644 as inputs, the sgcond signal
¥ PWM normal generated by the PWM generator for phase "h" and the output of the
second on-off controller 428 are provided o the second logic controller 6418 as inputs,
and the frat signel Vo PWM_sormal generated by the PWM generator for phass "¢
and the output of the third on-off comirolier 62C are provided to the logic controlier
S54C as mputs. The logie controllers 644, 648 and 840 provide logical conjunction
{e.g., carry out an AND fupction) on the first and second signale and output 8 thind

signal based on the following table:
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The third signals are labelled Va PWM FRT, Vb PWM _FRT and V¢ PWM FRT
and each hag a high value (i.e., "1} indicating that the semiconducior swiiching devices
of the corresponding phase of the supply bridge 46 should be turned on or a low value
{i.e.., "0} indicating that the somivonductor switching devices of the corresponding
phase should be turned off or inhibited. Whether cach third signal Va PWM FRT,
¥b PWM FRTand Ve PWM _FRT for phases "a", "b" and “"¢” has a high or low value
is determined by the logical conjunction. For example, if the input to the first on-off
controller 62A is outside the proportional band such that the second signal for phase
"g" has a high value and the first signal Va PWM normal generated by the PWM
generator 56 for phase "a" also has a high value, the third signal Va_ PWM_FRT that iz
genersted by the current limitation controller 58 for phase "a" will have a high value.
If the input to the first on-off controller 62A iz putside the proportional band such that
the second signal for phase "a" has a high value and the first signal Vo PWM normal
generated by the PWM generator 56 for phase "a" has a low value, the third signal
Va PWM FRT that i5 generated by the current Hmitation controlier 58 for phase "a"
will have a low value, The value of the thivd signal Va_PWM_FRT for phase "a" will
effectively be determined by the value of the first signal Va PWM_normal for phase
"a" if the second signal for phase "a” has a bigh value because the lnput to the first on-
off controlier 624 is outaide the proportional band., But if the input 1o the first on-off
controller 624 is inside the proportional band such that the second signal for phase "3"
has a low value and the first signal Va_ PWM _normal generated by the PWM generator
56 for phase "a" has a high value or 8 low value, the third signal Va_ PWM _FRT that is
generated by the current limitation controller 58 for phase "2" will have a low value. R

will be readily apprecisted that the high value of the frst signal Va PWM_normal
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genersted by the PWMM generator 56 for phase "a" can be effectively overridden by the
current Hmitation controller 38 if the input to the first on-off controller 824 is ingide
the proportional band. The seme Is trus for first signals ¥b PWM normsl and

‘v PWM normal genersted by the PWM generator 56 for phases "b” and "¢" if the
input to the second and thivd on-off controllers 828 and 62C is inside the proportionsd

hand.

With reference to Figures 2 and §, the control selector 60 provides fourth signals {or
command signals} to conirol the semdconductor switching devices 81 to 56 of the
supply bridge 46 to turn on and off, .5, by conventional gate control using gate drivers
{not shown). The fourth sigoals are labelled Va PWM, Vb PWM and Ve PWM and
gach hag a high value (e, "1} indicating that the semiconductor switching devices of
the corresponding phase of the supply bridge 46 should be turned on or a low value
{i.e., "0"} indicating that the somiconductor switching devices of the cormesponding

phase should be turned off or inhibited.

Durng normal operation of the marine powsr distribution and propulsion system 30,
the condrol selector 60 recedves the firgl signals Va_PWM normal, Vb PWM_normal
and Yo PWA normal from the FWM generator 56 and provides them 1o the supply
bridge 46 as the fourth signals Ve PWM, Vb_PWM and Ve _PWMM for phasges "a", "b"
and "¢". In other words, the fourth signals Va PWM, Vb PWM and Vo PWM ace
identical to  the first signals Va PWM permal, Vb PWM normsl  and
Ve PWM normal when the marine power disiribution snd propulsion system 30 15
operating normally. Each fourth signel Va PWM, Vb_PWM and Vo _PWM has a high
value when the corresponding first signal Va PWM normal, Vb PWM normal and
Ve PWM normal has a high value and each fourth signal has a low value when the
corresponding first signal has a low value, The semiconductor switching devicss 81 to
56 of the supply bridge 46 arc therefore effectively controlled to furn on and turmn off
according to a PWM control strategy that is applied by the PWM controller 53
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The control sclector 60 can also receive the third signals Va PWM FRT,
Vb PWM FRT and Ve PWM FRT from the cwrrent limitation controller 38 during
sormal operation but they sre not provided to the supply bridge 46. In another
arrangement, the conirod selector 64 will only receive the third signals Va PWM _FRT,
Vb PWM FRT and Ve PWM FRT from the current limilation confroller 58 when a

short-cirenit fault has been detected,

If a short-circuit faulkt is delected, the control selector 60 roceives the third signals
Ya PWM FRT, Vh PWM FRT and Ve PWM_FRT from the corvent Hmilation
vontroller 58 and provides them to the supply bridge 46 as the fourth signals Va_PFWM,
Yh PWh and Ve PWM for phases "a", "b" and “¢", In other words, the fourth signals
Va PWM, Vb_PWM and Vo_PWM are identical to the third signals Va_PWM_FRT,
¥b PWM FRT and Vo PWM _FRT when the marine power distribution and
propulsion system 30 has a short-circuit fault and short-circuit FRT is needed. Each
fourth signal Va PWHM, Vb PWM and Vo PWM has 3 high value when the
corresponding thivd signal Va PWM FRT, Vb PWM FRT and Ve PWM FRThasea
high value and each fourth signal bas 8 low value when the corresponding third signal
hag 8 low valuie, The semiconductor switching devices 51 to 86 of the supply bridge
46 are therefore effectively controlied to turn on and turn off according to a modified
{or short-cireuit FRT) PWM control strategy that is applied by the current limitation

controller 58,

The control selector 60 can select between the first sigoals Va PWM normal,
¥ PWM normsl and Ve PWM_normal penerated by the PWM generator 56 and the
third signals ¥Ya PWM FRT, Vb FWM FRT and Vo FWM FRT generated by the
current livaitation controller 38 on the basis of a status signal for the marine power
distribution and propulsion system 30, In one arrangement, the current limitation
controller 58 is only enabled in response o the short-circuit fault detection and will
then stert to provide the third signals Va PWM FRT, Vb PWM FRT and
Yo FWM FRT fo the control selector 6.



WO 2017/009608 PCT/GB2016/052056

10

15

20

25

30

1%

As desoribed above, if the caloulated difference between the measured phase current Ig
for phass "a" and the comesponding reforence phase current Ja_max for phase "a" is
inside the proportional band of the first on-off controller 63A, the first signael
Va PWM normal generated by the PWM geoerator 56 for phase "s" is effectively
overridden by the current lmitation controller 58 because the corresponding third signal
Ve PWM FRT (and benee the corresponding fourth signal Ve PWM provided by the
control selector 60 to the supply bridge 46} is always a low value and the semivonductor
switching devices 81 and 82 of phase "a" are controlied to tum off or inhibiied. Bt will
Be readily apprecisted that the corresponding third signal Va PWM FRT generated by
the current limitation controlier 38 for phase "a" always has a low value irrespective of
whether or not the frst gignal Va PWM_ nores] gensvated by the PWM genemator 56
for phase "a" has 3 high value or 8 low value. This is because the second signal for
phase "a" that is ovtput by the first on-off controller 62A has g low value so the logieal
conjunction of the frst and second signals for phasge "a" will always provide a low value

for the third signal Va PWA_FRT.

On the other hand, if the calculated differonce between the messured phase current Ia
for phase "s" and the corresponding reference phase current la_max for phase "a" is
outside the proportional band of the first on-off controller 624, the first signal
Va PWM normal generated by the PWM generstor 38 for phase "a" i3 not overridden
by the current Hmitetion controller 58. This is because the corresponding third signal
Yz PWM FRT {and hence the corvesponding fourth signal Va PWM provided by the
control selector 68 to the supply bridge 46) will bave a high value when the frst signal
Ve PWM pormal generated by the PWM gensrator 56 for phase "s" has 2 high value
and & low value when the first signal Va_PWM_norroal for phase "a” has a low value,
Se the semiconductor swilching deviees 51 and 82 of phase "a" are controlled o tum
on or controlled fo twen off or inhibited according to whether the first signal
Ya PWM normal gonerated by the PWM genorator 56 for phase "a" has 9 high value
or a low valug, respectively. The second signal that is ocutput by the fivsl oneoff
gontroller 624 has a high value so the logical conjunction of the first and sscond signals

for phase "a" will provide a high value for the thivd signsl Va_PWM_FRT if the first
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signal Ya PWM normal generatsd by the PWM generator 56 for phase "a" has a high
value and a low value for the third signal Ve PWM FRT if the first sigosl

Va PWM normal has g low value, The same is ¢roe for phases "b" and 2",

The on-off controllers 624, 62B and 62C operate in parallel and provide separate
ouiputs that depend on the measured phase currents Ia, Ib and Ie for phases "s%, "b" and

"c" at the prevailing time.

The size of the proportional band of each on-off controller 624, 828 and 62C and the
veference phase currents Iz max, Th max and o_mex can be determined in sccordance
with thermal analysis of the supply bridge 46, and in perticular the semiconductor

switching devices 81 to 86,

In the event of a short-cirenit fault, the electrical machine 34 of the hybrid drive system
38 can be driven by the dicsel engine 36 and used ag 3 generator o supply power to the
ac bus through the AFE converter 44. The machine bridge 48 will be operated as an
active rectifier and the supply bridge 46 will be operated as an inverter with the
semiconductor switching devices S1 to 86 being turned on and off under the effective
gontrol of the current Hmitstion controller 38 to provide shorb-cirenit FRT on the basis
of the modified PWM control strategy. The current Hmitation controller 58 allows the
AFE converter 44 to provide controlled overcurrent for a certain period of time fo allow

the circuit breaker to properly discriminate and disconnect the faulty load branch.

The steps of the short-cireuit FRT method are shown in Figure 6. If there is no short-
circult fault (i.e., if 8 measured current s not over a predetermined Hmit or threshold},
the semiconductor switching devices 81 to 86 of the supply bridge 46 are turned on and
off according to a suitable PWM control strategy determined by the PWM controlier
52 on the basiz of the fourth sigoals Va PWM, Vb PWM and Ve PWM for phases
"2, *b" and "o" provided by the control selector 60 and which are identical to the first

signals Va PWHM normgl, Vb PWM normal and Ve PWM_pormal generated by the
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PWHM generator 36, The AFE converter 44 can be operated in either PTO or PTImode
with the supply bridge 46 being controlled accordingly.

If a short-cirouit fanlt is detected, the semiconductor switching deviess 81 10 56 of'the
supply bridge 46 are turned on and off under the controd of the current limitation
comiroller 58 to provide overcurrent until the fault has been cleared by the circult
breaker. More particudarly, the semiconductor switching devices 81 to 86 of the supply
bridge 46 are turned on and off according o a madified PWM control strategy on the
basis of the fourth signals Va PWM, Vb PWM and Ve PWM for phases "a", "b" and
"¢® provided by the control selector 60 and which are identical to the third signals
Ya PWM FRT, Vb PWM FRT and Yo PWM FRT generated by the cwrent
Himitation controller S8 Current Hmitation controd is applied until the short-cireuit
fankt has been cleared by the circuit bresker, sfier which normsl current conrol ia

respmned,

Figure 7 shows a short-gircnit faolt current waveform produced by the short-clrouit FRT

method according to the present invention.

This can be contrasted with Figure § which shows a short-cireuit fault curvent waveform
produced by a passive, impedance-based, methed. It can be sesn that the waveform of
Figure 8 has significant de offsets between the individual phase fault curvents which

gre not present in the waveform of Figure 7.

Figure 3 shows an alternative current limitation controller 66, The overall arrengement
shown in Figure 3 is similar to that shown in Figure 2 and like parts have been given

the same reforencs sign and operate as desoribed above.

The control selector 68 shown in Figure 2 has been omitted and the fiest signals
Va PWM normal, Vb PWM normal and Ve FWM_normal generated by the PWM
generator S& for phases "a", "b" and "¢" are only provided to the current Himitation

coniroiier 66, The third signals are penerated by the current lmitation controller 66 m
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exactly the same way as desoribed above but are provided directly to the supply bridge
46 as command signals and are now labelled Va_ PWHM, Vb PWMand Vo PWM. The
current bmitation comiroller 66 operates continvously and there is no pesd to
diseriminate between normal operation of the marine power distribution and propulsion
system 30 and the detection of a short-circuit fault. But like the current Hrnitation
controller 38 shown in Figure 2, the current limitation controller 66 only overrides the
fivst signals Va PWH nonmal, Vb PWM normal and Vo PWM_normal generated by
the PWMM generator 56 for phases "a", "b" and "¢" when the caleulated difference
between the measured phase current Iz, Ib and ko and the corresponding reference phase
current la max, b max snd Jo max is ingide the proportional band of the
corresponding on-off controller 624, 628 and 62¢. During nommal operation, or during
g short-circuit fault but where the calonlated difference between the measured phase
current {a, Ih and Io and the corresponding reference phase current Ia_max, Ib_max and
Ic_max is outside the proportional band of the corresponding on-off controller 624,
62B and 62C, the first signals Va PWM nommal, Vb PWM normal and
Ve PWM normal generated by the PWM gencrator 56 for phases "s", "b" and "¢" are
not overridden by the current limitation controller 66 becsuse the third signals
Va PWM, Vb PWM and Vo PWM will have a high value when the corresponding
first signal Va PWM normal, Vb PWM pormal and Vo PWM normal has a high
value and a low value when the corresponding first signal Va PWM normal,
Yb PWM normal and Vo PWM npormal has 8 fow value, So the semiconductor
switching devices §1 to 86 of the supply bridge 46 are controlled fo turm on or controlled
o tum off or inhibited according to whether the first signals Va PWM normal,

¥b PWM normal and Ve PWM normal have a high value or a low value,

respectively.
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A power distribution system (30} having one or more phases, the power
distribution system {30) comprising & power converler {46} with a phualily of
semiconductor switching devices per phase, a pulse width modulation (FWM)
controlier (82), and g current Hmitation controller (58) adapied, at loast when a short-
eircyit fault s delected, to:

caleuniste the differonce between a measured current for cach phase (Ia, Ib, I¢)
and & reforence current {Ja_max, b max, Io_max) for the comresponding phase; and

if the caloulated difference is localed outside a predetermined current range
centred abowt the referonce current ({a_max, Ib max, Io_max) for the corresponding
phase, allow the semiconductor switching devices of the comresponding phase to be
turned on and off by the PWM contreller {32}

if the caleulated difference is located inside the predetermined current range,
control the semiconductor switching devices for the corresponding phase to be turned

off.

2 A power distribution system (30) according t© claim {, wherein the PWM
controller (52} generates a  fiest  sigosl  per phase (Ve PWM_normal,
Vb PWM normal, Vo PWM normal) havisg a first value indicating that the
semiconductor switching devices for the corresponding phase should be fursed on and
a second value indicating that the semuconductor switching device for the
corresponding phase should be turned off; and

wherein the current limitation controtler {38} is further adapted, at least when a
shori~cirouit fault is detected, to:

generale 3 second signal per phase having a first value indicating that the
semiconducior switching devices for the corresponding phase can be turned on if the
calculated difference is located outside a predetermined current range centred sbout the
reference current {Ja_max, b max, f¢_max) for the comresponding phase or 8 second
value indicating that the semiconducior switching devices for the corresponding phass
should be turned off if the caleulated difference is located inside a predetermined

current range; and
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use the fret and second signels {o generate § third signal (Ve PWM_FRT,
Vb PWM FRT, Vo PWM _FRT; Va PWM, ¥Yb PWM, Vo PWM}) per phase having
a fivst value indicating that the semiconducior switching devices for the corresponding
phase should be turned on and a second value indicating that the semicondustor
switching devices for the corresponding phase should be turned off, the current
fimitation confroller (58 optionally being adapted to generate each third signal
{Va PWM_FRT, ¥b_ PWM_FRT, Ve PWM FRT; Va PWM, Vb _PWM, Vo PWM)

by applying a logical conjunciion to the corresponding first and second signals,

3. A power distribution system (30) sccording to claim 2, wherein cach third signal
{(Va PWH FRT, Vb PWM FRT, Vo PWM FRT: Va PWM, Vb _PWM, Vo PWM)
has the first value if both the corresponding first and sccond signals have the first value

and otherwise the third signal has the second valhee,

4. A power distribution system {30} according to any preceding claim, whergin the
current limitation controller {88} includes an on-off controller (624, 628, 620) for each
phase with a proportional band that is cenfred abowt the reference current (la_max,
Ib_max, lc_mex) for the corresponding phase and which defines the predetermined

currend range,

5. A power disiribution system (30} sccording to claim 4, wherein each on-off
controller {624, 628, 62C} receives the caloulsted difference between the measured
current {Iz, Ib, I} and the reference current (Is_max, Ib max, o _max) for the

corresponding phase as an input, and provides the second signal a8 an sutput,

&. A power distribution systemn (30) according o any preceding claum, further

comprising an glecivical machine (34).

7. A power distribution system (30) according to claim &, wherein the elecirical
machine {34} forms part of 8 hyvbrid drive system (32) further comprising 2 prime mover

{36}, the rotor of the electrical machine (34} and the driving end of the prime mover



WO 2017/009608 PCT/GB2016/052056

10

15

20

28

30

<25

{36} being mechanically coupled to a load (40}, e.z., by means of & mechanical linkage

such as a cluich and/or gearbox (38),

8. A power distribngtion system (30) sccording to clalm 8 or claim 7, further
comprising an ac bus {42) and wherein the electrical machine (34) is clectrically

conmected to the ac bus by the power converler (48).

2. A power distribution system (30) according to claim &, wherein the power
converter (46} has ac input terminals clectrically connected to the ac bus (53) of the

power distribution system, and de outpul terminals

10, A power distribution system (30) according to claim 9, further comprising &
second power converter (48) having de input terminals electrically connected to the de
owutput of the power converier (468} by 8 de Hok (58}, and sc output terminsls electrically

connected to the electrical machine (34},

i1, A powerdistribngion system (30) scoording to any preceding claim, wherein the
reference current {Ia_misx, Ib max, o _max) and/or the current range for each phase
is/are detenmined with reference to design parameters of the power converier andfor the
power distribution svstem.

ig

ey

A shori-cirenit fanlt ride-through (FRT) method for s power distribution system
{30) having one or more phases, the power distribution system (30} comprising 8 powsr
converter {46} with a phurslity of semivonductor switching devices per phase, the
method comprising the steps of

celeulating the differencs betoveen a measured cwrrent {$a, Ib, Io} for cach phase
and & reference current (Ia_max, b max, Io max} for the corresponding phase; and

if the calculsted difference ia located outside a predetermined current range
centred shout the reference cwrrent (Ia_max, Ib max, Io maex) for the corresponding
phase, allowing the semiconducior switching devices of the corresponding phase to be

twurned on and off
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if the caloulated difference is located inside the predetenmined current range,
controiling the semiconductor switching devices for the comresponding phase o be

wrned off

13. A method according to claim 12, further comprizing the steps oft

generating a first signal peor phase (Va PWM nomal, Vb FWM normal,
Ve PWM_sormal) having a frst value indicating that the semiconducior switching
devices for the corresponding phase should be turned on and 2 second value indicating
that the semiconductor switching device for the corresponding phase should be turned
off;

generating a second signal per phase having a first value indicating that the
semiconductor swiiching devices for the corresponding phase can be turned on if the
caloulated difference is located outside the predetermined current range centred abowt
the reference cwrrent (Ja_max, Ib max, Io_max) for the corresponding phase or a
second value indicating that the semiconductor swiiching devices for the corresponding
phase should be trned off i the caloulated difference is locsted inside s predetermined
current range; and

using the first and second signals fo gonerate a third signal per phase
{Va_PWM_FRT, Vb PWM_FRT, Ve PWM_FRT; Va PWM, Vb PWM, Vo PWM)
having 8 fimt value indicating that the semiconductor switching devices for the
corresponding phase should be tumed on and 3 second value indicating that the
semiconductor swilching devices for the corresponding phase should be turned off]
gach third signal (Va PWM_FRT, Vb PWM_FRT, Vo PWM FRT, Va PWM,
Yh PFWM, Ve PWM) optionally being generated by applying a logical conjunction {o

the corrssponding frst and second signals.

4. A method according to claim 12 or claym 13, whereln the power distribution
system (30) further comprises an ac bus (42} electrically connecied {o the power
converier {46}, and the power converter {46} provides controlled overcurrent to the ac

bus {42) until the shor-clrouwit fault is cleared.
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15, A method according fo any of clabms 12 to 14, wherein the reference current

{Ia_max, Ib _max, io_max} andior the surrent range for sach phase is/are determined

with reference to design parameters of the power converier and/or the power

digtribution system.
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