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Description

Fault detection in subsea power cables

Field of the invention

The invention relates to fault detection in subsea power ca-
bles.

Background

Recently, there has been an increasing interest in offshore
hydrocarbon production. Hydrocarbon wells can be located many
miles from shore sites and in water depths reaching down to
several thousand meters. Subsea pipelines can be used for
transporting hydrocarbons from an offshore well to a produc-
tion vessel or to an onshore site, or may be used for trans-
porting hydrocarbons between different onshore sites sepa-

rated by an offshore section.

In deep waters, the water temperature is relatively low, it
may for example be between about -1 and +4 °C. When hydrocar-
bons are produced from a subsea well, they can comprise a
fraction of water, and they furthermore will cool signifi-
cantly upon reaching the seabed. This can lead to the forma-
tion of hydrates, which are generally a combination of pres-
surized hydrocarbon gas with water. This combination can at
low temperatures form a hydrate, which is a solid material.
Hydrates can restrict the flow within a pipeline, or may even

completely plug the pipeline.

Methods are known in the art which use chemicals for prevent-
ing hydrate formation. Another method which is more effective
is the increase of the temperature of the pipeline, for exam-
ple by using direct electric heating (DEH). Such DEH system
is for example known from WO 2004/111519, which uses a subsea
single phase cable which is attached to two sides of a steel

pipeline. A 50/60 Hz AC current is passed through the cable
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and the pipeline, and the pipeline is heated due to its elec-

tric resistance.

The power source is generally located at an onshore location
or on board of a production vessel, and an example of such
power source is described in WO 2010/031626. The pipeline
section to be heated is a single phase load on the power sup-

ply arrangement.

The detection and finding of the location of a fault in me-
dium to high voltage subsea cables, in particular in subsea
cables used in DEH systems is generally difficult. A single
phase subsea cable may be used to supply the power to heated
pipeline section and may be connected to anodes, see for ex-
ample Fig. 1. As the subsea direct electric heating is an im-
pedance based load, the voltage on the cable approaches zero

at the remote location.

Previous methods used so far have generally limited accuracy

for the detection of sub-sea faults at a far-remote location.

As the subsea direct electric heating is impedance based
load, the voltage on the cable approaches zero at the remote
location. This makes very difficult to use conventional meth-
ods of fault detection and location. Methods that may be used

include:

1.) Inverse time-current curves; current is different for
different loads; this makes it impractical to use one curve
for each of the loads as e.g. 18 loads may be defined on ex-
isting DEH systems. Moreover, this method can be inaccurate
for far remote faults as in such, the measured current in
fault-less (normal) operations is relatively low (difficult

to distinguish from a fault current).

2.) Impedance based protection where measured impedance Z =
Voltage/Current is compared to find the reduction in imped-

ance and thus the fault location proportional to load imped-
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ance. As the fault location can be located far away from the
power source, a very small impedance change may only be de-
tected. Errors in measuring equipment and calculations, and
eternal influences to impedance value such as cable heating
expansion may make this method impractical to use, in par-
ticular for the last 10% or 20% of the subsea cable length.

3.) Detection method based on fiber-optics, such as the ones
described in WO 2007/096775 and WO 2010/108976, which relate
to the use of a fiber optical relay for DEH subsea cable pro-
tection, based on fiber-optics build inside the cable insula-
tion. Yet the optical fibers must be installed when the sub-
sea cable is being produced, and the system is thus not suit-
able for existing installations. It is also complex and ex-
pensive. If the fiber-optics get damaged or burned inside the
cable, the detection system can not be used any more and a
new cable needs to be installed. This may pose a problem as

subsea cables are among the most expensive equipment.

Further, although fiber-optical detection methods can be very
fast in fault detection, they are generally not very suitable
for finding the fault location, as existing detection methods
are all based on detecting changes in the cable temperature,
assuming the increase of cable temperature will lead to burn-
ing of the cable. This assumption does not seem to be ade-
quate, as the cable temperature may be different at locations
at which the cable and the pipeline are buried in the ground
and at which it is not buried but cooled with surrounding

secawater.

sSummary

Accordingly, there is a need to obviate at least some of the
drawbacks mentioned above and to provide an improved detec-

tion of faults in a subsea power cable.

This need is met by the features of the independent claims.

The dependent claims describe embodiments of the invention.
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An embodiment provides a method of detecting a fault in a

subsea power cable or in a direct electric heating (DEH) sys-
tem comprising a subsea power cable, wherein measuring points
are distributed along the subsea power cable, the method com-
prising the steps of measuring at each measuring point a cur-
rent in the subsea power cable; comparing the currents meas-
ured at the different measuring points; and detecting the

presence and the location of a fault in the subsea power ca-

ble or in the DEH system based on the comparison.

By making use of different measuring points, it may become
possible to determine the location of the fault from a remote
location, so that a repair of the subsea power cable or the
DEH system is facilitated and made more efficient. Further,
it may become possible to detect faults even at the far end
of the subsea power cable or of a pipeline section which is

heated via power from the subsea power cable in a DEH system.

In an embodiment, measuring the current at the measurement
point comprises measuring the phase angle of the current, and
the step of comparing the measured currents comprises compar-

ing the measured phase angles.

In an embodiment, the method further comprises measuring at
each measuring point a voltage in the subsea power cable and
determining a phase angle (or difference) between the voltage
and the current. By making use of a phase difference, the de-
tection of faults at a far end of the protected zone of the
subsea power cable is facilitated, in particular since cur-
rent magnitude may not change much during the occurrence of a
fault at such position. Short circuit currents may be rela-
tively low in case of a fault at a far end of the protected

zone.

In an embodiment, the comparing of the phase angles for dif-
ferent measuring points may be done by comparing the phase

differences between current and voltage, comparing current
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vectors, comparing polarities of the voltage measurements, or
comparing directions derived for each measuring point from
the current measurement, in particular from phase angle of
the current measurement. In these examples, the comparison of
the currents of two measuring points is based on the phase
angle of the current (compared to the voltage at the respec-

tive measuring point).

Different advantageous possibilities may thus be implemented

for performing the current comparison. In particular deriving
a direction for each measuring point, preferably a direction

pointing towards the fault, has the advantage that the

evaluation of the fault location is facilitated.

The direction may point along the subsea power cable in one
or the other direction and may be derived from a voltage po-
larity determined on the basis of the phase angle. In some
embodiments, the derived direction may point along the subsea
power cable in the direction of real power flow, and can be
determined based on the current and voltage measurement at
the regpective measuring point. The derived directions may

thus point to a sink constituted by the fault.

In an embodiment, measuring the current at the measurement
point comprises measuring the magnitude of the current, and
the step of comparing the measured currents comprises compar-

ing the measured current magnitudes.

In an embodiment, the step of detecting the presence and the
location of a fault in the subsea power cable or in the DEH
system comprises using a directional protection scheme based
on the measured currents for detecting the location of the
fault. The scheme may further be based on voltages measured
at each measuring point, in particular on a phase difference
between current and voltage. Using a directional detection
scheme may enhance the sensitivity for fault detection, in

particular for remote faults.
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In an embodiment, the method further comprises the step of
transmitting information on the measured current from a meas-
urement point to another measurement point, in particular to
a neighbouring measurement point, and/or to a topside instal-
lation. The information may in particular be transmitted to a
fault detection unit, which may e.g. be a protection relay
located at a measuring point, in particular a master relay,
or a subsea control module, or a topside fault detection

unit.

An embodiment of the invention provides a fault monitoring
system for a subsea power cable or for a direct electric
heating system comprising a subsea power cable. The fault
monitoring system comprises plural measuring units distrib-
uted along the subsea power cable and adapted to measure a
current in the subsea power cable at corresponding measuring
points, and a fault detection unit adapted to compare the
current measurements of two or more measuring units and to
detect the presence and the location of a fault in the subsea
power cable or in the DEH system based on the comparison.
Similar advantages as the ones outlined above with respect to

the method may be achieved by such system.

In an embodiment, the fault monitoring system may further
comprise a communication unit adapted to transmit information
on currents measured at different measuring points to the
fault detection unit. Information on measured currents may
include phase angle or phase difference, a voltage polarity
derived from such phase angle or a direction derived from the

current measurement, as set out above.

In an embodiment, the fault monitoring system may comprise a
communication unit adapted to transmit information on the
presence and location of a fault to a topside installation.
For example, at the topside installation, power to the subsea
power cable may be cut in response to receiving such informa-

tion.
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In an embodiment, the fault detection unit is adapted to be
located subsea. By performing the evaluation of the measure-
ments subsea, the system may be made more efficient and/or
compact. In particular, the fault detection unit may be a
protection relay located at a measuring point, in particular
a protection relay connected to a measuring unit, preferably
a master relay. In another embodiment, the fault detection
unit may be a subsea module in communication with protection
relays located at the measuring points. Such subsea module

may for example be implemented in a subsea control module.

In another embodiment, the fault detection unit may be lo-

cated at a topside installation.

In an embodiment, the fault detection unit is adapted to com-
pare the magnitude of the measured currents of the two or
more measuring units. The current comparison may also be per-
formed by comparing if a current was measured at all by the
two or more measuring units. In case of a fault, measuring
units and connected protection relays ‘downstream’ of the
fault may no longer receive power. By detecting that these
units do no longer provide information on current measure-
ments (which may correspond to a current of zero), the fault
detection unit may determine the presence and location of the
fault. For the comparison, the fault detection unit may use
information transmitted by the communication unit which can
comprise current magnitude, on/off information about the
measuring units, i.e. whether the measured current magnitude
is above or below a given threshold.

In an embodiment, the fault detection unit is adapted to com-
pare the phase angle of the measured currents of the two or

more measuring units.

As outlined above, comparing the phase angles does not need
to be performed directly, but gquantities or indicators de-
rived from the phase angles may be compared. This may include

comparing at least one of current vectors, directions derived
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from the phase angles (in particular a direction pointing to-
wards the fault, e.g. the direction of real power flow), or
voltage polarity of voltages measured by the two or more
measuring units. The magnitude of the respective measurements
may also be considered. The respective quantities can be com-
municated by means of a communication unit from the respec-
tive measuring point to the fault detection unit. Communi-
cated information on current measurements may for example in-

clude phase angle, current vector or derived direction.

In an embodiment, the fault detection unit is adapted to de-
tect the presence and location of a fault between two
neighbouring measuring points if the direction derived at one
measuring point points in one direction whereas the direction
derived at the other measuring point points in a reverse di-
rection. Both may for example point towards the fault. Detec-

tion of the fault location is thus facilitated.

In an embodiment, at each measuring point, a measuring unit,
a protection relay and a communication unit are provided. The
communication unit may be part of the protection relay.

In an embodiment, for each measuring point, the protection
relay may be adapted to perform a current and a voltage meas-
urement using the respective measuring unit. It may further
be adapted to determine a direction on the basis of a phase
difference between the measured current and voltage. As an
example, the direction may point in the direction of real
power flow. If a fault occurs upstream of a protection relay,
the power flow at the respective measuring point may be re-
versed, leading to a change in polarity at a measuring volt-
age transformer of the measuring unit, which can be detected
as a change in the phase difference (or phase angle) between
voltage and current. The direction for this protection relay
may thus be reversed, pointing towards the fault. The protec-
tion relay may further be adapted to communicate the deter-
mined direction to the fault detection unit, e.g. by using

the communication unit.
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In an embodiment, the measuring unit comprises a measuring
current transformer mounted at the measuring point to the
subsea power cable for measuring said current. It may fur-
thermore comprise a measuring voltage transformer for per-
forming a voltage measurement at the respective measuring

point.

In an embodiment, the fault detection unit is adapted to com-
pare the current measured by a measuring unit with the cur-

rent measured by neighbouring measuring units.

In an embodiment, the fault detection unit is adapted to de-
tect the presence and location of a fault if the current vec-
tor at one measuring point points in reverse direction
whereas the current vector measured at a neighbouring measur-

ing point points in forward direction.

In an embodiment, the fault monitoring system further com-
prises an energy storage coupled to the subsea power cable in
proximity to a remote end thereof, in particular in proximity
to a remote end of a pipeline section to be heated at which
the subsea cable is electrically coupled to the pipeline sec-
tion. If a fault occurs at the subsea power cable between
measuring points, the measuring units and associated protec-
tion relays are enabled to measure a power flow from the en-
ergy storage towards the fault. This may make the determina-
tion of the fault location more precise. This may also ensure
operability the downstream protection relays after such
fault. The energy storage may be configured to supply elec-
tric power to the subsea power cable when the subsea power
cable is in a de-energized state, i.e. before providing the
main power to the subsea power cable or after fault (e.g. af-
ter the main power supply to the subsea power cable was cut).
Measurements downstream of the fault (as seen from the main

power source) may thus be enabled.

In an embodiment, a communication unit is provided for each

measuring unit, wherein the communication units are adapted
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to communicate with each other using wireless communication
or using a communication line, in particular a fibre optic
communication line or power line communication via the subsea
cable. One unit or each communication unit may be adapted to
communicate with a topside installation, at which e.g. the
fault detection unit or a protection device for disabling the
main power supply to the subsea power cable may located, or
to communicate with a subsea control module in which the

fault detection unit may be located.

In embodiments of the invention, the fault monitoring system
may furthermore be configured so as to perform any of the

above outlined methods. Similarly, the above outlined methods
may be performed on embodiments of the fault monitoring sys-

tem.

It is to be understood that the features mentioned above and
those yet to be explained below can be used not only in the
respective combinations indicated, but also in other combina-
tions or in isolation, without leaving the scope of the pre-
sent invention. In particular, the features of the embodi-
ments described above and those described hereinafter can be

combined with each other unless noted to the contrary.

Brief description of the drawings

The foregoing and other features and advantages of the inven-
tion will become further apparent from the following detailed
description read in conjunction with the accompanying draw-
ings. In the drawings, like reference numerals refer to like

elements.

Figure 1 is a schematic diagram showing possible locations of

fault occurrences in a subsea power cable of a DEH system.

Figure 2 is a schematic block diagram of a fault monitoring

system in accordance with an embodiment of the invention.
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Figure 3 is a schematic block diagram of a fault monitoring

system in accordance with an embodiment of the invention.

Figure 4 is a schematic block diagram of a fault monitoring

system in accordance with an embodiment of the invention.

Figure 5 is a schematic block diagram of a fault monitoring

system in accordance with an embodiment of the invention.

Figure 6 is a schematic block diagram of a fault monitoring

system in accordance with an embodiment of the invention.

Detailed description

In the following, embodiments of the invention will be de-
scribed in detail with reference to the accompanying draw-
ings. It is to be understood that the following description
of embodiments is given only for the purpose of illustration

and is not to be taken in a limiting sense.

It should be noted that the drawings are to be regarded as
being schematic representations only, and elements in the
drawings are not necessarily to scale with each other. Also,
the coupling of physical or functional units as shown in the
drawings and described hereinafter does not necessarily need
to be a direct connection or coupling, but may also be an in-
direct connection or coupling, i.e. a connection or a cou-
pling with one or more additional intervening elements. A
skilled person will further appreciate that the physical or
functional units illustrated and described herein with re-
spect to the different embodiments do not necessarily need to
be implemented as physically separate units. One or more
physical or functional blocks or units may be implemented in
a common circuit, circuit element or unit, while other physi-
cal or functional blocks or units shown may be implemented in

separate circuits, circuit elements or units.
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Although the following description is given with respect to a
subsea power cable of a direct electrical heating (DEH) sys-
tem, it should be clear that the invention is equally appli-
cable to other types of subsea power cables, e.g. to subsea
power cables used to transport electric power to a subsea in-
stallation, e.g. to a subsea power grid or to transport elec-
tric power in such subsea power grid ot between components of

a subsea installation. Other uses are certainly conceivable.

Figure 1 shows a DEH system 10. The DEH system 10 comprises a
power system 21 which provides a main power source for direct
electrical heating. Power system 21 may include a power grid,
a generator or the like. The DEH system 10 further comprises
a power supply system 22 for a subsea load. Power supply sys-
tem 22 may for example comprise means for controlling the
power flow into the subsea power cable ans well as protective

means, e.g. circuit breakers.

Power system 21 and the power supply system 22 for a subsea
load are both comprised in the topside installation 20. Note
that in other configurations, power supply system 22 may be
located at a subsea installation, it may e.g. be part of a

subsea power grid.

The DEH system 10 is provided for heating several pipeline
sections of a subsea pipeline for transporting hydrocarbons.
In the example of Figure 1, an exemplary pipeline section 35
is shown. The power supply system 22 is coupled to both ends
36, 37 of the pipeline section 35. The subsea power cable 30
is part of said coupling and is used to transport electric
energy to the far end 36 of the pipeline section 35. In op-
eration, single phase AC voltage is applied to both ends 36,
37 of the pipeline section. Due to the conductivity and im-
pedance of the pipeline section, current is conducted within
the pipeline section 35 and heats the pipeline section. Thus

the name ‘direct electrical heating’.
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In operation, faults may occur along the subsea power cable
91. Such faults can be located closed to the power supply
system 22 (and thus to the main power source for the direct
electrical heating), like faults 91, or they can be located
further away (far-remote faults), like the fault 92. Faults
include ground faults as well as faults resulting form an
electrical contact between the subsea power cable 30 and the
pipeline section 35 (of course other then the electrical con-
nections provided at ends 36, 37). As can be seen, fault 92
is relatively close to the electric connection provided at
end 36 of the pipeline section. Accordingly, the voltage drop
caused by such fault is only small and the fault will be dif-
ficult to detect.

The problem of subsea cable fault detection and location pre-
sented above may be solved by using fault monitoring system
40 in accordance with an embodiment of the invention shown in
Fig. 2, where a number of measuring transformers 53, 54 are
located along the subsea power cable 30, in particular along
the far remote part of the subsea power cable 30.The current
transformers 53 are located at so called measuring points to
measure current inside the subsea power cable 30. They are
used to compare the currents in the individual segments be-

tween these measuring points.

Furthermore, a protection relay 51 and a communication unit
55, which may be part of the protection relay 51, are pro-
vided at each measuring point. The measuring current trans-
former 53 is considered to be part of a measuring unit 52.
The communication unit 55, the protection relay 51 and the
measuring unit 52 form a protection device 50. Such protec-
tion device is provided at several measuring points along the
subsea power cable, in particular along its remote part in

proximity to the remote end 36 of the pipeline section 35.
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By means of the communication unit 55, the protection devices
50, in particular the protection relays 51 can communicate
with each other and/or with an other device of e.g. a subsea
installation or a topside installation using a communication
link or line 41. Such communication line 41 may be provided
by wireless communication, by optical communication (e.g. us-
ing a fiber optic cable) or by power line communication, e.qg.
using the subsea cable 30 as a power line, or using a dedi-
cated power line provided for powering the protection relays
51.

In some embodiments, measuring unit 52 comprises only a meas-
uring current transformer 53. In other embodiments, the meas-
uring unit 52 may furthermore comprise a measuring voltage

transformer 54.

A segment is hereinafter defined as a segment of the subsea
power cable located between two measuring points, i.e. be-

tween two measuring devices 50.

The following are embodiments of detection methods which may

be used with this arrangement:

1.) Current comparison between segments: based on monitor-
ing of the current flow interruption after the last
measuring point which will signify the fault location
towards the right hand side of the power supply to the
subsea power cable 30. The fault will generally be lo-
cated towards the far end 36 of the pipeline section
in the segment adjacent to the last protection relay
51 which measures a current in the subsea power cable

30 by means of the respective current transformer 53.
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2.)) Directional logical protection method for DEH: based
on direction of vector currents (phasors) in individ-
ual segments - this protection scheme can for example
operate when the DEH system is off-load and can be
used prior or after energizing DEH. Location of a
fault in a segment will lead to a change in voltage
polarity for the protection relays 51 located between
the fault and the far end 36 of the pipeline section
35. Electric power may for this purpose be injected at
the far end of the subsea power cable 30 to enable a

voltage measurement at such locations.

Note that apart from the subsea power cable of a DEH system,
the system and method of the present invention may be used

for detecting faults on any type of subsea power cable.

Several measuring points are located along the far-remote
part of the subsea power cable 30 on the direct electric
heating single phase system 10, as shown in Fig. 2. Each
measuring point is equipped with a measuring current trans-
former 53 and/or a measuring voltage transformer 54, both can
be used for current vector (magnitude and phase angle) meas-

urement.

Measuring transformers 53, 54 may be fixed along the subsea
cable, and are connected to the individual digital protection
relays 51, which may be provided in a subsea box. Measuring
transformers 53, 54 can be mechanically protected against wa-
ter and can be placed either directly around the subsea power
cable 30 or inside special mechanical protection tool. Such
mechanical protection tools are available for providing me-

chanical protection to the subsea power cable.
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Power supply for each protection relay 51 or protection de-
vice 50 can be provided by use of small transformers that can
take power from the subsea power cable 30. The power consump-
tion of protection relay 51 or protection device 50 is typi-
cally lower than 100 Watts, and thus relatively small. As the
current in the subsea power cable 30 may be several hundred
amperes, e.g. between 700 and 1600 A, and the transported
power may range from 2 MW to 20 MW or more, it will generally
be unlikely that the current used to power the protection de-
vices 50 (relays 51) can be sensed as a current leak, as the
power used for the protection relays 51 will be lower than
0,005% of the DEH load - this is generally lower than the

measuring accuracy.

Each relay protection device can communicate between each
other using wireless communication or communication via a
communication line, e.g. a fiber optic cable or the above
mentioned power line communication. The communication between
devices will allow the detection of the fault and the sending
of a signal to the topside installation, where this signal
can trip the circuit breaker (e.g. comprised in power supply
system 22) of the subsea load (here the pipeline section 35).
The communication can be wireless, although optical communi-
cation, e.g. via fiber optic cable, is preferred since it is

relatively resistant against electromagnetic disturbances.
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Regarding the evaluation of the measurements, several imple-
mentations are conceivable. Each protection relay 51 may have
be configured to perform a processing of measured data, e.g.
deriving current magnitude, deriving a phase angle or current
vector from measured current or voltage, determining current
magnitude, determining voltage magnitude, determining voltage
polarity (based on the phase angle of the current), determin-
ing the direction of real power flow (e.g. from the phase an-
gle between voltage and current), determining a direction in
which the fault is located (which may correspond to the di-
rection of real power flow) and the like. All such informa-
tion is directly derived from the current measurement and can
thus be considered to represent the current. Comparing cur-
rents can thus involve the comparison of any of the above
outlined derived quantities. Each of these quantities may be
communicated to a fault detection unit which determines the

presence and location of a fault from the received data.

The fault detection unit receives the information, compares
the currents measured at the different measuring points and
determines the presence and location of a fault (if such is
present). As mentioned above, the comparison can comprise the
comparison of any of the above outlined quantities, e.g. cur-
rent magnitude, current phase angle, a polarity derived from
the phase angle, a direction derived from the phase angle and
the like.

The fault detection unit can be implemented in several ways.
In some embodiments, it may be located subsea. The fault de-
tection unit may be implemented by a respective functionality
in each of the protection relays 51. In other embodiments,
one protection relay 51 may act as a master relay and may im-
plement the fault detection unit. This may for example be the
protection relay located closest to the main power source 22.
In further embodiments, the fault detection unit may be im-
plemented in a subsea control module (SCM), which may be pro-

vided with such additional functionality.
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In these embodiments, the fault detection unit is generally
located in a subsea enclosure. It is further adapted to com-
municate with a topside installation (e.g. topside installa-
tion 20) so that it can, in case of the detection of a fault,
transmit a signal for triggering circuit breakers or other
protective equipment associated with the subsea power cable
30. In other embodiments, it may communicate with protective
equipment located at the subsea installation, such as a sub-
sea switchgear, for cutting the power to a faulty subsea
power cable 30. Further damage to the subsea power cable 30

and connected equipment may thus be prevented.

In other embodiments, the fault detection unit may be located
at the topside installation, e.g. in the power supply system
22. The protection relays 51 may then, via the respective
communication units 55, transmit information on the measured
currents (e.g. the above outlined quantities) to the fault
detection unit via the communication link 41. The fault de-
tection unit can the directly issue a trip command to a cir-
cuit breaker of the power supply system 22 for disconnecting
the subsea power cable 30 in case of the occurrence of a
fault.

A preferred implementation of the fault detection unit is
within a protection relay 51 acting as a master relay. In the
following description and in the figures, it is assumed that
the fault detection unit is implemented in the protection re-
lay 51, in particular in the one closest to the power supply
system 22. It is configured to calculate the vector of cur-
rents based on a current measurement and voltage polariza-
tion, and it may be contained in a subsea canister and sealed
against the ingress of sea water. It should be clear that the
explanations given herein after are equally applicable to em-
bodiments in which the fault detection unit is implemented in

a SCM or at a topside installation.
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One way of detecting the presence and location of a fault
which may be used by the fault detection unit is the current

comparison between segments.

The logic is based on comparison of load currents in normal
operations, not necessarily short-circuit currents as short
circuit current may be very low when a far-remote fault oc-
curs. The current at a single measuring location point in the
system is compared by the fault evaluation unit with a
neighboring measuring point. If the current is lower than the
current on the other measuring point or zero, then the fault
must be contained to the right hand side of the first loca-
tion. The determination of fault location can be based on the
logic matrix shown in figure 4. Moreover, if the current on
all relays to the right hand side was reported lower than on
the first relay to the left, this means that the fault must
be contained in the right hand segment adjacent to the first

relay.

In figures 3 and 4, five protection relays 51 are provided,
and they are designated by numerals 1-5. In the example of
figure 3, relay 3 measures a current I; while relay 4 meas-
ures a current Is. In case a fault occurs in the segment be-
tween relays 3 and 4, a fault current Teur will exist. The

current measured by I, is then:

(1) Is = I3 - Ifauic.

Thus, the fault location can be detected by the respective
current measurements and can be determined by the fault
evaluation unit, which may receive the current magnitude
measured by the respective relay, an indication that the cur-
rent magnitude is below or above a threshold, or an indica-
tion that no current was measured at all (e.g. be receiving
no communication from the regpective relay, i.e. the relay is
‘off’ and all current flows via the fault (fully bolted

fault), so that the power supply to downstream relays is in-
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terrupted). In case of normal operation, I, equals Is and

Trame = 0.

Figure 4 shows an example of a logic for full bolted faults
when all current is consumed by the fault and interrupted to
other devices and supply. The figure further shows a table
including a fault detection logic matrix which can be used to

detect the fault location based on the current measurements.

The table in figure 4 illustrates how the fault location is
detected based on information whether the respective protec-
tion relay is ‘on’ or ‘off’, i.e. measures a current or is
cut off from the power supply. This may of course be imple-
mented similarly by using current magnitudes, with a drop in
current magnitude between two measuring point indicating the

fault location, i.e. the faulty segment.

The protection relays 51 may have self-monitoring functions
that can run self diagnostics and detect any faults inside
the resgpective relay, so there is no need for an assumption
that the relay failed to work (hidden failure inside relay)
when an relay state ‘off’ is detected. Such assumption may
thus not be used in the protection logic illustrated in fig-

ure 4.

Another way of detecting the presence and location of a fault
which may be used by the fault detection unit is the direc-
tional logic method, which can also be used with DEH systems

and subsea power cables.

The detection method is based on the principle that even if
the current magnitudes do not change much during the fault,
the current phase angles will change. The protection relays
may be programmed such that they determine a direction from
the phase angle which points towards the direction of the
fault (in figures 5 and 6 termed Reverse (R) or Forward (F)).
This detection method is herein termed directional protec-

tion.
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In a particular embodiment, each protection relay 51 may be
configured to derive from a current can voltage measurement
by means of measuring unit 52 to determine a direction of
real power flow in the subsea power cable. In normal opera-
tion, real power flows away from the power supply 22 and to-
wards the load (direction (R) in figures 5 and 6), here to
the pipeline section 35. The direction of real power flow can
be determined by the protection relay from the phase angle
between voltage and current. If a fault occurs, the fault
will constitute a sink towards which the real power will
flow. Thus, the relays ‘upstream’ of the fault still deter-
mine a direction R towards the load and the fault, whereas
the downstream relays determine an opposite direction F,

which is pointing to the fault yet away from the load.

The logic is based on a comparison of load currents or test
currents, not necessarily short-circuit currents as short
circuit current may be very low when a far-remote fault oc-
curs. The current vector at a single measuring point location
in the system will be compared with neighboring measuring
point. The fault is detected if one relay points Reverse (R)
and neighboring relay points Forward (F). This is in detail

illustrated in the Table logic presented in Fig. 6.

The logic will work if there is separate power source at each
side of the fault, or pipeline. Typical DEH applications com-
prise a single power supply for a pipeline section. The power
supply may be located close to the middle or to an end of the
pipeline section. In any case, there will be at least one re-
mote end of the pipeline section which in figures 5 and 6is

the right hand end 36. A fault may thus interrupt the power

supply to a part of the subsea power cable leading to the re-
mote end. At measuring point located at this part of the sub-
sea power cable 30, no current and phase angle measurements

can thus be performed.
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However, this problem can be overcome. A low voltage energy
storage 60, in form of e.g. battery, capacitor or similar,
may be placed on the other side of the subsea cable, as pre-
sented in figure 5. This energy storage 60 can be connected
after the occurrence of a fault after which the downstream
part of the subsea power cable is de-energized (downstream
meaning in a direction away from the power supply and towards
the load). The energy storage thus allows a current and volt-
age measurement by the relays downstream of the fault. The
energy storage 60 may comprise an inverter or the like for
generating an AC output for the purpose of performing the

measurement.

Also, after the occurrence of a fault, the upstream relays
may no longer be able to make measurements, in particular
when the power to the subsea power cable is cut. The protec-
tion relays 51 may thus comprise a memory in which they store
past measurements, phase angle, current vector and/or the de-
rived direction, i.e. R or F. The relays upstream of the
fault will thus have stored the direction Reverse (R) before
the system was tripped (disconnected). After the system is
de-energized, it is possible to switch-on the low voltage en-
ergy storage 60 that can supply electric power to the subsea
cable from the other side of the cable and thus, the down-
stream relay can determine the measuring points at which the
current phasor or derived direction points in Forward (F) di-
rection. Accordingly, the direction F or R can be determined
for each measuring point. Based on the logic scheme presented

in Fig.6, the location of the fault can be derived.

It should be clear that this is only an example of how the
directional protection may be implemented. Other implementa-
tions are also conceivable, for example the determining of a
current vector or current phasor at each measuring point and
the comparing of these at the fault detection unit, or the
like.
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The embodiments of the invention described herein have sev-
eral advantages. Faults can be detected with high speed and
high sensitivity. The sensitivity to faults is in particular
high since load currents can be compared, not only short-
circuit currents (I>, I>>, I>>>) as in conventional relay
protection methods. A high sensitivity to faults is also
achieved since the signal is always compared by comparing
values of similar current and voltage amplitudes at measuring
points (current and voltage transformers), so that differ-
ences are relatively easy to detect. A high reliability can
be achieved since the detection of false faults is reduced,
it may be practically eliminated. Another advantage is the
relatively easy setting of the system and the possibility to

estimate the fault location subsea.

While specific embodiments are disclosed herein, wvarious
changes and modifications can be maid without departing from
the scope of the invention. The present embodiments are to be
considered in all resgspect as illustrative and non-
restrictive, and all changes coming within the meaning and
equivalency range of the appended claims are intended to be

embraced therein.
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Claims

1. A method of detecting a fault in a subsea power cable (30)
or in a direct electric heating (DEH) system (10) comprising
a subsea power cable (30), wherein measuring points are dis-
tributed along the subsea power cable, the method comprising

the steps of

- measuring at each measuring point a current in the sub-
sea power cable (30);

- comparing the currents measured at the different measur-
ing points; and

- detecting the presence and the location of a fault in
the subsea power cable or in the DEH system based on the

comparison.

2. The method according to claim 1, wherein measuring the
current at the measurement point comprises measuring the
phase angle of the current, and wherein the step of comparing
the measured currents comprises comparing the measured phase

angles.

3. The method according to claim 1 or 2, wherein the method
further comprises measuring at each measuring point a voltage
in the subsea power cable and determining a phase difference

between the voltage and the current.

4., The method according to claim 3, wherein the step of com-
paring the measured currents comprises at least one of com-
paring phase angle, comparing current vectors, comparing po-
larities of the voltage measurements, or comparing directions
derived for each measuring point from the current measure-

ments.

5. The method according to any of the preceding claims,
wherein measuring the current at the measurement point com-

prises measuring the magnitude of the current, and wherein
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the step of comparing the measured currents comprises compar-

ing the measured current magnitudes.

6. The method according to any of the preceding claims,
wherein the step of detecting the presence and the location
of a fault in the subsea power cable or in the DEH system
comprises using a directional protection scheme based on the

measured currents for detecting the location of the fault.

7. The method according to any of the preceding claims, fur-
ther comprising the step of transmitting information on the
measured current from a measurement point to another measure-
ment point, in particular to a neighbouring measurement

point, and/or to a topside installation.

8. A fault monitoring system (40) for a subsea power cable
(30) or for a direct electric heating system (10) comprising
a subsea power cable (30), the fault monitoring system com-

prising:

- plural measuring units (52) distributed along the subsea
power cable and adapted to measure a current in the sub-
sea power cable (30) at corresponding measuring points;
and

- a fault detection unit adapted to compare the current
measurements of two or more measuring units (52) and to
detect the presence and the location of a fault in the
subsea power cable or in the DEH system based on the

comparison.

9. The fault monitoring system according to claim 8, further
comprising a communication unit (55) adapted to transmit in-
formation on currents measured at different measuring points

to the fault detection unit.

10. The fault monitoring system according to claim 8 or 9,

wherein the fault monitoring system (40) comprises a communi-
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cation unit (55) adapted to transmit information on the pres-

ence and location of a fault to a topside installation (20).

11. The fault monitoring system according to any of claims 8-
10, wherein the fault detection unit is adapted to be located

subsea.

12. The fault monitoring system according to any of claims 8-
11, wherein the fault detection unit is a protection relay

(51) located at a measuring point or a subsea module in com-
munication with protection relays (51) located at the measur-

ing points.

13. The fault monitoring system according to claim 8 or 9,
wherein the fault detection unit is located at a topside in-
stallation (20).

14. The fault monitoring system according to any of claims 8-
13, wherein the fault detection unit is adapted to compare
the current measurements by comparing the magnitude of the
measured currents of the two or more measuring units or by
comparing if a current was measured at all by the two or more

measuring units.

15. The fault monitoring system according to any of claims 8-
14, wherein the fault detection unit is adapted to compare
the current measurements by comparing phase angles of the
measured currents of the two or more measuring units (52), in
particular by comparing at least one of current vectors, di-
rections derived from the phase angles, or voltage polarity

of voltages measured by the two or more measuring units.

16. The fault monitoring system according to claim 15,
wherein the fault detection unit is adapted to detect the
presence and location of a fault between two neighbouring
measuring points i1if the direction derived at one measuring
point points in one direction whereas the direction derived

at the other measuring point points in a reverse direction.
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17. The fault monitoring system according to any of claims 8-
17, wherein at each measuring point, a measuring unit (52), a
protection relay (51) and a communication unit (55) are pro-
vided.

18. The fault monitoring system according to claim 17,
wherein for each measuring point, the protection relay is
adapted to perform a current and a voltage measurement using
the resgpective measuring unit and to determine a direction on
the basis of a phase difference between the measured current

and voltage.

19. The fault monitoring system according to any of claims 8-
18, wherein the measuring unit comprises a measuring current

transformer (53) mounted at the measuring point to the subsea
power cable, and preferably further comprises a measuring

voltage transformer (54).

20. The fault monitoring system according to any of claims 8-
19, wherein the fault detection unit is adapted to compare
the current measured by a measuring unit (52) with the cur-

rent measured by one or more neighbouring measuring unit.

21. The fault monitoring system according to any of claims 8-
20, wherein the fault monitoring system further comprises an
energy storage (60) coupled to the subsea power cable (30) in
proximity to a remote end thereof, in particular in proximity
to a remote end (36) of a pipeline section (35) to be heated
at which the subsea power cable (30) is electrically coupled

to the pipeline section (35).

22. The fault monitoring system according to any of claims 8-
21, wherein a communication unit (55) is provided at each
measuring point, wherein the communication units are adapted
to communicate with each other using wireless communication

or using a communication line, in particular a fibre optic
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communication line or power line communication via the subsea

cable (30).

23. DEH system (10) comprising a fault monitoring system (40)

according to any of claims 8-22.
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