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Description
A protection system for electrical power distribution system
using directional current detection and logic within protec-

tive relays

Field of invention

The present invention relates to an electrical power distri-
bution system, in particular for a dynamically positioned
vessel and to a method for power distribution, in particular
to directional overcurrent fault protection using programma-
ble logic available inside modern protective relays. In par-
ticular the present invention relates to enhanced electric
power distribution directional fault current protection using
programmable logic within protective relays which is particu-
larly suitable for isolated power systems like those found on
dynamically positioned vessels where high reliability is re-
quired. Further in particular, the present invention relates
to a power distribution system, in particular for a dynami-
cally positionable vessel, wherein the power distribution
system has a ring-shaped topology, thereby enabling taking
measures against a fault. It is designed to separate a faulty
bus comprised in the power distribution system without af-
fecting the operation of the remaining busses of the power

distribution system.

Background of the invention

Dynamically positioned ships and vessels (such as a sea-based
offshore platform, an oil platform or a drilling platform or
a drillings rig) may use their propellers or thrusters to
stay in position where stationary operation is required and
vessels of this type may include drilling and/or production
rigs for conveying oil and/or gas, in particular from a
drilling hole at the sea ground. For using electric propul-
sion (propellers or thrusters) these vessels may depend on a

reliable power generation and distribution to supply electric
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propulsion machinery with electric energy, in order to main-
tain a desired position at the sea and in order to thus
achieve a safe marine operation. In particular, such kind of
vessels Dynamic positioning (DP) may be used in water depths
and areas where jack-up rigs and anchoring systems are not
feasible.

A conventional power generation system or power distribution
system may be designed such that several isclated power dis-
tribution groups (typically 2 - 8) are operated so that if
one group fails the remaining groups may be sufficient to
hold the vessel in position. In particular, in a conventional
system redundant power generation (such as a large number of
generators) may be required within several groups or all

groups of the conventional power generation system.

In particular, on some vessels, redundant converters and DC-
links may be used in a conventional system to obtain a fault
tolerant power system by connecting the energy flow between
the isolated power generation and distribution islands using
converters and DC-1links. This may eliminate or at least re-
duce the problem of running excessive number of generators
but may produce an expensive array of converters. Thereby,
the additional converters may add significantly to the cost
of the power generation system or power distribution system.
This power distribution system may also be more maintenance-
intensive and may contain additional sources of failures. Us-
ing a vessel management system, such as an automation system
as part of the protection scheme, has been evaluated for some
projects, but has been abandoned partly due to issues with
response time. It may not be desirable to depend on addi-
tional systems for electric fault protection. This may also
be unacceptable to classification societies and many custom-

ers.

Document EP 1 940 002 A2 discloses a relay device and a cor-
responding method, wherein a first value to the direction of
a fault current flowing into the partial differential zone is

assigned, a second value to the direction of the fault cur-
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rent flowing out of the partial differential zone 1is as-
signed, the values assigned to the fault currents are com-
pared and it is determined, if the fault currents are flowing
into the partial differential zone. Thereby, each node inter-
faces with the central processor 304 to provide node data for

processing, decision making and the like.

Document US 3,553,968 discloses a stabilized offshore plat-
form located in a relatively deep body of water and supported

by rigidly fixed upright legs.

Document EP 1 335 470 A2 discloses a directional comparison
distance relay system for protecting a power transmission 1li-
ne including a directional distance relay element for decid-

ing whether a fault is in forward or reverse directions.

There may be a need for a power distribution system for a dy-
namically positioned vessel and for a method for power dis-
tribution which is improved regarding fault handling and
which at the same tTime does not require a large number of
generators or converters. Further, there may be a need for a
power distribution system and for a method for power distri-
bution, wherein a single failure or fault within the power
distribution system may not result in the vessel drifting

away from its position.

Differential protection is often used in networks to isolate
a faulty bus. On vessels involved in o0il production and
drilling, transient conditions may cause erratic trips by
differential protection systems. These transient conditions
are caused by starting of large motors and loads on a
smaller, isolated electric power network causing larger fluc-
tuations in frequency, voltages and harmonic content than

what is normally observed for land-based electrical systems.

Summary of the Invention
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This need may be met by the subject matter according to the
independent claims. Advantageous embodiments of the present

invention are described by the dependent claims.

The proposed power distribution system and method for power
distribution protection may, according to an embodiment, be
applied to a dynamically positioned ship and/or vessel, but
may also be applied for other applications, where continued
service after a fault is desirable, in particular subsea

power distribution systems.

In particular proposed power distribution system and method
for power distribution protection may employ logic in the
protective relays instead of a traditional bus differential

protection.

According to an embodiment a power distribution system is
adapted for protecting the system against a fault. Thus, the
power distribution system may also be referred to or may com-
prise features of a power system protection system. In par-
ticular, logic within protective relays comprised in the
power distribution system or power system protection system
and directional fault current detection may be used to obtain

discrimination in a looped electrical power network.

Dynamically positioned vessels is only one possible applica-
tion of the power distribution system but the invention is

not limited to this use case.

According to an embodiment a power distribution system (for
distributing electrical power) for a dynamically positionable
vessel (such as a ship, an o0il platform or drilling rig) is
provided, wherein the power distribution system comprises a
plurality of busses (each of the busses comprising an elec-
trical conductor, such as for example a copper bar) compris-
ing a first bus to which a load (such as a propeller, a
thruster or another kind of electrical motor; or an energy

supply device, such as an accumulator or a generator) is con-
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nectable (directly or indirectly); and a plurality of
switches (allowing to adopt an open state and a closed state,
in particular switches which are controllable, in particular
comprising a breaker and a relay which may be programmable
and which may allow computation and/or performing logical op-
erations) comprising a first switch and a second switch.
Herein, the plurality of busses is connected via the plural-
ity of switches in an interjacent (intercalated) manner to
form a ring (such that a bus is connected to a switch, this
switch is connected to another bus and the other bus is con-
nected to another switch and so on until the last switch is
connected to the first bus to form a ring-shaped arrangement
or annular arrangement of alternating busses and switches),
wherein the first bus i1s connected in between the first
switch and the second switch (in particular without a con-
verter). Herein, the power distribution system is configured
to open the first switch (such that the first switch adopts
its open state) and concurrently open the second switch (such
that the second switch adopts its open state), if a first
(electrical) current flowing via the first switch (from a
neighbouring bus) in a direction towards the first bus is
above a predetermined current threshold (such as for example
1000 A to 10000 A) for longer than a predetermined time dura-
tion (such as for example 0.2 s to 1 s) and also a second
current flowing via the second switch (from another
neighbouring bus) in a direction towards the first bus is
above the predetermined current threshold for longer than the
predetermined time duration. Thereby, by opening the first
switch and the second switch the first bus is disconnected
from the ring. In particular, the power distribution system
using may employ logic in protective relays to disconnect the
first bus from the ring. Thereby, each of the first switch
and the second switch comprises a programmable relay includ-
ing a logical unit providing logical functionality, wherein
the first bus is identified using the logical functionality

within the first switch and the second switch.
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In particular, the first switch and the second switch may
autonomously cause disconnection of the first bus from the
ring employing their logical functionality without requiring
a central processor that controls opening and/or closing of

the first switch and the second switch.

In the context of the present application the term “switch”
may denote an (controllable) arrangement that enables opening
and closing of an electrical connection between two conductor
(such as busses), in particular in a controlled manner. A
switch may comprise a circuit breaker (representing the ele-
ment actually establishing the electrical connection) and a
controller, such as a (programmable) relay (in particular
comprising logic circuitry), that controls the opening and

closing of the circuit breaker.

In particular, at the first bus a fault occurred such that a
high current flows towards the first bus via the first switch
and also a high current flows towards the first bus via the
second switch. In particular, the opening the first switch
and the opening the second switch may be performed according
to a predetermined time-current characteristic curve which
may be adapted to the particular application. In particular,
when the first switch comprises a breaker and a smart relay
(comprising programmable logic) and when the second switch
also comprises a breaker and a smart relay controlling the
breaker the faulty first bus may be detected by inhibiting
opening of all switches of the ring except the first switch
and the second switch. Herein all other switches (except the
first switch and the second switch) may be inhibited from
opening by sending appropriate inhibit signals to all
switches but the first switch and the second switch. In par-
ticular, logic within the relay controlling the corresponding
breaker (the relay and the breaker forming the switch) may be
used in the ring structure to identify the faulty bus and
disconnect the faulty bus from the ring, in order to separate
the faulty first bus from the ring and thus to open the ring.

Still, in the opened ring all remaining busses of the plural-
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ity of busses remain connected to each other. Thereby, a re-
duced number of generators are required in order to supply
one or more loads connected to the remaining busses with
electric energy. Thereby, the efficiency of the power distri-
bution system may be improved and the costs of the power dis-
tribution system may be reduced compared to a conventional

power distribution system.

In particular, the power distribution system consists of sev-
eral power busses which are connected in a loop. In the event
of a fault on a single bus (the first bus), only the first
bus may be disconnected at both ends leaving all of the re-
maining generator and distribution system operational and
connected together. Thereby, fewer redundant generators are
required to operate in a given situation of a fault. Thereby,
a maintenance, fuel consumption and emissions may be reduced.
It may also be possible to maintain operation of a vessel
comprising the power distribution system after a single elec-
trical fault has occurred without the need to repair this
fault (at the first bus). The power distribution system will
remain as one connected system after the first fault, avoid-
ing the problem that one island may be underpowered while the

other has redundant generating capacity.

In particular, the need for bus-bar differential protection
may be eliminated. Bus-bar differential protection may cause
problems during transient conditions and trip (open on fault)
in situations that are often found during normal operations
on a drilling or production rig. Such erratic trips may be
critical on a DP2 or DP3 class vessel. The proposed system
may allow continued operation according to DP2 or DP3 class
after an initial electrical fault. In this case a DP2 vessel
is required to remain in position after a second electrical
fault, and a DP3 class vessel required to stay in position
after a second fault of electrical or mechanical nature. This
will allow continued operation of the vessel while waiting

for a repair of the first fault.
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In particular, connecting the power generation and distribu-
tion islands (the plurality of busses) using standard circuit
breakers so that they are connected in a single closed ring
may eliminate the need to operate more than one redundant
generator for the entire vessel comprising the power genera-
tion or power distribution system. This may also allow con-
tinued operation of the power distribution as a single, con-
nected bus after a fault without the need to rearrange the
power distribution configuration after a first fault. Accord-
ing to an embodiment a protection scheme is provided that
isolates only (exclusively) the faulty part (the first bus)
without disconnecting other parts (other busses of the power

distribution system).

Thereby, the faulty part or faulty bus (the first bus) may be
identified using logical functionality or programmable logic
capability within the switches (in particular within the pro-
tective relays controlling the switches). In particular, a
protective relay (such as the Siemens SIPROTEC protective re-
lay) may be used and applied within the power distribution
system. The Siemens SIPRTEC protective relay comprises built-
in logic and also built-in current and voltage measurement
capability. These relays are standard and widely used compo-
nents of power distribution systems. They are well-proven
protective devices and their built-in features may allow
logical operations to become part of the protective scheme
without using additional controllers or programmable logical

controllers (PLCs).

The proposed topology of the power distribution system and
the capability to separate a bus from the power distribution
system in case of a fault on this bus may reduce the mainte-
nance requirements and fuel costs, as fewer generators may be
needed to run in the operating situations. Further, a higher
availability for the power generation system may be achieved,
as it may be allowed to continue operation after an electri-
cal fault has occurred, even without operator intervention.

Only the faulty part may be disconnected, while the remaining
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system continues to operate as a single, connected power gen-
eration and distribution system. Further, the need for addi-
tional converters and DC-links as required in some other con-
ventional fault tolerant power generation systems may be
eliminated. Thereby, the complexity and initial investment
may be reduced. Further, only standard, well-proven compo-
nents may be used to build the power distribution system ac-

cording to an embodiment.

According to an embodiment the first switch (in particular
comprising a breaker controlled by a relay) 1is configured to
determine (in particular comprising measuring, deriving
and/or computing) the first current and a direction of the
first current and the second switch (in particular comprising
a breaker and a relay controlling the breaker) is configured
to determine (in particular comprising measuring, deriving
and/or computing) the second current and a direction of the
second current. Thereby, the condition under which the first
bus is disconnected from the power distribution system may be
easily determined. Further, conventional components (such as
a programmable relay with current measurement capability) may

be used to construct the power distribution system.

According to an embodiment the first switch is configured to
send an inhibit signal (requiring a signal line between the
first switch and the second switch for communicating between
the first switch and the second switch, in particular commu-
nicating in the direction from the first switch to the second
switch) to the second switch for inhibiting the second switch
from opening (the inhibit signal may also be referred to as
inhibit 67 trip), if a first opposite current (a current
flowing in a direction opposite to the direction of the flow
of the first current) flowing via the first switch in a di-
rection away from the first bus is above the predetermined
current threshold for longer than the predetermined time. In
this situation, the first bus is not a sink of current, but
another bus must be the sink of current and must thus be

faulty. In this situation, the first bus is not the faulty
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bus and should not be disconnected from the power distribu-
tion system. Thus, in particular the second switch should not
open in order to keep the first bus connected to the power
distribution system. Herein, logical processing capability of

a relay comprised in the second switch may be employed.

According to an embodiment the second switch is configured to
open, 1f the second switch does not receive the inhibit sig-
nal from the first switch and the second current flowing via
the second switch in a direction towards the first bus is
above the predetermined current threshold for longer than the
predetermined time and if in particular additionally a volt-
age at the first bus is below a predetermined voltage thresh-
old. In particular, the second switch does not receive any
inhibit signal from any other switch of the plurality of
switches. In particular, all switches of the plurality of
switches may receive an inhibit signal (from another switch
of the plurality of switches) with the exception of two
switches (the first switch and the second switch) which do
not receive an inhibit signal. The two switches not receiving
any inhibit signal may then open, to disconnect the bus in
between the two switches which does not receive an inhibit
signal from the power distribution system. Herein, logical
processing capability and current measurement capability and
voltage measurement capability of the switches may be em-

ployed.

According to an embodiment the second switch is configured to
open also, 1f a third current flowing via the second switch
in a direction towards the first bus or in a direction away
from the first bus is above another predetermined current
threshold for longer than another predetermined time, wherein
the other predetermined current threshold is greater than the
predetermined current threshold and/or the other predeter-
mined time is greater than the predetermined time. The third
current trip will occur if opening on directional currents
does not take place. Using a programmable relay for building

the second switch (and also in particular building all other
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switches) allows including further conditions and relation-
ships for defining in which condition or situation the second
switch should open. Thereby, a larger flexibility for deter-

mining the faulty bus is enabled.

According to an embodiment the plurality of busses comprises
a second bus connected to the first bus via the second
switch, wherein the plurality of switches comprises a third
switch connected to the second bus (but not between the first
bus and the second bus), wherein the second switch is config-
ured to send an inhibit signal to the third switch for inhib-
iting the third switch from opening, 1f the second current
via the second switch in the direction towards the first bus
is above the predetermined current threshold for longer than
the predetermined time. Thereby, the third switch connecting
the second bus with a further bus of the plurality of busses
is maintained in a closed state, in order to not separate any
other bus (except the first bus) from the power distribution
system. Thereby, it may be ensured that only the first bus
(being the faulty bus) is separated from the annular power
distribution system to achieve a linear or chain-like power
distribution system being not connected in a loop and not
forming a ring, when the faulty first bus is disconnected

from the power distribution system.

According to an embodiment the power distribution system com-
prises at least one generator connected to the first bus. The
generator may supply electric energy to the first bus. In
particular, the power distribution system may comprise one or
more generators, wherein in particular to each bus at least
one generator may be connected. Separating the first bus from
the power distribution system may comprise also separating
the generator connected to the first bus from the power dis-
tribution system. Further, separating the first bus from the
power distribution system may include separating any load
connected to the first bus from the power distribution sys-
tem. Thus, also in the case a fault occurred at a load or at

a generator connected to the first bus the first bus may not
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be separated from the power distribution system. Further, a
fault may occur at the first bus itself (such as a short cir-
cuit to ground) without requiring that a fault occurs at ei-

ther a generator or a load connected to the first bus.

According to an embodiment the power distribution system fur-
ther comprises a generator circuit breaker (also referred to
a generator switch) via which the generator is connected to
the first bus. The generator circuit breaker is controlled by
a (programmable) relay having current measurement capabili-
ties and/or voltage measurement capabilities. Thus, in case
of a failure of the generator itself it may be separated from
the first bus in a fast manner eliminating the necessity to
separate the first bus from the power distribution system. In
particular, a time-current characteristic curve of the gen-
erator switch may be such that the generator switch opens be-
fore the first switch or second switch open, in order to keep
the first bus connected to the power distribution system
(still forming a ring), when the fault did not occur at the
first bus itself but occurred at the generator. Thereby, the
ring structure of the power distribution system may be main-

tained in case of a fault at one of the generators.

According to an embodiment the load is connectable to the
first bus via a load circuit breaker (also referred to as
load switch). In particular, the circuit breaker which may be
controlled by a (programmable) relay having current measure-
ment capabilities and voltage measurement capabilities and
providing logic computations. In particular, a time-current
characteristic of the load switch may be such that the load
switch opens before the first switch or the second switch
opens, in order to keep the first bus connected to the annu-
lar power distribution system in the case a fault occurred at
the load. Thereby, the power distribution system may be main-
tained in the advantageous ring structure when the fault oc-
curred exclusively at a load connected to the power distribu-
tion system. In particular, one or more load devices may be

connected to each bus of the plurality of busses.
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According to an embodiment at least one of the third switch,
the generator switch, and the load switch comprises a pro-
grammable relay including a logical unit, wherein in particu-
lar the relay may control a breaker for opening or closing
the switch. In particular, the Siemens SIPROTEC protective
relay may be employed.

According to an embodiment a vessel (such as a floating off-
shore platform, a drilling rig, an oil platform, comprising a
power distribution system as explained above is provided,
wherein the vessel is dynamically positionable using at least
two electrical motors (connected to a propeller or a
thruster) being connected to electric power bus(es) as the
load. The vessel may be kept at a particular position (in the
sea or at the sea) by activating one or more propellers or

thrusters driven by electric motors.

In particular, a two-lineup switchgear configuration for a DP
class 2 vessel is considered, where it is permitted to lose 2
thrusters, one on an initial fault, the other on a later sec-
ond fault. In a DP class 2 vessel only electrical faults are
considered. The vessel must be able to safely finish its op-
eration after an electrical fault. For a fault tolerant sys-
tem the vessel must be able to do the same for a second fault
occurring after certain types of first faults. Such first
faults may include a faulty breaker, generator, thruster or

bus.

According to an another embodiment a four-lineup switchgear
configuration for a DP class 3 vessel 1s considered, where it
is permitted to lose 3 thrusters, one on an initial fault,
and two more on the second fault. In a DP class 3 vessel,
faults affecting entire rooms must also be considered. This
may include a fire or flooding of an entire room. For the
proposed fault tolerant system a condition is that the first
fault is limited to an electrical component, like a faulty

breaker, generator, thruster or bus. The second fault may af-
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fect a complete room, and the vessel may be able to safely
finish its operation after such a fault. Such a fault may re-
sult in the loss of two thrusters, in addition to one that

may have failed as a result of the first (electrical) fault).

According to an embodiment a eight-lineup switchgear configu-
ration for a DP class 3 vessel is considered, where it is
permitted to lose 2 thrusters, one on an initial fault, the
other one on a later second fault. Similar to the four-lineup
switchgear configuration for the DP class 3 vessel, but each
of the generators and busses are provided in their own, sepa-
rate fire-proved room. This makes the vessel more expensive
to construct but may be compensated for having 6 thrusters
remaining after two faults. This may allow smaller thrusters
to be used than in the DP class 3 vessel having a four-line
up switch gear, where the vessel may only have 5 thrusters

remaining after two faults.

In particular, the two-line up switch gear for a DP class 2
vessel may include two separate rooms, the four-line up
switch gear for a DP class 3 vessel must include four sepa-
rate rooms and the eight-line up switch gear for a DP class 3
vessel must include eight separated rooms within which sev-
eral components of the power distribution system are in-
stalled.

According to an embodiment the vessel is configured for sup-
porting a floating offshore o0il platform or an offshore
drilling platform. The vessel may be at least partially sub-
mersed in the sea.

It should be understood that features (individually or in any
combination) disclosed, described or mentioned with respect
to a power distribution system may also be applied to a
method for power distribution (individually or in any combi-

nation) .

According to an embodiment a method for power distribution

using a power distribution system for a dynamically position-
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able vessel, in particular the power distribution system as
described above, is provided, wherein the power distribution
system comprises a plurality of busses comprising a first bus
to which a load is connectable and a plurality of switches
comprising a first switch and a second switch. Herein, the
plurality of busses is connected via the plurality of
switches in an interjacent manner to form a ring, wherein the
first bus is connected in between the first switch and the
second switch. Herein, the method comprises determining (in
particular comprising measuring, deriving, computing and/or
estimating) a first current flowing via the first switch in a
direction towards the first bus; determining (in particular
comprising measuring, deriving, computing and/or estimating)
a second current flowing via the second switch in a direction
towards the first bus; and disconnecting the first bus from
the ring by opening the first switch and concurrently opening
the second switch, if the first current is above a predeter-
mined current threshold for longer than a predetermined time
duration and if the second current is above the predetermined
current threshold for longer than the predetermined time du-
ration. Thereby, each of the first switch and the second
switch comprises a programmable relay including a logical
unit providing logical functionality, wherein the first bus
is identified using the logical functionality within the

first switch and the second switch.

It has to be noted that embodiments of the invention have
been described with reference to different subject matters.
In particular, some embodiments have been described with ref-
erence to method type claims whereas other embodiments have
been described with reference to apparatus type claims. How-
ever, a person skilled in the art will gather from the above
and the following description that, unless other notified, in
addition to any combination of features belonging to one type
of subject matter also any combination between features re-
lating to different subject matters, in particular between

features of the method type claims and features of the appa-
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1 schematically illustrates a power distribution sys-

ording to an embodiment;

2 illustrates graphs showing time-current characteris-
ves of relays used in the power distribution system

ated in Figure 1;

3 illustrates a logic diagram employed in a relay used

power distribution system illustrated in Figure 1;

4 illustrates a logic diagram employed in a relay used

power distribution system illustrated in Figure 1;

5 illustrates a logic diagram employed in a relay used

power distribution system illustrated in Figure 1;

6 and 7 i1illustrate a power distribution system ac-

to an embodiment;

8 and 9 illustrate a power distribution system ac-

to another embodiment;

10 and 11 illustrate a power distribution system ac-

to still another embodiment;
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Figure 12 schematically illustrates a vessel comprising a

power distribution system as illustrated in Figure 1.

Detailed Description

The illustration in the drawing is schematical. It is noted
that in different figures, similar or identical elements are
provided with the same reference signs or with reference

signs, which are different from the corresponding reference

signs only within the first digit.

Figure 1 schematically illustrates a power distribution sys-
tem 100 according to an embodiment. The power distribution
system 100 comprises a plurality of busses from which only a
first bus 101, a second bus 103, a third bus 105 and a fourth
bus 107 are illustrated. The busses are connected to each
other using a plurality of switches, from which only the
switches 109, 111, 113, 115 are illustrated. The busses are
connected in series using the switches in an alternating man-
ner to form a ring 117 formed by alternating busses and

switches.

A generator 119 is connected via a switch 121 to the bus 103
to supply the bus 103 with electric energy. The electric en-
ergy supplied to the bus 103 is consumed by a load 123 which
is connected via a load switch 125 to the bus 103. The gen-
erator 127 is connected via a generator switch 129 to the bus
105, to supply electric energy to the bus 105. A load 131 is
connected via the switch 133 to the bus 105 to supply the
electric energy to the load 131.

The bus 103 is connected to the bus 101 via the switch 111
and the bus 103 is connected to the bus 105 via the switch
113. In particular, the switch 111 comprises a (normally
closed, i.e n.c.) breaker 135 which is controlled by a relay
137. In the illustrated embodiment, the relay 137 is a Sie-
mens SIPRTEC relay which may be programmed and which com-

prises a logic circuitry. Further, the relay 137 comprises a
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current measurement and a voltage measurement capability, in
order to measure a current flowing from the bus 103 towards
the bus 101 or to measure a current flowing from the bus 101
towards the bus 103. The switch 113 comprises a breaker 139
which is controlled by a relay 141 to set the breaker in an
open state or a closed state. In the illustrated embodiment
both the relays 137 and 141 are Siemens SIPRTEC relays allow-
ing to perform logical operations and allowing to measure
current and voltage flowing via the relays between adjacent

busses.

During a normal operation of the power distribution system
100 the plurality of busses are connected by alternating
(closed) switches to form an annular structure or ring struc-
ture. Thereby, electrical power generated by the generators
119 or 127 may be distributed to any of the loads connected
to any of the busses. Thereby, a reliable supply of suffi-
cient electric power may be provided to all of the loads con-

nected to the busses.

Under normal conditions (not fault occurs) all breakers of
the switches 109, 111, 113 and 115 are closed. The generators
119, 127 may have a nominal current of 300 A (Ampere) and may

maintain a sustained fault current of 900 A for at least 3 s.

In Figure 1 a particular fault scenario is illustrated,
wherein a short circuit 143 occurred at the bus 103. The
short circuit 143 may be caused for example by a faulty con-
nection of the bus 103 to ground. According to other embodi-
ments, the faulty conditions may have been caused by differ-
ent events. Because of the short circuit 143 a high current
will flow from the generator 119 towards the short circuit
143. Further, as the switches 109, 111, 113 and 115 are nor-
mally closed, also a high current will flow from the genera-
tor 127 wvia the bus 105, the switch 113 (which is closed) to-
wards the short circuit 143. Additionally, a high current
will flow via the bus 101, the closed switch 109, the closed
switch 111, the bus 103 towards the short circuit 143. These
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high currents may draw an excessive amount of electrical en-
ergy from the power distribution system and are thus unde-
sired. According to an embodiment, the power distribution
system 100 is configured to disconnect the faulty bus 103
(the bus where the fault occured) from the ring structure 117
in order to allow the continued supply of electric energy to
other loads of the power distribution system, such as load
131.

Since the fault occurred at the bus 103 (and not at the load
123 or the generator 119), the problem can not be solved by
just opening the generator switch 121 or the load switch 125
to disconnect the generator 119 or the load 123 from the
power distribution system, respectively. In contrast, the
power distribution system 100 is configured to open the
switches 111 and 113 in order to disconnect the bus 103 from
the power distribution system 100 such that no fault current
can occur flowing from the bus 105 towards the bus 103 and

currents flowing from the bus 101 towards the bus 103.

The switch 113 will detect a current 145 flowing from the bus
105 to the bus 103 and will send an inhibit signal via the
signal line 147 to the switch 115 connecting the bus 105 with
the bus 107. The inhibit signal sent to the switch 115 will
cause the switch 115 to remain closed, since the fault can

not have occurred at the bus 105.

Further, the switch 111 will detect a current 149 flowing
from the bus 101 towards the bus 103 and upon detection of
this current the switch 111 will send an inhibit signal via a
signal line 151 to the switch 109. The inhibit signal re-
ceived by the switch 109 will cause the switch 109 to remain
closed, since the bus 101 can not be the faulty bus, if the
current 149 flows from the bus 101 towards the bus 103. Fur-
ther, the switches 109 and also the switch 115 will send in-
hibit signals to their respective neighbouring switches
within the ring 117 to cause these switches to resume their

closed state. Eventually all switches within the ring 117
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will be inhibited except the switches 111 and 113 which will
therefore adopt an open state. Thereby, the faulty bus 103 is
separated from the power distribution system 100 and the
power distribution system 100 has been opened to not any more
form a ring structure. After separating the faulty bus 103
from the power distribution system consumers or loads con-
nected to other busses (not connected to bus 103), such as
the load 131, may be supplied with electric energy to ensure

proper continued operation.

Figure 2 illustrates graphs of time-current characteristics
of the switches 109, 111, 113, 115, 121, 125, 129, 133 (in
particular characteristics of the relays comprised in these
switches). On the abscissa in Figure 2 the current in Ampere
is indicated, while on the ordinate the time in seconds 1is
indicated, wherein both scales are logarithmic. The curves
253, 255, 257 and 259 indicate at which combinations of time
and current flow the different switches will trip, i.e. open
on fault. Curve 253 applies for switches 125 and 133; curve
259 applies for switches 109, 111, 13 and 115 (non-
directional); curve 255 applies for switches 109, 111, 13 and
115 (directional); and curve 257 applies for switches 121 and
129.

Curve 253 for example illustrates the characteristics of the
load switch 125 connecting the load 123 to the bus 103. In
particular, the load switch 123 will adapt an open state when
a current between about 30 x 100 A and 200 x 100 A (or
higher) lasted for about 0.02 s or longer. In this way a
faulty load may be separated from the power distribution sys-
tem 100 illustrated in Figure 1 in a very fast manner before

any of the other switches open.

Further, the curve 255 in Fig. 2 illustrates the time-current
characteristics of the switches 111 and 113 when they detect
a directional current 145 and 149, both currents flowing to-
wards the bus 103. Thereby, the switches 111, 113 will adopt

their open state when the currents 145, 149 assume particular
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values or exceed particular thresholds for particular time

periods.

The curve 257 illustrates the characteristics of the genera-
tor switch 121 connecting the generator 119 to the bus 103 or
the characteristics of the generator switch 129 connecting
the generator 127 to the bus 105. The shapes of the time-
current characteristic curves of the different switches 109,
111, 113, 115 (connecting neighbouring busses) may be very
similar or equal but may be different from the characteristic
curves of the load switches 125, 133 and may also be differ-
ent from the characteristics of the generator switches 121
and 129. In particular the shapes of the time-current charac-
teristic curves may depend on the particular application.

The protective relay 121 for the generator 119 illustrated in
Figure 1 will trip according to the curve 257 illustrated in
Figure 2. The relay 137 will not see any current flowing from
bus 103 to bus 101. Therefore, it will not issue an inhibit
signal (block 67 trip) to the relay 141 of the switch 113. If
there is no power generation to the left of the bus 103, the
relay 137 of switch 111 will not take any action. (If there
was power dgeneration connected to bus 101, the relay 137 of
switch 111 would also trip, and clear the fault on the left
side of bus 103). The relay 141 of switch 113 will see a di-
rectional fault current 145 generated for example by genera-
tor 127, approximately 9200 A. It does not receive an inhibit
signal from the relay 137 of switch 111. Further, it does see
under-voltage. It does see directional fault current to bus
103 and will initiate trip according to the curve 255 as il-
lustrated in Figure 2. It will not issue an inhibit signal to
relay 137 of switch 111. For fault levels up to around 4000
A, it will trip before the protective relay 129 for generator
127 and clear the fault.

The directional fault current trip level must be set to below
the sustained 3 s fault current available from the smallest
generator. If the network shall be operated as a closed loop,

the directional fault current trip level must be set to below
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half the sustained 3 s fault-current available from the
smallest generator. The reason being that the fault-current
from a single generator online on a closed bus loop will
travel to the short circuit location from both directions.
For DP operations, the minimum number of generators in opera-
tion will be 2.

Figure 3 illustrates a logical diagram of the protective re-
lays comprised in switches 109, 111, 113 and 115 to illus-
trate under which conditions the relay of the switch 111 or
113 sends an inhibit signal to a switch upstream of a de-
tected current 145 or 149. The switches 111 and 113 comprise
a relay 137 and 141, respectively, which comprises each an OR
gate 361. At a terminal 363 the OR gate 361 receives an indi-
cation that there is over-current from the bus adjacent to
the corresponding switch. At a terminal 365 the OR gate 361
receives an indication that there is an earth fault current
from the bus. If (at least) one of the signals received at
the terminals 363 and 365 is a logical high signal, the OR
gate 361 will issue at a terminal 367 a logical high signal
which may be used as an inhibition signal to be sent to a
switch on the other side of that bus (for example to the

switches 109 and 115 as illustrated in Figure 1).

Figure 4 illustrates a logical diagram of an operation of the
relay 141 (or 137) controlling circuit breaker 113 (or 111),
as illustrated in Figure 1. In particular, Figure 4 illus-
trates the logical diagram indicating or describing under
which conditions the circuit breaker 113 (or 111) will open,
in order to separate the faulty bus 103 from the power dis-
tribution system 100. The logical circuitry 469 comprises a
delay 471, an AND gate 473, a delay 475, an AND gate 477 and
an OR gate 479. The delay 471 receives an indication of a di-
rectional over-current to the bus and delays this signal by a
time Tl to send it to the AND gate 473. Further, the AND gate
473 receives an inhibit signal from another switch which is
inverted. Further, the AND gate 473 receives an indication of

an under-voltage on the bus. If there is no inhibit signal, a
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directional over-current to the bus and an indication of an
under-voltage on the bus, the AND gate 473 will output a
logical high signal.

To allow a trip (opening on fault) on a directional over-

current all of the following conditions must be present:

- No inhibit signal is being received from the relay on the

other side of the bus to which the fault current is flowing.

- A directional fault current is being detected. There is a
time delay Tl on this signal to allow time for the relay on
the other side of the bus to issue an inhibit signal. This
delay may be selected to provide proper relay coordination. A
suitable time may be in the range of 150 - 300 ms. For some
power systems, a shorter time will be required, which may re-
quire faster logic than what is available in protective re-

lays available on the market today.

- A bus under-voltage is being detected.

If there is a fault that causes the relay on the other side
of the bus not to issue inhibit when it should, the relay
will trip on directional over-current anyway after a delay
T2. In particular, T2 must be longer than Tl. Finally, the

breaker will be tripped on non-directional over-current.

Figure 5 illustrates an implementation a part of the logical
circuit 469 illustrated in Figure 4 on a Siemens SIPROTEC re-
lay and trip on directional earth-fault. Herein, the AND gate
573 receives an indication of a directional over-current at a
terminal 574 and an indication of an under-voltage at a ter-
minal 576. The OR gate 579 receives the result of the AND
gate 573 and at a terminal 580 an indication of a directional
earth-fault.

Figures 6 and 7 illustrate a main single line diagram of a

two-line up switch gear for DP2 class vessel according to an
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embodiment. The power distribution system 600 illustrated in
two portions in Figures 6 and 7 includes 8 busses 601 which
are connected by interjacent switches 611. The switches 611
are constructed as the switch 111 illustrated in Figure 1,
thus comprising a relay and a breaker each. FEach relay con-
trols the corresponding breaker. In Figure 6 those components
of the power distribution system 600 are illustrated which
are arranged in a first room, whereas Figure 7 illustrates
those components of the power distribution system 600 which
are arranged in another separated room. The busses 601 are
connected using the switches 611 to form a ring structure.
The portions of the power distribution system 600 arranged in
the two different rooms are connected to each other using two
cables 602.

Figures 8 and 9 illustrate a main single line diagram of a
four-line up switch gear for DP3 class vessel type power dis-
tribution system 800. Portions of the power distribution sys-
tem 800 comprised in a first room and a second room are il-
lustrated in Figure 8, while portions of the power distribu-
tion system 800 located in a third room and a fourth room are
illustrated in Figure 9. Eight busses 801 are connected using
switches 811 in an alternating manner to form a ring struc-
ture. Portions of the power distribution system 800 located
in different rooms are connected to each other using four ca-
bles 802. Generators 819 (in the illustrated embodiments
elight generators are provided) provide electric energy to the
busses and from there to loads 823 (in the illustrated em-

bodiment eight thrusters are connected as the loads).

Figures 10 and 11 illustrate a main single line diagram of
eight-1line up switch gear for DP3 class vessel type power
distribution system 1000. Portions of the power distribution
system 1000 comprised in a first room, a second room, a third
room and a fourth room are illustrated in Figure 10, while
portions of the power distribution system 1000 located in a
fifth room, a sixth room, a seventh room and an eighth room

are illustrated in Figure 11. Plural busses 1001 are con-
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nected using plural switches 1002 to form a ring structure.
Generators 1019 supply electric energy to the busses and from
there to plural loads 1023.

Figure 12 schematically illustrates a vessel 1280 for which a
power distribution system as illustrated in Figure 1, Figures
6 and 7, Figures 8 and 9, or Figures 10 and 11 may be used.
The vessel 1280 comprises two pontoons 1282 (submersed in the
sea) each of which harbours four thrusters 1223. The thrust-
ers 1223 are supplied with electric energy by a not illus-
trated power distribution system, such as the system 100, the
system 600, the system 800 or the system 1000, as described

above, for fail safe operation of the vessel 1280.

It should be noted that the term “comprising” does not ex-

w w rr

clude other elements or steps and “a” or “an” does not ex-
clude a plurality. Also elements described in association
with different embodiments may be combined. It should also be
noted that reference signs in the claims should not be con-

strued as limiting the scope of the claims.
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Claims

1. Power distribution system, in particular for a dynamically

positionable vessel, the power distribution system compris-

ing:

] a plurality of busses (101,103,105,107) comprising a
first bus (103) to which a load (123) is connectable;

° a plurality of switches (109,111,113,115) comprising a
first switch (111) and a second switch (113),

wherein the plurality of busses i1s connected via the plural-

ity of switches in a interjacent manner to form a ring (117),

the first bus is connected in between the first switch and

the second switch, and

the power distribution system is configured to open the first

switch and concurrently open the second switch,

if a first current (149) flowing via the first switch in a

direction towards the first bus is above a predetermined cur-

rent threshold for longer than a predetermined time duration

and

a second current (145) flowing via the second switch in a di-

rection towards the first bus is above the predetermined cur-

rent threshold for longer than the predetermined time dura-

tion,

thereby disconnecting the first bus from the ring,

wherein each of the first switch and the second switch com-

prises a programmable relay including a logical unit provid-

ing logical functionality,

wherein the first bus is identified using the logical func-

tionality within the first switch and the second switch.

2. Power distribution system according to claim 1, wherein

the first switch is configured to determine the first current
and a direction of the first current and the second switch is
configured to determine the second current and a direction of

the second current.

3. Power distribution system according to claim 1 or 2,

wherein the first switch is configured to send an inhibit
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signal (147,151) to the second switch for inhibiting the sec-
ond switch from opening, i1f a first opposite current flowing
via the first switch in a direction away from the first bus

is above the predetermined current threshold for longer than

the predetermined time.

4., Power distribution system according to claim 3, wherein
the second switch is configured to open, if the second switch
does not receive the inhibit signal from the first switch and
the second current flowing via the second switch in a direc-
tion towards the first bus is above the predetermined current
threshold for longer than the predetermined time and if in
particular additionally a voltage at the first bus is below a

predetermined voltage threshold.

5. Power distribution system according to claim 4, wherein
the second switch is configured to open, 1f a third current
flowing via the second switch in a direction towards the
first bus or in a direction away from the first bus is above
another predetermined current threshold for longer than an-
other predetermined time, wherein the other predetermined
current threshold is greater than the predetermined current
threshold and/or the other predetermined time is greater than

the predetermined time.

6. Power distribution system according to one of the preced-
ing claims, wherein the plurality of busses comprises a sec-
ond bus (105) connected to the first bus via the second
switch (113),

wherein the plurality of switches comprises a third switch
(115) connected to the second bus,

wherein the second switch is configured to send an inhibit
signal (147) to the third switch for inhibiting the third
switch from opening, if

the second current (145) via the second switch in the direc-
tion towards the first bus is above the predetermined current

threshold for longer than the predetermined time.
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7. Power distribution system according to one of the preced-
ing claims, further comprising at least one generator (119)

connected to the first bus.

8. Power distribution system according to claim 7, further
comprising a generator switch (121) via which the generator

is connected to the first bus.

9. Power distribution system according to one of the preced-
ing claims, wherein the load (123) is connectable to the

first bus via a load switch (125).

10. Power distribution system according to one of the preced-
ing claims, wherein at least one of the third switch, the
generator switch, and the load switch comprises a programma-

ble relay including a logical unit.

11. Vessel comprising a power distribution system according
to one of the preceding claims, the vessel being dynamically
positioned using at least two electrical motors
(123,623,823,1023,1223) .

12. Vessel according claim 11, configured for supporting an

offshore o0il platform or an offshore drilling platform.

13. Method for power distribution using a power distribution

system, in particular for a dynamically positioned vessel, in

particular the power distribution system according to one of

the preceding claims,

the power distribution system comprising:

° a plurality of busses comprising a first bus to which a
load is connectable;

° a plurality of switches comprising a first switch and a
second switch,

wherein the plurality of busses i1s connected via the plural-

ity of switches in an interjacent manner to form a ring,

the first bus is connected in between the first switch and

the second switch,
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the method comprising:

] determining a first current flowing via the first switch
in a direction towards the first bus;

] determining a second current flowing via the second
switch in a direction towards the first bus; and

] disconnecting the first bus from the ring by opening the
first switch and concurrently opening the second switch, if
the first current is above a predetermined current thresh-
old for longer than a predetermined time duration and the
second current is above the predetermined current threshold
for longer than the predetermined time duration,

wherein each of the first switch and the second switch com-

prises a programmable relay including a logical unit provid-

ing logical functionality,

wherein the first bus is identified using the logical func-

tionality within the first switch and the second switch.



