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1 EXECUTIVE SUMMARY

This document defines the current dynamic cable state of the art for floating wind projects currently installed
or being engineered which will ensure specifications and requirements to be developed within the WP3 account
for current industry status. Thisodument consists of a comprehensive literature survey, industrial engagement
through the strong network of contacts with the COREWIND consortium and collation of findings to deliver a
documentary summary report. This report aladdressekey challenges, priorities and opportunities for cost
optimization through alternative installation practices.

1.1 Cross section

Initial designsare proposed within section 2.4. These have been determined as reasonable for the COREWIND
based on participant gerience given the little data available publically for review at the time this report has
been compiled. Designs may be revised during the subsequent WP3.2 configuration modelling based on
evaluations of minimum cable characteristics such as bend st#fnes

Largest opportunity for cost saving is to extrapolate minimum attributes required for ancillaries so that they are
tailored to the applications outlined in D1.2 which have been deemed representative of floating windfarm sites
by WP1. Standardisation dis hardware across the commercigdale field should lead to significant cost
savings.

Priority for Corewind models is to develop cagitimised 66kV cable configuration solution and ancillaries for
cost benchmark and reduction purposes. Where thisanced with the mooring line cost optimal solution, it

is important to note that as cost associated with the cable are typically less significant than the mooring line, a
relaxed mooring line system may in fact lead to greater overall cost savingsalbkdebing marginally greater
cable system costs.

1.2 Dynamic Cable configuration

Dynamic Cable configuration is strongly linked to actual voltage and associated cable cross section, floater
excursion / dynamic motions and environmental conditions (particyladrine growth). A set of configurations

is defined each having its own advantages and disadvantages thus projects specific constraints will drive the
selection.

Currently dynamic cable design is performed independently from station keeping systengrfiumtlestigation

is proposed combined mooring/dynamic cable configuration assessment with goal being to go up to determine
the maximum dynamic cable capabilities / cable design requirements to relax mooring design / benefits of
relaxed mooring design againless costly cable design / configuration. This task is planned within COREWIND
project.

1.3 Installation & Inspection

Installation of Dynamic Power Cables

The installation of dynamic power cables can be separated into two parts which occur one beforeehbudt

y2G Ay I aLISOATAO 2NRSNY wSO2YYSYRSR ¥2NJ) 2¢hdrpalk 2 NS dzy A
A yogeration. The pulin operation itself is known from fixeldottom turbines and consists of the ptfl and

the running of the cabléowards its destination point, the switchgear. While the rest of the cable is still stored

on the CLV (drgtorage) its first end is pulled in and attached on temporary haiifiggon the floater. The CLV

lays the cable towards the pilaid static cable aghconnects them depending on the kind of transition joint used,

on the ship after putlp or underwater by using a ROV. As the cables are connected the electrical connection

corewind Review of the state of the art of dynamic cable system design 6
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takes place on the FOWT by using pluggablecdnnectors for each phase. Depenglion logistical and/or
technical parameters, the cable may be laid in one piece including the transition joint. Tredocable is wet
stored on the seafloor or attached with buoyance modules to guarantee an easypjgtocess at a later date
for the pull-in operation into the floating structure.

Generally, the procedure of the ptli operation is relatively time intensive and requires valuable space inside
the structure. To enable a faster and more efficient connection new technologies are beielgpuk, like the
Hybrid Wet Mate ConnectdB1]which can be seen iRigurel.3-1.

Figurel.3-1 ¢ MacArtneys 11kV Hybrid Wet Mate Connector Solution, Right: Male Connector, Left: Female and Male
connector; Sourcef31]

Since its maximum voltage of 11kV is too low, more research has to be done in the field, also to lower the high
costs. Generally, this connection type enables an easy connection processiriatds the need to pull the
dynamic cable into the floater and to run it through the structure. For this pluggadi@ection a ROV can be
used. This shortens the time needed for connection and hereby making it possible to operate in waters with
limited time windows. Additionally, the three phases do not have to be connected individually nor separately
from the optical fiber cables. For a more detailed review of wet mate connectors, please [82&cRnother
possible future innovation comes with seldnnecting and disconnecting cables. This would avoid the time
intensive connection via the transition joint either on the ship or with a ROV on the s¢abed

Inspection & Monitoring

As seen irb.2.2 maintenance work is mainly based on an inspection schedule. After installation, tests and
inspections are conducted in an-sd inspection to record the first condition of the laid cableHould be kept

in mind, that damages occurring during installation are often the direct cause of failure in the later service life.
To ensure a long operational life, despite danger through the dynamic environment (r&v2e8y there are

three types of longerm inspections whicldiffer from the trigger of the maintenance work. The most efficient
method is the conditiorbased maintenance, where the condition of tt&ble is automatically monitored mostly

via optical fiber cables in the interstices of the power cable. Through the recorded data, a remaining life time
can be estimated, and the offshore repair work can be planned in advance. Common monitoring techniques
the Distributed Temperature Measurement System (DTS), explain6d2ib.], and the Distributed Acoustic
Sensing (DAS), covered5r?.5.2 If the estimated life time is not in an acceptable range, it is most likely to
replace the dynamic cable in its entirety due to its relatively short length.

With advancing information tdmology, like the Internet of Things (loT), pervasive networked sensors are
becoming more common in manufacturing operation. This will likely happen in the offshore wind sector as well.

corewind Review of the state of the art of dynamic cable system design 7
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Real time monitoring and data recording becomes more accurate, ddtavaze will help to detect subtle
changes in parameters, so that repair work can be even more accurately schétidleth section5.2.4.2

Partial Discharge Measurement was presented as an offline inspection method. Due to the requiredlitasigh

to identify minor damages it is not yet used for continuous monitoring on dyneatfites. But research is aiming

for an online PD measurement in the future. Next to PD monitoring, online OTDR monitoring and the related
DSS (Distributed Strain Sensing) are promising techniques to monitor the cables condition in the future. For a
more dedailed view into DSS please chd88]. All these monitoring techniques are being developed or are
already in use to measure fatigue on the cable, whidarusial for dynamic power cables.

corewind Review of the state of the art of dynamic cable system design 8
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2 INTRODUCTION

2.1 INTRODUCTION

Floating offshore wind is still a nascent technology and its LCOE is substantially higher than onshore and bottom
fixed offshore wind, and thus requires to be drastically reduced.

The COREWINDoject aims to achieve significant cost reductions and enhance performance of floating wind
technology through the research and optimization of mooring and anchoring systems and dynamic cables. These
enhancements arisen within the project will be valid&tey means of simulations and experimental testing both

in the wave basin tanks and the wind tunnel by taking as reference two corbested floater concepts (semi
submersible and spar) supporting large wind turbines (15 MW), installed at water depth®igtean 100 m

and 200 m for the serrubmersible and spar concept, respectively. Special focus is given to develop and validate
innovative solutions to improve installation techniques and operation and maintenance (O&M) activities. They
will prove the baefits of concrete structures to substantially reduce the LCOE by at least15% compared to the
baseline case of bottorfixed offshore wind, both in terms of CAPEX and OPEX. Additionally, the project will
provide guidelines and best design practices, asagatipen data models to accelerate the further development

of concretebased semsubmersible and spar FOWTSs, based on findings from innovativeeifestive and
reliable solutions for the aforementioned key aspects. It is aimed that the resulting recodatiens will
facilitate the costcompetitiveness of floating offshore wind energy, reducing risks and uncertainties and
contributing to lower LCOE estimates.

COREWIND aims to strength the European Leadership on wind power technology (and speciadjy. flaatio

so, the project consortium has been designed to ensure proper collaboration between all stakeholders (users,
developers, suppliers, academia, etc.) which is essential to accelerate commercialization of the innovations
carried out in the project.

2.2 OBJECTIVE

The purpose of this document is to define the current dynamic cable state of the art for floating wind projects
currently installed or being engineered which will ensure specifications and requirements to be developed
within the WP3 account focurrent industry status. This document will consist of a comprehensive literature
survey, industrial engagement through the strong network of contacts with the COREWIND consortium and
collation of findings to deliver a documentary summary report. This ntepill also address key challenges,
priorities and opportunities for cost optimization through alternative installation practices.

corewind Review of the state of the art of dynamic cable system design 9
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3 DYNAMIC CABLES REVIEW

This chapter details factors which are considered within cable design.

3.1 Cable Cross Section

System installers and operators must work together to identify priorities for windfarm system design which
influence cable design and ensure redudeslelizedCost of Energy. This will include identifying a balance
between CAPEX (equipment cost) and theERRoperation and maintenance). A cable optimized only for
installation may not retain an acceptable power loss across the system during operation.

Important factors for cable design include:

Function (Energy needed to be transported with minimal losses)
Survival duration in the environment under loading within the application

Cost

Ease of collection, transport, installation and decommission

1

1

1

1 Reliability
1

1 Maintenance and Risk Management during operation
1 Environmental Impact

3.1.1 Windfarm Application Details foraBle Design
Details on windfarm layout are critical for cable design.

Subsea Array Cables Subsea Export Cable

Figure3.1-1 ¢ Dynamic Windfarm Layout Example

CNI RAGAZ2YIE SAYRTFEFENY fle2dzi O2y il Aya | ydzYoSNI 2F (dzND
In larger windfarms there may be multiple strings. These strings feed into an offshostagidn (OSS). Cables

which run between turbines ia string up to the offshore sustation are known as array cables. The cable(s)

which lead from the offshore substation to land are termed export cablsgically,the power is then

transferred to an onshore sufitation (SS) before it enters the grid.

Erergy is generated at each turbine through rotating machinery which forgglaasepattern. The 3 core cable
mates with this system (with a voltage step where needed). Alternating current (AC) is used for power
transmission across the windfarm. Within aisg the cable between wind turbine 1 and 2 has a much lower
power transmission requirement (power generated by turbine 1) than the power transmission between turbine

2 and 3 (which is collective power generated by turbine 1 and turbine 2). Although thierpgoansmission
required of array cables within a string is not equal, it is often cost effective to have a single array cable design
therefore windfarm cables are generally sized to carry the maximum power generation of all turbines joined
within the sting generating the greatest power.

corewind Review of the state of the art of dynamic cable system design 10
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In larger windfarms backlink array cables can also be fitted to join two neighbouring strings together. In an
emergency case where a fault has occurred within the farm which severs the circuit in one string, power from
this string may be transmitted through thimcklink cable and through the intact neighbouring string. Power
transmitted through this backlink is often restricted by the array cable design in the string which has been
optimised for normal operation driveby CAPEX reduction initiatives.

Export cables may be the same design as the array cables provided the export length is short and the total
windfarm size is relatively smalh large high capacitfjelds, it is not unusual to have a separate design for the

export cable given it is required to transport much greater power than smaller cables within windfarm strings.
Retaining an AC 3 core cable design can be beneficial as the OSS size is minimized based on equipment required
which results in reduces OSS alkttion costs. This also means that as the bulk of the equipment will be on the
onshore substation, the equipment overall is generally easier to install and maintain which results in lower
maintenance costs. Cable length is limited by maximum allowableNB A Y3 OdzZNNBy G & o6l aaz2O0Al i
inherent capacitance) which occur during power transmission. As charging currents are a function of frequency,
by reducing the frequency of AC power transmission (often referred to adregwency AC) at the @Se.g. 50

Hz down to 12.5 Hz), the export cable can be extended proportionally. Where the distance to the shore is large,

it can be more efficient to transmit power using direct current (DC). This results in a single core DC export cable
which may be chgzer and easier to install, however the conversion equipment required at the OSS fridt AC

results in the size of the offshore substation becoming much greater which results in higher build and
maintenancecost.

To develop a lowest possible cost solutitre windfarm cable design needs to be customised for the specific
project and site requirements due to the high number of possible variations.

The overall mechanical loading imparted to the cable during installation and operation musiniselered.

Wind farm location details including layout, operational design life, climate, water movement induced by waves
and currents, water depth, marine growth at the end of life, environmental restrictions (e.g. temperature or
electromagnetic field)and traffic information all contribute to cable and cable ancillary hardware design.

Routing of the cables is also particularly important to review regarding proximity to heat sources, crossing of
cables, and minimum separation distance management to enslue cable can be used to its full potential.
Geotechnical data is often studied to assess the stability of the cable on the seabed and likelihood of buried
cables being exposed over the lifetime of the product. Entrances to the offshore structures enaatdfully
selected to ensure cables are sufficiently protected from over bending or fatigue, and vibrations from structures
are acceptable. Consideration should always be given to the resonance of a moving systems.

corewind Review of the state of the art of dynamic cable system design 11
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3.1.2 Cable Electrical Ratings

Cables arelectrically classified into different Voltage Designations commonly presented/as (UUk).

Uo Rated R.M.S. Voltage between each conductor
Image source: JDR Cable Systernr g
screen
U Rated R.M.S. Voltage between any two conduct
U=1.73Jo
Unm Maximum R.M.S. Voltage between any ty
conductors

R.M.S | Root Mean Square (equivalent DC Voltage)

FLISEF{kKH FT2N aixysS 41 @

Table3.1-1 ¢ Voltage Designation Definitions

0.6 /|1 (1.2) 36 60-66-69 (72.5)
1.8 /|3 (3.6) 64 110115 (123)
3.6 /I |6 (7.2) 76 132-138 (145)
6 /| 10 (12) 87 150161 (170)
8.7 /|15 (17.5) 127 220230 (245)
12 /|20 (24) 160 275287 (300)
18 / | 3033 (36) 190 330345 (362)
26 || 4547 (52) 220 380-400 (420)

Table3.1-2 ¢ Standard Voltage Designations as per IEC 60¥83

Worldwide ratings can vary, particularly within American standards, so it is important to check to which standard
the cable is designed and qualified to. Voltage rating affects corechiefly in the increased thickness of
insulation required for greater voltages.

corewind Review of the state of the art of dynamic cable system design 12
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It is common to supply a standard voltage rated cable for a specific application. For the purposes of this report
6S oAttt 6S Attt NBFSNI G2 wnpminal sgstem vokagefor thedliunOltgge 2WY) G S NI
andwe willreferto36/6& p oTH ®pU0 & O02YY2y GSNY Qccl1z2Q Fa y2YAYyl

3.1.3 International Standards for Electrical Cables

Until December 2019, no international standardreced MV subsea power cable design, manufacture and test
therefore a combination of MV land cable and HV subsea cable and umbilical standards have been applied
throughout the industry.

New Electrical Standard (December 2019)

A IEC 6302&ubmarine Power catdewith extruded insulation and their accessories for rated voltages
from 6kV (Um = 7.2 kV) up to 60 kV (Um = 72.5k\&st methods and requirements.

Main Electrical Standards
A IEC 60228 Conductors of Insulated Cables.

A |EC 60502 ¢ Power cables with extided insulation and their accessories for rated voltag&art 2:
Cables for rated voltages from 6k V (um=7.2 kV) up to 30 kV (Um = 36 kV).

A IEC 6084Q Power cables with extruded insulation and their accessories for rated voltages above 30 kV
(Um = 36 kYup to 150 kV (Um = 170 k§Yest methods and requirements

A IEC 61892 Edition 2.0 201D4: Mobile and fixed offshore unitg Electrical installations, Part 4:
Cables

Main Optical Standards
A ITUT G.652; Characteristics of a singlaode opticalffibre and cable

A ITUT G.651.1¢ Characteristics of a 50/125 um multimode graded index optical fibre cable for the
optical access network

Additional Standards / Recommendations

A 1SO 1362& ¢ Petroleum and natural gas industries Design and operation of ssba production
systemst Part 5: Subsea umbilicals

A Cigré TB 499 Recommendations for testing long length submarine cables.

A Cigré TB 628 Recommendations for mechanical testing of submarine cables.

A Cigré TB 722 Recommendations for additional testingrfeubmarine cables.

Historical Standards / Recommendations

A
A
A
A
A
A
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Adherence to standards is often required to allow comparisons between designs and provide confidence as to
suitability. However simple compliance to stamds may be insufficient to guarantee reliable operation and
strict adherence may inhibit the adoption of new improved technologies. Experts can offer guidance concerning
adoption of new technologies and interpretation of standards.

3.1.4 Cable Industry Review

Europe was an early adopter of offshore windfarms, having significant experience in cable design, installation
and investment in development, with the United Kingdom and Germany having the largest installed capacities.
As the windfarm industry costs haveduced in line with windfarm development, and with the global political
shifts towards renewable energy sources, international developments are underway. Recently China has rapidly
invested in offshore wind industry and has quickly become a major paniciwiah the 3¢ largest installed
capacity and is expected to dominate the market in future. In addition, with the progression of floating wind
development facilitating deployment into deeper waters, countries with deep coastal areas such ,akpk8A

and South Koreare also expanding into the offshore wind industry.

The main cable manufacturers for the Europe offshore wind industry are summarised in the table below. In
addition, cable manufacturers wordide, including those based in Asia, have beerettging (e.g.
Furukawa, ZTT, Hengtong Group, etc.).

30-66 kV Cable Manufacturers

132¢ 220 kV Cable Manufacturers

JDR Cables NKT Cables
Nexans ABB Cables
NSW Nexans
Prysmian(Including Draka) Prysmian
NKTCables NSW
Hellenic
LS Cable & System
JDRCables

Table3.1-3 ¢ Main European Cable Manufacturers

Offshore AC transmission for 3 core cables typically lies from¢@R0 kV ratings. Single cores can be supplied
to higher ratings but 3 corsystems are more useful for windfarms.

For static wind farms, the lower the voltage rating of the cable, the lower the costs of the cables. At the moment
oo YR cc 1+ OFLoftSa NS ¢Sttt SailofAaKSR theSnaatig2t 2 38
of wind offshore wind farm cabling. Higher voltages may be employed for export cables (larger cables which
transmit the power from the offshore sustation to land).

As windfarm cables are customised for each solution there was little daiitabiepubliclyon cable properties

which could be reviewed. Core sizes generally range from 75uprto 800 mmfor up to 66kV cables. Triad
export cables can contain larger conductors (e.g. 120F)mvhere needed. Single core subsea cables can be
found with up to 2500 mriconductors. Large export cable cores may have increased armouring or require
additional protection for onshore approaches. All windfarm subsea array cables found contain at least one fibre
optic cable. Weights and sizes vary drastycall

corewind Review of the state of the art of dynamic cable system design 14
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Indicative 33 kV static subsea cables have bgehblicly published by Nexans UK and ABB Ltd. Cables and
gathered from JDR Cable Systems. As these values are indicative only, the cable supplied on windfarms will vary
when they are customised to each peot, however they are all reasonably aligned indicating comparable base
cable design methodology within the industry. On this basis JDR will provide indicative 66 kV dynamic cable
designs for the COREWIND project as it is assumed to be reasonably régreeen

Indicative Cable properties for 33 kV (MV) Triad of Copper Conductor, XLPE insulated, Copper S

Wire Cores, a Fibre Optic cable, Roved Single Armoured Static Subsea Cables

Conductor Size) Cable Outer Diameter Cable Weight
(mnv) (mm) (kg/m)
Nﬁ(;ns AI[34Bg]Ltd JDR Average N[esxoa]ns AI[BE)]Ltd JDR Average
70 - 100.6 95 98 18.2 14.2 16.2
95 100 104 99 101 14.2 19.5 15.8 16.5
120 104 107 102 104 15.5 20.7 17.1 17.8
150 108 110.5 107 109 17.3 22.1 18.6 19.3
185 111 114 110 112 18.6 23.6 20.1 20.8
240 116 118.9 115 117 21 25.9 22.6 23.2
300 121 123.9 121 122 23.8 28.2 25.4 25.8
400 130 129.9 128 129 28.3 32 29.5 29.9
500 137 137.3 136 137 33.4 36 33.8 34.4
630 145 1451 146 145 39.1 40.9 39.5 39.8
800 157 154.4 154 155 48.9 47.2 45.9 47.3

Table3.1-4 ¢ Comparison of industry indicative 33kStatic Windfarm Cable Designs

3.1.5 Cable Components

Windfarm cables typically contain a triad of electrical cores and at least one fibre optic cable.

Fibre optic cables form the communication network across the field which allows for feedback of data readings
at each turbine and OSS governing intervention if needed. Quantity and type(s) of fibres in the optical cable vary
significantly depending on communication requirements and redundancy considerations. For windfarm
applications it is not unusual for a siagtable to contain up to 96 fibres which are a collection of the graded
index multimode type and singtenode type. Fibre bundles are contained within Aoydroscopic gel inside a

steel tube. Due to its small size an additional layer of armour and shenthizy be applied for protective
purposes before inclusion inside a wind farm cable. Overall optical cable size generally depends on fibre capacity
relative to internal tube size and the sheathing layer Outer Diameter desired. Where possible, cable
manufacturers tend to standardise the Fibre Optic Outer Diameter to streamline the subsea cable design
process, optical cable transport and manufacture setup processes to reduce cost of labour and equipment and
lower procurement costs for bulk orders.

Large powercores are included within the subsea cable to transmit power from the turbines. Stranded cores
are used for any application which requires flexibility of the product. Conductors are longitudinally water
blocked (semtonducting sealant and swelling powdléo meet CIGRE 490. Insulation thickness is based on
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Voltage rating. Screening and sheathing requirements depending on application factors. The cores are inherently
stiff so are adequate for layup and protection by the outer cable layers.

For component dsign the function, size, stiffness, weight, minimum bend radius, strength, design life, fatigue
resistance, length, cost and water penetration considerations are reviewed. If long lengths are required jointing
of cable components is also an important faicand the number and quality of jointing can influence component
performance. Component joints developed for the static cable windfarm application are designed only for low
level fatigue and tension levels and are therefore never included within anyasatihich may be subjected to
continual loading or areas under significant tension (e.g. in the section of cable from the seabed floor to the
elevated termination point within the wind turbine structure during installation). As this is standard practice
there will be no joints considered allowable within the dynamic sections of cables within the COREWIND project.

Installation and cost factors significantly influence cable design. The force required to bend a cable and the
ability of the cable to withstandhding are critical.

Small wind farm cables generally have greater flexibility as indicated by small minimum bend radius
characteristics. ligeneral relatively small cables have reduced costs associated with materials, transportation,
and installation. Gre size has the largest impact on cable outer diameter. Choice of material for conductors
have a direct impact to core size. Conductors for windfarm applications are typically either copper or aluminium.
High conductivity means copper conductors are smailwer conductivity means aluminium conductors need

to be larger than copper conductors to meet current carrying requirements to transmit the same level of power.

Since 2004, copper has become relatively more expensive than aluminium. Significant énteistmprimary

aluminium production was prompted as substitution of aluminium for copper became increasingly popular in

GKS Fdzi2aY20AfS YR FSNRaLI OS AyRdzaliNASas | O002YLI yASR
on the world markets. In goparison, supply has remained relatively stable while demand has increased for

copper resulting is price growth.

Historically the cost drove the preference for aluminium cores however given the current market prices for both
materials, there is littledifference between the two materials from a cost per unit of power transmitted
perspective given:

i the increased conductor size required for aluminum cores

i larger subsea cable size costs required to accommodate larger cores
i transport and installation caiderations

i greater power loss over the operational life of the product

Copper cores have greater fatigue resistance being able to withstand larger vibration amplitudes over longer
durations than aluminium without cracking or breaking. Copgisplays low levels of creep in comparison to
aluminium and is also less prone to failure due to the respective oxide properties; copper oxide is soft,
conductive and breaks down easily whereas aluminium is strongly attached and electrically in§b®3tiwhich

can also make jointing more challenging. As a highly reactive metal, Aluminium cores are highly susceptible to
corrosion by seawater so adiihal mitigation is often required with associated cofi4]. Copper cores are
heavier so subsea cables are more likely to be stable on the seamedvilhereas Aluminium cores are lighter

so the cable is more likely to require burial or other expensive additional stability measures in sections where
stability cannot be achieved by cable weight alone. Greater cable weight often results in greateg ldadng
installation,so cable axial strength members are sized accordingly.
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Copper Aluminium
i High Conductivity i1 Lighter
1 High Density (Heavier) 1 [26SNJ/ 2yRdzOGAGAGE O6Fcmw
i1 Higher Cost Material 1 Lower Tensile Strength
1 Widely available 1 Fluctuation in price w.r.t. Copper
1 Easy to Process 1 Highly reactive metal

Table3.1-5 ¢ Conductor Material Review

Recent world growth has led to increasing demand for both metals, particularly driven by the recent expansion
in Asia. As demand increases are expected, with windfarm developments contributing directly, the likely result
will be increased prices for bothetals during the next decade. With resources scarcity a concern for the future,
and increasing focus on reducing emissions which from both copper and aluminium production processes, there
should be a greater policy shift towards recycling becoming the damisource of suppljp3] for metals in the

near future.

Insulation thickens also impacts core size and is directly related to materigb#tade rating. Land based cables

often historically used oil impregnated paper as a standard insulation system however this proved unsuitable

for dynamic application. This was replaced by use of Cross Linked Polyethylene and Ethylene propylene rubber

which have been proven excellent cable insulating compounds for submarine power cables. For MV cables,
insulation thickness requirements are prescribed in IEC6@582d are identical for both materials. For HV cable

design, the insulation thickness is chodsnthe cable manufacturer to match the calculated electrical stress at

the insulation layer boundaries. Although EPR has greater insulation resistatéen@@ Y0 G KIY - [t 9
mi OYOS RdzS G2 GKS RAStSOGNRO tRmEI OK[ItNG OqitSINGBAITAIO0 (RZFNJI9
is often preferred as insulation for HV applications to minimise insulation thickness given the resujting hi

breakdown stress achieved by XLPE.

Reliability studies should be undertaken by the cable manufacturer to check the quality of extrusion material is
controlled to ensure consistency. EPR has a lower level of expansion at elevated temperatures andftans

used for very high temperatures may need to be mang@é&disuch as within large Export cables. Temperature
limits for both EPR and XLPE rhayup to 90degC and short circuit conditions as 250degC according to MV land
cable standard IEC605@2 Beyond these temperatures, such as caused by uncontrolled current overload of a
circuit, can damage the cable and reduce its life. All XLPE insutdikzs ceven after having been degassed to
the requirements found in international standards, must be expected to contain some residual gaseous by
products from the crostinking reaction of XLPE. The terminations, connections and handling procedures used
must consider their expected effusion.

corewind Review of the state of the art of dynamic cable system design 17




74

corewind
Material Use ‘ Considerations

XLPE Cross Linked Modern Array Modern capolymers allow XLPE systems to be used i

Polyethylene Cables all applications for standard radial field power
transmission cabledoderate bend stiffness.
Significantly Lighter than ERP.

EPR Ethylene Some Array Significantly heavier than XLPE. Dielectric loss prohib
propylene Cables use for HV at reasonable stress. Low bending stiffnes
rubber Typicallymore Expensive. Lower hot viscosity so has

greater tolerance to contamination. Easier to joint.

Oil/Paper| Impregnated Older Systems | Lower operating temperature. Can be expensive to
Paper Land Cables manufacture. Due to the oil impregnation process

manufacturable length is restricted in comparison to
XLPE and EPR. Termination requires sealing ends
carefully and can be harder tolseve. With a lead layer
they can be difficult to install and have poor fatigue
resistance.

Table3.1-6 ¢ Insulation Material Review

During triple extrusion operation (to minimiz®ntamination) the insulation layer is sandwiched between thin
extruded semiconducting sheathing layers specifically designed to prevent electrical stress damage to the
insulation.

Additional layers such as water blocking barriers, metallic screenidglagathing can directly influence core

size. In general cores are characterised based on their layers they include, however there is no standard within
0KS AYRdzZAGNE 6KAOK RSGFAfa Ittt OflFaairFTaol dinethed ® / LDw
OFrotS AyadzZ A2y IyR GKS O2yRdzOG2NEX odzi Ad R2Sa yz2i
are understood to be common terms for different core design types within the industry -&gnoir Wet Core

designs have proven suffieit for submarine cables use and due to their lighter weight, smaller finished
diameter, and greater flexibility they are easier to handle for transport and installation.-&gnsheathed

solutions were most commonly found. The sheath adds a level oéption to the core during transport and

layup.

i
DRY 046 '+ SEMI-DRY SEMI-WET WET
1
;
1
]
1
1
1
1
1
1
1
1
]
1
:
]
Corrugated Cu/Al Lead Extrusion , Aluminium Foil WTR-XLPE WTR-XLPE
HDPE Jacket HDPE Jacket ' HDPE Jacket HDPE Jacket

Image source: JDR 535?3 Tyssterr

Figure3.1-2 ¢ Core design type examples

The metallic screen is designed to conduct charging current under normal operating conditions ardrshirt
current under asymmetrical fault conditions. Where greater flexibility of the cable is required an open helix
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equalisation tape and water bloaig are applied over a copper wire screen such that fault currents will be
shared between the copper wires in the screen.

An armoured electrepptical composite cable is a complex structure which consists of many different materials

having differentvalue8 ¥ , 2dzy 3Qa Y2 Rdzf dza® / 2YLRYSyild &aGNI Ay OKSO] a
optimal component position, suitable bundle twist angle and cable armouring required. When tension is applied

to the cable, the cable extends as one, and, at the layesngbked in cables of this type, the cable strain
approximates to the strain in each helically laid component. The conservative approach is to analyse the
FNY2d2NAy3 2yfesy GKS R2YAYIlLyd YFGSNALFE RdzS (2theAda KA3
cable strain does not exceed the yield strain of each component. In these cables the stainless steel optical fibre

tube will typically yield at 0.3% strain. Hence the cable strain must not exceed this value.

3.1.6 Cable Fabrication

Cable components in theame layer are twisted together to achieve smaller minimum bend radius of the bundle
and greater fatigue resistance. Additional component length to facilitate this twist equates to additional
conductor length per meter of cable, which equates to greatesistance and therefore greater energy loss.
Careful consideration of mechanical performance vs electrical performance must be made during cable design.
Tapes may be used as processing aids during thispayperation. In similar applications tapes havesbe
included for functional performance (e.g. to reduce friction between components) however this is not currently
standard for subsea cable design. Layup machines vary but components of carriages revolve around a central
closing die to twist into the bundl Cable position, back twist and tension must be carefully controlled to ensure
correct bundle construction. The bundle may also be packed with supporting material to fill the intestacies and
keep components in positiorThe factory joints are included whe the total required finished cable length
exceeds the manufacturing limit for the individual components. Due to transportation weight and size
restrictions, this most often affects the power core as opposed to the fibre optic which is much smaller and
lighter. Any inclusion of factory joints due to limitations in the continuous manufacturable cable length must be
managed carefully to ensure it is retained within a static section of the cable. Joints in nearby components should
always adhere to a minimustaggered distance apart as determined appropriate by the cable manufacturer.
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Figure3.1-3 ¢ Componentlayup operation and theory

Once the circular bundle &ssembled, the cable layers are applied. This generally includes a bedding layer upon
which the cable armouring will be applied, and a protective outer layer. The material most commonly selected
for these layers within static windfarm cables are polyprepgl rovings due to their light weight and the ability

to apply them easily during the same pass as the layup or armouring applications. Where greater abrasion
protection or cable bend stiffness is required, sheathing is often applied as polyurethaneyethyténe, or a
combination of both. Polyethylene has typically greater bending stiffness.

The cable armouring is sized relative to the cable bundle size and the maximum loading the cable is expected to
see during installation and operation as it actslas principle strain member. The armouring provides external
mechanical protection, impact protection, weight and strength. Careful consideration is given to the number of
armour layers required regarding the level of torsional balance required for pradarcsport, installation and
operation. Even layers designed correctly can offer approaching zero inherent torsion.
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Cable ArmoumpT)Ticltio N 'ftgble Royifig Opera

Source: JDR Cable “ys;,tems;. N Source: :ﬁﬁR Cabl%ysfems
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Figure3.1-4 ¢ Application of Armour Wire Reinforcement and Roving Layers illustrated

To optimise cable manufacture efficiency in order to reduce costs, several short array cables of the same design
may be manufactured in one continuous process length.

For dynamic applications, where the seabed section is relatively stable, the end seafitre cable lengths

may be transitioned to be suited for dynamic application, however the cost savings from this process may be
materials only as it often requires the full manufactured cable length to be run through the setup for each
process.

3.2 Key diferences between dynamic and existing static considerations

Cable design must take into account both electrical and mechanical performance requirements. In comparison
to Static Renewable Energy Cable (REC), cables for dynamic applications are requiretidptingsed bend
stiffness and torsional balanced to prevent damage during installation where longer lengths are managed under
elevated tensions, and able to withstand greater fatigue during operation. Cable manufacturing constraints
mean dynamic cableyers require separate production processes, unlike static cables where multiple layers
can be applied in one production run of the cable length. The additional layers and subsequent current
manufacturing constraints mean the cost per metre of a dynamideceesign will always be more expensive
than a static cable.
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Dynamic Power Cable Static Power Cable

Image source: JDR Cable Systenr Image source: JDR Cable Systen

Outer Protective Sheath Light Protective Rovings

Even number o€ontrahelical Armour Wire Strength

Single Armour Wire Strength Member Layer
Member Layers

Inner Bedding Layer Sheath Inner Bedding Layer Rovings

Twisted Triad Bundle of Fibre Optic Cable and Twisted Triad Bundle of Fibre Optic Cable ang
Electrical Cores with Wire based Screen Electrical Cores with Screen

Good Torsional Balance
Greater Axial Strength (Max Tension)
Greater Fatigue Resistance
Greaer Bend Stiffness
Greater Weight and Outer Diameter
Greater Abrasion Protection and Impact Resistan

Coilable for low cost basket vessels
Sufficient Axial Strength for shallow installation
Light Weight

Greater Flexibility (Smaller Minimum Bend Radiy

Table3.2-1 ¢ Dynamic vs Static Power Cable Construction

The electrical core screen design must tolerate flexibility which means screen tapdsaluméonger adequate

and the screen must be formed by screen wires. Stranded copper may be advantageous for cores rather than
stranded aluminium given the fatigue germance required and the additional weight it would offer with
regards to seabed stability.

Torsional balance is introduced for dynamic cables as greater twist control is required during installation and
operation. Greater terminated axial load carryingpability is also considered given the elevated loads in
dynamic application induced by waves and currents as well as management of a longer heavianfyieg

length for installation and operation. Typical working load limits appear to be at leasbisdynamic cables
compared to 4:1 for static cables.

Increased bending stiffness supports ease of handling and offers some resistance to kinking. All these contribute
to ensuring the installation window is as wide as possible. Greater cable weight increases chancasadiiltylf
which minimizes expensistability measures to retain the cable along the route.
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Component joints should never sit within the dynamic regions of the cable. Where possible, delays or stops
should be avoided during installation where it is close to a joint region in order tol @xaiessive fatiguing of

the joint. In the event that the installation must be stopped close to a joint region then measures must be taken
to minimise cyclic fatiguing of the joint.

3.2.1 Optimised Electrical Cores

There will be few changes from an electricabidjn point of view between static and dynamic cables.

For each project upfront engineering studies are undertaken to ensure the product is suitable for in application
conditions and to cosbptimise the design for the economically viable electrical peniance.

The operating frequency of the field is also critical. When AC current flows in a conductor, the resultant magnetic
field forces electrons towards the outside of the conductor, increasing AC resistance and inductance. This is
known as the skin edtct. As frequency increases, the skin effect increases. Combined with the proximity effect
of 3 conductors in the triad formation, the associated current density through a reasonably sized conductor is
shown below. Static windfarms typically operate atd@®0 Hz.

freq(4)=200 Surface: mef.norm)/sqrt(2) (a/m?)

A 5590
3
Image source: JDR Cable Syste 10

0.02

-0.01

-0.02

-0.03

Figure3.2-1 ¢ AC Current Density plot at elevated frequency to demonstrate the skin effect in conductors
within the subsea cable triad formation
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Steps tosize conductors generally include:

1.

2.

8.

9.

Power Transmission Requirements / Efficiency

System Voltage

EnvironmentaRestrictions€.g. Thermal or Electromagnetic)

Confirm Conductor Material

Confirm Power Core and Cable Material Thermal Properties and Limits
Define Insulation from Electrical Stress evaluation if needed

Thermal Evaluation where Environmental conditions drive design
Allowable Continuous Current defined

Evaluate for Fault Current and amend if needed

10. Electromagnetic Field Evaluations if needed

At a basic level cables are then sized and rated to IEC 60287 based on top level wind farm details of required
power transmissionTo confirm current ratings for a design we need to identify the power losses before cable
temperature exceeds maximum limitSetailed electromagnetic and thermal analysis of cable design are
undertaken to accurately assess heat losses due to induced currents arising from magnetic coupling within the
build between the strength member wire and the conductors. The analysis nmigladge the cable within the
worst-casethermal bottleneck conditions identified along the cable route to confirm the thermal continuous
current ratings along the cable.

In addition, the variable output of the wind turbine generators, as a result of viariaind speeds, allows the
use of noncontinuous power loading to be considered which may reduce CAPEX. The figure below compares
the instantaneous loading against the exponential moving average.

Image source: JDR Cable Systenr

Figure3.2-2 ¢ Power load fluctuations across a windfarm and overall moving average

corewind Review of the state of the art of dynamic cable system design 24

























































































































































































































