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DESCRIPTION

TECHNICAL FIELD

[0001] The present disclosure generally relates to off-shore jointing or reparation of submarine
power cables.

BACKGROUND

[0002] Off-shore jointing of submarine cables can be performed as a planned joint, to connect
two sub-lengths or, in case of damage, to repair a cable.

[0003] The jointing operation involves several steps where the cable is suspended from the
vessel chute in a catenary to the seabed. During this time the cable experiences loads due to
wave induced vessel motions in combination with hydrodynamic loads due to wave action. The
cable is exposed to repeated bending, and this variation in cable curvature results in cyclic
strain variations in the cable components which can result in fatigue damage. The most
fatigue-critical component in a high voltage power cable is the lead sheath, while for medium
voltage cables the most fatigue-critical component may be the conductor, the armour wires or
screen, depending on the cable design. For high voltage cables, excessive fatigue loading of
the lead sheath leads to cracks that allow water diffusion to the insulation which eventually can
lead to an electrical failure. Corresponding considerations apply for medium voltage cables.

[0004] With larger cables and at higher voltage levels the cable becomes more sensitive to
fatigue and the jointing time increases and can be up to 8 days long. Fatigue of the lead
sheath during the jointing operation is therefore becoming an increasing concern and is
something that needs to be considered when planning the jointing operation.

[0005] Until recently, no assessment with regards to fatigue was made and the jointing was
performed as long as the weather allowed safe working conditions. Today, a fatigue analysis
can be performed beforehand to provide recommendations with regards to allowable standstill
time as a function of the weather conditions. However, during an off-shore jointing operation
the weather will change and it is not always possible to accurately determine the wave height,
periods, direction and spectrum. There are also uncertainties in the analysis such as the vessel
response and cable properties.

[0006] EP 2902 584 A2 and WO 2012/059736 A2 disclose fatigue monitoring methods and
systems for subsea elongate structures.

SUMMARY
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[0007] In view of the above, it is very difficult to know during an off-shore jointing operation
what kind of fatigue damage is being accumulated and thus difficult to determine whether there
is a risk for excessive fatigue damage.

[0008] If the weather deteriorates or the jointing operation takes longer time than planned it is
very hard to evaluate if there is a risk for fatigue damage and to decide if the jointing shall be
stopped and the cable cut.

[0009] It is also difficult to provide evidence that there is no potential future risk for failure due
to cracks in the lead sheath.

[0010] A general object of the present disclosure is to provide a method which solves or at
least mitigates problems of the prior art.

[0011] There is hence according to a first aspect of the present disclosure provided a method
for fatigue-monitoring of a submarine power cable during off-shore jointing or reparation
according to claim 1.

[0012] Thereby the risk for fatigue failure during jointing can be significantly reduced. The
method furthermore provides evidence that the jointing operation has been successful also
with regards to fatigue and that there is no risk for future failures due to cracks in the lead
sheath and resulting water ingress.

[0013] It can also function as a tool to optimize the cable catenary and vessel heading during
the jointing operation or reparation to reduce fatigue.

[0014] An alternative term for "strain" as used throughout this text is "stress". With "fatigue
damage" is meant a mechanical weakening of the submarine cable, which, if sufficiently many
strain cycles occur, leads to fatigue failure.

[0015] The submarine power cable may be a medium voltage or a high voltage cable. The
submarine power cable may be an AC submarine cable or a DC submarine cable.

[0016] One embodiment comprises repeating steps a) to ¢) during the off-shore jointing or
reparation, wherein in each iteration of step ¢) the fatigue damage is determined based on the
plurality of strain ranges determined in step b) of the current iteration and on the fatigue
damage determined in the previous iteration of step c), thereby obtaining an accumulated
fatigue damage.

[0017] According to the invention step b) comprises determining a number of occurrences of
each strain range, wherein in step c) the fatigue damage is determined based on the number
of occurrences of each strain range.
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[0018] Each occurrence of a strain range is a strain cycle. Hereto, it can be said that the
fatigue damage in step c) is determined based on the number of strain cycles for each strain
range.

[0019] One embodiment further comprises determining a number of cycles to failure of a lead
sheath or other metallic component of the submarine power cable for each strain range,
wherein in step c) the fatigue damage is determined further based on the number of cycles to
failure for each strain range.

[0020] According to one embodiment the number of cycles to failure for each strain range is
determined using an S-N fatigue curve for a lead sheath or other metallic component of the
submarine power cable. For medium voltage cables the S-Fatigue curve may be for a metallic
component such as the conductor, the armour wires or the screen. The S-N fatigue curve is
also known as the Wohler curve.

[0021] According to one embodiment step ¢) involves using the number of occurrences of
each strain range and the corresponding number of cycles to failure with the Palmgren-Miner
linear damage hypothesis to determine the fatigue damage.

[0022] In particular, the number of occurrences of each strain range may be divided with the
corresponding number of cycles to failure, and these ratios may be summed. Typically, if this
sum at the end of the jointing operation or reparation is equal to or above a predetermined
number, typically 1, such stress/strain has been accumulated that the lead sheath, in the case
of a high voltage power cable, or other metallic component, in the case of a medium voltage
power cable, has failed.

[0023] According to one example, an upper limit can be set well below the predetermined
number, so that as long as the sum is below or equal to the upper limit, it can be concluded
with a safety margin that the submarine power cable has not been critically damaged. This
upper limit may for example be in the range 0.05-0.5, such as 0.1-0.5, for example 0.1-0.4 or
0.1-0.3 if the predetermined number is set to 1. The system configured to perform the method
may be configured to indicate in real-time or essentially in real-time during the
jointing/reparation to vessel crew that the sum from the Palmgren-Miner linear damage
hypothesis approaches the upper limit. This allows for the operator to take appropriate action
in case the sum approaches the upper limit.

[0024] According to the invention in step b) the determining of each strain range involves using
a mathematical model of the submarine power cable.

[0025] According to the invention in step a) the determining involves obtaining measurements
of a curvature of the submarine power cable from a curvature monitoring device monitoring the

submarine cable where the submarine cable leaves the vessel chute.

[0026] There is according to a second aspect of the present disclosure provided a system for
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fatigue-monitoring of a submarine power cable during off-shore jointing or reparation according
to claim 6.

[0027] According to the invention the curvature monitoring device comprises a sleeve
configured to be placed around the submarine power cable, which sleeve includes a plurality of
strain gauges positioned at regular intervals from each other in the axial direction of the sleeve,
and which strain gauges are configured to provide a measure of a curvature of the submarine
power cable or the curvature monitoring device comprises inclination sensors configured to be
mounted on the submarine power cable, which inclination sensors are configured to provide a
measure of a curvature of the submarine power cable or the curvature monitoring device
comprises a deflection measurement system configured to measure a deflection of the
submarine power cable to provide a measure of a curvature of the submarine power cable.

[0028] According to one embodiment the system is configured to repeat steps a) to ¢) while
the submarine power cable is being suspended from the vessel chute, wherein in each
iteration of step c) the system is configured to determine the fatigue damage based on the
plurality of strain ranges determined in step b) of the current iteration and on the fatigue
damage determined in the previous iteration of step c), thereby obtaining an accumulated
fatigue damage.

[0029] According to the invention in step b) the system is configured to determine a number of
occurrences of each strain range, wherein the system is configured to, in step c), determine
the fatigue damage based on the number of occurrences of each strain range.

[0030] According to one embodiment the system is configured to determine a number of
cycles to failure of a lead sheath or other metallic component of the submarine power cable for
each strain range, wherein the system is configured to, in step c¢), determine the fatigue
damage further based on the number of cycles to failure for each strain range.

[0031] According to one embodiment the system is configured to determine the number of
cycles to failure for each strain range using an S-N fatigue curve for a lead sheath or other
metallic component of the submarine power cable.

[0032] According to one embodiment the system is configured to, in step c), using the number
of occurrences of each strain range and the corresponding number of cycles to failure with the
Palmgren-Miner linear damage hypothesis to determine the fatigue damage.

[0033] According to the invention the system is configured to determine each strain range
using a mathematical model of the submarine power cable.

[0034] Generally, all terms used in the claims are to be interpreted according to their ordinary
meaning in the technical field, unless explicitly defined otherwise herein. All references to
"a/an/the element, apparatus, component, means, etc. are to be interpreted openly as
referring to at least one instance of the element, apparatus, component, means, etc., unless



DK/EP 3483579 T3

explicitly stated otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] The specific embodiments of the inventive concept will now be described, by way of
example, with reference to the accompanying drawings, in which:

Fig. 1 shows an example of a system for fatigue-monitoring of a submarine power cable during
off-shore jointing or reparation;

Fig. 2 shows a flowchart of a method for fatigue-monitoring of a submarine power cable;

Fig. 3 shows an example of a histogram containing the number of occurrences of strain
ranges;

Fig. 4 is an example of an S-N fatigue curve; and

Fig. 5 schematically shows a vessel chute including a submarine power cable leaving the
vessel chute.

DETAILED DESCRIPTION

[0036] The inventive concept will now be described more fully hereinafter with reference to the
accompanying drawings, in which exemplifying embodiments are shown. The inventive
concept may, however, be embodied in many different forms and should not be construed as
limited to the embodiments set forth herein; rather, these embodiments are provided by way of
example so that this disclosure will be thorough and complete, and will fully convey the scope
of the inventive concept to those skilled in the art. Like numbers refer to like elements
throughout the description.

[0037] Fig. 1 depicts an example of a system 1 for fatigue-monitoring of a submarine power
cable during off-shore jointing or reparation.

[0038] The system 1 comprises processing circuitry 3, a storage medium 5, and a curvature
monitoring device 7. The curvature monitoring device 7 is configured to provide a measure of a
curvature of a submarine power cable during the off-shore jointing or reparation to the
processing circuitry 3.

[0039] The storage medium 5 comprises computer code which when executed by the
processing circuitry 3 causes the system 1 to perform the method disclosed herein.
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[0040] The processing circuitry 3 uses any combination of one or more of a suitable central
processing unit (CPU), multiprocessor, microcontroller, programmable logic controller (PLC),
digital signal processor (DSP), application specific integrated circuit (ASIC), field programmable
gate arrays (FPGA) etc., capable of executing any herein disclosed operations concerning
fatigue-monitoring of a submarine power cable during off-shore jointing or reparation.

[0041] The storage medium 5 may for example be embodied as a memory, such as a random
access memory (RAM), a read-only memory (ROM), an erasable programmable read-only
memory (EPROM), or an electrically erasable programmable read-only memory (EEPROM)
and more particularly as a non-volatile storage medium of a device in an external memory
such as a USB (Universal Serial Bus) memory or a Flash memory, such as a compact Flash
memory.

[0042] A method for fatigue-monitoring of a submarine cable during off-shore jointing or
reparation performed by the system 1 will now be described with reference to Figs 2-4.

[0043] In the following example, the submarine power cable subjected to the off-shore jointing
or repair operation comprises at least one core and a lead sheath surrounding the at least one
core. The lead sheath acts as a water barrier, preventing water from penetrating into the at
least one core. It should be noted that this method could also be used for medium voltage
power cables without a lead sheath, in which case another metallic component, namely the
conductor, the armour wire, or the screen is monitored for fatigue damage.

[0044] When preparing for a jointing or repair operation off-shore, the vessel crew may
arrange the curvature monitoring device 7 so that the curvature of the submarine power cable
may be measured. Examples of the curvature monitoring device 7 will be provided later.

[0045] The most fatigue-sensitive region is in the region where the submarine power cable
leaves the vessel chute. Heave motion of the vessel chute results in that the submarine power
cable is bent and straightened against the vessel chute. Hereto, the curvature monitoring
device 7 is arranged so as to be able to monitor the curvature of the submarine power cable
where it leaves the vessel chute.

[0046] The curvature monitoring device 7 obtains curvature measurements which provide a
measure of the curvature of the submarine power cable. For each iteration of the method a
plurality of curvature measurements can for example be obtained over a number of minutes,
such as at least 5 minutes, for example at least 10 minutes or at least 20 minutes. The
measurements are hence obtained at different points in time, reflecting the dynamic movement
of the submarine cable over the measurement period.

[0047] In a step a) of the method a plurality of curvature values concerning the curvature of
the submarine power cable is determined. The curvature values reflect the curvature of the
submarine power cable at different points in time during off-shore jointing or repair. The
curvature values maybe seen as an irregular time-series of curvature values.
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[0048] The processing circuitry 3 may be configured to determine the plurality of curvature
values based on the curvature measurement made by the curvature monitoring device 7.

[0049] The plurality of curvature ranges are determined in step a) from the plurality of
curvature values. For this purpose, the rain-flow counting method may for example be used on
the curvature values.

[0050] In a step b) a plurality of strain ranges of the submarine power cable are determined
based on the plurality of curvature values. In particular, the plurality of strain ranges may relate
to the strain in the lead sheath of the submarine cable for different strain cycles. Alternatively,
the strain ranges may relate to the strain in another metallic component of the type noted
above, in case the submarine power cable is a medium voltage submarine power cable.

[0051] In an example where step a) involves determining a plurality of curvature ranges, the
plurality of strain ranges are determined based on the curvature ranges.

[0052] Each strain range is obtained using a mathematical model of the submarine power
cable. The curvature ranges are thus input values into the mathematical model, resulting in
corresponding strain ranges as output.

[0053] In another example, where no curvature ranges are determined, the curvature values
are used to determine the plurality of strain values. Each strain value is obtained using a
mathematical model of the submarine power cable. The curvature values are thus input values
into the mathematical model, resulting in corresponding strain values as output. The strain
ranges are determined based on the strain values, using for example the rain-flow counting
method on the strain values.

[0054] In case the submarine power cable is a DC submarine power cable, the curvature
values or curvature ranges are sufficient as input to the mathematical model to obtain the
strain values or the strain ranges. In the case the submarine power cable is an AC submarine
power cable, the tension of the AC submarine power cable at each measurement instance may
also be required as input together with the curvature values or curvature ranges to obtain the
corresponding strain values or strain ranges.

[0055] Additionally, in step b) the number of occurrences of each strain range stemming from
the curvature measurement are determined. This can for example be obtained by using the
rain flow counting method on the strain ranges. An example of a histogram showing the
distribution of different strain ranges and their number of occurrence is shown in Fig. 3.

[0056] Next, the number of cycles to failure of the lead sheath or other metallic component for
each strain range is determined. The number of cycles to failure for the strain ranges can for
example be determined using an S-N fatigue curve for the lead sheath/submarine cable in the
case of a high voltage power cable or for the other metallic component/submarine cable in the
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case of a medium voltage power cable. An example of an S-N fatigue curve is shown in Fig. 4.
In the example, the strain ranges are on the y-axis, for example provided in percentage, and
the number of cycles to failure is on the x-axis.

[0057] In a step ¢) a fatigue damage of the submarine power cable is determined based on the
plurality of strain values.

[0058] In step c) the fatigue damage of the submarine power cable obtained using the number
of occurrences of each strain range and the number of cycles to failure for each of the strain
ranges. In particular, the Palmgren-Miner linear damage hypothesis can be used to determine
the fatigue damage. The

[0059] Palmgren-miner linear damage hypothesis, also referred to as Miner's rule, states that

failure occurs when
k

n; _c
o N B
where k is the number of different strain ranges, niis the contribution of the ith strain range, i.e.
the number of occurrences of a strain range of a particular magnitude, and Ni is the number of
cycles to failure for the ith strain range as determined using the S-N fatigue curve. C is a
predetermined number, a constant, at which failure occurs. The constant C may for example
be set to 1. For each iteration of steps a) to ¢) the fatigue damage of the current iteration is
added to the fatigue damage of the previous iteration. The accumulated fatigue damage is
thus obtained. In this manner, an essentially real-time monitoring of the fatigue damage of the

lead sheath or other metallic component may be provided.

[0060] Steps a) to ¢) are repeated as long as the jointing or reparation operation is ongoing, or
fatigue failure is being indicated. As noted above, in every iteration, the fatigue damage
becomes an accumulated fatigue damage which is determined based on the plurality of strain
ranges determined in the current iteration and based on the fatigue damage of the previous
iteration.

[0061] Real-time fatigue-monitoring of the submarine power cable can thus be obtained.

[0062] Different examples of the curvature monitoring device 7 will now be described with
reference to Fig. 5. In Fig. 5 a perspective view of a submarine power cable 9 is shown leaving
a vessel chute 11. In the example, the curvature monitoring device 7 comprises a plurality of
devices 7a configured to provide a measure of the curvature of the submarine power cable 9.
The devices 7a may for example be strain gauges or inclination sensors. Alternatively, the
curvature monitoring device 7 may comprise a deflection measurement system configured to
measure a deflection of the submarine power cable to thereby provide a measure of a
curvature of the submarine cable 9.

[0063] In case the devices 7a are strain gauges these may be positioned at 12 o'clock, i.e. at
the top of the submarine power cable 9. The curvature monitoring device 7 may in this case
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comprise a sleeve configured to be arranged around the submarine power cable 9. The sleeve
may for example be made of a plastic material such as polyethylene or polyurethane. In Fig. 5
the sleeve is arranged around the submarine power cable 9 in a region where it leaves the
vessel chute 11. The sleeve may extend for several metres and may contain the devices 7a.
The devices 7a may be provided at regular intervals from each other in the axial direction of
the sleeve. Using the strain gauges, based on a time series of strain, e(t), the cable curvature
at each location is given by

e(t)

k() = —=

s
where ris the radius of the outer sheath of the submarine power cable 9. The radius r is hence
the radial distance from the centre of the submarine power cable 9 to the location of the strain
gauge.

[0064] In case the devices 7a are inclination sensors, the inclination sensors are configured to
be mounted on the submarine power cable 9 at regular intervals. The average curvature
between two inclination sensors is given by

AD;
AL
where ABi is the difference in angle between the ith and the ith+i inclination sensor, measured
in radians, and ALi is the distance between the two inclination sensors. The inclination sensors
could for example be mounted on a flexible frame equally spaced apart, to allow quick
mounting of several inclination sensors onto the submarine power cable 9.

K

[0065] If the curvature monitoring system 7 comprises a deflection measurement system, the
deflection of the submarine power cable 9 may be measured in relation to a fixed frame or
reference of the vessel. The deflection can continuously be measured along the section of the
submarine power cable 9 on the vessel chute 11. The deflection can be determined optically or
using distance sensors. Hereto, the deflection measurement system may comprise a video
camera and there may be provided optical markers on the submarine power cable 9.
Alternatively, the deflection measurement system may comprise distance sensors. In either
case, a polynomial curve y=f(s) can be fitted to the measured deflection as a function of the
distance s along the submarine power cable 9. The curvature K is given by

"

K= Y
(1+y'H)3?
where y' and y" are the derivatives of y with respect to s.

[0066] The inventive concept has mainly been described above with reference to a few
examples. However, as is readily appreciated by a person skilled in the art, other embodiments
than the ones disclosed above are equally possible within the scope of the inventive concept,
as defined by the appended claims.

REFERENCES CITED IN THE DESCRIPTION
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Patentkrav

1. Metode til treethedsovervagning af et undersgisk kabel (9) under samling eller

reparation offshore, metoden omfatter:

a) at fastsld en raekke krumningsveardier vedrearende en krumning af det
underspiske kabel (9) pa forskellige tidspunkter under samling eller repara-
tion offshore,

b) at fastsla en reekke belastningsomrader for det undersgiske kabel (9)
baseret pa en reekke af krumningsveerdier,

hvor at fastsla hvert belastningsomrade i trin b) indebaerer anvendelse af en
matematisk model af det undersgiske kabel (9), og

c) at fastsla et treethedsskade pa det undersgiske kabel (9) baseret pa reek-

ken af belastningsomrader,

hvor trin b) omfatter at fastsla et antal forekomster af hvert belastnings-
omrade, hvor treethedsskaden i trin c¢) fastlas baseret pa antallet af fo-
rekomster af hvert belastningsomrade, og

hvor fastslaelse i trin a) omfatter indhentning af malinger af en krum-
ning af det underspiske kabel (9) fra en krumningsovervagningsanord-
ning, der overvager det underspiske kabel (9), hvor det underspiske

kabel forlader fartejsskinnen (11).

2. Metoden ifplge krav 1, omfatter gentagelse af trin a) til ¢) under samling og
reparation offshore, hvor treethedsskaden i hver iteration af trin ¢) bestemmes ba-
seret pa reekken af belastningsomrader bestemt i trin b) i den aktuelle iteration, og
pa treethedsskaden bestemt i den foregaende iteration af trin c), derved opnas en

akkumuleret treethedsskade.

3. Metoden ifglge krav 1 eller 2 omfatter endvidere bestemmelse af et antal cyklus-
ser indtil svigt af en blykappe eller en anden metallisk komponent i det underspiske
kabel (9) for hvert belastningsomrade, hvor traethedsbruddet i trin ¢} yderligere
bestemmes pa grundlag af antallet af cyklusser indtil svigt for hvert belastnings-

omrade.
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4. Metoden ifglge krav 3, hvor antallet af cyklusser indtil svigt for hvert belastnings-
omrade bestemmes ved hjalp af en S-N udmattelseskurve for blykappen eller den

anden metalliske komponent af det undersgiske kabel (9).

5. Metoden ifglge krav 3 eller 4, hvor trin ¢) indebeerer anvendelse af antallet af
forekomster af hvert belastningsomrade og det tilsvarende antal cyklusser indtil
svigt med Palmgren-Miner-hypotesen om lineaer beskadigelse til bestemmelse af
treethedsbruddet.

6. System (1) til treethedsovervagning af et undersgisk kabel (9) under samling

eller reparation offshore, systemet (1) omfatter:

en krumningsovervagningsanordning (7) konfigureret til at levere en maling
af en krumning af det undersgiske kabel (9),

et lagringsmedium (5), der omfatter computerkode, og

et behandlingskredslgb (3), der ved udferelse af computerkoden far syste-
met (1) til at udfere metoden ifglge ethvert af kravene 1-5,

hvor krumningsovervagningsanordningen (7) omfatter en bgsning placeret
omkring det undersgiske kabel, hvor det forlader en fartgjsskinne (11}, hvil-
ken bgsning omfatter en raekke streekfglere (7a) placeret med regelmasssige
intervaller fra hinanden i bgsningens aksiale retning, og hvilke strackfolere
(7a) er konfigureret til at give et mal for en krumning af det undersgiske
kabel (9), eller

hvor krumningsovervagningsanordningen (7) omfatter heeldningsfelere (7a)
monteret pa det undersgiske kabel (9), hvor det forlader en fartgjsskinne
(11}, idet haeldningsfalerne (7a) er konfigureret til at give et mal for en
krumning af det undersgiske kabel (9), eller

hvor krumningsovervagningsanordningen (7) omfatter et kabelafbgjning-
smalesystem konfigureret til kontinuerligt at male en afbgjning af det un-
dersgiske kabel (9) langs en sektion af det undersgiske kabel (9) pa en far-

tejsskinne (11) for at give et mal for en krumning af det undersgiske kabel

(9).
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