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Introduction

The development of offshore wind generation ig stiits infancy and set to grow over the next dkxarhere is
no standard, proven electrical connection desigroftshore wind farms. Little thought has gone itite risks,
costs or loss of revenue that could follow a falaf the electrical system. Not dealing with thesseies could

make or break a project.

Onshore wind farms have adopted a low capital epgiroach to medium voltage (MV) systems. Cabling,
switchgear and protection systems are designedrtionise the amount of installed equipment. Consatjyenost
(if not all) the wind farm is disconnected followjm fault and the possibilities for reconfigurateomd automation
are limited. This approach for onshore wind farmguistified due to the low risks of failure, readgcess for
manual re-configuration and relative ease of locpfaults and making repairs. The implications biatlancial
and safety of failures in an off shore wind farre arders of magnitude greater than those for ahavaswind
farm. The offshore environment places restrictiohaccess to the farm, complicates even the simpgsir and
presents its own particular safety risks. Consetiyie¢he designs applied to on shore wind farms moé

appropriate to off shore wind farms.

Econnect Ltd have been carrying out research tesiiyate the design of innovative Medium Voltagevoeks

for offshore wind farms, identifying areas for imgement and industry innovation that could be aubli

= Atypical 30 turbine off shore wind farm costs ab8W40 million to build.
=  The MV electrical system costs range from aroun8 €9€12.5 million.
= Inadequately designed MV systems can lead to ldssesvenue due to electrical failures of as musl€a

million in the lifetime of the project.

The selection of an appropriate MV design is ex@glgrnmportant as it can significantly affect theoromics of an

offshore project. The research has focused onolfenfing:



=  Highlighting possibilities for fault tolerant compents and topologies

=  Producing wind farm designs using both establisdmed new/innovative equipment configured to maximise
generation and minimise failure

=  Estimating expected failure rates of wind farm &leal distribution components offshore.

=  Developing outline method statements and risk assests for power failure

= Assessing rough budget costs and timescales indelith system repairs

= Identifying areas of concern and outline methodsnpirovement through practice or technology

In carrying out this research, Econnect examin&t\ssystem designs for a number of current Econpeajects

involving real UK offshore wind farms.

Network Topologies

On shore wind farms are generally designed usirafil network topography (see figl). The same gopphy

could be applied to offshore wind farms. The tueSimre connected to strings of cables. In the edeatcable
failure all turbines connected to the faulted gjréme disconnected by the opening of the circ@tker protecting
the entire string. Once personnel have accessedlisitonnecting the faulted cable and isolatinghedl turbines
beyond the fault can achieve a part restoratiotheffaulty string. The turbines beyond the faultl wnly be

restored to supply once the cable has been repairetie meantime no power output is possible fithese
turbines. Therefore a cable fault that is not irgplfor a prolonged length of time could have aese impact on

wind farm revenues.

An alternative topography (see fig 2) is to us@@pkd network. In this arrangement extra sectidrable are
used to loop the ends of the strings. If a cahlé faccurs on a network of this type, all the tnds can be restored
to supply once the faulty cable section has bealatsd and the normal open point is closed. Thpwuif all the
turbines can now be harvested. It may be the deseirt the emergency post fault arrangement thée aaling
will limit the output of some of the turbines. Hovee post fault, the looped arrangement will alwegtver more

energy than a radial network.

A further benefit of looped topologies is that s#gyuof supply will be mainlined to all turbines ihe event of
cable failures. However for Radial topologies Heraative solution is required. As will be diseed later, one of
the problems caused by a cable fault on a subagle & that it can leave wind turbines without aoyver for

their auxiliaries for a considerable length of tirfiédis can lead to risk of damage to the turbines.



One solution is to fit diesel back up generatorprimvide auxiliary power for the turbines. This tbeither be a

small unit per turbine or a large unit placed atéind of a radial array to power all the turbinegdmd the fault.

Methods of Switching

As stated above with a looped network all the nebican be restored to supply and earning money threc
faulted cable section has been isolated. Theréfaseimportant to ask how long it will take to late the fault.

This partly depends on the method of switching used

Fig 3 shows the schematic of a typical on shorewimbine. The switchgear is minimal with only agle circuit
breaker to protect the turbine transformer and ddit@nal switches or breakers to protect/isolaalty MV
interconnections. Figure 4 shows a photographisfairangement. It shows how the array cables@meected on
to switchgear by separable “T” connectors. In otdesolate a faulty cable the entire network needse isolated
by operating the circuit breaker protectin the rensting. onshore switchgear then the separablenfiectors are

unbolted at each end of the cable. To close a riayp@n point would be the reverse of this.

Figure 5 shows the schematic of a “ring main umitbine switchgear arrangement. This arrangementase

appropriate for off shore. Fig 6 shows the physaraangement of this. The main change to the sirspfeme
used onshore is that each array cable is termirattrla switch. Now simply operating the switcteath end of
the faulty section can isolate a cable. This opamas faster than unbolting a separable “T” but ba made many

times faster by remote or even automatic operation.

In order to take advantage of the remote contraluie of the switchgear arrangement shown in fiduieis
necessary to install the correct protection androbequipment. To detect the position of the faalble fault
locators could be built into the protection relayshe on shore substation. However a simpler @nldaps a more
reliable arrangement would be to install fault pagsindicators [1] (FPI) on each cable feeder. Rhdetects the
passage of fault current and would send an alarimetGCADA system. Fig 2 shows the position of fRés on a
looped network. All the FPIs between the shore thiedfault will operate whilst those beyond the fawill not.
This would allow the fault to be located. The othequirement is a fault tolerant Scada system abtltie alarms
can be detected back at the onshore control pauittizat the remote controlled switchgear can beabpd. It
must be fault tolerant because the simplest wagotomunicate with the turbines is via fiber reoptables

embedded in the sub sea cables. This communicatide will almost certainly fail in the event otable fault. In



networks with looped power cables there will alwhgstwo paths for any communications signals, dorag as a

method of route switching is used the communicat®ystem will be fault tolerant.

On the radial network shown in figure 1, followiagshore link cable fault, 33 % of the output of taem is lost
for the time it takes to repair the fault. Thiseistimated to take 31 days. Because repair timesignéficant,
reconfiguration of the network is desirable to oestpart or full output capacity. For a looped ratwwith
manual operation it may take up to 36 hours to sgsée and disconnect the faulty cable in ordeetonfigure
the network. Therefore after 36 hours, it is pdesto export power from all turbines. Full outputiynnot be
achieved until the repair is completed after 31sdayith remote operation post fault reconfiguratman be
achieved in as little as a few hours thus redubisg revenues. The reconfiguration of a remote rotietd wind
farm distribution network depends on the respoimse of the control room operators. To speed thipoase time

up further automatic re-configuration could be #&pl

Combining the network ttopologies with the differdhethods of Switching gives 5 different possiblmavfarm

designs:
-
1. Radial design
2. Radial design with diesel back up
3. Looped design with manual reconfiguration
4. Looped design with remote reconfiguration
5. Looped design with automatic reconfiguration

Econnect assessed these 5 designs and comparednttemattempt to define the optimum design foridgp

offshore wind farms.

Failure Rates

Clearly the investment in greater levels of netwedphistication needs to be carefully examinedoriher to
assess the need for MV distribution systems ofgetiigher availability” it is necessary to evaludie likelihood
of off shore wind farm faults. To evaluate this Boect investigated the failure rates of the indraildwind farm
components. The accuracy of failure rates is diffito asses however Econnect were able to produbest
estimate from the available data [2], [3], [4]. Tfelure rate data collected was used to derive ekected

number and type of failures for a typical offshaiied far as in table 3.
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Using the MTTF figures given above the followingudies have been calculated for the likely numbeMbf
system component failures for an assumed 20 yieginie of a typical offshore wind farm. Table laisummary

of these.

The looped network has slightly higher failure sathan the radial network. This reflects that tbepkd
arrangement has more switchgear and slightly mabdecthan the radial network. However the nextigeawill
show that the slightly higher failure rate for tio®ped network is more than compensated for byinbeeased

availability you get from a looped network.

Risks

The following section will deal with three differetypes of risks associated with the operationmathtenance of

offshore wind farms.

. Risks to personnel
. Risks associated with the impact of security ofpdypo the wind turbines.
. Risk to the project economics

Econnect compared these risks for the differerwoits designs.

Personnel risks are associated with the transfstaff from the shore to the wind farm. After alfapersonnel are
required to visit the site to re-configure the nativand to repair the fault. The different netwddsigns require a
different number of visits post fault to re-configuthe network. The more visits to site and theartoansfers

between turbines the higher the personnel risks.

Obviously designs requiring manual reconfiguratiexpose personnel to the highest risks when consgler

reconfiguration operations.

There are two main risks associated with the impéstecurity of supply to the wind turbines. Fiysthose that
are associated with damage that could occur tofishave turbine if it was left without auxiliary per for a
prolonged period of time. Examples of this inclutienage due to condensation, gearbox damage itithime
hasn't rotated and prolonged re-start times iftthibine controller has been without power for angigant period.

The other risk is that losing power will cause idufa of navigational and aviation lights.

An assessment of the security of supply for a shiokecable failure is shown graphically in figure It shows the
impact on security of supply to the wind turbinesgreatest for a radial network and is fairly higha looped
network with manual operation. By fitting diesedup to a radial network or by having a loopedvoek with

either remote or automatic switching the impactloamyreatly reduced.



Fitting diesel backup to a radial network is thastecost solution to keep supply to all wind tudsiradding an
extra 5% to the cost of a simple radial networko@ped remote network would add an extra 20% tocthst).

However the diesel option may not be the best molut economic risks are taken into account.

The risks to project economics are the effect §allve on maintenance costs and lost revenue fnem t
generation. The network design has no effect ennthintenance costs. The fault has to be repalijednd its
cost is the same irrespective of the network desitpe network design however, can have a greatteffie the

amount of lost revenue post fault.

With a radial network assuming a fault on a shamk table the lost revenue whilst the fault is lgenepaired
could be up to €630,000. From table 1 it is cléat & shore link cable failure is likely to occuti®es in the life

of the wind farm therefore the expected lost reeeftam a shore link cable fault could be €1.9 moili

With a looped design with remote reconfiguratioaiagassuming a fault on a shore link cable, thedviémm can
now be reconfigured. All the turbines will be geaterg again not long after the fault. Some turbimes have to
run at reduced maximum output but because winddspgeeater than turbine rated speeds occur for simbyt
periods of time it is likely that most of the engthat would have been captured if there hadn’nkseéault would
still be captured post re-configuration. Therefiires worth investing substantial sums in the axquipment

needed for a looped design with remote reconfigomat

As a comparison, for a typical off shore wind fasfBB0 turbines the difference in capital cost fdoaped design
with remote reconfiguration over a radial desig€2s1 million. The above assessment only lookefduats on
shore link cables. Table 2 assesses the likely aostst revenue for all types of distribution syt fault. It

estimates a likely cost of over €2.8 million.

The figures quoted are for a typical wind farm apgmately 10 kM from shore. If the wind farm wagst to the
shore and in more sheltered waters then the rigkilofe, especially to the shore link cable, wobklless and the
repair time would also be less. Therefore for adafarm close to shore the least life time cost smiuwould be a
radial network. However if the farm were furthert dhan 10 kM then it would be worth investing idcmped

design with remote reconfiguration. The extra dostlooped design over the radial design is abbet $ame
irrespective of how far it is from shore. With aga wind farm further of shore than 10 kM the Iestenue due to

failures during the project life time could be asah as €7 Million.

Conclusion

There is no standard, proven electrical conneatiesign for offshore wind farms. Onshore wind farhase

adopted a low capital cost approach to MV systérhs. offshore environment places restrictions okasdo the



farm, complicates even the simplest repair andeptssits own particular safety risks. Consequettitéy designs
applied to on shore wind farms are not approptiateff shore wind farms. The selection of an appgeip MV

design is extremely important as it can signifibaatfect the economics of an offshore project.

This work examined radial and looped network topie. It was shown that in the event of a shork diable
failure looped network topologies were always atdedeliver more energy than comparable radial ngtwo
solutions. It was also shown that looped netwonotogies offer benefits over radial topologies caming

security of supply to turbines in the event of esfalilures.

An assessment of the benefits of increased le¥ewitching sophistication (manual, remote contmohutomatic)
was then carried out which showed that the mairefiteof increasing the investment in switching ¢muent is

the possibility of reducing the amount of lost newe from the windfarm after a fault.

An estimate of the number, type and duration oftelel failures that can be expected for an offeheindfarm
project during its lifetime was made. It was shottmat the number of faults was significant and tfeee

investment in fault tolerant networks could beified.

The work then examined the risks associated wishofe windfarms. It has found that greater leweélswitching
sophistication offer the potential to reduce tteksito personnel significantly. It was also showat the loss of
supply to turbines can increase risks of damadbdavindfarm and that looped networks can signifisereduce
this risk without the need for the provision of sbeback up generators. The work also examinediske to
windfarm project economics. It can be seen thahaestment of €2.1 million in a fault toleranttwerk has the

potential to save as much as €7 million over tetifhe of the project.

This work therefore identifies that investment ault tolerant MV networks for offshore windfarmsnclring a

number of significant benefits to the offshore windustry.
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Figure 1: Radial topography
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Figure 2: Looped Topography
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Figure 3: Simple bolted “T” and circuit breaker
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Figure 4: Photo of a bolted “T” arrangement




Figure 5. Ring Main unit arrangement
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Figure 6: Photo of a RMU arrangement
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Figure 7 Fig from page 134 of report F
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Table 1 Failure Rates for a typical Wind Farm

Component Number of Failures in 20 year life of Wind Farm
Radial Network Looped Network

Array Cable 3.09 3.35

Shore Link Cable 3.12 3.12

MV Switchgear 0.24 0.74

Terminations 2.98 2.98

Table 2 Cost of Lost Revenue for Failures in a Radl Wind Farm Network

Component Number of Failures [nLost Revenue / Fault Total Lost Revenue
20 year life of Wind ek ek
Farm

Array Cable 3.09 210 650

Shore Link Cable 3.12 630 1966

MV Switchgear 0.24 210 50.4

Terminations 2.98 53 158

Total 9.34 2824
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