
-1- Power distribution systems  DESCRIPTION  Technical
Field   The present invention relates to a power
distribution system, and in particular to a  "smart'"
power distribution system that can be used for marine
power and propulsion  systems. The power distribution
system enables a marine power and propulsion  system
to achieve maximum power density, efficiency and
stability and facilitates  future technology
insertions by means of a modular approach and standard
interfaces,  Background Art In conventional marine
powe and propulsion systems that employ full electric
propulsion (FEY), fault current magnitude-flute
discrimination is used to enable  protective
switchgear to interrupt over-current faults in
particular su`b-cireuits whilst  Causing the minimum
practical disruption to all other sub-circuits. Such
FEP systems  are said to employ the "power station
principle" where the aim is to adapt the power
generation capacity that is on-line at any particular
time to the total load that is being  drawn at that
time. This has the effect of maximising fuel
efficiency. The  configuration of such PEP systems is
normally automated to some degree by a power
management system with the authority to shed load and
start generators in a  prioritised manner. Alternating
current is distributed through the PEP systems at
medium voltage (MV) to maintain compatibility with
land-based systems. An example of a conventional FEP
system is shown. in Figure 1. A series of turbines  T
and diesel engines D are used to power individual
generators G. These supply ac  power to the FEP system
through a medium voltage (N",) ac busbar system that
is  equipped with protective switchigear. The
protective switchgear comprise circuit  breakers and
associated controls and are represented in Figure 1 by
the x symbol.  Power converters PC are used to
interface the MV ac busbar system to an electric
propulsion motor PM that drives a propeller. Filters F
are also connected to the MV  ac bulbar system. The MY
ac busbar system is divided into a first MV ac'.
busbar and 



-2- a second ac MV busbar that are interconnected by
protective switchgear. A first low  voltage (IN) to
busbar is connected to the first MV ac bulbar through
a first  transformer. A second LV ac busbar is
connected to the second MV ac busbar  through a second
transformer. The first and second L V ac busbars are
interconnected  by protective switchgear. A series of
unspecified large and minor loads can he  connected to
the first and second LV ac busbar,,, respectively. It
will be clear from  Figure I that the minor loads are
connected to the first and second LV ac busbars
through first and second minor IN ac busbars. Six
magnitude-time discrimination levels of the F EP
system are shown along the right  hand side of Figure
1. Protective switchgear is represented by the x
symbol in each of  the discrimination levels. For
example, in discrimination level 6 Protective
switchgear is located between the MV ac busbar and
each of the generators G. In  discrimination level 5
protective switchgear is located between the MV ac
busbar and  each of the filters F and between the NIV
ac busbar and each of the power converters  PC.
Protective switchgear is located between the MV ac
busbar and each of the  transformers that are used to
connect the first and second -MV ac busbars to the
first  and second LV ac busbars, respectively. In
discrimination level 4 protective  switchgear is
located between each of the transformers and the
respective LV ac  busbar. In, discrimination level 3
protective switchgear is located between the firs:
and second IN ac busbars and each of the large loads
and between each of the  respective feeds to the minor
IN ac busbars. In discrimination level 2, further
protective switchgear is located between first and
second LV ac busbars and the  associated parts of the
minor LV ac busbars. in. discrimination level I
protective  switchgear is located between the minor LV
ac busbars and each of the minor loads. A short
circuit in any particular discrimination level of the
FEP system must trip the  associated protective
switchgear in that level but must not cause any other
protective  switchgear to trip. Protective fault
current levels are determined entirely by supply
impedance and the protective switchgear is only able
to interrupt the fault current (i.e.  the current
flowing in the FEP system during a fiualt) well after
the peak fault current 



has passed. The fault. current is therefore normally
only interrupted at, or very shortly  after, line
current reversals. The conventional FE.P system shown
in Figure l has the following technical
disadvantages. The magnitude of the fault current is
influenced by the number and type of generators  C-i
that are on-line on a particular point of common
coupling; the lower the combined  generator impedance
the greater the fault current. Wide variations in
prospective fault  current occur and protection
equipment setting may have to be continuously
adjustable to guarantee fault discrimination. The
magnitude of the fault current is increased as
distribution voltage (i.e. the voltage  carried by the
various ac 1Rusbars in the FLIP system} is reduced. As
the total installed  power rating is increased anti/or
distribution voltage is reduced, the resulting fault
current may exceed the capability of the available
protective switchgear, Medium  voltage power
distribution systems may have to resort to the use of
load step-down  transformers and speciahsed insulation
systems in order to allow a sufficien'tl'y high
distribution voltage to bc, used to overcome
protective switchgear limitations, The characteristics
of the generators C may vary widely in terms of time
dependency  and peak magnitudes of ac and de
components to aid load sharing. (Automatic  Voltage
Regulators (AVRs) are designed to aid load sharing.)
Moreover, these  characteristics are greatly
influenced by the type of prime movers (diesel engine
1] or  turbine T, for example) that is coupled to the
generator and their resultant coupled  governed and
regulated responses may be subject to significant
disparities. When a  group of generators C is
connected to a point of common coupling then
disparities  often become problematic, particularly
during the switching of passive circuit's such  as
filters and transformers and during load transients.
'11ae PEP system is often split into multiple points
of common coupling that are often  referred to as
"islands". All islands may be connected together in
parallel to give a single island arrangement (e.g.
f.'or single engine ninniag) or may be separated to
provide redundancy and graceful degradation of
capability following equipment  failures.
Synchronisation and load transfer between individual
islands is complicated,  



particularly when they have different degrees of
harmonic pollution and when the  disparities mentioned
above are present. Propulsive power is normally drawn
from  the islands in a Propulsion Distribution System
(PDS) and other loads can be fed by  islands in a Ship
Service Distribution System (SSDS) whose power is
usually derived  from the P13S. Protective
discrimination and quality of power supply are usually
related by common hierarchy that extends from the
largest generator 0 down to the  smallest electrical
load. Means must be provided to decouple the
relatively sensitive  SSDS from the potentially
harmful effects of the relative robust power and
propulsion  equipment in the PDS. Critical electrical
loads may require local high integrity power  supplies
of their own with dedicated power conversion and
energy storage equipment  in order to ,attain the
required degree of decoupling from the PDS. These
local power  supplied are often referred to as Zonal
Power Supply Units (ZPSU) and their energy  stores are
often referred to as Zonal Energy Stores (ZEE), Since
the FEP system is an ac system a number of variables
can affect its design.  These include inter aiia
voltage, ftequcnc)c phase angle, power factor, point
in cycle  switching events, phase imbalance, integer
and non-integer harmonic distortion.  Because it is a
complex ac system it is recognised that it is very
difficult to damp the  inevitable resonant modes
between stray and intentional impedances that affect
such a  power distribution system. Once an ac
distribution frequency (i.c, the frequency of  the ac
current carried by the various ac bushars in the F EP
system) has been chosen  then this will greatly
influence the generator topology and ultimately places
limits on  the shaft speed of the prime mover. In many
cases, this will adversely affect the size  and
performance of the generator and the prime mover.
Whilst most conventional FEP systems distribute ac,
current at medium voltage  (MVAC), it is also known to
distribute do current at low voltage (LVDC). Although
these LV DC systems derive their dc current from MYAC
current supplies via current limited power
electronics, they rely on do circuit breakers (DCCB)
to interrupt  significant fault currents. For example,
an SSDS may use phase-controlled tralisfl:trine'r
rectifiers to derive a  LVDC distribution voltage from
a conventional. N.,IVAC distribution system. Parallel



redundant feeders distribute the LVDC distribution
voltage through switchboards that  include fault
current'-rated DCCBs. Each ZPSU is fed from a
redundant pair of these  switchboards via interposing
regulated power electronics and anti-backfeed diodes.
Another SSDS may use transformer-isolated back-to-back
pulse width modulated  (PWM) voltage source inverters
(often referred to as MV/LV link converters) to
derive the LVDC distribution voltage from a
conventional MVAC distribution  system. the LVDC is
distributed using a ring main to provide redundancy
then via  fault current rated DCCBs to ZPSUs and other
electrical loads. Unlike in a conventional ac- current
distribution system, a de current distribution  system
will not experience regular current line reversals.
The DCCBs must therefore  interrupt fault current by
electromechanically causing contacts to open, thereby
causing are voltage to he generated between the
contacts. 'I'lie arc voltage opposes a  system voltage
that is the suns of the power supply voltage source
that causes the fault  current to flow and the
inductively generated voltage that opposes any
reduction in  the fault current. 'This allows the are
voltage' to reduce the fault current and eventually
completely interrupt it. AN the fault current
approaches final interruption, the arc  voltage will
experience a transient increase that is known to
stress components that.  are connected to the SSDS
arid which generates electromagnetic interference
(EMI).  't'his component stress is exacerbated by the
summation of the DCCB transient are  voltage and the
recovery of the SSDS distribution voltage that results
from the  interruption of the fault current that flows
in the power supply voltage source. It is  known to
apply surge. arresters and snubbers to such power
distribution systems to  reduce the transient arc,
voltages and EMI. It is also known to use hybrid DCC;
I3s that use a series connected combination of  power
electronic switching devices and electromagnetically
actuated electrical  contacts such that the power
electronic switching devices rapidly switch off, a
surge  arrester and snubber moderate the, resultant
voltage transient and the electrical  contacts are
opened following the interruption of the fault
current. Linear regulator de power supply units use a
technique called " fbldhack" to limit  regulator power
device dissipation during short circuit load
conditions. A foldback  



system: typically comprises an output current. baiting
re ulator whose reference is  output
voltazle-dependant. If load impedance drops below a
particular threshold, the  initial action of the
current limiting regulator is to cause the output
voltage to reduce,  followed by a regenerative action
that serves to limit the output current and voltage to
suitable low levels and limit regulator power device
dissipation. Summary of the hlycntion The present
invention provides a power distribution system
comprising: a first power generation system including
at least one power source for  supplying power to a
first service distribution system that includes: at
least one do distribution busbar for carrying a
distribution voltage  and a distribution current, and
at least one switchboard that. includes protective
switehgear with  contacts; a zonal power distribution
sub-system including: a zonal power supply unit for
supplying power to at least one electrical  load, and
a zonal energy store connected to the at least one
switchboard of the  first service distribution system
for supplying; power to the zonal power  supply unit;
wherein the at least one power source is regulated
according to a power source  foidback and stabilising
cbaraGteristi.c and a power source starting
characteristic, and  wherein the at least one
electrical load is regulated according to a load
shedding and  stabilising characteristic; _7- wherein
the contacts of the protective switchgear are made to
open only when the distribution voltage and the
distribution current have been reduced to acceptable
levels by the interaction of the power source foidback
and stabilising characteristic  with one of (a) a
fault that causes an excessively low impedance to be
connected  across the distribution voltage, (b) an
overriding inter-tripping command that is
automatically generated within the power distribution
system. (c) an overriding inter- 



trippinu command that is manually generated within the
power distribution system,  and (d) an overriding
inter-tripping command that is generated remotely; and
wherein the contacts of the protective switchgear are
made to close only when  the polarity of the voltage
across the contacts is such that any transient or
inrush  currents will be restricted by one of (a) the
power source fhidhack and stabilising  characteristic
and the power source starting sequence, and (b) the
load shedding and  stabilising characteristic. In
general terms, the power distribution system includes
at least one power source whose output current is
rectified or naturally produces do current. The output
current  is preferably Limited by fast acting means
(such as a power cs)nverter, for example)  according_o
the power source foldback and stabilising
characteristic that initially  causes maximum
prospective fault current to be much larger than for a
conventional  impedance-limited case, and that
subsequently causes the output current to be
commutated in a coordinated action. The power source
foldback and stabilising  characteristic also
facilitates current sharing between parallel-connected
power  sources by incorporating a steady state droop
component. Moreover, the power  source foldbaek and
stabilising characteristic also facilitates the
stabilisation of the  distribution voltage by
incorporating an appropriate transient response that
is  superimposed on the steady state droop component.
When a low impedance fault is applied to the power
distribution system, the action of  the at least one
power source is eventually to cause the fault current
to be interrupted  according to a foldhack method.
While the fault current interruption progresses,
sensors associated with the protective switchgear in
the switchboard that is associated _8_  ,4vh.h the
path of the fault cutrent, and an associated
electronic processor, detect the  fault and determine
that protective switchgear must be opened. Once the
fault has  been interrupted, the electronic processor
determines that this is the case and instructs  the
protective switch-car (optionally an off-load type
switch-Car) to open. A number of electrical loads may
be connected to the power distribution system and
these are all electronically regulated by fast acting
means (such as a power converter,  



for example) according to a particular load shedding
and stabilising characteristic that  causes load
current to be removed in a manner that is coordinated
with the above- mentioned comet tation of the output
current of the at least one power source. When  the
protective switchgear is opened, the effect of the
removal of load current is such  as to allow the
output voltage of the at least one power source to
recover according to  a foldback method. The recovery
of this output voltage initiates the re-application of
the electrical loads according to a load shedding
mmethod. The load shedding and  stabilisation
characteristic. also causes a particular transient
response of load current  with respect to the supply
voltage to he superimposed on the steady state
response of  the electrical loads. The above method
can also be initiated by other failurc, modes that are
detected by  other sensors and the electronic
processor, or by specific electronic processor
commands, by a method of inter-tripping. All aspects
of the method are preferably  programmable by suitable
means. The power distribution system does not require
serial communication between the at least one power
source, protective switehgear  and electrical loads in
order to operate because distributed intelligence and
an  effective means of communication is provided by
the power distribution system itself.  All the
component parts of the power distribution system can
operate automatically  and autonomously. However, if
serial communication is provided then. the power
distribution system is capable of benefiting; ff;om
increasing intelligence and  automation. Local manual
controls may be provided for all component parts.
Power is distributed through the power distribution
system and in particular to one or  more zonal power
distribution sub-systeims that incorporate zonal
energy stores. These zonal energy stores are
inherently capable of supporting reversible power
flow.  3 he zonal energy stores may be charged from
the first sen'ice distribution system in  order to
provide continuous power to electrical loads connected
to the zonal power  supply unit despite Interruptions
in the distribution voltage. However, the zonal
energy stores may also supply power back to the first
power distribution system to  assist in the
stabilisation of the distribution voltage. Fouler
converters are preferably employed to adapt the
outputs of all power sources to  



the appropriate do distribution voltage and to provide
fault current limitation. This  allows for greater
design freedom and the optimisation of power
generation  equipment. All electrical loads are also
preferably conditioned. by power converters,  which
actively assist in stabilising the distribution
voltage and limit fault currents and  switching
transients, The power distribution system, and in
particular the protective  switch-ear, need only be
optimised for its continuous running loads since fault
currents and switching transients are lisnitcd by
active means. The power distribution system preferably
has a highly redundant and reconfigurable  topology to
provide graceful degradation. '11his is particularly
important if the power  distribution systerir is used
on naval ships or submarines where it must continue to
provide power to critical systems even if component
parts are damaged. The stability  of the power
distribution system means that heavy pulsed loads such
as kinetic  energy (KE) projectile and unmanned aerial
vehicle (UAV) launchers, for example)  can be
supplied. The proportion of power drawn by any
electrical load may be  continuously adjusted. to
optimise efficiency and facilitate "Bump-free"
transitions  between single island and multiple island
configurations. The distribution voltage  may be lower
than in conventional power distribution systems, with
respect to total  installed power generation capacity,
thereby reducing insulation requirements and
maximising power density, The operation of the power
distribution system is essentially automatic but may
incorporate manual reversionary modes. All critical
component parts are preferably  intelligent and
autonomous. The intelligence may be summarised as
follows. -10- When a power source (such as a
generator, for example) is started, its associated
power converter regulates the output voltage and ramps
it. to just below a desired  output voltage. The
associated protective switchgear detects this state of
readiness  and closes, The power source is safe
against backtaed, senses that it is on-line and
transits to its specified output characterfSn C:. When
a serious overload occurs, the fault current is
limited by the pow'er source  foldhack and stabilising
characteristic. The protective switchgear rapidly
locates and  



classifies the fault by reference to its sensors. If
the fault persists, the power source  foldback and
stabilising characteristic. causes the output voltage
to reduce. All  electrical loads shed or revert to
zonal energy stores. The protective switchgear  senses
that it is safe to open the affected output. When the
fault is removed, all other  electrical loads being
shed or having reverted to zonal energy stores, the
output  voltage recovers according to the power source
foldback and stabilising characteristic  and the load
shedding and stabilising characteristic is removed.
The power distribution system may further comprise a
second power generation  system including at least one
power source for supplying polder to a Second Service
distribution system. The second service distribution
system- preferably includes at  least one dc
distribution busbar for carrying a distribution
voltage and a distribution  current, and at least one
switchboard that includes protective switchgear with
contacts. The zonal energy store of the zonal power
distribution system can be  connected. to the at least
one switchboard. of the second service distribution
system. In  this way, the zonal energy store can be
supplied from the first service distribution  system
and/or the second service distribution system, In the
case where the power distribution system forms part of
a marine power and  propulsion system then it may
further include a. first propulsion drive system, a
second  propulsion drive system, a first propulsion
power generation system including at least  one power
source and a second propulsion power generation system
including at least  one power source. Each of the
first and second propulsion drive systems may include
-11- a propeller that is driven by a propulsion motor
whose power flow is regulated by a  power converter.
Each of the first and second propulsion power
generation systems  may include a prime mover (such as
a turbine, for example) that drives a generator to
supply power to a power converter. 'Ihe first
propulsion drive system preferably has three power
supply inputs, each input  being selectable (by means
of a system of manually connected links or other
suitable  means of isolation, for example). The first
power supply input may be connected to  the first
propulsion power generation system, the second power
supply input may be  



connected to the second propulsion power generation
system, and the third power  supply input may be
connected to the at leastt one switchboard of the
first service  distribution generation system. The
first propulsion drive system may therefore be
supplied with power by the first propulsion pourer
generation system through the first  power supply
input and/or by the second propulsion power generation
system through  the second power supply input. Power
can also be supplied to the first propulsion  drive
system from the first service distribution system
through the third power supply  input. If the first
propulsion drive system is operated in a regenerative
mode then it  can also be used to supply power to the
first service distribution system. The second
propulsion drive system preferably has three power
supply inputs, each  being selectable (by :Weans of a
system of manually connected links or other suitable
means of isolation, fobr example). The first power
supply input may be connected to  the first propulsion
power generation system, the second power supply input
may be  connected to the second propulsion power
generation system, and the third power  supply input
may be connected to the at least one switchboard of
the second service  power distribution system. The
second propulsion drive system may therefore be
supplied with power by the first propulsion power
generation system through the first  power supply
input and/or by the second propulsion power generation
system through  the second power supply input. Power
can also be supplied to the second propulsion  drive
system from the second service distribution system
through the third power  supply input. If the second
propulsion drive system is operated in a regenerative
-12- anode then it can also be used. to supply power
to the second service distribution  system. If the
switchboards of the first and second service
distributions systems are  interconnected or cross
linked then further redundancy between the two sides
of the  power distribution system can be provided. The
first propulsion power generation system preferably
has first and second power  supply outputs, each being
selectable (by means of a system of manually connected
links or other suitable means of isolation, for
example). The first power supply output  



may be connected to the first power supply input Of
the first propulsion drive system  and the second
power supply output may he connected to the first
power supply input  of the second propulsion drive
system. The first propulsion power generation system
may therefore supply power to the first propulsion
drive system through the first  power supply output
and/or the second propulsion drive system through the
second  power supply output. If the first propulsion
power generation system has a third  power supply
output that is selectable and is connected to the at
least one switchboard  of the first service
distribution system then power can also he supplied to
the first  service distribution system. The second
propulsion power generation system preferably has
first and second  power supply outputs, each being
selectable (by means of a system of manually
connected links or other suitable means of isolation,
for example). The first power  supply output may he
connected to the second power supply input of the
first  propulsion. drive system and the second power
supply output maybe connected to the  second power
supply input of the second propulsion drive system.
The second  propulsion power generation system may
therefore supply power to the first  propulsion drive
system through the first power supply output and/or
the second  propulsion drive system through the second
power supply output. If the second  propulsion power
generation system has a third power supply output that
is selectable  and is connected to the at least one
switchboard of the second service distribution  system
then power can also be supplied to the second service
distribution system. -13- The power distribution
system may be confiuured such that power can be
supplied to  the. first service distribution system
through the at least one switchboard by one or  more
of the following. the first power generation system,
the zonal enemy store of the  zonal power distribution
sub-system, a propulsion drive system operating in a
regenerative mode, a propulsion power generation
system; and a remote power supply  system such as a.
shore-based power supply, for example. This provides a
considerable degree of redundancy. The at least one
power source of the first power generation system is
preferably one  



or more of the fhllowing: a diesel generator, a gas
turbine generator, a steam turbine  generators a
combined cycle gas and steam turbine generator, a
closed cycle (non-air  breathing) diesel generator, a
battery, a thel cell, a flow cell, a flywheel
generator, a  super-capacitor 4.i.e, a capacitor with
extremely high capacity and capacitive energy
density), and a superconducting magnetic energy store.
This should not be considered  an exhaustive list and
it will be readily understood that other power sources
can be  used. The at least one power source of the
first power generation system is preferably  connected
to the at least one switchboard of the first service
distribution system by a  power converter. The zonal
energy store of the zonal power distribution
sub-system is also preferably  connected to the at
least one switchboard of the first service
distribution system by a  power converter, in ho=b
eases, the power converter is preferably a pulse width
modulated do/dc converter. The dcI'dc converter is
preferably polarised as a step-up chopper when power
flows  from the first service distribution system into
the zonal energy store of the zonal  power
distribution sub-system, and the dc/dc converter is
polarised as a step-down  chopper when power flows
from the zonal energy Store of the Zonal power
distribution sub-system into the first service
distribution system. -14- The output voltage and
output current of the at least one power source of the
first  Power generation system is preferably regulated
such that the current flow is uni- directional,
Further regulation provides that a steady state output
voltage can be the  sum of an off load bus voltage
setpoiint and a steady state droop component that is
proportional to load current such that the steady
state output voltage is in accordance  with a steady
state load line. Transient load current variations
about a steady state  loading point preferably cause
the output voltage to follow a transient load line
whose  gradient is less than the gradient of the
steady state load lime. Steady state current is
preferably limited to a particular level. lE load
current transiently exceeds the steady  state current
limit and approaches, but does not exceed, a
particular transient current  



limit level, then the output voltage will preferably
transiently reduce with respect to  the steady state
load line and will recover to the steady state load
line when the steady  state current reduces below the
steady state current limit. If load current
continuously  exceeds the steady state current limit;
or exceeds the particular transient current limit
level, then foldhack is preferably applied such that
the output voltage and the output  current reduce to
zero according to a regenerative process, and output
voltage and  output current remain at zero until load
impedance has increased beyond a particular  level. If
load impedance increases beyond the particular level
then load voltage  initially partially recovers and
then is preferably ramped up to a desired operating
point. The load voltage can be ramped up to the
desired operating point according to a tiine- variable
ramp rate that is specified to minimise resultant
voltage transients within the  power distribution
system.. The distribution voltage is prefer'ably
stabilised. by a transient load line fiinction of the
power source foldback and stabilising characteristic
and by a limitation of rate of  change of load current
function of the load shedding and stabilising
characteristic. The first power generation system may
include a plurality of parallel-connected  power
sources for supplying power to a first service
distribution system. In this case, the steady stale
current sharing of the plurality of power sources can
be coordinated  by a steady state droop function of
the power source foldback and stabilising
characteristic of each power source. The transient
current sharing of the plurality of  power sources can
be coordinated by a transient load lire function of
the power  source foldbaclc and stabilising
characteristic of each power source. The at least one
switcbgear may include distribution busbars, incoming
busbars,  outgoing busbars. At least one
clect-omechanieally actuated off-load double pole
switch is preferable connected to the distribution.
busbars.. The at least one switchgear  is preferable
controlled by an electronic control system that
includes an electronic  processor, current sensor on
all distribution busbars, incoming busbars and
outgoing  busbars, voltage sensors of all distribution
busbars, incoming busbars and outgoing  busbars,
inter-tripping inputs, inter-tripping outputs and
drivers for switch actuators.  



The electronic control system may also include a local
operator interface and a remote  control interface,
The present invention further provides a method of
controlling a power distribution  system comprising: a
first power generation system including at least one
power source for  supplying power to a first service
distribution system that includes: at least one de
distribution husbar for carrying a distribution
voltage  and a distribution current, and at least one
switchboard that includes protective switehgear with
contacts a zonal power distribution sub-system
including: a zonal power supply unit for supplying
power to at least one electrical  load, and a zonal
energy store connected to the at least one switchboard
of the  first service distribution system for
supplying power to the ziixial power  supply unit; the
method comprising the steps of -16  regulating the at
least one, power source according to a power source
foidbaclc and stabilising characteristic and a power
source starting characteristic; and regulating the, at
least one electrical load according to a load shedding
and  stabilising characteristic; wherein the contacts;
of the protective switchgear are made to open only
when  the distribution voltage and the distribution
current have been reduced to acceptable  levels by the
interaction of the power source fold-back and
stabilising characteristic  with one of (a.) a fault
that causes an excessively low impedance to be
connected  across the distribution voltage, (b) an
overriding inter-tripping command that is
automatically generated within the power distribution
system, (c) an overriding niter  tripping command that
is manually generated within the power distribution
system,  and td) an overriding inter-tripping
corinnand that is generated remotely; and 



wherein the contacts of the protective switchgear are
mad: to close only when  the polarity of the voltage
across the contacts is such that any transient or
inrush  currents will be restricted by one of (a) the
power source foldback and stabilising  characteristic
and the power source starting sequence, and (b) the
load shedding and  stabilising characteristic. The
distribution voltage is preferably stabilised by a
transient load litre function of the  power source
foldback and stabilising characteristic and by a
limitation of rate of  change of load current function
of the load shedding and stabilising characteristic.
The power distribution system preferably has a power
source starting sequence where:  the off load bus
voltage setpoint of the power source foldback and
stabilising  characteristic is initially set to zero;
the at least one power source of the first power
generation system detects a  need to start supply
power by sensing one of (a) the presence of
distribution voltage  resulting from the closure of
the at least one switchboard of the first service
distribution system, (b) an overriding start command
that is automatically generated  within the power
distribution system, (c) an overriding start command
the is  manually generated within the power
distribution system, and (d) an overriding start
command that is generated remotely; -17- upon
detecting a need to start supplying power, the at
least one power source is started and the off load bus
voltage setpoint of the power source foldback and
stabilising characteristic is ramped up to a desired
operating point. The load voltage may be ramped tip to
the desired operating point according to a
time-variable ramp rate that is specified according to
the dynamic: capability of the at  least one ;rower
source and the need to allow the at least one power
source to  progressively supply an increasing
proportion o the total load current in the power
distribution system to minimise resultant voltage
transients within the power  distribution system. The
load shedding and. stabilising, characteristic
preferably includes the step of  regulating the load
current according to a current limit such that load
current is  



permitted. to attain any desired value out is always
subject to overriding regulator  l unctions that:
limit the rate of change of load current resulting
from distribution voltage  tralnsients; and oppose any
action that would otherwise cause load current to
exceed the  current limnit; and where the current
limit: is adjustable up to and not exceeding a
particular value of current limit;  is held constant
when supply voltage exceeds a load shed threshold; is
progressively reduced as the supply voltage is reduced
below the load shed  threshold and at all levels of
supply voltage. above an absolute minimum loaded
voltage; is set to zero when the supply voltage is
less than the absolute minimum  loaded voltage; is set
to zero when the supply voltage increases from a.
value less than the  absolute minimum loaded voltage
and up to a particular value; and is progressively
increased as the supply voltage is increased. -14- All
the parameters of the power source feidhack and
stabilising characteristic, the  load shedding and
stabilising characteristic and the power source
starting sequence  are preferably programmable by any
convenient means, The power distribution system
preferably has an over current protection sequence in
a  situation where a low impedance fault occurs in the
power distribution system, the  over current
protection sequence including the steps of; locating
the low impedance fault within the power distribution
system;  limiting the fault current and distribution
voltage by applying the power  source toldback and
stabilising characteristic; limiting the load current
by applying the. load shedding and stabilsing
characteristic; detecting fault interruption; 



opening the contacts of the protective swi.tchgear;
waiting for the partial recovery of the distribution
voltage caused by the  opening of the contacts of the
protective switchgear; waiting for the full recovery
of the distribution voltage caused by the  application
of the power source foldback and stabilising
characteristic; and waiting for the re-application of
the load current causes: by the application of  the
load shedding and stabilising characteristic. The
power distribution system preferably has a general
purpose protective or power  management sequence
including the steps of detecting a fault condition or
the establishment of any power management  condition
that requires the contacts of the protective
switchgear to be opened;  generating an overriding
inter-tripping command.; limiting the distribution
voltage by applying the power source foldback and
stabilising characteristic; limiting the load current
by applying the load shedding and stabilising
characteristic; detecting a load current interruption;
opening the contacts of the protective switchgear;
-19- waiting for the partial recovery of the
distribution voltage caused by the opening of the
contacts of the protective switehgear; waiting for the
full recovery of the distribution voltage caused by
the  application of the power source foidback and
stabilising characteristic; and waiting for the
re-application of the load current caused by the
application of  the load shedding and stabilising
characteristic. The zonal energy store of the zonal
power distribution sub-system may receive power  from,
or supply power to, the first service distribution
system. The power is  preferably regulated for the
purpose of re-charging the zonal energy store, supply
ing  power to the zonal power supply of the zonal
power distribution .sub-system,  supplying power to
the first service distribution system, providing a
bulk energy store,  



supplying power continuously for any purpose,
supplying power transiently to assist  in stabilising
the distribution voltage, supplying power transiently
to support other  power sources that have a poor
transient response, providing isolation between the
zonal energy store and the first service distribution
system to allow the zonal power  supply to operate,
independently when the first service distribution s;
stern is subject to  a failum or allowing the first
service distribution system to operate independently
of  the zonal energy store when the zonall energy
,store or the zonal power supply is  subject to a
failure. l~Ca:urT3~3  Figure 1 is a schematic diagram
of a conventional marine power and propulsion  system
that employs full electric propulsion (FEP); Figure 2
is a schematic diagram of a power distribution system
according to the  present invention; Figure 3 is a
diagram showing the output voltage versus output
Current characteristic  of a power source forming part
of the power distribution system of Figure 2; Figure 4
is a diagram showing the load current versus supply
voltage characteristic of  an electrical load forming
part of the power distribution system of Figure 2;
Figure 5 is a schematic diagram of protective
switchgear forming part of the power  distribution
system of Figure 2; and -20- Figure 6 is a diagram
showing the output voltage versus output current
characteristic  of a power source forming part of the
power distribution system of Figure 2, where  the
effect of incomplete load shedding is shown. Although
the following description is directed to a power
distribution system for  marine applications, and in
particular to a power distribution system that is
highly  suitable for naval ships and submarines, it
will be readily understood that a similar  topology
and control method can be used in other sorts of power
distribution systems  such as land-based or
aircraft-based systems, for example. The basic
topology of it power distribution system according to
the present invention  will now be described with
reference to Figure 2. It should be appreciated that
all of  



the -input;, outputs, terminals and interconnections
of Figure 2 are of double pole  direct current tv:oe.
A first Propulsion Power Generation System (PPGS)
includes a turbine 1 that drives a  generator 2 to
supply power to an output converter 3. Similarly, a
second l'PGS  includes a turbine 10 that drives a
generator 11 to supply power to an output converter
12. A first propulsion Drive System (PDS) includes a
propeller 6 that is driven by a  propulsion motor 5
whose power flow is regulated by a propulsion
converter 4.  Similarly, a second PDS comprises a
propeller 9 that is driven by a propulsion motor  8
whose power flow is regulated by a propulsion
converter 7. The output converters 3  and 12 each have
three sets of output terminals and the propulsion
converters 4 and  each have three sets of input
terminals, all such. terminals have linking
arrangements  that will he described in more detail
below. The generators 2 and 11 may he implemented
using any number of different  components and the
choice will norrnally be influenced by the type of
prime mover.  For example, for conventional gas
turbines the generators may he implemented using  the
Two Pole Turbo range of solid pole synchronous
alternators supplied by  Convertearn Ltd of Boughton
Road, Rugby, Warwickshire, CV21 1BU, United  Kingdom
(hereafter referred to as " Convertearn"). For higher
speed turbines the 3'. generators may be implemented
using; Motor Grand Vitesse (induction generator
variant) supplied by Convertearn. Finally, for lower
speed turbines and diesel engines  the generators may
be implemented using the ALPHA, SETA. and GAMMA ranges
of salient pole synchronous machines supplied by
Convertearn. The propulsion converters 4 and 7 may be
implemented using VDIVI2SOO, MV-000  and MV3000 ranges
of pulse width modulated (PWM) voltage source
inverters  supplied by Converteaatn. The propulsion
motors 5 and 8 may be implemented using Advanced
Induction  Motors supplied by C onverteana. A first
Ship Service Power Generation System (SSPGS) comprises
a diesel engine 13  that drives a generator 14 to
supply power to an output converter 15. Similarly, a  



second SSPGS comprises a diesel engine 17 that drives
a generator 18 to supply  power to an output converter
19. A plurality of zonal power distribution
sub-systems  each comprise a Zonal Power Supply Unit
(ZPSU) 23 that feeds power into a  conventional low
voltage (L V) distribution system and draws power from
a Zonal  Energy Store (ZES) 22 that is connected to a
first do/dc converter 21 and a second  dc/dc converter
24. In Figure 2, three zonal power distribution
sub-systems are  shown, but more or fewer may be used
in practice. The generators 14 and 18 may be
implemented using the ALPHA, BETA and  GAMMA ranges of
salient pole synchronous machines supplied by
Converteam. The output converters 15 and 19 may be
implemented using VDM2500, V7000 and  MV3000 ranges of
pulse width modulated (PW.M) voltage source inverters
supplied  by Converteam. The do/dc converters 21 and
24 and the ZPSU 23 may be implemented using DELTA
modules supplied by Cori verteani ltd. _22_  A first
Ship Service Distribution System (SSDS) includes dc
distribution hushas 25;  27 and 29, interposed by
switchboards 16, 26 and 28 that are described in more
details  below. Similarly, a second SSDS includes dc
distribution busbars 30, 32 and 34,  interposed by
switchboards 20, 31 and 33. In Figure 2, the first and
second SSDS  each comprise three switchboards, this
quantity being associated with the quantity of  zonal
power distribution sub-systems shown, but more or
fewer may be used in  practice, A shore supply 39 is
connected to a shore supply output converter 38. The
mar ous component pans of the power distribution
system are interconnected as  follows: The first input
of propulsion converter 4 is connected to the first
output of output  converter 3 by interconnection 4 E .
The second input of propulsion converter 4 is
connected to the first output of output  converter 12
by interconnection 43. The third input of propulsion
converter 4 is connected to the first -output of
switchboard 10 by interconnection 42. 



The first input of propulsion converter 7 is connected
to the second output of output  converter 3 by
interconnection .46. Tilt second input of propulsion
converter 7 is connected to the second. output of
output converter 12 by interconnection 44. The third
input of propulsion converter 7 is connected to the
first output of  switchboard 20 by interconnection 45.
The output of output converter 15 is connected. to the
first input of switchboard 16.  The output of output
converter 19 is connected to the first input of
switchboard 20.  The third output of the output
converter 3 is connected to the second input of
switchboard 16 by interconnection 47. The third output
of the output converter 12 is connected to the second
input of  switchboard 20 by interconnection 48. The
supply terminals of dc/dc converter 21 are connected
to the second output of  switchboard 16. The supply
terminals of dc`dc converter 24 are connected to the
second output of  switchboard 20. -23- The cross
linking terminals of switchboard 16 are linked to the
cross linking terminals  of switchboard 20 by cross
link 35. The Cross linking terminal's of switchboard
26 are linked to the doss linking terminals  of
switchboard 31 by cross link 36, and to the output
terminals of output converter 38  by shore supply link
;37. Similarly, switchboards 26, 28, 331 and 33 are
connected to additional zonal power  distribution
sub-systems. Similarly, switchboards 28 and 33 are
connected by cross link 40. It will be readily
appreciated that the terms "input" and "output" refer
to the normal  direction of power flow but it may be
the case that power will flow out of a a input and
into an output in certain circumstances. For example,
power will normally flow  through interconnection 42
from the first output of the switchboard 16 to the
third  input of the propulsion converter 4. However,
if the propulsion :rotor 5 were to be  



operated in a. regenerative mode than power could flow
through. interconnection 42  from the third input of
the propulsion converter 4 to the first output of the
switchboard  16. The process by which current that
flows in a short circuit or low resistance fault is
interrupted will now be described with reference to
Figure 3. For the purpose of this  description, a
fault is considered to occur within dc/dc converter
21. A variable load  current flows prior to the fault
and the protective action of a power source comprising
diesel engine 13, generator 14 and output converter 15
is considered to interrupt the  fault. However, it
should be noted that the following description is
equally applicable  to faults that may occur anywhere
within the power distribution system and to any  power
source that feeds the power distribution system.
Figure 3 shows the characteristic of output voltage
against variable output current for  a power source
comprising the diesel engine 13, the generator 14 and
the output  convertor 15. The diesel engine 1 I is
governed by a conventional governor and is set  to
run. at any convenient rotational speed. The generator
14 is regulated by a  conventional Automatic Voltage
Regulator (AVR) and generator output voltage is set
_24_  to any convenient level. The output converter 15
is regulated by a regulator (not  shown) according to
a foldback and stabilising characteristic shown in
Figure 3; this  characteristic being substantially
independent of the actions of the conventional
governor and AVR. Any convenient type of regulator may
be used for the purpose of  reculating the output
converter 15, but a programmable digital regulator
would be the  preferred type. An off load bus voltage
setpoint (the "setpoint") is provided to the regulator
of the  output converter l5 and all Other regions of
the foldback and stabilising characteristic  are
derived from this. In normal operation as the load
current in the do/dc converter  21 is progressively
increased, the output cur ent in the output converter
15 also  Progressively increases and the output
voltage of the output converter 15 reduces  according
to a steady state load line which droops with respect
to the setpoint  according to the steady state droop.
The steady state droop may be proportional to  



output current or it may conform to any other-
suitable characteristic. By fast acting  regulator
action, transient changes in the load current and the
equivalent output  current will cause the output
voltage to be displaced from the steady state load
line. if  the steady state average values of output
current and voltage are at the steady state  loading
point shown in Figure 3, and transient perturbations
of output current occur  about the steady state
loading point, the output voltage will conform to the
transient  lead line about the example steady state
loading point. The transient load line is  represented
in Figure 3 by the dashed arrows extending on both
sides of the steady  state loading point and it may be
displaced from the steady state load line by a degree
that may be proportional to output current transient
perturbation, or it may conform to  any other suitable
characteristic. The output current is subject, to a
fast acting overriding transient current limit such
that the output voltage is reduced in order to prevent
the instantaneous level of output  current from
exceeding the transient current limit. Load current is
also subjectt to a  steady state current limit such
that the output voltage is reduced in order to prevent
the Steady state average level of output current from
exceeding the steady state current  limit. If the load
resistance falls below that of the gradient of the
steady state _25- foidback characteristic then
foldbaek is applied. This means that the transient
output  current limit is reduced to a level that is
output voltage dependant, this dependency  being such
as to cause the regenerative reduction of output
current and output voltage.  The regenerative action
converges upon a. point where the output current and
the  output voltage have been reduced to approximately
zero. In practice, when a fault is  applied at a time
when the steady state output current is approaching
the steady state  current limit, the output current
will rapidly increase until the transient current
limit  action causes the output voltage to collapse.
F'oldbaek is then applied said. the fault is  said to
be interrupted when the output current and the output
voltage approach zero.  The practical foidback
characteristic is such that the minimum level of
ransient  current limit is a small, non-zero, level
for reasons that will now be explained. At the point
when the fault current has been practically
interrupted, a small, non-zero,  



level of output current will flow into the load
represented by do/dc converter 21  through protective
switchgear in switchboard 16. If this switchgear is
opened and is  able to interrupt the small, non-zero,
current level then the distribution voltage will
increase, providing no other load is present. In the
case where no other load is present, the fault is
known to be cleared when the  distribution voltage
increases. Since the load resistance has increased
beyond that of  the gradient of the steady state
foldback characteristic when distribution voltage
increases, the regenerative action of the foldback is
released and the distribution  voltage returns to the
level set by the setpoint. In the case where an
additional load is connected in parallel with the
dc/dc converter  21, the foldback will not be released
if the resistance presented by this load is less  than
that of the gradient of the steady state t ldbaek
characteristic. When multiple  loads are connected in
parallel, and they must be returned to operation after
fault  interruption and clearance, it is necessary for
them to shed. load when the distribution  voltage is
reduced below normal working levels in order to permit
the foldback to be  released. 26- A benefit of the
foldbaek and stabilising characteristic of the present
invention is that  protective switchgear is called
upon to operate at near zero current - zero voltage
conditions, thus avoiding the need to employ
conventional switc;hgear in which  complex arc,
control apparatus is used to oppose direct current.
The foldbaek and  stabilising characteristic also
facilitates the parallel connection of multiple and
disparate types of power sources since the respective
power source output  characteristics may be controlled
by fast acting regulator functions and power
electronics, In this way the natural impedance and
response characteristics of  disparate generator types
can be decoupled. The associated load shedding and
stabilising characteristic will now be described in
more detail with reference to Figure 4. For the
purpose of this description, the same  fault as was
previously described with reference to Figure 3 is
considered to occur  within do do converter 21, whilst
an additional load is presented by a. propulsion drive



comprising the propeller 6, the propulsion motor 5 and
the propulsion converter 4.  This :Weans that the
dc/dc converter 21 and the additional load are
connected in  parallel. A variable load current flows
prior to the fault and the protective action of a
power source comprising the diesel engine 13, the
generator 14 and the output  converter 15 is
considered to interrupt the fault. Prior to the
occurrence of the fault in the dc/dc converter 21; the
output current of the  output converter 15 is the sum
of the load currents drawn by the dc/dc converter 21
and the propulsion drive. The propulsion drive load is
regulated by the regulator that  controls the
propulsion converter 4. The propulsion drive load. may
be regulated. to  achieve constant propulsive power or
to satisfy any other operational requirement, but  the
constant power case serves the purpose of explanation
of the load shedding and  stabilising characteristic
well. If constant propulsive power is drawn. by the
propulsion converter 4 then its load current will be
approximately inversely  proportional to its supply
voltage. (A reduction in supply voltage is associated
with  an increase in load current in order to maintain
constant power.) It is known for  propulsion
converters to have a supply current limit function
that prevents the rated  current limit from being
exceeded when the propulsion. converter load is at
rated -27_  power and supply voltage is reduced below
the rated minimum. Figarre 4 shows three  curves of
supply voltage and load current when at constant
power. The uppermost  constant power curve is specific
to "constant rated power" and this intersects with the
lines of rated current limit and minimum voltage for
rated load. If the supply voltage  is reduced below
this intersect then load current is initially held
constant at the rated  current limit level and
propulsion load power is reduced pro rain with the
supply  voltage, if the supply voltage is reduced
below a load steed threshold then load  shedding is
said to be applied and the load current deviates from
the known rated  current limit and is regulated
according to a first supply voltage dependant current
limit. This means that the propulsion load power is
reduced according to a higher  order law than
proportionality with supply voltage. Load shedding is
applied until the  supply voltage is reduced to a
particular absolute minimum loaded voltage, below  



which it is considered that the distribution voltage
has collapsed as a result of a fault  and under
voltage tripping occurs. When the under voltage trip
occurs, the propulsion drive assumes a controlled
state  where its supply current is switched off by the
propulsion converter 4 and the  propulsion drive
remains under control to enable a rapid re-start once
fault conditions  are cleared., The propulsion drive
remains in this controlled state until the supplv
voltage has increased to a particular level where load
shedding is released and the  load current is
permiitted to increase according to a second supply
voltage dependant  current limit until normal (non
current limited) working is resumed. The load shedding
characteristic described above is beneficial in
allowing a  propulsion drive, or any other load, to
draw power from a supply, usefully= providing  supply
voltage is within prescribed imi s. The "constant
reduced power curve"  shows how the supply current
would be free from limitation until the supply voltage
was reduced to the point where the curve of load
current intersects the lines of rated  current limit
and load shed threshold. The "constant reduced power
at permitted low  supply voltage" curve shows how
supply current would be free from limitation when  a
propulsion drive was operated at relatively low output
power with a supply voltage  significantly lower than
the range of "voltages for rated load". The ability of
a -28- medium voltage drive with, for example, RV
nominal sup ply rating to operate from a  SSDS power
supply with a nominal supply voltage rating of, for
example, 751W is  permitted by the present invention
and provides a distinct technical advantage over
conventional power distribution systems. Furthermore,
the load shedding  characteristic below "absolute
minimum loaded voltage" in the present invention is
beneficial in allowing the power source ioldback to be
released, providing the  protective switchgear is
instructed to open in order to clear the fault.
Another aspect of the load shedding and stabilising
characteristic is the regulation of F.  load to
minimise the rate of change of load current that may
arise in response to a  transient variation in supply
voltage or other perturbation within the drive system.
in  this case, if a load is operating at the "example
steady state loading point" (at a supply  



voltage between minimum and nominal levels) and supply
voltage fluctuations occur,  the load current will
deviate, from the constant power curve and will adopt
the  "transient load line about example steady state
loading point". The skilled reader will  be aware that
the minimum dynamic load resistance that. can be
applied to a power  source, having a particular
dynamic source resistance, without incuning
instability, is  a function of the dynamic source
resistance, (i.e. if dynamic load resistance is too
low,  distribution voltage cannot be stabilised). The
load shedding and stabilising  characteristic of the
present invention therefore provides the necessary
means of  ensuring that dynamic load resistance is
sufficiently large, with respect to dynamic  source
resistance, to ensure that distribution voltage
stability is achieved. It should be  noted that the
terms "`dynamic source resistance" and "`dynamic load
resistance" do  not imply that actual physical
resistance and consequential power dissipation must be
employed in order to stabilise the distribution
voltage. To the contrary, the terms  refer to
classical control functions that mimic the effects and
transfer functions of  equivalent passive components.
The load shedding and stabili.slnu characteristic also
facilitates the parallel connection of more than one
load to a point of common  coupling and load sharing
is effective over a wide range of supply voltages.
When  groups of loads and power sources are connected
in parallel, the total dynamic load  resistance that
is experienced by the group of power sources is the
parallel  combination of the load characteristics and
these may be programmed to achieve 29 stable operation
with the maximum designed dynamic source resistance.
As parallel  connected power sources are added to the
distribution network, dynamic source  resistance is
reduced and stability margins will increase, In the
power distribution topology of Figure 2, the do/dc
converters 21 and 24 may he  routinely called upon to
operate as loads for part of the time, and as power
sources frr  the remainder of the tinge, When charging
a ZES 22 and/or feeding power to a ZPSTJ  23, the
regulators of the do/dc converters 21 and 24 must
comply with the above- mentioned load shedding and
stabilising characteristic. When a ZES 22 is feeding
power into a SSDS via dcidc converters 21 and 24, the
regulators of the dc/dc  



converters 21 and 24 most comply with the
above-mentioned foldback and stabilising
characteristic. Stepless bidirectional transfer is
required between these characteristics.  Propulsion
drives may also be given the capability for
bidirectional power flow. When a power source is not
required or permitted to receive power from another
power source, the anti-backfeed region of the foldback
and stabilising characteristic  shown in Figure 3 is
employed. By this means, a pre-existing supply voltage
may be  connected to the output of a power source and
its output voltage may be ramped up  until the
anti-backfeed region of the characteristic is cleared
and the power source  outputs poower. A benefit of the
anti-backfeed frnetion is that switchgear for the
SSDS may be closed onto a power source output without
suffering inrush current or  requiring the power
source to have the complex synchronising apparatus
normally  associated with alternating current
distribution systems, The operation of the protective
switchgear within switchboards 16, 26, 28, 20, 31 and
33 will now be described with reference to Figure 5,
It should be noted that Figure 5  is shown in full
double pole format rather than single line format used
in Figure I for  reasons that will be described in
more detail below. The functionality of the
switchboards 16, 26, 28, 30, 31 and 33 is in
accordance with a generic process and  this generic
functionality will be described without detailed
reference to the exact  circuit within any particular
switchboard. The detailed circuitry of particular
switchboards differs from that of the generic
switchboard shown in Figure 5 only with -30- respect
to the numriber of switched. inputs and. outputs. It
will. be appreciated that a  switchboard could be
produced with any convenient number of inputs and
outputs.  The generic switchboard of Figure 5 includes
a plurality of power terminals. Half of  the power
terminals (namely those labelled 101, 105, 108, 110
and 112) are associated  with the positive (-t) pole
of the direct current system. The other half of the
power  terminals (namely those labelled 102, 106,
1071, 109 and 111) are associated with the  negative
(-) pole of the direct current systern. Two
distribution busbars are also provided. The first
busbar 103 is associated with  the positive pole of
the direct cu rent system and the second busbar 104 is
associated  



with. the negative pole of the direct current system.
A number of individual links  connect the power
terminals to the first and second busbars 103 and 104.
Half of the  links (nramely those labelled 113, 117
and 116) are associated with the positive pole of  the
direct current systern. The other half of the links
(namely those labelled 114, 118  and 115) are
associated with the negative pole of the, direct
current system. The switchboard includes two double-
polo motor driven switches 119 and 120 and a  control
system. The control systern includes an electronic
processor 139, a first series  of current sensors 129,
137., 132, 134 and 136 associated with the positive
pole of the  direct current system, a second series of
current sensors 130, 138, 131, 133 and 135  associated
with the negative pole of the direct current system, a
first series of voltage  sensors 128, 121, 123 and 125
associated with the positive pole of the direct
current  system, a second series of voltage sensors
127, 122, 124 and 126 associated with the  negative
pole of the direct current system, a local operator
interface 140, a remote  control interface 143, and
two inter-Tripping interfaces 141 and. 142 associated
with  switches 119 and 120, respectively. The
electronic processor 139 may be implemented using a
PECe microcontroller  supplied by Converteam. The
switches 119 and 120 may be implemented using
proprietary motor driven moulded case and chassis type
High Speed Direct Current  Circuit Breakers, suitably
interfaced to the PECe microcontroller. -31- The links
113, 117. 116, 114, 118 and '15 are manually bolted
links that enable the  user to isolate sections of the
power distribution system, but it will be appreciated
that  these links could be replaced by additional
double pole motor driven switches if  desired. For the
purpose of this description the power terminals I 1 1
and 1 1I are considered to  he connected to a power
source and power terminals 109 and 110 are considered
to be  connected to a load. The switehgear operating
process will now be described without detailed
reference :u  the control system. This will be
described in more detail below. When a low resistance
fault occurs in the load, fault current flows into the
power  



terminal 112, through the distribution busbar 103, out
of the power terminal 110, back  into the power
terminal 109, through the distribution busbar 104 and
out of the power  terminal 111. The circuit is
completed by the double pole switches 119 and 1 20.
The  control system is able to determine that the
fault has occurred in the load and  facilitates a
protective sequence by opening the double pole switch
119 only when  zero current flows in this switch. It
will be recognised that the double pole switch 120
could also be opened when zero current flows through
this switch, but this is not  preferred when other
leads are connected to the power source by the
distribution  bushars 103 and 1.04 because these loads
may be reliant upon the resumption of power  flow from
the power source following the interruption and
clearance of the fault  described above. Some of the
benefits provided by the control system will now be
described. The electronic processor 139 repetitively
samples the signals generated by current  sensors 129
to 138 and voltage sensors 121 to 128 with. a
sufficiently fast response to  enable the nature of a
fault to be deter rained, A low resistance fault has
been  described and the presence of this fault, and
its exact nature, would be identified by -32- current
sensors 136, 13.1, 133 and 135 in conjunction with
voltage sensors 123 and  124. As long as the sensing
and detection of fault current is performed before the
foldback process becomes regenerative. and fault
current is internapted, the Current  sensing is
sufficient to identify the inception and location of
the fault., Once foldback  has become regenerative,
fault current has been interrupted and the
distribution  voltage has collapsed to approximately
zero, the electronic processor 139 determines  that it
is safe to open a switch and switch 119 is opened. As
mentioned briefly above,  switch 119 would normally be
opened in preference to switch 120 if the electronic
processor 139 is aware that other loads were being
supplied with power prior to the  inception of the
fault. The presence of other loads would be detected
by sensing load.  current using sensors 129, 132,
137,130, 131 and 138. It will be evident that such an
electronic processor 139 and compre tensive array of
sensors would be able to detect a wide range of other
types of fault and that these  



faults may cause asymmetry of current flow in the
positive and negative poles of the  direct current
.system. For example, it is known that a ground fault
would cause  current to flow in only one pole.
Similarly, asymmetry in voltages would occur  during a
ground fault. It is therefore necessary for the,
control system to be able to  cause the foldhack
characteristic to be exercised at times when power
source output  currents are not excessive and this is
performed by a process of inter-tripping. if the
electronic processor 134 determines that it is
necessary to open any particular switch  when it is
carrying current and distribution voltage is present,
it must first cause inter- tripping. In Figure 5,
inter-tripping signials 141 and 142 are dedicated to
such  communication with the power source connected to
terminals 112 and 111, and the  load connected to
terminals 110 and 109, respectively. If an
inter-tripping signal is  output to interface 142, the
power source that is connected to terminals 1121 and
11I  must have its foldback characteristic affected,
and fob.back must be initiated by the  receipt of the
overriding inter-tripping signal. In another case, a
serious fault  condition in a load. may be such as to
warrant inter-tripping. In this case, the receipt  of
an inter-tripping signal 141 would be interpreted by
the electronic processor 139 as  being a need to
inter-trip the power source using the inter-tripping
output 142. - 33 In other cases, the electronic
processor 139 may generate inter-tripping sequences in
response to other commands including imer a/ia local
operator commands generated  by the local operator
interface 140 and externally generated commands
communicated  by the remote control interface 143. It
will be appreciated that such an electronic  processor
139 could also he equipped with a global
inter-tripping interface that would  cause all power
sources in the power distribution system to be
inter-tripped. It will  also be appreciated. that the
switches 119 and 120 must not open spuriously and that
they also must be inter-tripped and interlocked via
electronic processor 139. Such  switches may have a
manual reversionary operating mode and inter-tripping
may be  initiated by means of an early break contact,
a mechanical interlock and suitable  interfacing with
the electronic processor. It will be appreciated that
a large power distribution system according to the
present  



invention may incorporate many switchboards of this
type. The power distribution  system may be physically
extensive and with significant capacitance between
positive  and negative poles. Practical loads may also
have capacitance between positive and  negative poles
and their load shedding may be imperfect.. It will be
appreciated that  the foldbaek and stabilising
characteristic described with reference to Figure 3
does  not take these issues into account and the
practical characteristic is shown in Figure 6.  In
this practical characteristic, the locus of voltage
and current when fold-back, is  released indicates the
presence of the current that results from the recovery
of the  distribution voltage after the fault has been
cleared. -34- CLAIMS I. A power distribution system
comprising: a first service distribution system
including: a first switchboard that includes
protective switch,-Car with contacts,  and a first dc
distribution busbar connected to the first switchboard
for  carrying a distribution voltage and a
distribution current; a first power generation system
including a first power source and a first  power
converter for supplying power to the first service
distribution system, the first  power source being
connected to the first switchboard by the first power
converter; a zonal power distribution sub-systearm
including: a zonal power supply unit for supplying
power to a first electrical load,  and a zonal energy
store connected to the first switchboard by a second
power converter and to the zonal power supply unit,
the zonal energy  store supplying power to the zonal
power supply unit; and a second electrical load
connected to the first switchboard by a third power
converter; wherein the first power converter of the
first power generation system is  regulated according
to a power source foldback and stabilising
characteristic and a  



power source starting characteristic, and wherein the
third power converter that  connects the second
electrical load to the first switchboard is regulated
according to a  load shedding and stabilising
characteristic; wherein the power source foldback and
stabilising characteristic includes  regulating the
output voltage and output current of the first power
converter of the  first power generation system such
that: current flow is uni-directional a steady state
output voltage is the sum of an off load bus voltage
setpoint and a steady state droop component that is
proportional to load  current such that the steady
state output voltage is in accordance with a  steady
state load line; steady state current is limited to a
particular level; _33_  if load current transiently
exceeds the steady state current limit and
approaches, but does not exceed, a particular
transient current limit  level, the output voltage
will transiently reduce with respect to the  steady
state load line and will recover to the steady state
load line  when the steady state current reduces below
the steady state current  limit; and if load current
continuously exceeds the steady state current limit,
or  exceeds the particular transient current limit
level, foldback is applied  such that the output
voltage and the output current reduce to zero or
approximately zero according to a regenerative
process; wherein the contacts of the protective
switcbgear are made to open only when  the
distribution voltage and the distribution current have
been reduced to acceptable  levels by the interaction
of the power source foldback and stabilising
characteristic  with one of (a) a fault that causes an
excessively low impedance to be connected  across the
distribution voltage, (b) an overriding inter-tripping
command that is  automatically generated within the
power distribution system, (c) an overriding inter-
tripping command that is manually generated within the
power distribution system,  



and (d) an overriding inter-tripping command that is
generated remotely; and wherein the contacts of the
protective switchgear are made to close only when  the
polarity of the voltage across the contacts is such
that any transient or inrush  currents will be
restricted by one of (a) the power source foldback and
stabilising  characteristic and the power source
starting characteristic, and (h) the load shedding
and stabilising characteristic; and wherein the power
source foldback and stabilising characteristic further
includes regulating the output voltage and output
current of the first power converter  of the first
power generation system such that: transient load
current variations about a steady state loading point
cause the output voltage to follow a transient load
line whose gradient  is less than the gradient of the
steady state load line; when foldback is applied such
that the output voltage and output  current reduce to
zero or approximately zero according to a
regenerative process, output voltage and output
current remain at zero -36- or approximately zero
until load impedance has increased beyond a
particular level; and if load impedance increases
beyond the particular level then load  voltage
initially partially recovers and then is ramped up to
a desired  operating point. 2. A power distribution
system according to claim 1, further comprising:  a
second service, distribution system including: a
second switchboard that includes protective switchgear
with contacts,  and a second dc distribution busbar
connected to the second switchboard  for carrying a
distribution voltage and a distribution current; and a
second power generation system including a second
power source and a  fourth power converter for
supplying power to the second service distribution
system,  the second power source being connected to
the second switchboard by the fourth  



power converter; wherein the zonal energy store of the
zonal power distribution system is  connected to the
second switchboard. 3. A power distribution system
according to claim 2, further comprising:  a first
propulsion drive system; a second propulsion drive
system; a first propulsion power generation system
including a power source; and  a second propulsion
power generation system including a power source;
wherein the first propulsion drive system has three
power supply inputs, each input being selectable, and
the first power supply input is connected to the first
propulsion power generation system, the second power
supply input is connected to  the second propulsion
power generation system, and the third power supply
input is  connected to the first switchboard. 4. A
power distribution system according to claim 3,
wherein the second  propulsion drive system has three
power supply inputs, each being selectable, and -3"7.
wherein the first power supply input is connected to
the first propulsion power  generation system, the
second power supply input is connected to the second
propulsion power generation system, and the third
power supply input is connected to  the second
switchboard. 5. A power distribution system according
to claim 3 or claim 4, wherein the first  propulsion
power generation system has first and second power
supply outputs, each  being selectable, wherein the
first power supply output is connected to the first
power  supply input of the first propulsion drive
system and the second power supply output  is
connected to the first power supply input of the
second propulsion drive system. 6. A power
distribution system according to claim 5, wherein the
first propulsion  power generation system has a third
power supply output that is selectable and is
connected to the first switchboard. A power
distribution system according to any of claims 3 to 6,
wherein the  second propulsion power generation system
has first and second power supply  



outputs, each being selectable, wherein the first
power supply output is connected to  the second power
supply input of the first propulsion drive system and
the second  power supply output is connected to the
second power supply input of the second  propulsion
drive system. 8. A power distribution system according
to claim 7, wherein the second  propulsion power
generation system has a third power supply output that
is selectable  and is connected to the second
switchboard. 9. A power distribution system according
to any preceding claim, wherein power  is supplied to
the first service distribution system through the
first switchboard by one  or more of the following:
the first power generation system; the zonal energy
store of the zonal power distribution sub-system;  a
propulsion drive system operating in a regenerative
mode; -38  a propulsion power generation system; and
a remote power supply system. 10. A power distribution
system according to any preceding claim, wherein the
power source of the first power generation system is
one or more of the following: a diesel generator; a
gas turbine generator; a steam turbine generator; a
combined cycle gas and steam turbine generator;  a
closed cycle (non-air breathing} diesel generator;  a
battery; a fuel cell;  a low cell; a flywheel
generator;  a super-capacitor; and a superconducting
magnetic energy store. 11. A power distribution system
according to any preceding claim, wherein the  



first power converter that connects the first power
source of the first power generation  system to the
first switchboard is a pulse width modulated dc/dc
converter. 12. A power distribution system according
to any preceding claim, wherein the  second power
converter that connects the zonal energy store to the
first switchboard  is a pulse width modulated dcidc
converter. 13. A power distribution system according
to claim 12, wherein the second power  converter that
connects the zonal energy store to the first
switchboard is polarised as a  step-up chopper when
power flows from the first service distribution system
into the  zonal energy store of the zonal power
distribution sub-system, and the second power
converter is polarised as a step-down chopper when
power flows from the zonal  energy store of the zonal
power distribution sub-system into the first service
distribution system, -39- 14.. A power distribution
system according to any preceding claim, wherein the
load voltage is ramped up to the desired operating
point according to a time-variable  ramp rate that is
specified to minimise resultant voltage transients
within the power  distribution system. 15. A power
distribution system according to any preceding claim,
wherein the  distribution voltage is stabilised by a
transient load line function of the power source
foldback and stabilising characteristic and by a
limitation of rate of change of load  current function
of the load shedding and stabilising characteristic.
16. A power distribution system according to any
preceding claim, wherein the  first power generation
system includes a plurality of parallel-connected
power sources  for supplying power to the first
service distribution system, wherein the steady state
current sharing of the plurality of power sources is
coordinated by a steady state droop  function of the
power source foldhack and stabilising characteristic
of each power  source, and wherein the transient
current sharing of the plurality of power sources is
coordinated by a transient load line function of the
power source ffoldback and  stabilising characteristic
of each power source. 17. A method of controlling a
power distribution system comprising:  



a first service distribution system including: a first
switchboard that include protective switchgear with
contacts,  and a first de distribution husbar
connected to the first switchboard for  carrying a
distribution voltage and a distribution current; a
first power generation system including a first power
source and a first  power converter for supplying
power to the first service distribution system, the
first  power source being connected to the first
switchboard by the first power converter;  and a zonal
power distribution sub-system including: a zonal power
supply unit for supplying power to a first electrical
load,  and -40- a zonal energy store connected to the
first switchboard by a second  power converter and to
the zonal power supply unit, the zonal energy  store
supplying power to the zonal power supply unit; and a
second electrical load connected to the first
switchboard by a third power  converter; the method
comprising the steps of: regulating the first power
converter of the first power generation system
according to a power source foldhack and stabilising
characteristic and a power  source starting
characteristic; and regulating the third power
converter that connects the second electrical load to
the first switchboard according to a load shedding and
stabilising characteristic;  wherein the power source
foldhack and stabilising characteristic includes the
steps of regulating the output voltage and output
current of the first power converter  of the first
power generation system such that: current :low is
uni-directional; a steady state output voltage is the
sum of an off load bus voltage  setpoint and a steady
state droop component that is proportional to load  



current such that the steady state output voltage is
in accordance with a  steady state load line; steady
state current is limited to a particular level; if
load current transiently exceeds the steady state
current limit and  approaches, but does not exceed, a
particular transient current limit  level, the output
voltage will transiently reduce with respect to the
steady state load line and will recover to the steady
state load line  when the steady state current reduces
below the steady state current  limit; and if load
current continuously exceeds the steady state current
limit, or  exceeds the particular transient current
limit level, foldhack is applied  such that the output
voltage and the output current reduce to zero or
approximately zero according to a regenerative
process; wherein the contacts of the protective
switchgear are made to open only when  the
distribution voltage and the distribution current have
been reduced to acceptable 41_  levels by the
interaction of the power source foldback and
stabilising characteristic  with one of (a) a fault
that causes an excessively low impedance to be
connected  across the distribution voltage, (b) an
overriding inter-tripping command that is
automatically generated within the power distribution
system, (c) an overriding; inter- tripping command
that is manually generated within the power
distribution system,  and (d) an overriding
inter-tripping command that is generated remotely; and
wherein the contacts of the protective switchgear are
made to close only when  :lie polarity of the voltage
across the contacts is such that any transient or
inrush  currents will be restricted by one of (a) the
power source foldback and stabilising  characteristic
and the power source starting characteristic, and (b)
the load shedding  and stabilising characteristic; and
wherein the power source tbldback and stabilising
characteristic further  includes regulating the output
voltage and output current of the first power
converter  of the first power generation system such
that: 



transient load current variations about a steady state
loading point cause the  output voltage to follow a
transient load line whose gradient is less than the
gradient of the steady state load line; when foldback
is applied such that the output voltage and output
current  reduce to zero or approximately zero
according to a regenerative process,  output voltage
and output current remain at zero or approximately
zero until  load impedance has increased beyond a
particular level; and if load impedance increases
beyond the particular level then load voltage
initially partially recovers and then is ramped up to
a desired operating point.  18. A method according to
claim 17, wherein the load voltage is ramped up to the
desired operating point according to a time-variable
ramp rate that is specified to  minimise resultant
voltage transients within the power distribution
system. 19. A method according to claim 17 or claim
18, wherein all the parameters of the  power source
foldback and stabilising characteristic are
programarrable. -42- ,)0. A method according to any of
claims 17 to 19, wherein the distribution voltage  is
stabilised by a transient load line function of the
power source foldback and  stabilising characteristic
and by a limitation of rate of change of load current
function  of the load shedding and stabilising
characteristic. 21. A method according to any of
claims 17 to 20, wherein the first power  generation
system includes a plurality of parallel-connected
power sources for  supplying power to the first
service distribution system, wherein the steady state
current sharing of the plurality of power sources is
coordinated by a steady state droop  function of the
power source foldback and stabilising characteristic
of each power  source, and wherein the transient
current sharing of the plurality of power sources is
coordinated by a transient load line function of the
power source foldback and  stabilising characteristic
of each power source. 22. A method according to any of
claims 17 to 21, wherein the power distribution
system has a power source starting sequence where: the
off load bus voltage setpoint of the power source
foldback and stabilising  



characteristic is initially set to zero; the first
power source of the first power generation system
detects a need to  start supply power by sensing one
of (a) the presence of distribution voltage resulting
from. the closure of the first switchboard, (b) an
overriding start command that is  automatically
generated within the power distribution system, (c) an
overriding start  command that is manually generated
within the power distribution system, and (d) an
overriding start command that is generated reanotely;
upon detecting a need to start supplying power, the
first power source of the  first power generation
system is started and the off load bus voltage
setpoint of the  power source foldback and stabilising
characteristic is ramped up to a desired  operating
point. 23. A method according to claim 22, wherein the
load voltage is ramped up to the  desired operating
point according to a time-variable ramp rate that is
specified  according to the dynamic capability of the
first power source of the first power -41- generation
system and the need to allow the first power source to
progressively supply  an increasing proportion of the
total load current in the power distribution system to
minimise resultant voltage transients within the power
distribution system. 24. A method according to claim
22 or claim 23, wherein all the parameters of the
power source starting sequence are programmable. 25. A
method according to any of claims 17 to 24, wherein
the load shedding and  stabilising characteristic
includes the step ofregilating the load current
according to a  current limit such that load current
is permitted to attain any desired value but is
always subject to overriding regulator functions that:
limit the rate of change of load current resulting
from distribution voltage  transients; and oppose any
action that would otherwise cause load current to
exceed the  current limit; and where the current
limit: is adjustable up to and not exceeding a
particular value of current limit;  



is held constant when supply voltage exceeds a load
shed threshold; is progressively reduced as the supply
voltage is reduced below the load shed  threshold and
at all levels of supply voltage above an absolute
minimum loaded  voltage; is set to zero when the
supply voltage is less than the absolute minimum
loaded voltage; is set to zero when the supply voltage
increases from a value less than the  absolute minimum
loaded voltage and up to a particular value; and is
progressively increased as the supply voltage is
increased. 24. A method according to claim 25, wherein
all the parameters of the load  shedding and
stabilising characteristic are programmable. 27. A
method according to any of claims 17 to 26, wherein
the power distribution  system has an over current
protection sequence in a situation where a low
impedance 44 fault occurs in the power distribution
system, the over current protection sequence
including the steps of: locating the low impedance
fault within the power distribution system;  limiting
the fault current and distribution voltage by applying
the power  source foldback and stabilising
characteristic; limiting the load current by applying
the load shedding and stabilising  characteristic;
detecting fault interruption; opening the contacts of
the protective switchgear; waiting for the partial
recovery of the distribution voltage caused by the
opening of the contacts of the protective switchgear;
waiting for the fill recovery of the distribution
voltage caused by the  application of the power source
foldback and stabilising characteristic; and waiting
for the re-application of the load current caused by
the application of  the load shedding and stabilising
characteristic. 28. A method according to any of
claims 17 to 27, wherein the power distribution  



system has a general purpose protective or power
management sequence including the  steps of detecting
a fault condition or the establishment of any power
management  condition that requires the contacts of
the protective switchgear to be opened;  generating an
overriding inter-tripping command; limiting the
distribution voltage by applying the power source
foldback and  stabilising characteristic; limiting the
lead current by applying the lead shedding and
stabilising  characteristic; detecting a load current
interruption; opening the contacts of the protective
switchgear; waiting for the partial recovery of the
distribution voltage caused by the  opening of the
contacts of the protective switchgear; waiting for the
fall recovery of the distribution voltage caused by
the  application of the power source foldback and
stabilising characteristic; and _45- waiting for the
re-application of the load current caused by the
application of the load shedding and stabilising
characteristic. 29. A method according to any of
claims 17 to 28, wherein the zonal energy store  of
the zonal power distribution sub-system receives power
from, or supplies power to,  the first service
distribution system, the power being regulated for the
purpose of  re-charging the zonal energy store;
supplying power to the zonal power supply of the zonal
power distribution  sub-system; supplying power to the
first service distribution systenn;  providing a bulk
energy store; supplying power continuously for any
purpose; supplying power transiently to assist in
stabilising the distribution voltage;  supplying power
transiently to support other power sources that have a
poor  transient response; 



providing isolation between the zonal energy store and
the first service  distribution system to allow the
zonal power supply to operate independently when  the
first service distribution system is subject to a
failure; or allowing the first service distribution
system to operate independently of the zonal  energy
store when the zonal energy store or the zonal power
supply is subject to a  failure. 


