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JI786703-02 Results Report for Capital Project 966 Cable Integration Studies

9 E S OfzizX WIS NB
Capital project 966 relates to the introduction of increased transmission capbettyeen the
Woodland and Dunstown substations in the east of Ireland. One component of this project is to
investigate the technical issues associated with the integration of either 220 ok\A08C
underground cable (UGC) aloag assumed0km route. TheUGC options studied in detail are the
220 kV, 400 kV (1 cable / phase) and the 40@Zsable / phase)A UGC option with two 400 kV
independent cable circuits was also considered but the analysis done for the 400 kV (2 cable / phase)

already covers mostf the technical aspects of this optioithus, a short note on the requirements
associated with the two 400 kV independent cable circuit solution is included in the conclusions.

The studies associated with cable integration cover:
1- Seady state loadlow studies for the determination of reactive compensation

2- FRequency domain studies to establish harmonic voltage magnification and potential breaches
and

3- Time domain studies to check possible temporary overvoltages (TOV) andrassmissing
phenomenonduring cable energisation.

The above studies were carried out based on model data provided by EirGrid and modified by PSC
accordingly. The model data provided includes:

1. PSSE model for steady state studies that represents the planned network in 2030
2. DIgSIENT PowerFactory model for frequency domain studies
3. ATREMTP model for the time domain studies.

All models were reviewed and updated accordingly in order to cater for any missing or planned system
developments and new customer connections.

The studies inttis report were progressed in the following stages:

1- PSC carried out reactive compensation studies, harmonic analysis, TOV and ZMP analysis for
the initially provided model data by EirGrid. This included detailed studies for the 220 kV and
400 kV (1 cable phase) UGC options in all the study areas; whereas detailed reactive
compensation studies were performed for the 400 kV (2 cable / phase) UGC option and
sensitivity studies for TOV and ZMP analysis assuming the harmonic filtering solution from the
400 k(1 cable / phase) UGC option

2- PSC carried out some additional studies that include revised reactive levels for all the different
cable options considering a revised summer valley low wind 2030 study case and an
alternative calculation methodology. The impam the harmonic analysis and TOV studies
were also investigated for the 220 kV and 400 kV (1 cable / phase) cable options. The
additional studies also include detailed harmonic analysis and investigation on the harmonic
mitigation solution as well as ssitivity checks for TOV and ZMP for the full length of UGC400
(2 cable / phase).

Reactive Compensation Requirements

Comprehensive load flow analysis taking into account all possitiledhtingencies and under three
different operating scenarios (summerlley low windSVLW, summer valley high wvi¥HW and
winter peak high windVPHW) were carried out. Level of compensation required in order to maintain

a post contingency voltage limit was established for three different UGC options: 220kV, 400kV with
a sirgle cable per phase and 400kV with two cables per phase (effectively doubling the power transfer
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capability). Sensitivity analysis was carried out checking the level of compensation by varying the cable
lengths and replacing it with overhead line. Briefrsnary of the results is shown in the table below.

220kV 400kV Xcable/phase 400kV 2cables/phase

Compensation (% Compensation (%) Compensation (%)

81.6% (1984var)  88.4% (558/var) 99.6% (1258Avar)
72.5%(132Mvar)  70.5% (34%var) 83.0% (83%var)
50.3% (6Mvar) 45.3% (162Mvar) 71.6% (543Avar)

0.0% 21.3% (4Mvar) 38.8% (19@/var)

In most cases the compensation required is at both ends of the cable with specific details of the level
given in the report.

Harmonic Analysis

The reactive compensation determined during the steady state load flow studies were implemented
in the frequency domain model in order to analyse the impact of the new circuits on the harmonic
distortions in the arearhis was based on the calculation of harmonic voltage gain factors for a number
of network contingeniesand under the three operating scenarios (SVLW, SVHW and WPHW). For the
determination of distortion levels, background harmonics calculategiprevious EirGrid projeci6]

were used. It should be noted that the overall results depend heavily on the level of the assumed
background distortion and depending on how these compare with the actual levels, the perceive
level of issues may be more or do not exist at all.

Levels of harmonic distortions exceeding the EirGrid planning levels were observed for different cable
lengths (100 %, 50%, 25%, 12.5%]}Her220 kV and 400 kV (1cable/ph) UGC optiédhough there

is some improvement while the cable length decreases, there is no cable length option that results in
no harmonic breachSimilar levels of exceadcewere also observed for the full cable length (100 %

- the most onerous length investigatetbr the 400kV (2cable/phJJGC optionln general, there were
harmonic breaches in multiple substations which are getting higher and more complex in the 400 kV
UGCFollowing an agreement with EirGrid, indicative harmonic mitigation solutions were investigated
for the full length of 220 ky400 kV (1cable/phand 400 kV (2cable/ph)GC options.

Mitigation solutions with fivesevenand eightGtype filters were established for the 220 J400 kV
(1cable/ph)and 400 kV (Zable/ph)options, respectively. A summary ofetse mitigation solutions
along with the points they are connected is given in the next table.
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220kV 400KV (1cable/phase) 400kV Rcable/phase)

Node Size (Mvar) Tuning (Hz Size (Mvar) Tuning (Hz, Size (Mvar) Tuning (HZ

DSN2 32 420 20 550 20 550
CLN4 10 550 = - - -
WOO04 - - 50 200 - -
OST4 - - 40 300 50 300
MAY2B 30 525 30 530 37 530
MAY2A 15 550 15 550 20 550
MAY1 5 525 5 550 5 550
BEL2 - - 30 500 30 500
BEL2 - - - - 30 180
WO002 - - - - 40 315

Following the implementation of thenitigation solutions, there were still a few harmonic breaches
that can be resolved with the filter fine tuning during the design stage once the final level of UGC
option has been decided.

Temporary Overvoltages and Zeross Miss Phenomenon

Theintroduction of harmonic filters and underground cables into the network can introduce lower
order harmonic resonances during particular contingencies that could result in TOV and risk damage
to equipment. Since these studies are being carried out at u gerly stage with indicative design
data, a value of 1.6 p.wvas agreed with EirGrid as a screening value. This level normally is location
and equipment dependant, but this agreed level is thought to give a good level of margin for safety.
The analysis®wed that there is a risk of TOV exceeding 1.6 p.u voltage level for a very short duration
for Coolnabacky and Old Street 400 kV substations with the response of the system and the measured
overvoltages to be very similar among the different UGC optidhis. may be within the capability of
existing surge arresters on the EirGrid system and should be reviewed as part of the detailed design
for the final CP966 UGC optidiSC believes that those overvoltages should not be a problem for the
existing surge aesters due to the marginal exceedance and the very short duration but EirGrid are
advised to confirm with their specific capability from the equipment technical specification.

The combination of long underground AC cables and shunt reactors can aldo lsdzerocross
missing phenomenon (ZMP) during cable energisation with the potential of preventing the safe
operation of the circuit breakeif a fault was to take placeDue to the high reactive compensation
requirements of both 220 kV and 400 kV UGflams, the ZMP analysis indicated that there is a
current DC offset during energisation and a mitigation solusooh as a prénsertion resistor or a
delayed reactor switchinghould be considered in the future. The phenomenon is more pronounced
in the 400 kV UGC option when compared to the 220 kV UGC option due to the higher reactive
compensation (in %) requirement.
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Further Investigation and Sensitivity Checks

Load flow analysis was carried out taking into account all possiiledhtingencies for steady state
conditions and thearrangementwith the energisation of the cable from one end considering that it
could accommodate a higher voltage during energisatiRevised reactive compensation levels were
established for the three different UGC options and under three different operating scenarios (revised
SVLW, existing SMW and WRHW). Sensitivity analysis was carried out checking the level of
compensation byarying the cable lengths and replacing it with overhead line and the final revised
reactive compensation is the worse from the two studies above and a brief summary of the results is
shown in the table below.

220kV 400kV ZXcable/phase 400kV 2cables/hase

Compensation (% Compensation (%) Compensation (%)

45.3% (10Mvar)  45.9% @90Mvar) 68.9%6 870Mvar)

34.1% 62 Mvar) 34.%% (L70Mvar) 57.2% 680Mvar)

8.2% (L0 Mvar) 11.2%6 @0 Mvar) 39.6% B00Mvar)
0.0% 0.0% 4.0% @O0 Mvar)

The revised reactive compensation was implemented in the frequency domain model in order to
analyse the impact that the change in the reactive compensation has on the need for a harmonic
filtering solution. The full cable length options of UGC220 and UGC400 (1 cable / phase) were assessed
without any harmonic filters and the background harmonic amplification was reviewed for all the
nodes of interest under the three operating scenarios (SVLW, SVIAWRHW).

Similar levels of harmonic distortions exceeding the EirGrid planning levels were observed when
comparing with the results for the initial reactive compensation requirements. For both options, the
behaviour of the results was very similar witlesv harmonic breaches observed only in the revised
cases; wherasa few other harmonic breaches observed only in the revised case.

The sensitivity studies concluded that there is a slight impact on the harmonic analysis for the 220 kV
and 400 kV (table / phase) and the previously identified harmonic mitigation solutions can be used
as the basis for designing the final solution at a later stage with the possibility of requiring some minor
additional filtering solution. Those conclusions are expetteble also valid for the 400 kV (2 cable /
phase) option.

Some qualitative analysis for a potential underground cable reinforcement with 2 independent cable
circuits recommended by PSC was also performed and concluded that a possible harmonic mitigation
solution for this cable reinforcement is expected to consist primarily from the solution of the 2 cable

/ phase option plus one more filter in the 400 kV Woodland substation similar to the one proposed
for the 1 cable / phase option.
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Further sensitivity studies were performed in order to check the impact of having no harmonic filters
and of the revised reactive compensation on the TOV analysis through an investigation for the 400 kV
(1 cable / phase) UGdEption. The 400 kV (2 cable / phase) UGC option was also analysed considering
the proposed harmonic mitigation solution and the revised reactive levels. The analysis indicated that
in all the cases there is a very similar risk to the initial studies ¥f&xoeeding 1.6 p.u voltage level

for a very short duration for Coolnabacky and Old Street 400 kV substations. This may be within the
capability of the existing surge arresters on the EirGrid system and should be reviewed as part of the
detailed design fothe final CP966 UGC option. Those conclusions are expected to be also valid for
the 220 kV UGC option.

A ZMP analysis was performed for the revised reactive compensation for the 400 kV (2 cable / phase)
UGC option and indicated that there is a curr@® offset during energisation that is very slightly
lower than the one calculated in the initial studies. This conclusion is expected to be valid for the other
cable configurations due to the reduction (in %) in the revised reactive compensation.

Conclusias

The eactive compasation studies performed for the three UGC optio280kV, 400kV with a single
cable per phase and 400kV with two cables per phadentified that there is a high compensation
requirement (> 80%) in all optiofar full cable lengthThose levels were reduced considerably (by at
least 30%) during revised reactive compensation studibe.option with two cables per phase at 400
kV resuledto 1258 Mvar of reactiveompensatiorfor the initial studiesvhichwashighbut reduced

to 870Mvarfollowingthe revised studies

Harmonic analysis studies for the 220 K90 kV (1 cable/phand 400 kV (2 cable/plidlentified that
there are harmonic breaches the full cable lengthwhich are generally getting higher and more
complex in the 400\« @ cable/ph) option.Harmonic breaches are also identified in all the different
cable lengths analysed for the 220 kV and 400 kV (1 cableipitigation solutions with @ype filters
were established for the full length alfl the cableoptionswhich resolve most athe breaches and
any remainingoreaches caioe resolved with the filter fine tuning during the design stage once the
final level of UGC option has been decid8dnsitivity studies for the revised reactive compensation
concluded thatthe mitigation solutions proposed are still applicable and there is possibility of
requiring some minor additional filtering solutiomhe overall results depend heavily on the level of
the assumed background distortion which is base@previous EirGrighroject[6] and depending on
how these compare with the actual levels, the perceived level of issues may be more or do not exist
at all.

TOVanalysidor the full length of the 220 k400 kV (1 cable/phand 400 kV (2 cable/pwith the
reactive compensation and harmonic filseidentified that there is amallrisk of TOV exceeding 1.6

p.u voltage level for a very short duration for Coolnabacky and Old Street 4ibktations with the
measured overvoltages being very similar among the different UGC opBensitivity studies for the
revised reactive compensation and for cases with no harmonic filters indicated that the conclusions
are very similar in termef magnitude, duration and location for the TOV riskhe TOV riskay be

within the capability of the existing surge arresters in the EirGrid system and should be reviewed as
part of the detailed design.

ZMP analysimdicated that there i@ current DC ofit during the energisation of both cables due to
the high reactive compensation requirements (indhjch is slightly improving for the revised reactive
compensation requirements due to the reduction (in %) in the calculeg¢edtive levelsHowever,
there are different countermeasures available and a mitigation solution should be considered in the
future. The phenomenon is more pronounced in the 400 kV UGC atiben compared to the 220

kV UGC option due to the higher reactive compensation (in %) reqeie
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1 Introduction

1.1 Who are EirGrid

EirGridisastatt 6 Yy SR O2YLIl y&s NBaLRyaAotS F2NIYIFylI3IAy3d |
EirGrid isvorking to ensure a safe, secure and reliable supply of electricity to homes, businesses and
industry across the island of Ireland. EirGrid develops the transmission grid to guarantee a secure
supply of electricity now and for future generations, and &gifitate local, national and European

policies.

1.2 What is Capital Project 9667

Capital Project 966 is a proposed network development that will help to traaidetricityto the east
of the country and distribute it within the network in Meath, Kildare dhablin.

The project will help meet the growing demand for electricity in the east. This growth is due to
increased economic activity and the planned connection of new data centres in the region.

I AAIYATAOIY(G ydzyoSNI 27F locht@Efinithd Radth and SoStiOWeNth This G & 3
is where many wind farms and some modern, conventional electricity generators are located. This
powerneeds to be transported to where it is needed.

N

The power is mainlytransported crossountry on the two exising 400kV power lines from
Moneypointstation in Claréo the Dunstowrsubstationin Kildare and Woodland substation in Meath.
Transporting large amounts of electricity on these 400 kV lines could cause problems that would affect
the security of electricity supply throughout Ireland, particularly if one of the lines is lost unexpectedly.

To solve this emerging issubere is aneed to strengthen the electricity network between Dunstown
and Woodland.

Capital Project 966 aims girengthen the transmission network between Dunstown and Woodland
substations. and suggests a number of technical solutions to do so.

1.3 Framework for Grid Development Explained

EirGrid follow a sistep approach when they develop and implement the best grening solution

option to any identified transmission network problem. Thissdep approach is described in the
R2O0dzySyd WI @S | 2dzNJ { | & Ql]. [ Ddedsik stepKafeRho@rnyat achigNE&SNA R Q a
in Figurel-1. Each step has a distinct purpose with defined deliverables and represents a lifecycle of

a development from conception through to implementation and energisation.

Step 1 Step 2 Step 3 Step & Step 5

How do we What What's the Where exactly The planning

identify future technologies best option and 8 should we process.
needs of the can meet these @ what area may build?
electricity grid? needs? be affected?

Figurel-lY 9 A NDNA RQa aAE aGSLJ I LILINEI OK

1 http://www.eirgridgroup.com/the-grid/haveyour-say/
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Capital Project 966 is in Step 3 of the above process. The &@tap#is to identify abest performing
solution option to the need identified.There are four remaining thnical viable options to be
investigated in Step 3. All options create a connection between Woodland and Dunstown substations
and have common reinforcements associated in relation to voltage support devices and 110 kV
uprates. The main four options are:

1 Up-voltage existing 22RV circuits to 40&V to create new DunstowgWoodland 40V
overhead line (OHL);

T A new 400 kV overhead ling;
1 A new 220 kV underground cable,
1 A new 400 kV underground cable.
Common reinforcements to all four options:
1 Uprating of he Bracklone; Portlaoise 110 kV overhead line
1 Dynamic reactive support device in greater Dublin area rated at approximately £250 Mvar

These options will be evaluated against five criteria: technical, economic, environmental, deliverability
and socieecoromic and each criteria incorporates a number of suiteria. It shall be noted that the

overall assessment is carried out by EirGrid, but certain aspects are investigated and assessed by
various consultants and their assessment will feed into the ovasaltssment

1.4 Aim andContext ofthisReport

EirGrid (the Client) has engaged PSC to complete a technical investigation into system analysis of issues
and impacts of the underground options being implemented into the transmission network. The
tender referencas PSPF020. This report is aimed at presenting the findings of this investigation and
thefindingsg Af £ FTSSR Ayidi2 9ANDNRARRQa SGFfdz dAzy 2F (KS

Figurel-2 shows thetransmission network in greater Dublin areader investigation and the two
substations Woodland and Dunstown, where the options will connect.

Figurel-2: Area of development and connecting substations
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EirGrid have identified the estimated route fh of 60km between the two substations to be
considered for thistudy. This has been estimated by choosing a potential route via the existing road
network between the two connection points and then adding some contingency.

Thisreport relates to the tehnical evaluation othree UGC options and any mitigation options
needed If they cannot be accommodated in their entirety, then further investigation will be carried
out to determine maximum lengths of UGC that can be accommodated.

This report is submitted dsISNJ G KS RSt A @GS NI 6 S[8asfoldg dzA NBSYSy (i &

Deliverable3: FinalReport (CB)

The final report will be provided to EirGrid in both Microsoft Word (*.doc) and Adobe Acrobat (*
format. The report will include the followg:

1 An executive summary indicating the issues and main findings of the investigatios
format agreed on with EirGrid,;

1 A detailed description of the scope of the investigation in terms of study assumpt
scenarios, and methodology;

1 A detailed descrifion of the modelling of key components in the data models usec
conduct the studies;

1 A description of the results obtained from each of the studies;
A synopsis of the conclusions that can be drawn from the study results;
1 Appendices detailing all datayguts, assumptions, etc.

==

1.5 UGC Options Considered

The following three UGC options were considered:
1 New Dunstowrg Woodland 220 kV UGC;
1 New Dunstowrt, Woodland 400 kV UGC (with 1 cable / phase);
1 New Dunstowrg Woodland 400 kV UGC (with 2 cablgtase).

These options were studied using the latest information available for standard cables used on the Irish
transmission network. These parameters are listedppendixC.

Thefollowing reinforcements were also included for each of the three options:
a. Uprating of the Bracklone Portlaoise 11&V overhead line

b. Dynamic reactive support device in area of Inchicsisgion rated at approximately
+250Mvar?

Sensitivity studies also included a North Dublin Corridor reinforcement consisting of:

1 New 400 kV UGC from Woodland to Belcamp;
1 New 400/220 kV transformer at Belcamp.

These reinforcements have been included in f#ystem model as part of the review, updating and
validation reported previousiyi].

2 EirGrid have also identified sevesaalditional locations where reactive support devices could be considered if
system wide voltage issues are created as a result of the new cable reinforcement.

27
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1.5.1 New Dunstowrt Woodland 220 kV UGC

This option consists of a 2500 riidu XPLE cable rated at 760 MVA. This option also requires the
following reinforcements:

a. Uprating of the CashlaProspect 22KV overhead line
b. Uprating of the Killonag Shannonbridge 22KV overhead line

c. Woodland 22V station would be requiredto B LISNI 6§ SR aa L)X Alé¢ Ay 2
thermal overloading of the new 220/ cable for an unplanned loss of a circuit.

1.5.2 New Dunstowrg Woodland 400 kV UGC (with 1 cable / phase)

This option consists of a 2500 ri@u XLPE cable rated at 1254 MVA. This is hiblewating of an
equivalent 400 kV overhead line but was selected as the maximum possible rating achievable for a
cable buried in #@ypicaltrench or roadarrangement

1.5.3 New Dunstowrg Woodland 400 kV UGC (with 2 cables / phase)

This optionconsists of two 2500 mfiCu XLPE cables per phase rated at 2509 MVA. This exceeds the
rating of an equivalent 400 kV overhead line but requires a lasggy of landor a second route. It

also doubles the capacitance of the cable which increases reactive compensation and harmonic filter
requirements angossibly increase the chances of encountering ®S¥es during routine switching
operations
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2 Scope of Investigain

The following sections of this report set oat a high levethe study assumptions, scenarios and
methodology followed in carrying out these studies. Further details and justification behindateese
detailed in the methodology repof2].

2.1 Study Assumptions

2.1.1 Planned Reinforcements

EirGrid already have several reinforcements planned for the transmission network, some of which are
likely to have an impact on theable integration studies which this report relates to. This section
details the validation or updates of the data in the PSSE base models for the following reinforcements:

1. Uprating of Backloneg Portaloise 11&V OHL

2. Dynamic reactive support device athicore 22V station
3. North Dublin corridor reinforcement

4. Series compensation on the existing 4000HLs

There are several other reinforcements taking place in and around the Dublin network.

2.1.2 Capital Project 966 Reinforcements

Capital project 966 consistsf two reinforcement options for the 6Bm circuit between Dunstown

and Woodland. The reinforcement options being studied in this project include the installation of a
new 220kV UGCEP966_UGC22@long with several uprates to existing circuitgho installation of

a new 40kV UGCEP966_UGC4p0

CP966_UGC220: New Dunstown¢ Woodland 220 kv UGC and the following additional
reinforcements:

a. Uprating of the CashlaProspect 22KV overhead line
b. Uprating of the Killonag Shannonbridge 22&V overtead line

c. Woodland220 + adGlF A2y ¢2dAd R 06S NBIldZANBR (2 06S
thermal overloading of the new 220/ cable for an unplanned loss of a circuit

CP966_UGC400: New Dunstowrg, Woodland 400 kV UGC

2.1.3 Generation and Loddispatch

The generation and load dispatch for the three study casesfner valley low windBVLW, summer
valley high windSVHW and winter peak high wiWdPHW) were provided by EirGrid. The following
table shows the generation and load for each of theragieg scenarios and no change has been made
to these dispatch arrangements.

Table2-1: Generation and load dispatch for the operating scenarios under consideration

SV LW S\ WP HW \
Load MW 3506.0 3506.0 9023.8
Generation MW 3540.2 3554.6 9614.3

The difference between th&V LWand SV HWAdispatches is the change in proportion of wind
generation in the dispatch mix. This results in an increase obappately 450MW of generation
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coming from wind located in the North and West of the EirGrid network and the associated reduction
of traditional plant in the East and particularly around the Dublin region. IkMReHWtase, the total
system demand is increased to the forecast 2030 winter peak with a high level of wind generation.

2.1.4 Steady State Voltage Limits

Table2-2 details the steady state voltage limigpplicable to the EirGrid systenit should be noted
that although the system nominal voltage is 400 it is operated at 38RV and the per unit values
detailed in this report arexpressed against a 3&Y operational voltage.

Table2-2: EirGrid Network Planning Voltage Linj#b
Nominal Voltage (kV) Base Case Limits (kV) PostContingency Limits (kV) ‘
400 370¢ 410 360¢ 410
220 210¢ 240 200¢ 240
275 260- 300 250-303
110 105-120 99-120

2.2 StudyScenarios

2.2.1 PSSE Model

The PSSE model is considered the master model as it is the most up to date version of the network
representing the planned network in 2030. This model is being updated by EirGrid regularlgand it
been reviewed and used to develop the shortlisting e€hnology options under ste@ of the
framework for grid developmerib].

EilGrid has provided PSSE network models of the entir€rigir2030 network with three network
dispatches:

1. Summer Valley Low Wind (SV EW)
2. Summery Valley High Wind (SV KW)
3. Winter Peak HighVind (WP HW)
Areview and update of this model has covered the following aspaudsis detailed ifil]:
1. The project circuits and associated reinforcements are mededorrectly
The model is convergent for the base case plus identified contingencies
Voltages are within the planning limits for the base case scenarios

Line and cable parameters are sensible

O k0N

Generation and the associated netwake modelled in sufficiendetail

3t { {9 YSNRBB0AowA30snv_33 dc_Scenari220kV UGC optioa | @¢ | YR
GSNV2030Low_30snv_33_dcenario 0400kV UGC optioh & I @ ¢

‘t { {9 YSNVIBO&ightv 30snv_33 dc_Scenario 0_220kV UGCogtibn@d ¢ | Y R
G6SNV2030HighW_30snv_33_dc_Scenario 0_400kV UGCdpgtibnd £

S5t { {9 YWHRRGEDHW_ 80w 33 dc_Scenario 0_95%SW_220kV UGCdhatbnd ¢ | Yy R
@WP2030HW30w_33_dc_Scenario 0_95%SW_400kV UGC @ptioh & ¢
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6. Reactive compensation devices are modelled correctly
The resultant PSSE model is considered as the base model and the PowerFactory model was validated
against it.
2.3 PowerFactory Model

EilGrid provided a PowerFactory network modebf the entire Ei&rid network and covers the
operating scenarioSV LW SV HWandWP HW. A check has been conducteddonfirm the model

is suitable for carrying out frequency studies and that the topology represents that of the validated
PSSE model.

2.3.1 Frequency Dependant Model

To ensurghe PF model is suitable for harmonic analysis it needs to be a suitable frequency dependant
model which required the following changes:

9 Circuits areconverted toall be modelled with distributed parameters
1 Transformers all have a frequency dependant rfielahip for ther resistanceexcept
generation stepup transformers.
1 Synchronous machines all have a frequency dependant relationship for their stator resistance
2.3.2 Future Transmission System Reinforcements

A review of the PF model against PSSE sHdhat there were significant differences between the
models. The PF model reflects the current system and some-wrartchanges whereas the PSSE
model reflects a future 2030 system incorporating significant numbers of network reinforcements.

Themethodobgy report details the specific changes to the PF model to represent the future system
prior to the CP966 reinforcementThe following main network reinforcements were incorporated:

1 EWIC Interconnector
1 Belcamp Phase 2
1 Kellystown220kV substation (Intel)
1 North South InterconnectoM/oodlandg Turleenan 40&V line)
1 Laois Kilkenny Projettcluding:
0 New400/110kV substation
o Bracklone 11&V substation
0 Lumcloon 11&V substation
0

Ballyraget 11KV substation

6t 2 g SN O AINMROIIVOBRERRELEASE viphdé
”Summer Val 2.5GW E500200 WO0IntScenario

8 Summer Val 2.5GW E500 M200 W20 cenario

® Winter Peak 6.7GW E500 M200 W37aBcenario
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2.3.3 Capital Project 966 Reinferments

The CP966_UGC220 and CP966_UGE#I0rcements were included in the PF model as appropriate
including the associated reinforcements necessary to accommodate thé\22iption. Further
details regarding the specific technical data around thesgfoecements are included iAppendixC.

2.4 ATP Model

The existing EirGrid ATP model has been developed for studies in and around the Dublin region for
previous investigations into the impact of new 220 and 40&kYV circuits in the rgion. This model

will be developed further to carry out investigations into potential TOV or ZMP risks. Since these are
dependent on specific network events or contingencies, theydeveloped specificallio capture

those eventdncorporating any mitigtion solutions identified for steadgtate voltage rise (in PSS/E)

or harmonic voltage distortion (in PowerFactory).

As detailed irBection5, the nodes that therds a potential risk of TOV due to the CP966 UGC options
have been identified to be around different locations of the 400 kV network. Thus, the exXiatseg
EirGrid ATP model was reviewed against the PowerFactory naodethe model report J] and
updated accordingly. The updates include the following:

9 The OHL lengths of:
o Woodlandg Turlenaan 400 kV
0 Moneypoint¢ Coolnabacky 400 kV
o Coolnabacky Dunstown 400 kV
Woodandc¢ Clonee 220 kV
Maynooth¢ West Dublin (Castlebagot) 220 kV
West Dublin (Castlebagat)inchicore 220 kV
1 The UGC lengths of:
0 Maynooth¢ West Dublin (Castlebagot) 220 kV
0 West Dublin (Castlebagat)inchicore 220 kV

1 Removed thecable sections connecting Clon220 kV with Woodland 220 kV and Corduff
220 kV

o O O

1 Updated the series compensation at Old Street 400 kV, Moneypoint 400 kV and Dunstown
400 kv

Included the reactive compensation at Woodland 400 kV and Dunstown 400 kV

Included a simplified model to represent the EWIC Interconnector that consists of an
equivalent resistive loading and the harmonltefis

During the initial fault studies it was observed that there were some abnormal overvoltages due to
the absence of protection devices across the series compensation of the existing 400 k\®i0ddLs.
this is an early stage evaluation, a simplified methodasfnecting garallel resistor of 70 Ohms was
usedto maintainthe overvoltages across the series capacitors within typical design limits. The impact
of that resistor in the frequency response of the system is negligible so it iaffeatingthe TOV
results.

The ATRnodelwas updated accordingly to cover the noddsinterestdetailed inSection 5 for the
UGC 220 kV and UGC 400kV. These nodes were selected tieiatlihe nodes identified from
frequency scans anallowed the contingencies to be considered.
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Table2-3 presentsall nodes that are electrically distant from tlegea of interest and have minimum
impact on the frequency responsgf the system Theyhave been represented as an equivalent
modelled as a voltage source (ACSOURCE) belhing § @ Siyigegatxa (LINESY_3) as shown in
Figure2-1 and is based on the PowerFactory modeh equivalenbalancedoadas shown irFigure
2-2 was also represented in treame nodesn ATP modelThe data for those loads was based on the
PowerFactory modednd is given ifTable2-4.

Table2-3: Boundary Electrically Distant Nodes for ATP Model

Key Substation Voltage (kV)
- TLE2  Turleenan 275
LOU2 Louth 220
GOR2 Gorman 220
Cbhu1 Corduff 110
FIN2 Finglas 220
MAY1A Maynooth 110
MAY1B Maynooth 110
INC2 Inchicore 220
CKM2 Carrickmines 220
KLS2 Kellis 220
ATY1 Athy 110
BGT1 Ballyragget 110
PLS1 Portlaois 110
SH2 Shannonbridge 220
MP2 Moneypoint 220
TYN2 Tynagh 220

LC

Figure2-2: Equivalent Loadepresentation inATPDaw
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Table2-4: Load Data used in ATP Model

Active Power Reactive Power

Key

(MW) (Mvar)
TLE2 111.7 62.4
LOU2 99.9 324
GOR2 23.9 31.5
CDhu1 88.8 64.8
FIN2 264.8 84.3
MAY1A 79 32.6
MAY1B 20.7 41.1
INQ 54.2 100.2
INC1 81.3 30.8
CKM2 175.8 28.5
KLS2 13.6 43.6
ATY1 6.6 13
BGT1 30.9 9.9
PLS1 59 16.5
SH2 - 16.4
MP2 - 20.9
TYN2 40.6 82.2
CTB1 225 5.2

In addition to the above updates, the ATP model waslified to includeeach of the UGC options
with the relevant reactive compensation and harmonic filters as detailed in Se2tod Sectiord,
respectively. The reactive compensation was modelled sfithnt reactors at the UGC terminals;
whereas the harmonic filters were modelled at/@e filters shownn Figure2-3 using the appropriate
resistor, inductor and capacitor and the technical data available in PowerFactory model.

Z0

e
3 Q

aNIOESD % I

ay

Figure2-3: Gtype Harmonic Filter ATPDraw Representation

The UGC 220 kV and UGC 400&¥e been modelled in 1.053 km sectigngnor section}aking into
consideration the crosbonding of the cable sheaths and grounding every 3 sectioagof setion).
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LCC LCC LCC

M —1 — —

—| -% . L -% . f—
1.063 km 1.063 km 1.053 knl/\/\/\_i

Figure2-4: Underground Cable ATPDraw Representation

The final ATP model used for TOV and ZMP studies was validated in terms of comparistireéthe
phasefault levelsfor the SVHWbperating scenari@nd the frequency scans against those produced
by PowerFactoryTable2-5 presents the thregphase fault current$or the nodes ofnterest detailed

in Sectiornb and t shows that the results are of similar orders of magnitude which gives confidence
that the model topology closelesemble each other. The frequency response of the system indicates
that there is some discrepancy while the harmonic order is increaSinge the impedancelues for

the frequency range of interest for TOV issues are relatively low, further investigati the
frequency response plots is not expected to have any noticeable impact on the TOV results.

Table2-5: Threephase fault currents

UGC 220 kv UGC 400 kV (1c/ph)

I3ph fautt (KA) - | laph fault (KA) - ‘ lph fautt (KA) - I3ph fault (KA) -
PowerFactory ATP PowerFactory ATP
DSN4 7.79 8.58 11.78 12.28
CLN4 7.67 8.33 10.34 10.71
PRN4 11.77 10.59 13.55 13.25
OST4 9.54 9.10 9.91 9.83
WOO04 11.80 10.62 13.60 13.28
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3 ReactiveaCompensation Requirements

Underground cables have a greater capacitance per unit length than a standard overhead line
installation. As a result, this additional capacitance can increase system voltages outside of acceptable
limits and therefore need to beompensated for. This is achieved through the available reactive
support on the system and where this is not sufficient, the introduction of shunt reac®C has
carried outreactive capability studies in PSSE in order to determine the reactive cmaipm in the

form of shunt reactorsequired to accommodateach of the CP966 reinforcement options.

The PSSE models revievwad! updated as part of the model review were utilised for both the 220
and 400kV UGC optionfl].

3.1 Methodology

Contingency load flow stuels have been conducted in order to determine the size and posifitime
reactors necessarnp maintain the system voltages withthe operational voltage limitsletailed in
Table2-1 post-contingencyand thermal loadings within circuit ratingsVoltages and power flows
have been monitored at circuit terminal stations as well as &#250% and 736 along the lengtbf
the circuit.

Reactive compensation requirements were deterntnfor all of the contingencies detailed in
AppendixA ensuring the voltage and thermal limits were maintained for the following operating
scenarios:

1 Summer Valley, Low Wind (&W)
1 Summer Valley, High Wind (&)
1 Winter Peak, ih Wind (WFRHW)

Prior to introducing either of the CP966 reinforcements studies were carried to confirm that the
system remained within voltage and thermal limits in the base case. The results of these studies and
modifications required to the PSSE mobale been detailed in the model review report (JI78&j

[1].

To establish the reactive compensation requirements necessary to maintain voltagessiatiitry

limits the PSSE model had a generator modelled at either end of the UGC circuit (Dunstown and
Woodland). This generator providedMW of active power but was able to absorb reactive power
sufficient to maintain the local busbar voltage withiratttory limits whilst also ensuring thermal

limits were not breached These machines were initially set to very high target voltages and then
through iterative studies the target voltages reduced until the system voltages remain within statutory
limits. This approach ensures that reactive power absorption from other sources (existing generators,
Inchicore STATCOM, etc.) is utilised first before additional reactive compensation is added.

For each operating scenario and contingency the level of reactivpeasation required to maintain
voltages within statutory limits was recorded. Once all the operating scenarios and contingencies had
been testedthe maximum level of reactive compensation was recorded applied to the model.

The final level of reactiveompensation was then tested for each operating scenario and contingency
to determine the pre and postcontingency system voltages. The following sections detail the
reactive compensation requirements for the 220 and 490UGC options along with grapbisthe
system voltages.

© Power Systems Consultants UK Ltd
Revisior? Pure Offices, Lakeview House, Wilton Drive, Warwick CV34 6RG, United Kingdom
Pagel2of 158 P:+44 1926 675 851V: hitps://www.pscconsulting.com



https://www.pscconsulting.com/

JI786703-02 Results Report for Capital Project 966 Cable Integration Studies

3.2 Results

3.2.1 SteadySate Voltage Limits

The following figures shothe range of steady state voltages at each of the nodes for each operational
scenario and contingency. Thygaphs present the range of voltages with whiskers showtfireg
maximum and minimum values and boxes showing the applicable limits. All valuygeseated in

per unitwith limits based on the postontingencylimits shown inTable2-2. It should be noted that
although the systenrmominal voltage is 40KV it is operated at 38RV and the per unit valuda the
figures are expressed againsB@0kV operationalvoltage.

1 Operdional Scenari®GV LW
1 Operational ScenarisV HW
9 Operational Scenarid/P HW

Extremes of voltages
during contingencies ‘

\ Bulkof voltages during

contingencies EirGrid postontingency

voltage limits

Figure3-1: Explanation of/oltagespread plots

3.2.2 Step Change Voltage Limits

The pre and post contingency voltage step changeior to any corrective action was within the
following limits for all operating scenarios and contingencies

1 3% voltage step during switchingrefactive compensation

1 10% voltage step between prand postcontingency
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3.3 Results foCP966_UGC220

The following shows the level and location of reactive compensation required for each cable length
option for the 220kV cable. The results in this tablesibased on the contingency (complete list in
AppendixA) with the greatest reactive compensation requirement to maintain voltages within
statutory limits. The reacte compensation requirement was driven by the steady state voltages
during energisation of the circuit from one end and the requirement to maintain voltages within
statutory limits. A further study detailed in secti6éril compares the reactive compensation for this
energisation arrangement against the reactive compensation for the remaining network
contingencies.

As can be seen, for the 109 cable option the cablequiresjust above80 % reactive compensation
(198MVAR)but as the cable reduces the level of compensation also reduces. At greater tian 50
reactive compensation there is a significant risk of zmiss phenomenon and this has been analysed
further in section5.2

Table3-1: Reactive compensation requirement for 226 UGC

Woodland 220kV (PSSE bus Dunstown 220kV (PSSE bus Total

546200) 220200)
1100.0% 60.0 99 99 198 81.6%
| 875% 525 63 109 172 81.0%
L 750% 45.0 40 92 132 72.5%
| 625% 375 17 76 93 61.3%
1 500% 30.0 0 61 61 50.3%
| 875% 225 0 34 34 37.4%
1250% 15.0 0 0o o 0.0%
[ 125% 75 0 0 0 0.0%

The following graphgFigure 3-2 to Figure 3-4) show the range of system voltages prand
post-contingencyat the nodes of interestor full length 220kV cable optiorwith the appropriate
compensation(as explained ifrigure3-1 above).
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3.4 Results for CP966_UGC400

The following shows the level anccltion of reactive compensation required for each cable length
option for the 400kV cable. Additionally,since the level of reactive compensation for the 400

2 cables per phasis very high, the reactive compensation requirements foalle per phas were
also calculatedThe 1 cable per phasaption will potentiallyresult inrestriction of the thermal loading
when compared to the cables per phase.

The results in these tables are based on the contingency (complete ligppandixA) with the
greatest reactive compensation requirement to maintain voltages within statutory limits. The reactive

As can be seen, for the 100 cable option the cable requires nearly P@Creactive compensation
(1258MVARY)for 2 cables per phase and nearly 90 % reactive compensation (558 MVAR) for 1 cable
per phasebut as the cable reduces the level of compensation also redudegreater than 506
reactive compensation there is a significant risk of zaiss phenomenon and thihas been analysed

further in sectionb.2.

Table3-2:

Reactive compensation requirement for 400 UGC, 2ables / phase

Length (km) bus 546400)
- 100.0% 60.0 629
. 87.5% 52.5 525
- 75.0% 45.0 365
. 625% 37.5 326
- 50.0% 30.0 227
. 31.5% 22.5 132
- 25.0% 15.0 38
oss 7S 0

Table3-3:

629
553
474
395
316
237
158

64

1258
1078
839
721
543
369
196
64

Reactivecompensation requirement for 400V UGC, 1 cable / phase

Woodland 400kV (PSSE Dunstown 400kV (PSSE Total Compensation
bus 220400)

(%)
99.6%
94.8%
83.0%
81.5%
71.6%
58.4%
38.8%
16.9%

Cable

60.0
52.5
45.0
37.5
30.0
22.5
15.0

7.5

Length (km) bus 546400)

279
169
112

=

O O O b~

279
277
237
198
158
109
47
0

558
446
349
257
162
109
47
0

Woodland 400kV (PSSE Dunstown 400kV (PSSE Total Compensation
bus 220400)

(%)

88.4%
79.2%
70.5%
60.3%
45.3%
37.6%
21.3%

0.0%
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The following graphgFigure3-5 to Figure3-10) show the range of system voltages pend -post
contingencyat the nodes of interedor full length400kV cable optionvith appropriate compensation
(as explained ifrigure3-1 above).
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Pure Offices, Lakeview House, Wilton Drive, Warwick CV34 6RG, United Kingdom

P:+44 1926 675 85W: https://www.pscconsulting.com

© Power Systems Consultants UK Ltd



https://www.pscconsulting.com/

A3 011 2Bpuguounueys

A OTT asi08L0d

A OTT sH@H

A OLT uenary seibuy

A4 OTT 200y 526Uy

A4 0TT Buleysna

A OTT Hnns

A4 0TT £3pegeujood

A OTT SBULIYILUED

A 01T 2u0p3e1g

ASTTHO AA OTT DUR|BOOA

352 A% OTT pUR|poOos,

A 02T PUR|poo

A4 0ZZ |H YBnopng

A4 02T suegfays

A4 02T Suegh|aus

A1 072 2BpuquoULByS

M 0ZZ Padsouy

M 0ZZ pnas Bagoogd

M 077 ypon Bagloog

M DZZ PO

A4 D2 13235PI0

M OZZ [1BA UHON

A4 077 wodfavoy

A 027 8 yinoudep

MY 0ZE W LI00UAR

A 07 o

A1 02z 2bopped|y

JI786703-02 Results Report for Capital Project 966 Cable Integration Studies

A 022 5112

A 022 UmoIys

A 02T L=

A 0ZZ 2103)U0U)

M4 022 pug(s| jesun

A 0ZZ UewUDD

A4 02T s=|Bu)2

ISIIHD AY OZZ Umosung

350 A 0ZZ umajsung

A4 Q2T umalsung

A4 02T WRIFSIND

A 0ZT Hnpdod

M OZZ F2Ua10

M g7 wbegsses

MA 022 Blysed

A 072 SOUIL{ILIED

M 0gz dwedjag

A 022 Moy

Ay SLZ UBUSSIN]

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
— _ Ad 0ZZ ueua|iy
|
|
|
|
|
|
|
|
|
!
|
|
|
|
|
|
|
|
|

353-THO A DHE BuRpuoa

453 A% 0BE PUBIPOOAY

Ad OBE PUB|DOOA,

A OHE UBLSS|INL

A4 0BE UELiOd

A4 08E widdizuon

JS2-THO AY OFE dmolsung

3450 A4 0BE umaisung

Ad OGE UMOISUNG

|
|
|
|
|
_ A 0BE 132205p10
|
|
|
|

A4 0BE AxpegRUiooD

111
1.10
1.09
108
107
1.06

o = Mmoo o @ @ W w
S 2 9 99 2 92 @ o @ @ @
" = = = == =
n

0.594
0.93
0.92
0.91
0.90
0.89

e
('nd) sfieyon 2@ Apeag

© Power Systems Consultants UK Ltd

Pure Offices, Lakeview House, Wilton Drive, Warwick CV34 6RG, United Kingdom
P:+44 1926 675 85W: https://www.pscconsulting.com

0A cabls / phasepost-contingency steady state voltages compared against EirGrid limits for operating scatiaHWW

CP966_UGC4

Figure3-7:
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Figure3-8:
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Figure3-10:
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4 Harmonic Aalysis and Mitigation

PSC has carried otarmonic analysis studies in PowerFactaryorder to calculate the future
harmonic distortion and assess the compliance with the harmonic Planning Levels (PL) following the
CP966 reinforcement options. Whenarmonic breaches are observed, PSC has considered mitigation
measures in the form of passi@Gtype harmonic filters.

The PowerFactory models reviewed and updated as part of the model review were utilised for both
the 220 kV and 400 kV UGC optiptls

4.1 Methodology

Harmonicamplification studies were initially carried out as per the methodology docun@niThe
background harmonic amplification was calculated for all the contingencies detailepp@endixA
and forthe following operaing scenarios:

1 Summer Valley, Low Wind (&W)
1 Summer Valley, High Wind (&)
1 Winter Peak, High Wind (WRW)

Frequency scans were performed for the nodes of interest presentdalite4-1 using the EirGrid
HAST tool in order to establish likely resonance points. Calculations were ddhe Base case prior

to introducing any of the CP966 UGC optians for the 220 k\400 kV(1c/ph)and 400 kV (2c/ph)

UGC options considering the reactive compensation calculat&gdétion3. The tool was populated

with the required contingencies and the frequency sweeps werdazhout in the 50 Hz to 2000 Hz
range with a 5 Hz fixed resolution to ensure that no narrow band resonances were miisseries of
non-convergent cases were identified during certain contingency scenarios caused by numerical
instability (PowerFactory aallation issue)Those load flow convergent issues were primarily solved
by changing the number of steps and applying a fixed relaxation factor in the Iteration Control tab of
the Load Flow Calculation settings.

The background harmonic data for most bétnodes of interest werealculatedn a previous EirGrid
project[6] and they take into consideratiathe following assumptions

1 Existing background harmonic measments on the system or assumed background where
these are not available.

1 The impact of reinforcements that are expected to be completed priohéoCP966 Project.
I The harmonic limits issued to any new custsinot connected to the system yet.

For thenodes of interest where there were not any calculated future background harmonic data it
was considered to be identical to electrically close stations as preseniieabin4-2.

It should be noted that EirGrid harmonic polaiyns tokeep harmonidistortions to within75 % of
the PLso that future connections and reinforcements can be aatouated For theharmonics
where the calculated future background data was higher due to the assumptions considehed
previous EirGrid projecthe 75 % of thd®Lwas considereas the level of existing backgroufat the
calculations

Appendix Dpresents the future backgrouhharmonicdistortion data considered in the harmonic
analysis studies.
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Key?

CLE2
CDhuU2
CDhu1
DSN4
DSN2
FIN2

GOR2
KLS2

LSE4
(CLN4)

MAY2A
MAY2B
MAY1
OST4
PRN4

WDU2
(CTB2)

wDU1
(CTB1)

WOO04
WOQ02
BEL2
CKM2
TH2

Substation
Clonee
Corduff
Corduff

Dunstown

Dunstown
Finglas
Gorman

Kellis

Laois
(Coolnabacky)

Maynooth
Maynooth
Maynooth
Old Street
Portan

West Dublin
(Castlebagot)

West Dublin
(Castlebagot)

Woodland

Woodland

Belcamp
Carrickmines

Turlough Hill

Table4-1: Nodes of Interest

Voltage (kV)
220
220
110
400
220
220
220
220

400

220
220
110
400
400

220

110

400
220
220
220
220

0 The key is formed from the EirGrid 3 letter code followed by the voltage identifierk4604, 22&V = 2,
110kV = 1). Where split busbars exist these will be appended with identifying letters (A, B, etc.) as

appropriate.
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Table4-2: Electrically equivalent nodes of interest

: Electrically Ele_ctrically
Substation equivalent Key equwale_nt—
Substation
- CDhUl  Corduff ~ MULL  Mulingar
DSN4 Dunstown DSN2 Dunstown
FIN2 Finglas CDU2 Corduff
MAY1 Maynooth MAY2 Maynooth
OST4 Old Street WOO04 Woodland
PRN4 Portan WO0O0O4 Woodland
\(Iggi) (Vg:ssttlgalgg:?t) WDU2 (CTB2) gﬁiﬁiﬁ%
W004 Woodland WO0O02 Woodland
TH2 Turlough Hill DSN2 Dunstown
LSE4 Laois Dunstown

(CLN4) (Coolnabacky) DSN4

Harmonic amplification factors have beealculated as detailed in the methodology repdi} being
effectively the ratio of selimpedance between the base case system and the system with each of the
new cales in order to establish any breach due to the magnification of the future background
distortion.

The voltage gain factor Y was calculated based on the change in-sejfedance due to the new
DunstowrWoodland circuit for each N and-Ncondition (xgs:

[ w &
where:
@ . is the harmonic (h) seifnpedance of the nodes after the Dunstowvioodland

circuit and uprates arenodelled. This is calculated for every N and bbndition (x)

@ . is the harmonic (h) seifnpedance of the nodes before the new Dunstewn
Woodland circuit and uprates are added. This is calculated for every N-arabhdition (x)

This sequence was applied across the HAST tool results to determine voltage gain factors and the
amplified harmonic background for each node under each contingency scenario considered.
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4.2 Results for CP966_UGC220

4.2.1 Harmonic Analysis

Thefull cablelengthsolution was assessed and the background harmonic amplification was reviewed
for all the nodes of iterest under the three network operating scenarios and the contingencies
considered as presented 8ectiom.1. The full cable length study showed high harmonic #gation

of the background harmonics resulting in breaching of harmonic limits in mustifstations. Further

studies were performed for the reduced cable lengths of 50%, 25% and 12.5% considering an OHL
section as explained imethodology report[2] in order to evaluatewhether there is a maximum

length of UGC that can be installadhile avoiding system technical performance issues. The studies
for all the cable length solutions showed that there is no such cable length that does not result in
harmonic breaching without the inclusion of a harmonic mitigation solution.

Figure4-1to Figured-4 show an overview of the maximuharmonic distortions in the study area for
the various UGC length options (100%, 50%, 25%, 12vEtothe red bars showing th&irGrid
adopted planning levdbr each harmonicThe results have been calculated for all the contingencies
and network operating scenarios and for harmonics up to th& @ftler. Higher order harmonic
background data is thought to be less accurate due to the sensitivity of the Em@eadurement
equipmentand so results are presented up to the™rder.

Table4-3 presents detailed resultfor each UGC cable lengthat give a side by side overweof the
substations where the harmonic limits are exceeded along with the most onerous contingency,
background harmonics and calculated amplified distorti@ime results indicate that while the UGC
cable length decreases, the number of the substationk Wéirmonic breaching tends to decrease and
the harmonic orders are becoming high&inceevery UGC option resasltn harmonic breaching a
mitigation solution is require@nd it has been agreed with EirGrid to investigate a solution for the
100% cable lerig option. Details of the solution, assumptions and results are presented in the
followingSectiord.2.2 Frequency scans for different nodes are also present&aatiord.2.2for the

base case prior to CP966 reinforcements and for the cases with and without the harmonic filtering
following the CP966 reinforcements
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Maximum Harmonic Distortions for 100% CP966_UGC220
25

15

2 ] ] ]
1

]
Dls |"‘ h
2 3 4 5 &

mEBELZ mCOUL mCDUZ m CKMZ mCLEZ mCLN4 m CTE]1 mCTBZ mD5N2 m D5SN4 m FINZ m GORZ m KL52 m MAY1 0 MAYZA m MAY2E m O5T4 m PRMNE m THZ m'WOO2 m 'WO004 — EirGrid Planning Level

Woltage distortion (%)

I Mt o e

17
Harmonic Order

Figure4-1: Maximum Harmonic Distortions for 100 % UGC220 cable length
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Maximum Harmonic Distortions for 50% CP966_UGC220
25

L
1

|Hl‘ll‘il L EH\L..MMMMM umﬂm‘mm

B 17

Voltage distortion (%)

Harmonic Order

mBEZ mCDUL mCDUZ mCKM2Z mCLEZ mCLN4 mCTEL mCTE2 mDSN2 mD5N4 mFINZ mGORZ mKLSZ m MAYL w MAYZA mMAYZE mO5T4 mPRNG mTHZ mWOO02 m'WOOD4 — EirGrid Planning Level

Figure4-2: Maximum Harmonic Distortions for 509&C220 cable length
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Maximum Harmonic Distortions for 25% CP966_UGC220
25

Voltage distortion (%)

16 17

Harmonic Order

mBE2Z mCDUL mCOUZ mCKM2 mCLEZ mCLN4 mCTE]l mCTEZ mDSNZ mD5N4 mFINZ mGORZ m KLSZ mMAYL o MAYZA mMAYZE mO5T4 mPRN4 mTHZ mWOO2 mWOO4 —EirGrid Planning Leve

Figure4-3: Maximum Harmonic Distortions for 25 % UGC220 cable length
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Maximum Harmonic Distortions for 12.5% CP966_UGC220
25

Woltage distortion (%)

D qu.l;-“iﬁ”iﬂh@*@@;@; LTl

Harmonic Order

mBEZ mCDUl mCDUZ mCKM2 mCLEZ mCINS mCTE]l mCTB2 mDSMNZ mD5N4 mFINZ m GORZ mKL52 mMAYL o MAYZA mMAYZE mOS5T4 mPRN4 mTHZ mWOO02 m'WOO04 —EirGrid Planning Level

Figured-4: Maximum Harmonic Distortions for 12.50@C220 cable length
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Table4-3: Harmonic Distortions Exceeding Planning Levels for Different UGC220 Lengths

100 % UGC220 50 % UGC220 25 % UGC220 12.5 % UGC220
Planni _ Amplifi Planni _ Amplifi Harmo Planni _ Amplifi i _ Amplifi
ng Continge _ed _ ng Continge _ed _ nic ng Contingen _ed _ : Contingen _ed _
Level ncy Distorti Level ncy Distorti order Level cy Distorti cy Distorti
(%) on (%) (%) on (%) (%) on (%) () on (%)
BEL2 6 0.4 \(/:VEC))%ZZ?A 0.695 10 0.35 I:C):?_'l\\lljl 0.362 - - - - - - - -
CKM2 6 04 X2 o4z - : : i i i i ) i i ) i
cina, 12 o038 SN2 o403 - : i i i ] i ) ] ] ] i
FIN2 17 1.2 V\'Ir?_gi 1.267 17 1.2 ?:?522: 1.94 - - - = o = - -
MAY1 12 0.318 c|i/|L|!>\l: 0.386 12 0.318 %ﬂ\\l‘i 0.392 - - - - - - - -
MﬁYz 12 0318 CM"l';': 0367 | - i : : - - - ] ] ) ) ]
MQYZ 12 0.318 CIZVII';‘: 0.481 12 0.318 %‘;\‘: 0.434 - - - - - - - -
MQYZ 15 0.3 %?_ll\\lli 0.354 15 0.3 %?_"\\lli 0.300 - - - = = o - -
osTa 8 04 (P25 osea - : : i i i i ) ) i ] ]
PRN4 8 0.4 %SSTrAé 0.462 8 0.4 DTSHI\122 0.928 8 0.4 \S:VI?)L(J)ZZ?A 0.474 8 0.4 V\é:?_(ég 0.473
W;) © 8 0.4 E;ﬁit 0.493 - - - - - - - - - - - -
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W4(.)O 8 0.4 (O)SSTI_‘; 0.452 8 0.4 DTSHI\122 0.938 8 0.4 \(I:V%%ZZ?A 0.464 0.4 V\é?_(ég 0.464
CLE2 - - - - 15 0.3 F&’xf 0.404 15 0.3 F’\lll\vl\?zB 0.302 - - -
DSN2 - - - - 12 0.318 ?/ISP-IZ 0.369 12 0.318 I?:?_”\\Ili 0.353 - - -
FIN2 - - - - 17 1.2 l\lIIXLZZA 0.269 20 0.255 DTSHN22 0.265 - - -
CDuU2 - - - - - - - - 18 0.266 II:BIIIE\ILZ?A\ 0.266 - - -
CDhu2 - - - - - - - - 20 0.255 DTSHN22 0.340 - - -
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As explained, the calculation of the future background distortion is proportional to the amplification
factor and to the background harmonics by 2030 prior to the CP966 reinforcements. Since the
background harmonics have been calculatedaiprevious EirGd project [6] based on various
assumptions that might change in the future, the maximum permitted future background harmonics
to avoid any performance issues haveehecalculated inTable4-4 for the nodes with harmonic
breaching and for the 100% cable length option. Those harmonics are for information only and
indicate that if the future background data remain below them then tregmonic distortion will
remain within the PL without the inclusion of a harmonic filtering.

Table4-4: Maximum Permitted Future Backgrouh&rmonics (foEirGrid PICompliance without Filtergpr 100% UGC220

100 % UGC220

Maximum Permitted Future

Harmonic Planning FutureBackground Harmonics Background Harmonics (%)
order Level (%) consideredn this analysi§b)

(for PLCompliance withoukilters)
BEL2 6 0.4 0.300 0.170
CKM2 6 0.4 0.121 0.112
CLN4 12 0.318 0.173 0.135
FIN2 17 1.2 0.900 0.843
MAY1 12 0.318 0.188 0.152
MAY2A 12 0.318 0.188 0.160
MAY2B 12 0.318 0.210 0.137
MAY2B 15 0.3 0.062 0.050
OST4 8 0.4 0.181 0.120
PRN4 8 0.4 0.181 0.154
WO002 8 0.4 0.181 0.144
WOO04 8 0.4 0.181 0.157

4.2.2 Harmonic Mitigation Solution

The harmonic studies presented previously have identified that there are muiltipties with
harmonic breachindor the various UGE20 length optionsand it has been agreed with EirGrid to
further investigate a mitigatin solution for the 100% cable length. It is expected that if the final cable
length option deviates significantly from the full length of 60 km then the filtering solution will need
to be revisited in terms of size, tuning and location of the filters.

Due to the number of harmonic breaches and the complexity of the EirGrid network there was an
attempt to avoid proposing filters in every single substatioi perform sensitivity studiefor finding
solutions that could improve the harmonic performance tfer nearby stationsThis resulted in the

five Gtypefilters presented inrable4-5 where the filters in Maynooth substations are targetmgre

the local harmonic isues; whereas the remairgfilters in Dunstown and Coolnabackybstations are
targetingharmonic issues ilocal and nearby stations.
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Table4-5: Harmonic Mitigation Solution for 100% UGC220

Node Size (Mvar) ResonanErequency (Hz Parallel Resistance (R

DSN2 32 420 800

CLN4 10 550 1000
MAY2B 30 525 500
MAY2A 15 550 1000

MAY1 5 525 400

Figure4-5 shows an overview of the maximum harmonic distortions in the study area for the 100%
UGC220 and considering all the filters in serviflee results have been calculated fail the
contingencés and network operating scenarios and for harmonics up to th& 2@der. During the
detailed gain factor calculations and sifpedance analysis, there were some contingencies where
the impedance values before and after were very low and therefore eeckided as spurious results.

The results show that most of the harmonic breaches of the EirGrid planning levels at any of the
substations in the study aresme being eliminated when the proposeetype filters are in service with

the only exception of th 12" harmonic in CLN4 and MAY2B that remain marginally above the limit.
Since there are local filters proposed in those substatitimsiy harmonic compliancevill easily be
resolved during the fine tuning of thaitigation solution in the next phase dfe project.

Figure4-6 to Figure4-11 present the frequency scans for the nodes where la@monic filters are
being connected @awell as for amadditional node in order to present the impact that the filters have
locally and in remote station3.able4-6 presents the list of the nodes along Wwithe contingency for
which the plots are being presented which normally represents the worst case in terms of harmonic
breaching for that substation. Due to number and the complexity of the studies, it is not possible to
present frequency scans for evesingle contingency and every node so some substations where high
exceedances were observade being presented.

For each node, frequency scans for the following cases are being presented:

1 Base case prior to the CP966_UGC22BIénk
1 Case following the 966 _UGC220 installation but without any mitigation solutiorifiaer)
1 Case with the CP966_UGC220 installation and including the mitigation solutided(in

The resul$ indicate that when comparing the cases prior and after the CP966_UGC220 there is a
noticeable change ithe complete frequency range most of the nodes in terms of shifting resonant
points, creating new resonances and changing the damping of the system. The impact of the cable
installation g higher on stations that are electrically clwdo the points of connection with the cable.

The inclusion of the filters shows that there is a reasonable improvement in terms of decreasing the
impedancevaluesaround the resonant frequency range of the filters and providing more damping in
higher order harmonics.
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Maximum Harmonic Distortions for 100% CP966 UGC220 with Harmonic Filters
25
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Figure4-5: Maximum Harmonic Distortions for 100 % UGC220 cable length with harmonic filters
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Table4-6: Summary of Nodes for Frequency Response Plots

Node Existence of loca Contingency Operating Scenari

filter (Yes / No)

DSN2 Yes Intact Systeng Base SVHW
CLN4 Yes CKM2DSN2 WPHW
MAY2B Yes CLN4VP4 SVLW
MAY2A Yes CLN4VP4 WPHW
MAY1 Yes CLN4vP4 WPHW
OST4 No CDU2BNOO2A SVHW

DSN2_ Base Case_SVHW
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e — -
[} 1 1 1 1 1 1
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e 1 1 1 1 1
c 1 1 1 1
o R N
E :

ool L WAL |

0 : T T T T T T : : ]
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Frequency in Hz
Base CP966_UGC220 = CP966_UGC220_F

Figure4-6: Selfimpedance at Dunstown 220 kV substatarSVHWor the intact system
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Figured-7: Selfimpedance at Coolnabacky 400 kV substation at WPHW during-O§M2 contingency
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Figured-8: Selfimpedance at MaynoothB 220 kV substation at SVLW during-RIE¥M4contingncy
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Figure4-9: Selfimpedance at MaynoothA 220 kV substation at WPHW during MRN4contingency
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Figure4-10: Selfimpedance at Maynooth 110 kV substatiat WPHW during CLMAP4 contingency
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Impendance in Ohms
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Figure4-11: Selfimpedance at Old Street 400 kV substation at SVHW during GIDAIZRA contingency
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4.3 Results for CP966_UGC400 (1c/ph)

4.3.1 Harmonic Analysis

The 100% cable solution was assessed and the background harmonic amplification was reviewed for
all the nodes ofinterest under the three network operating scenarios and the contingencies
considered as presented in Sectibi. The full cable length study showed high harmonic amplification

of the background harmonics resulting in breaching of harmonic limits in mustifstations. Further
studies wee performed for the reduced cable lengths of 50%, 25% and 12.5% considering an OHL
section as explained in methodology repo? jn order to evaluate whether therés a maximum

length of UGC that can be installed while avoiding system technical performance issues. The studies
for all the cable length solutions showed that there is no such cable length that does not result in
harmonic breaching without the inclusior a harmonic mitigation solution.

Figure4-12to Figure4-15show an overview ofhe maximum harmonic distortions in the study area

for the various UGC length options (100%, 50%, 25%, 12BPolhe red bars showing th&irGrid
Planning Level®r each harmonicThe results have been calculated for all the contingencies and
network operating scenarios and for harmonics up to the"26rder. Higher order harmonic
background data is thought to be less accurate due to the sensitivity of the EirGrid measurement
equipment and so results are presented up to thé 2@der.

Table4-7 presents detailed results for each UGC cable length that give a side by side overview of the
substations where the harmonic limits are exceeded along with rtfust onerous contingency,
background harmonics and calculated amplified distortion. The results indicate that while the UGC
cable length decreases, the number of the substations with harmonic breaching tends to decrease and
the harmonic orders are beconurhigher. Since every UGC option results in harmonic breaching a
mitigation solution is required and it has been agreed VithGrid toestimatethe size of a possible
solution for the 100% cable length optioim case the UGC4@ptionis selected for thaext phase of

the project,further investigation will be necessary to fully achieve harmonic compliance that will be
based on the existing solutionDetails of the solution, assumptions and results are presented in the
following Sectiord.3.2 Frequency scans for different nodes are also present&aatiord.3.2for the
basecase prior to CP966 reinforcements and for the cases with and without the harmonic filtering
following the CP966 reinforcements.

Comparing the results of the UGC400 with the UGC220olissrvedthat there is a higher number

of harmonics breaching thelanning levels for all the differerit GC400engths resulting in a more
complex mitigation solution with more and bigger harmonic filters. Additionally, the harmonic orders
at which the breaching is observed are generally lower in the UGC400 oytich night result in
more expensive harmonic filters and in higher possibility of having TOV issues.
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Maximum Harmonic Distortions for 100% CP966_UGC400 (1c/ph)
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Figure4-12: Maximum Harmonic Distortions for 100 % UGC400 cable length

© Power Systems Consultants UK Ltd
Revisior? Pure Offices, Lakeview House, Wilton Drive, Warwick CV34 6RG, United Kingdom
Paged4 of 158 P:+44 1926 675 851V https://www.pscconsulting.com



https://www.pscconsulting.com/

JI786703-02 Results Report for Capital Project 966 Cable Integration Studies

Maximum Harmonic Distortions for 50% CP966_UGC400 (1c/ph)
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Figure4-13: Maximum Harmonic Distortions for 50 % UGC400 cable length
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Maximum Harmonic Distortions for 25% CP966_UGC400 (1c/ph)
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Figure4-14: Maximum Harmonic Distortions for 25 % UGC400 cable length
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Maximum Harmonic Distortions for 12.5% CP966_UGC400 (1c/ph)
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Figure4-15: Maximum Harmonic Distortions for 12.5 % UGC400 cable length
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Table4-7: Harmonic Distortions Exceeding Planning LevelBiféerent UGC400QLc/ph)Lengths

100 % UGE0(1c/ph) 50 % UGAD0 (1c/ph) 25 % UGAD0 (1c/ph) 12.5 % UGADO0(1c/ph)
Harmo Planni Amplifie Harmo Planni Amplifie Planni Amplifie Planni Amplifie
nic ng Contingen d nic ng Contingen d ng Contingen d ng Contingen d
order Level cy Distorti order Level cy Distorti Level cy Distorti Level cy Distorti
(%) on (%) (%) on (%) (%) on (%) (%) on (%)
WOO04 WO0O02 WO0O04 WOO04
BEL2 5 2 TLE4 4.012 6 0.4 LOU2 1.641 6 0.4 TLE4 1.095 6 0.4 TLE4 0.617
CLN4 WOO04 WOO04 WOO04
BEL2 6 0.4 MP4 1.212 10 0.35 PRN4 0.447 10 0.35 PRN4 0.428 10 0.35 PRN4 0.439
WOO04 CLN4 CLN4
BEL2 10 0.35 PRN4 0.440 14 0.296 VP4 0.384 14 0.296 VP4 0.314 - - - -
CLN4
BEL2 14 0.296 MP4 0.420 - - - - - - - - - - - -
WOO04 MAY2A WOO04
CDhu2 5 2 TLEA 3.577 6 0.4 SH2 0.882 6 0.4 TLE4 0.640 - - - -
CLN4 WO0O02 CLN4
CDhuU2 6 0.4 MP4 0.666 17 1.2 INT2 1.358 17 1.2 MP4 1.211 - - - -
WOO02
CDhu2 17 1.2 INT2 1.330 20 0.255 | DSNZTH2 | 0.270 20 DSN2ZTH2 | 0.255 - - - -
WOO04 WO0O02 WOO04
CKM2 5 2 TLE4 2.529 6 0.4 LOU2 1.029 6 0.4 TLE4 0.504 - - - -
WOO04
CKM2 6 0.4 WOO2A 0.487 - - - - - - - - - - - -
WOO04 WOO04 WOO04 WOO04
CLE2 5 2 TLEA 3.746 10 0.35 PRN4 0.356 10 0.35 PRN4 0.368 10 0.35 PRN4 0.396
WOO04
CLE2 10 0.35 PRN4 0.367 - - - - - - - - - - - -
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WOO04 WOO04 WOQ004 WOQO04
CLN4 12 0.318 PRN4 0.391 12 0.318 PRN4 0.858 12 0.318 PRN4 0.969 12 0.318 PRN4 1.011
CLN4 14 0.296 PRN4 0.344 - - - - - - - - - - - -
Fshunt
NW2
CTB1 5 2 PB2B 2.839 - - - - - - - - - - - -
WOO04 INT2 OST4
CTB2 5 2 TLE4 3.527 6 0.4 MAY2A 1.103 6 0.4 OST? 0.584 - - - -
WO04
CTB2 6 0.4 PRN4 0.628 - - - - - - - - - - - -
CKM2 OST4 DSN2
DSN2 12 0.318 DSN2 0.341 12 0.318 WOO4 0.394 - - - - 12 0.318 MAY2B 0.561
WO04 WOO04 WO0O04
FIN2 5 2 TLE4 4.036 6 0.4 TLE4 0.884 6 0.4 TLEA4 0.606 - - - -
BEL2 WOQOO02 w002
FIN2 6 0.4 SHL2 0.624 17 1.2 INT2 1.394 17 1.2 INT?2 1.233 - - - -
WOO02
FIN2 17 1.2 INT2 1.384 20 0.255 DSNZTH2 0.282 20 0.255 DSNZTH2 0.263 - - - -

FIN2 20 0.255 A DSNZTH2  0.256 - - - - - - - - - - - -

MAY1 12 0.318 CN'I‘PN: 0.421 12 0.318 C,\JI‘F',\':' 0.406 12 0.318 C,\JI‘PN:' 0.448 12 0.318 (iALPN: 0.365
MQYZ 5 2 V\ﬁ_gj 3.505 12 0.318 C,J,]’D\I: 0.414 12 0.318 C,JI"'D\': 0.371 12 0.318 CN'I‘I'D\': 0.326
MﬁYz 12 0.318 CN'I‘PN: 0.447 - - - - - - - - - - - -

M'SYZ 5 2 V\ﬁgj 2.991 12 0.318 C,\JI‘F',\': 1.044 12 0.318 C,\JI‘F',\': 1.041 12 0.318 (i/'I‘F',\':' 0.710
M';YZ 12 0.318 CN'I‘PN: 0.770 14 0.296 CN'I‘PN: 0.541 14 0.296 CN'I‘PN: 0.459 14 0.296 Cl\:I‘PN: 0.371
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MQYZ 14 0.296 Cl\/ll_y: 0.582 15 0.3 DC?_’\l\lli 0.422 - - - - - - - -
M'QYZ 15 0.3 %SLm 0.452 - - - - - - - - - - - -
OST4 7 2 V\_/I_Ong 2.497 7 2 V?/gTO44 2.461 7 2 V?/gTO44 2.044 8 0.4 IESRh’:IJ:’llt 0.690
OST4 8 0.4 V&gﬁj 1.373 8 0.4 IESRhﬁ:rt 0.655 8 0.4 IESRI‘E::t 0.718 12 0.318 \AFl)ORgi 0.425
OST4 13 15 V&ggj 1.741 14 0.296 OMSF;I-: 0.339 12 0.318 ng('\)lj 0.477 - - - -
OST4 14 0.296 IESF:E:‘Ilt 1.386 17 1.2 DSNZTH2  1.960 14 0.296 Vﬁggj 0.312 - - - -
OST4 15 0.3 ?/ISPT 0.355 18 0.266 V\'/I'OL(E): 1.093 18 0.266 V(\)/g-l(-)t 0.413 - - - -
PRN4 5 2 DDSSNN42- 2.261 6 0.4 lsthﬁit 0.521 8 0.4 DSNZTH2  1.237 8 0.4 V\gl)_gg 0.782
PRN4 8 0.4 DSN2ZTH2  0.686 8 04 \/\é(l)_gg 0.939 18 0.266 (())SS-I{"‘Z. 0.267 - - - -
TH2 15 0.3 Cl\/ll_yz 0.370 12 0.318 CI\JI_IL\I: 0.347 12 0.318 Ch;l_y: 0.325 - - - -
W;)O 7 2 zEHII__QZ 2.010 7 2 BSEHLLZZ 2.158 - - - - 8 0.4 FPSF\;]II\IJ:]{,[ 0.423
W‘?O 5 2 DDSSNNAé 2.265 6 04 V\liggj 0.542 8 0.4 DSNZTH2  1.245 8 04 V\éol_gg 0.759
W‘?O 8 0.4 DSNZTH2 0.698 8 0.4 V\(I:OLICE)S 0.917 - - - - - - - -
DSN4 - - - - 12 0.318 onR(N)fl 0.504 12 0.318 nggj 0.817 12 0.318 OOSS-I_;_‘;_ 0.983
PRN4 - - - - 12 0.318 FPSRhE:Ift 0.358 - - - - - - - -
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WOO04

PRN4 = = = = 18 0.266 TLE4 0.376 - -
TH2 - - - - 15 0.3 C|\J|_pN: 0.361 15 0.3
W‘?O - - - - 12 0.318 E;ﬁr‘:t 0.359 = =
W‘?O - - - - 18 0.266 Vﬁ%ﬁ 0.377 - -

CLN4
MP4

0.358
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Similar to the UGC220 option, the calculation of the future background distortion is proportional to
the amplification factor and to the background harmonics by 2030 prior to the CP966 reinforcements.
Since the background harmonics have been calculatesl previous EirGrid projedtt] based on
various assumptions that might change in the future, the maximum permitted future background
harmonics to avoid any performaadssues have been calculatedTiable4-8 for the nodes with
harmonic breaching and for the 100% cable length option. Those harmonics are for information only
and indiate that if the future background data remain below them then the harmonic distortion will
remain within the PL without the inclusion of a harmonic filtering.

Table4-8: Maximum Permitted Future Background Harmonics BoGridPLCompliance without Filtergpr 100% UGC400

(1c/ph)
100 % UGEO0 (1c/ph)
Future Background| MaximumPermitted Future
Harmonic order Planning Level (%) Cor:?(;zrzrc]iiﬁhis EEEIEL I.-Iarmon.lcs =
analysi%) (for PLCo'r:r;Eg;r;ce without
BEL2 5 2 1.500 0.740
BEL2 6 0.4 0.300 0.097
BEL2 10 0.35 0.263 0.206
BEL2 14 0.296 0.166 0.115
Cbhu2 5 2 1.309 0.724
Cbhu2 6 0.4 0.231 0.137
Cbhu2 17 1.2 0.900 0.803
CKM2 5 2 1.095 0.856
CKM2 6 0.4 0.121 0.098
CLE2 5 2 1.288 0.680
CLE2 10 0.35 0.167 0.158
CLN4 12 0.318 0.173 0.139
CLN4 14 0.296 0.060 0.051
CTB1 5 2 1.500 1.045
CTB2 5 2 1.500 0.841
CTB2 6 0.4 0.210 0.132
DSN2 12 0.318 0.173 0.159
FIN2 5 2 1.309 0.642
FIN2 6 0.4 0.231 0.146
FIN2 17 1.2 0.900 0.772
FIN2 20 0.255 0.191 0.188
MAY1 12 0.318 0.188 0.140
MAY2A 5 2 1.500 0.847
MAY2A 12 0.318 0.188 0.132
MAY2B 5 2 1.500 0.993
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MAY2B 12 0.318 0.210 0.085
MAY2B 14 0.296 0.119 0.059
MAY2B 15 0.3 0.061 0.040
OST4 7 2 1.500 1.189
OST4 8 0.4 0.181 0.052
OST4 13 15 0.193 0.164
OST4 14 0.296 0.067 0.014
OST4 15 0.3 0.063 0.052
PRN4 5 2 1.079 0.944
PRN4 8 0.4 0.181 0.104
TH2 15 0.3 0.032 0.025
WO0O02 7 2 1.500 1.480
WOO04 5 2 1.079 0.942
WOO04 8 0.4 0.181 0.102

4.3.2 Harmonic Mitigation Solution

The harmonic studies presented previously have identified that there are multiple nodes with
harmonic breaching for the various U@ID (1c/ph)length options andt has been agreed with EirGrid

to estimate the size of a possible solution for the 100% cable length opticase the UGC4@0c/ph)
option is selected for the next phase of the project, further investigation will be necessary to fully
achieve harmormi compliance that will be based on the existing solutibis expected that if the final
cable length option deviates significantly from the full length of 60 km then the filtering solution will
need to be revisited in terms of size, tuning and locabbthe filters.

Due to the number of harmonic breaches and the complexity of the EirGrid network there was an
attempt to avoid proposing filters in every single substation and perform sensitivity studies for finding
solutions that could improve the harmanperformance of other nearby stations. This resulted in the
sevenGtype filters presented iTable4-9 where the filters in Maynootland Belcamgubstations are
targeting more the local harmonic issues; whereas the remaining filters in Dunsideadlandand

Old Streetsubstations are targeting harmonic issues in local and nearby stations.

Table4-9: Harmonic Mitigation Solution for 100% UGC4D&'ph)

Node Size (Mvar) Resonantrequency (Hz Parallel Resistance (R

DSN2 20 550 650
WOO04 50 200 1000
OSsT4 40 300 1100
MAY2B 30 530 500
MAY2A 15 550 1000
MAY1 5 550 500
BEL2 30 500 750
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Figure4-16 shows an overview of the maximum harmonic distortions in the study area for the 100%
UG@O00 and considering all the filters in service. The results have been calculated for all the
contingencés and network operating scenarios and for harmonics up to tied2@er. During the
detailed gain factor calculations and silfpedance analysis, there were some contingencies where
the impedance values before and after were very low and therefore erckided as spurious results.

The results show that most of the harmonic breaches of the EirGrid planning levels at any of the
substations in the study area are being eliminated when the propogggde«ilters are in service with

the exception of the8" harmonic inOST4, PRN4 and WOO4 threnhairs above the limit. Since there

are local filters proposed iIDST4WOO4 and PRN4 is electrically close to WQ®er harmonic
compliance will be resolved during the fine tuning of the mitigation solution imth phase of the
project. The 20" harmonic at FIN2 remairedsojust above the limit whicls expected to improve by
optimising the damping of the proposed filters which will have some impact on higher order
harmonics.

Figure4-17 to Figure4-24 present the frequency scans for the nodes where the harmonic filters are
being connected as well as for an additional node in order to present the impact that the filters have
locally and inemote stationsTable4-10 presents the list of the nodes along with the contingency for
which the plots are being presented which normally represents the worst casems of harmonic
breaching for that substation. Due to number and the complexity of the studies, it is not possible to
present frequency scans for every single contingency and every node so some substations where high
exceedances were observed are beimggented.

For each node, frequency scans for the following cases are being presented:

9 Base case prior to the CP966_U4Q@(1c/ph)(in Black

1 Case following the CP966_UMBC(1c/ph)installation but without any mitigation solution (in
Greern)

1 Case with theCP966_UGADO (1c/ph) installation and including the mitigation solution (in
Red

The results indicate that when comparing the cases prior and after the CP96800tB€Ere is a
noticeable change in the complete frequency range in moshefodes in terms of shifting resonant
points, creating new resonances and changing the damping of the system. The impact of the cable
installation is higher on stations that are electrically closer to the points of connection with the cable.
The inclusiorof the filters shows that there is a reasonable improvement in terms of decreasing the
impedance values around the resonant frequency range of the filters and providing more damping in
higher order harmonics.
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Maximum Harmonic Distortions for 100% CP966_UGC400 (1c/ph) with Harmonic Filters
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Figure4-16: Maximum Harmonic Distortions for 100 % UGC400 cable length with harmonic filters
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Table4-10: Summary of Nodes for Frequency Response Plots

Existence dbcal

Node Contingency Operating Scenari
filter (Yes / No)

DSN2 Yes CKM2DSN2 WPHW
WO0O04 Yes DSN4DSN2 SVLW
OST4 Yes WOO4PRN4 SVHW
MAY2B Yes CLN4VP4 SVLW
MAY2A Yes CLN4vP4 WPHW
MAY1 Yes CLN4MP4 WPHW
BEL2 Yes CLN4vP4 SVLW

FIN2 No WOO2INT2 SVHW

DSN2_ CKMDSN2_WPHW
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Figure4-17: Selfimpedance at Dunstown 220 kV substation at WPHW during @BSN2 contingency
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Figure4-18: Selfimpedance at Woodland 400 leéibstation at SVLW during DSN&N2 contingency
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Figure4-19: Selfimpedance at Old Street 400 kV substation at SVHW during \WRIRRD#! contingency
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MAY2B_CLN#P4_SVLW
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Figure4-20: Selfimpedance at MaynoothB 220 kV substation at SVLW during-RIE¥4contingency
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Figure4-21: Selfimpedance at MaynoothA 220 kV substation at WPHW during ®GAPcontingency
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Figure4-22: Selfimpedance at Maynooth 110 kV substation at WPHW during GLIR# contingency
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Figure4-23: Selfimpedance at Belcamp 220 kV substation at SVLW d@iitngMP4 contingency
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Figure4-24: Selfimpedance at Finglas 220 kV substation at SVHW during WIOT22contingency
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4.4 Results for CP966_UGC400 (2c¢/ph)

4.4.1 Harmonic Analysis

The 100% cable solution was assesgedithe background harmonic amplification was reviewed for
all the nodes ofinterest under the three network operating scenarios and the contingencies
considered as presented in Sectibi. The full cable length study showed high harmonic amplification
of the background harmonics resulting in breaching of harmgianning levelsin multiple
substations. Following agreement with EirGrid, naorfher studies were performed for the reduced
cable lengthson the basis that the full cable lengthption results § the most onerousharmonic
breaching condition as observed from the analysis of the 220 kV and 400 kV (1c/ph) UGC options.

Figured-25showsan overview of the maximum harmonic distortions in the study area fofuh&GC

length optionwith the red bars showing th&irGrid Planning Levelisr each harmonicTle results

have been calculated for all the contingencies and network operating scenarios and for harmonics up
to the 20" order. Higher order harmonic background data is thought to be less accurate due to the
sensitivity of the EirGrid measurement equipnhamd so results are presented up to the'2order.

Table4-11 presents detailed results fahe full cable lengthoption that give a side by side overview

of the subsations where the harmonic limits are exceeded along with the most onerous contingency,
background harmonics and calculated amplified distortiSmce the results indicate that there is
harmonic breaching in aumber of substationsa mitigation solutionis required and it will be
estimated for the full cable lengthin case the UGC4@{ac/ph)option is selected for the next phase

of the project, further investigation will be necessary to fully achieve harmonic compliance that will
be based on the existingolution. Details of the solution, assumptions and results are presented in
the following Sectio.4.2 Frequency scans for different nodes are also presented in Setdah

for the basecase prior to CP966 reinforcements and for the cases with and without the harmonic
filtering following the CP966 reinforcements.

Comparing the results of the UGC4@e/ph) with that of the UG@00 (1c/ph) it is observed that
there is aslightly higher number of harmoniwrders breaching the planning levels fitre full cable
length optionresulting in a more complex mitigation solution with more and bigger harmonic filters.
Additionally, the harmonic orders at which the breaching is observed are gentraily in the
UGC40@2c/ph)option which might result in more expensive harmonic filters and in higher possibility
of having TOV issues
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Maximum Harmonic Distortions for 100% CP966_UGC400 (2c/ph)
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Figure4-25: Maximum Harmonic Distortions for @@ UGC400 (2¢/ph) cable length
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Table4-11: Harmonic Distortions Exceeding Planning LevelBdttJGC400 (2c/ph)ength

100 % UGAD0(2c/ph)

Harmonic order| Planning Level (%

BEL2
BEL2
BEL2
BEL2
BEL2
Chu2
Chu2
CDhu2
CKM2
CLE2
CLE2
CLN4
CLN4
CTB1
CTB2
CTB2
DSN2
FIN2
FIN2
FIN2
FIN2
MAY1
MAY2A
MAY2A
MAY2B
MAY2B
MAY2B
MAY2B
OST4
OST4
OST4
OST4
OST4
PRN4

10
14

o g

17

10
12
14

0.8

0.4
0.35
0.296

0.4
1.2

0.35
0.318
0.296

0.4
0.318

0.4
12
0.255
0.318

0.318

0.318
0.296
0.3

0.4
15
0.296
0.3
0.4

BELZFIN2A
CLN4VP4
CLN4VP4
WOO4PRN4
CLN4MP4
CLN4MP4
CLN4MP4
WOO2INT2
WOO4PRN4
WOO4WOO2A
WOO4PRN4
WOO4PRN4
PRN4Fshunt
NW2PB2B
WOO4WOO02A
WOO4PRN4
OSTAVOO0O4
CLN4MP4
WOO4TLE4
WOO2INT2
DSN2ZTH2
CLN4VP4
WOO4PRN4
CLN4VP4
NW2PB2B
CLN4MP4
CLN4MP4
DSN4CLN4
OST4ST2
DSNZTH2
WOO4PRN4
PRN4Fshunt
OST4avP4
OST40ST2

0.944
7.133
0.754
0.441
0.433
5.189
0.468
1.356
4.031
4.959
0.368
0.368
0.484
6.047
5.157
0.505
0.344
6.846
0.515
1.410
0.256
0.420
5.331
0.443
4.955
0.866
0.574
0.430
3.192
1.122
1.576
2.029
0.310
0.518
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TH2 15 0.3 CLN4MP4 0.358
WO0O02 5 2 NW2PB2B 2.144
WO002 7 2 BELZSHL2 2.272
WO002 8 0.4 PRN4Fshunt 0.407
WO004 8 0.4 OST40ST2 0.506

4.4.2 Harmonic Mitigation Solution

The harmonic studies presented previously have identified that there are multiple nodes with
harmonic breaching for th&00%UGC40@2c/ph)length option and it has been agreed with EirGrid

to estimate the size of a possible solution. In case the UG40h) option is selected for the next
phase of the project, further investigation will be necessary to fully achieve harmonic compliance that
will be based on the existing solution. It is expected that if the final cable length option deviates
significanty from the full length of 60 km then the filtering solution will need to be revisited in terms
of size, tuning and location of the filters.

Due to the number of harmonic breaches and the complexity of the EirGrid network there was an
attempt to avoid propsing filters in every single substation and perform sensitivity studies for finding
solutions that could improve the harmonic performance of other nearby stations. This resulted in the
eight Gtype filters presented imable4-12 where the filters in Maynooth and Belcamp substations
are targeting more the local harmonic issues; whereas the remaining filters in Dunstown, Woodland
and Old Street substations are targetingrimonic issues in local and nearby stations

Table4-12: Harmonic Mitigation Solution for 100% UGC400 (2c/ph)

Node Size (Mvar) ResonanErequency (Hz, Parallel Resistance (R

DSN2 20 550 650
WOO02 40 315 800
OSsT4 50 300 750
MAY2B 37 530 500
MAY2A 20 550 750
MAY1 5 550 500
BEL2 30 500 750
BEL2 30 180 900

Figure4-26 shows an overview of the maximum harmonic distortions in the study area for the 100%
UGC40@2c/ph)and considering all the filters in service. The results have been calculated for all the
cortingencies and network operating scenarios and for harmonics up to tfieoffer. During the
detailed gain factor calculations and smifpedance analysis, there were some contingencies where
the impedance values before and after were very low and theefeere excluded as spurious results.

The results show that most of the harmonic breaches of the EirGrid planning levels at any of the
substations in the study area are being eliminated when the propogggeilters are in service with

the exception othe 4" harmonic in BEL2 and a few higher order harmonitsid above)n OST4
CLN4, FIN2 and CLtBat remain above the limit. Since there agither local filters proposedh those
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stations or they are electrically close to nearby stations withrltheir harmonic compliance will be
resolved during the fine tuningnd optimisation of the dampingf the mitigation solution in the next
phase of the project.

Figure4-27 to Figure4-34 present the frequency scans for the nodes where the harmonic filters are
being connected as well as for an additid node in order to present the impact that the filters have
locally and in remote station3.able4-13 presents the list of the nodes along with the contingency for
which the plots are being presented which normally represents the worst case in terms of harmonic
breaching for that substation.u2 to number and the complexity of the studies, it is not possible to
present frequency scans for every single contingency and every node so some substations where high
exceedances were observed are being presented.

For each node, frequency scans for thBowing cases are being presented:

9 Base case prior to the CP966_U4Q0®(2c/ph) (in Black

1 Case following the CP966_UMBC(2c/ph)installation but without any mitigation solution (in
Greern)

1 Case with the CP966_U@ID (2c/ph) installation and including # mitigation solution (in
Red

The results indicate that when comparing the cases prior and after the CP966_UQ@C&/pBYdthere

is a noticeable change in the complete frequency range in most of the nodes in terms of shifting
resonant points, creating nemesonances and changing the damping of the system. The impact of the

cable installation is higher on stations that are electrically closer to the points of connection with the
cable. The inclusion of the filters shows that there is a reasonable improvemisnins of decreasing

the impedance values around the resonant frequency range of the filters and providing more damping
in higher order harmonics
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Maximum Harmonic Distortions for 100% CP966_UGC400 (2c/ph) with Harmonic Filters
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Figure4-26: Maximum harmonic disttions for 100% CP966_UGC400 (2c¢/ph) cable length with harmonic filters
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Table4-13: Summary of Nodes for Frequency Response Plots

Node Existence of loca contingency Operating Scenaric
filter (Yes / No)

WO002 Yes BELZSHL2 SVHW
0ST4 Yes OSTLST2 SVLW
MAY2B Yes CLN4VIP4 SVLW
MAY2A Yes CLN4VP4 WPHW
MAY1 Yes CLN4VP4 WPHW
BEL2 Yes CLN4VP4 SVLW
FIN2 No WOO2INT2 SVLW
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Figure4-27: Selfimpedance at Dunstown 220 kV substation at SVHW during-2&¥@4 contingency

© Power Systems Consultants UK Ltd
Pure Offices, Lakeview House, Wilton Drive, Warwick CV34 6RG, United Kingdom Revisior?
P:+44 1926 675 851V https://www.pscconsulting.com Page67 of 158



https://www.pscconsulting.com/

JI786703-02 Results Report for Capital Project 966 Cable Integration Studies

-

WOO2_BEI-8HL2

e e S ettt ettt

D e e B

T=-—="="="="771

500 +------
400 +------

00

200 b

swyo ur sosuepuadw|

1000 1200 1400 1600 1800 2000

800

Frequency in Hz

(2clph)_F

CP966_UGC400

(2c/ph)

CP966_UGC400

Base

Figured-28: Selfimpedance atWoodland220 kV substation at SVHW duriBgL2SHLZontingency
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Figure4-29: Selfimpedance at Old Street 400 kV substation at SVLW during-OST2 contingency
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Figure4-30: Selfimpedance at MaynathB 220 kV substation at SVLW during GM¥®4} contingency
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Figure4-31: Selfimpedance at MaynoothA 220 kV substation at WPHW during ®APcontingency
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Figure4-32: Selfimpedance at Maynooth 110 kV substation at WPHW during @GR4 contingency
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Figure4-33: Selfimpedance at Belcamp 220 kV substation at SVLW during-KIPM4ontingency
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Figure4-34: Selfimpedance at Finglas 220 kV substation at SVLW during WXDIZ2contingency
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4.5 Assumptions for Low Impedankesults

During the detailed gain factor calculations and -$smipedance analysis, there were some
contingencies wheréhe selfimpedance values before and aftise introduction ofnew circuitswere

very lowandas a resulthe calculated gain factds high resulting itereach of PL level€n the basis

that the resulting impedance values were relatively low, the calculated gain factors were deemed to
be impractical andthereforewere excluded as spurious results

This phenomenoris more visiblén the UGC400 (2¢/ph) option where the effective higher capacitance
of the cablehas arimpacton the frequency response of the system arouthd 5" harmonicresulting

in slight changes in the parallel and series resonant points. Since the magnitude ofptaime
around those harmonics very low, a minor changsill result in high calculated gain factors and
henceharmonic breachesThese arenot expected to be real and thus were excluded as spurious
results.

Two examples related to the issue are presghtThe first case iRigure4-35 presensa contingency
for BEL2 substation following thietroduction of the UGC400 (2c¢c/ph) where the marginal change in
the 6" harmanic impedance results in high gain factor due to the extremely low impedance values

The second case Figure4-36 presents a contingency for CKM2 substation folimniheintroduction
of the UGC400 (2c/ph) where the slight shift of the parallel resonance ardihdrnonic resulsin
high gain factor due to the low impedance valulisis important to note that if such cases are
consideredasvalid, then it is possible to be resolved with a lobarmonic filter tuned at the specific
harmonic.To illustratethis, the solution for the specific case shownon the same plot withthe red
line where an indicative-Cype filter (25 Mvar, 250 Hz) was used

BEL2_CLN¥IP4
100 T -~~~ °—° T-~-~======7"7 | I r=-—-=-=-===°=-= T~ =-=-====-=-=" I r-=-=-=-=-=---- A
... i kP  -:h
—-—_—,,e—_ B A .a)
= 70 | : 1 | : 1 |
O ! |
£ 1 i
@ : |
(8] 1 1
C 1 1
] 1 1
e | 1
c
[}
o
E

Frequency in Hz

Base

CP966_UGC400 (2¢/ph)

Figure4-35: Selfimpedance results at Belcamp 220 kV substation (spurious result at 300 Hz)
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Figure4-36: Selfimpedance results at Carrickmines 220skNsstation with and without a filter (spurious result at 250 Hz)
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4.6 Comparison of CP966 UGC Options

Table4-14 presents a comparison of the proposed harmdiiters for the 100 % cable length of the
220 kY400 kV (1c/phand 400 kV (2¢c/phyGC options

Table4-14: Comparison of the Mitigation Solutions fine CP966 UGC Options

220kV 400kV(1cable/phase) 400KV Pcables/phase)

Node Size (Mvar) Tuning (Hz) Size (Mvar) Tuning (Hz) Size (Mvar) Tuning (Hz)

DSN2 32 420 20 550 20 550
CLN4 10 550 = = = =
WOO4 - - 50 200 - -
OSsT4 = = 40 300 50 300
MAY2B 30 525 30 530 37 530
MAY2A 15 550 15 550 20 550
MAY1 5 525 5 550 5 550
BEL2 - - 30 500 30 500
BEL2 - - - - 30 180
WO0O02 = = = = 40 315

Thecompkte harmonc analysis for the UGC 220 kV indicates that there is some harmonic breaching
due to the cable installatianThiscableoption isfeasibde from harmonic point of view and might not
need all the harmonic filters proposed. In case that some of the breaches are identified as very crucial
for the network operation then the proposed harmonic filters can be utilised.

The complete harmoni@nalysis forboth UGC 400 k\options indicates that there is a more
pronounced harmonic breachingat lower order harmonicglue to the cable installationthat is
becoming worse for the 2 cable/phase option when compared to the 1 cable/phiaissoption isalso
feasible from harmonic point of view but there is higher likelihood that the harmonic filters will be
required to mitigate the lower order resonaes.

The above conclusions are based on a certain set of future background harmonics calcutated in
previousEiiGrid project [6]. There is a possibility that those maonics might change in the future
which might either result ilnigher or lower background harmonids such case, the studies will need

to be revisited prior to any final harmonic filter design.
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5 Temporary Overvoltage and Zdvtiss Phenomenon Analysis

P has carried outemporary overvoltage (TOV) and zero miss phenomenon (ZMP) analysis by
performing time domain studies in EMFPH P software. The TOV analysis identified whether there are
any sustained overvoltages that could be a risk for the equipmemereas the ZMP analydscused

on the impact that the proposed reactive shunt compensation has on the circuit breaker operation
during the cable energisation.

Studies have been performed in more detail for the full length of the 220 kV and 400 kV (U&gh)
options Aquick evaluation waperformed for the 400 kV (2c/ph) UGC optiarorder to estimate the
impact of the additional core per phase.

5.1 Temporary Overvoltage Study

TO\s occur when aesonanceis excited due to a network event and is poorly damped resulting in
sustained overvoltages. These sustained overvoltages may lead to equipment damage. The specific
frequency of any network resonance depends on the parameters of the network elements etbdell

and it is therefore important to investigate the potential for TOV under different system conditions
andequipment parameters.

The transmission network around tle®nnection nodes of theroposed DunstowiWoodland UGC
optionsis strongly connected tdhe rest of the system and therefore any overvoltages are likely to be
strongly damped. However, the introduction of the new UGC cable options introduces new
resonances or shifts the existing ones. As a result, there is an interest as part of this project t
investigate the risk of TOV after the installation of the new UGC options and associated harmonic
filters detailed in SectioA.

5.1.1 Region of Interest

The overall reipn of interest for these TOV studies is the 400 and 220 kV network around the UGC
connection nodes of Woodland and Dunstown. To carry out the TOV studies a reduced model suitable
for the transient time domain studies was prepared based on the latest Atielmprovided by EirGrid.

The extent of this model was dependent on the specific contingencies and network elements that
need to bestudied and these were identified from the frequency scans carried out during the
harmonic analysis studies in PowerFactory.

5.1.2 Acceptance Criteria

TO\srelate to sustained overvoltages which are wealdynpened and can last at a given location for

a relatively long duration. Establishing acceptable limits forsli©¥%ite specific and depends on the
specific equipment installedt a location. At this stage of a study a general limit is required and
therefore has been assumed to be restricted by the presence of Mtale Varistor (MOV) based
surge arresters. MOV surge arresters can conduct a small amount of current to keepttoe \at

their terminals below acceptable limits. However, a surge arrested is limited in the amount of energy
it can dissipate before it becomes unstable.

The TOV limit for a surge arrester is dependant on the magnitude and durdtiamy overvoltage,
taking into consideration the energy dissipation as a result of previous overvoltage everteq
short durations (<1 second) a typical limit for TOVs is betwleBrpu and 1.8 pu [8,9] This range is
dependent on the surge arrester selected and the equipment they are designed to protect. TOV limits
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for other equipment such as transformers are typically 1.7 to 1u8fpr short durations (<1 second)
[7,10].

Since these studies are being carried out at an early stage with indicative design data, a value of 1.6
p.u. has been agreed with EirGrid as a screening vaélog. TOV exceeding 1.6 pwill be identified
for further consideration in the next stage of any system design.

5.1.3 Area of Interest ATP Model

To determine the extetof the model that needed to bdeveloped for transient time domain studies,
the frequency scans previously produced in PowerFactory were analysed. Contingencies which
showed the following characteristics were considered for TOV studies:

1 Parallel resonance between 100 and 500 H%t(210" harmonic)
1 Impedance > 150 Ohms

These parameters were used as an initial screening to shortlist the contingencies shbalieib-1
andTable5-2 for the UGC 220 kV and UGC 400 kV, respectiVhbse resulted in the sathpedance
at one of thenetwork nodesdemonstratingthe abovecharacteristics

Tale 5-1: Contingencies Considered for TOV Analysis for UGC 220 kV

ATP Key Outage

INTACT

DSLS40 Dunstown 400 k¥ Coolnabacky 400 kV circt
WOO0S40 Woodland 400 k¥ Old Street 400 kV circuit
OSMP40 OldStreet 400 k\¢, Moneypoint 400 kV circui
WOPR40  Woodland 400 k¥ Portan 400 kV circuit

Table5-2: Contingencies Considered for TOV Analysis for UGC 400 kV

ATP Key Outage

INTACT
DSLS40 Dunstown 400 k¥ Coolnabacky 400 kV circt
WOO0S40 Woodland 400 k¥ Old Street 400 kV circuit

OSMP40 Old Street 400 k¢ Moneypoint 400 kV circui
WOPR40 Woodland 400 k¥ Portan 400 kV circuit
WOTL40 Woodland 400 k¥ Turleenan 400 kV circuit

The existing EirGrid ATP model was updated accordingly as detailed in Qettioorder to cover
these contingencies and the nodes showTable5-3 which are the same for UGC 220 kV and UGC
400 kV Theselectionincludesall the nodes identified from the frequency scamsl allowed the above
contingencies to be considered. Atetledges of the ATP network mod&kple2-3), the rest of the
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system wagepresentedas an equivalent modelled as a voltage source behind an impedance as
detailed in Setion 2.4.

Table5-3: Monitored Nodes for ATP Model

ATP Key gupstation Voltage

DSN4  Dunstown 400 kV
CLN4 Coolnabacky 400 kV
PRN4 Portan 400 kV
OST4  Old Street = 400 kV
WO0O0O4 Woodland 400 kV

5.1.4 Time Domain Studies

This section presents results from time domain studies to investigate the extent of overvoltages that
may exist after the proposed CP966 system reinforcements. Studies were carried out to represent a
delayed autereclose (DAR) event for a fault at the nedehich showed resonances at frequencies of
concern during the contingencies listedlialde 5-1 and Table5-2.

TheDAR event is modelled as a fault on a circuit close to a substation followed by a circuit breaker
open and reclose event. This combination of events results in the substation voltage colldpsing
zero followed by the renergisation of the local transformers. For all the fault studies, the following
timings were considered:

I Time domain simulation for 0 to 2 seconds with simulation time stepssf 1
Fault impedance of 0.1 Ohms was assumed

0.02 s¢ fault applied

0.14 s¢ circuit breakers open to isolate fault (120 ms after fault applied)
0.64 s¢ circuit breaker closes back onto the fault

1 0.69 s¢ circuit breaker reopens since fault is still in place

=A =4 =4 =4

Table5-4 presensthe faults considered fol OV analysis for the UGC 220 kV and UGC 4G0kihe
UGC 220 kV, those faults were considered for all the outage contingencies mentiohaldei®-1.
For the UGC 400 kit was agreed with EirGrid to only simulate the wecase contingencies f@ach
substation and fault condition. Those woxsise contingencies were identified from the frequency
responseanalysis from PowerFactory.

Table5-4: Faults Considered for TOV Analysis

Fault Fault Description

DSN4F_3ph Dunstown 400 kV-Bhase fault
DSN4F_1ph Dunstown 400 kV-phase fault
DSN2F_3ph Dunstown 22&kV 3phase fault
DSN2F_1ph Dunstown 220 kV-fphase fault
CLN4F_3ph Coolnabacky 400 k\@hase fault
CLN4F_1ph Coolnabacky 400 kVphase fault
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PRN4F_3ph Portan 400 kV-Bhase fault

PRN4F_1ph Portan 400 kV-phase fault

OST4F_3ph Old Street 400 k8-phase fault
OST4F_1ph Old Street 400 kV-ghase fault
WOO4F_3ph Woodland 400 kV-Bhase fault
WOO4F_1ph Woodland 400 kV-fhase fault
WOO2F_3ph Woodland 220 kV-Bhase fault
WOO2F_1ph Woodland 220 kV-fhase fault

The followingsub-sections present the TOV resyltke frequency responsand details of the outage
and fault combination producing the worst overvoltages the following UGC optionsThe TOV
results for each of these options are shown in kV and for the duration @¢éon2 seconds as well as
in detail for the time around the worst fault clearing event.

1 CP966_UGC220
1 CP966_UGC400 (1c/ph)
1 CP966_UGC400 (2c/ph)

The results show that after the introduction of any of the above CP966 UGC options and including the
required hamonic filters, there is a risk of TOV exceeding'1p6u for a short duration of few
milliseconddor Coolnabacky and Old Street 400 kV substations. The response of the system and the
observed overvoltages are very similar among the different UGC opfiissis primarily happening
because following the installation of the UGC opticghe magnitude of the impedance remains
relatively low in the frequency range of interdst TOV analysis.

Although the overvoltage slightly exceeds the EirGrid limit ofpluéfor few nilliseconds it may be

within the capability of existing surge arrestersl]. PSC believabat those overvoltages should not

be a problem for the existing surge arresters due to the marginal exceedance and the very short
duration but EirGrid are advised to confirm with their specific capability from the equipteenical
specification.

Once the specific circuit route is identified, changes in the existing system and specific cable lengths
could alter the system impedance and associated resonance conditions which in turn may alter the
overvoltage magnitude anduration. Therefore, once further details of the route with specific cable
lengths and associated harmonic filters are available for TOV studies should be reviewed and surge
arresters specified as appropriate.

11 Equivalent to 496.4 kV phaso ground peak value at 380 kV system.
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Results for CP966_UGC220
1 400 kVCoolnabacky Substation

Figure5-1 and Figure5-2 present the wors case TOV results for the 400 kV Coolnabacky substation
for a 3-phase faultduring an outage of Dunstown 400 k¥ Coolnabacky 400 k¥ircuit; whereas
Figureb-3 preseristhe frequency response of the substation for the same contingency.

Voltage at 400 kV Coolnabacky Substation
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Figure5-1: Voltage at 400 kV Coolnabacky Substation
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Figure5-2: Voltage at 400 kV Coolnabacky SubstatjigMorst Fault Clearing Event
Self-Impedance at 400 kV Coolnabacky
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Figure5-3: Selfimpedance at 400 k€oolnabacky
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M 400 kV Dunstown Substation

Figure5-4 and Figue 5-5 present the worst case TOV results for the 400 kV Dunstown substation for
a 3-phase fault during an outage of Old Street 400 g\loneypoint 400 k\circuit; whereasFigure
5-6 presents the frequency response of the substation for the same contingency.

Voltage at 400 kV Dunstown Substation
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Figure5-4: Voltage at 400 kfpunstownSubstation
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Figue 5-5: Voltage at 400 kV Dunstown SubstatipwWorst Fault Clearing Event
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Figure5-6: Selfimpedance at 400 kV Dunstown
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1 400 kV Old Street Substation

Figure5-7 and Figure5-8 present the worst caseQV results for the 400 kV Old Street substation for
a 3-phase fault during an outage of Old Street 400 g\loneypoint 400 kV circuitwhereasFigure
5-9 presents the fequency response of the substation for the same contingency.

Voltage at 400 kV Old Street Substation
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Figure5-7: Voltage at 400 kV Old Street Substation
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Figure5-8: Voltage at 400 kV OMsitreet Substatiorg Worst Fault Clearing Event
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Figure5-9: Selfimpedance at 400 kV Old Street
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9 400 kV Portan Substation

Figure5-10 and Figure5-11 present the worst case TOV results for the 400Pkvtansubstation for a
3-phase faultduring an outage oDunstown400 kV¢ Coolnabackyl00 kV circuit whereasFigure
5-12 presents the frequency response of the substation for the same contingency.
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Figure5-10: Voltage at 400 kV Portan Substation
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Figure5-11: Voltage at 400 kV Portan SubstatipWorst Fault Clearing Event
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Figure5-12: Selfimpedance at 400 kV Portan
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91 400 kV Woodland Substation

Figure5-13 and Figure5-14 present the worst case TOV results for the 400 k\otand substation
for a 3-phase fault during an outage of Woodland 400 kMPortan 400 kV circujtwhereasFigure
5-15 presents the frequency response of the substatfionthe same contingency.
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Figure5-13: Voltage at 400 kV Woodland Substation
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Figure5-14: Voltage at 400 kV Woodland SubstatipWorst FaultClearing Event
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Figure5-15: Selfimpedance at 400 kV Woodland
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Results for CP966_UGC400 (1c/ph)
1 400 kV Coolnabacky Substation

Figureb5-16 andFigure5-17 present the worst case TOV results for the 400 kV Coolnabacky substation
for a 3-phase fault during an outage of Dunstown 400 kMCoolnabacky 400 kV circuitvhereas
Figureb-18 presents the frequency response of the substation for the same contingency.
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Figure5-16: Voltage at 400 kV Coolnabacky Substation
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Figure5-17: Voltage at 400 kV Coolnabacky Substatiorst Fault Clearing Event
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Figure5-18: Selfimpedance at 400 kV Coolnabacky
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M 400 kV Dunstown Substation

Fgure 5-19 and Figure5-20 present the worst case TOV results for the 400 kV Dunstown substation
for a 3-phase faul during an outage ofbunstown 400 kV¢ Coolnabacky00 kV circuit whereas
Figureb-21 presents the frequency response of the substation for the same contingency.
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Figure5-19: Voltage at 400 kV Dunstown Substation
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Figure5-20: Voltage at 400 kV Dunstown SubstatpWorst Fault Clearing Event
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Figureb5-21: Selfimpedance at 400 kV Dunstown
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1 400 kV Old Street Substation

Figure5-22 and Figure5-23 present the worst case TOV results for the 400 kV Old Street substation
for a 3-phase fault during an outage of Old Street 400 KMMoneypoint 400 kV circuit whereas
Figureb-24 presents the frequency response of the substation for the same contingency.

Voltage at 400 kV Old Street Substation
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Figureb5-22: Voltage at 400 kV Old Stregubstation
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Figure5-23: Voltage at 400 kV Old Street SubstatigWorst Fault Clearing Event
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Figureb-24: Selfimpedance at 400 kV Old Street
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M1 400 kVPortan Substation

Figureb-25andFigure5-26 present the worst case TOV resuibs the 400 kV Portan substation for a
3-phase fault during an outage ddld Street400 kV¢ Woodland400 kV circuit whereasrigures-27
presents the frequency response of the substation for the same contingency.
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Figure5-25: Voltage at 400 kV Portan Substation

Voltage at 400 kV Portan Substation

500
(KV) h /\
ANNANANANNANAANNAANANANANNAANNN S

N OO
OO

-250 VVVVVVVVVVVVVVVUVVVVVVVV

- Phase A - Phase B - Phase C - TOV limit

-500 T T
0.1 0.14 0.18 0.22 0.26 (s) 0.3
Figure5-26: Voltage at 400 kV Portan SubstatipWorst Fault Clearing Event
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Figure5-27: Selfimpedance at 400 kV Portan
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91 400 kV Woodland Substation

Figure5-28 and Figure5-29 present the worst case TOV results for the 400 k\otand substation
for a3-phase fault during an outage of Woodland 400 kM urleenan400 KV circuit whereasFigure
5-30 presents the frequency response of the subgiatfor the same contingency.
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Figure5-28: Voltage at 400 kV Woodland Substation
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Figure5-29: Voltage at 400 kV Woodland SubstatipWorst FaultClearing Event
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Figure5-30: Selfimpedance at 400 kV Woodland
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Results for CP966_UGC400 (2c/ph)
It should be noted that since it was agreed with EirGrid to not perform detailed harmonic analysis and
mitigation solution studies for this cable configuration, those results are based on the mitigation
solution from the UGC 400 kV (1c¢/ph) and should be used for information only.

1 400 kV Coolnabacky Substation

Figureb-31andFigure5-32 present the worst case TOV results for the 400 kV Coolnabacky substation
for a 3-phase fault duringan outage of Dunstown 400 k¢ Coolnabacky 400 kV circuitvhereas
Figureb-33 presents the frequency response of the substation for the same contingency.

Voltage at 400 kV Coolnabacky Substation
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Figure5-31: Voltage at 400 kV Coolnabacky Substation
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Figure5-32: Voltage at 400 kV Coolnabacky Substatjigdorst Fault Clearing Event
Self-Impedance at 400 kV Coolnabacky
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Figure5-33: Selfimpedance at 400 kV Coolnabacky
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M 400 kV Dunstown Substation

Fgure 5-34 and Figure5-35 present the worst case TOV results for the 400 kV Dunstown substation
for a 3-phase faul during an outage ofbunstown 400 kV¢ Coolnabacky00 kV circuit whereas
Figureb-36 presents the frequency response of the substation for the same contingency.

Voltage at 400 kV Dunstown Substation
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Fgure5-34: Voltage at 400 kV Dunstown Substation
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Figure5-35: Voltage at 400 kV Dunstown SubstatpWorst Fault Clearing Event
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Figureb-36: Selfimpedance at 400 kV Dunstown
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1 400 kV Old Street Substation

Figure5-37 and Figure5-38 presentthe worst case TOV results for the 400 kV Old Street substation
for a 3-phase fault during an outage of Old Street 400 ki Moneypoint 400 kV circuit whereas
Figureb-39 presents the frequency response of the substation for the same contingency.

Voltage at 400 kV Old Street Substation
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Figure5-37: Voltage at 400 kV Old Street Substation
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Figureb-38: Voltage at 400 kV Old Street Substatioorst Fault Clearing Event
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Figure5-39: Selfimpedance at 400 kV Old Street
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9 400 kV Portan Substation

Figureb-40 andFigure5-41 present the worst case TOV results for the 400 kV Portan substation for a
3-phase fault during an outage ddld Street400 kV¢ Woodland400 kV circuit whereasrigure5-42
presents the frequency response of the substation for the same contingency.

Voltage at 400 kV Portan Substation
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Figure5-40: Voltage at 40&V Portan Substation
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Figure5-41: Voltage at 400 kV Portan SubstatipWorst Fault Clearing Event
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Figure5-42: Selfimpedance at 400 kV Portan
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1 400 kWNoodland Substation

Figure5-43 and Figure5-44 present the worst case TOV retsufor the 400 kV Woodland substation
for a3-phase fault during an outage of Woodland 400 kM urleenan400 kV circuit whereasFigure
5-45 presents the frequency rgense of the substation for the same contingency.

Voltage at 400 kV Woodland Substation
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Figure5-43: Voltage at 400 kV Woodland Substation
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Figure5-44: Voltage at 400 kV Woodlar@ubstationg Worst Fault Clearing Event
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Figure5-45: Selfimpedance at 400 kV Woodland
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5.2 ZeraMiss Phenomenon Analysis

Often the introduction of long underground AC cables necessitates the installation mif re@ectors

to control the overvoltages during switching and the capacitive current. The simultaneous
energisation of the cable and the shunt reactor can result in the-g@ss phenomenon (ZMP). This
means that thechargingcurrent in the circuit breakehas a DC offset arnitidoes not cross zero for
severalcycles preventing the safe operation of the circuit breaiker fault was to take placeAs a
result, the system is vulnerable and unprotected against faults if these studies are not carried out to
understand the risk and identify countermeasuréq,[L2].

During theharmonic and TOV studies the analysis focused on the full length UGC options which are
highly compensated>50%)as detailed in Sectio8. In particular, the compensi®on of the 220 kV

UGC is around 80%; whereas the compensation of the 400 kV (1c/ph) and 400pkyY iaround

90% and 100% respectively. For ZMP studies fuhecable lengthoptions will result in the most
onerous DC offset because of the highest amto(in %) of reactive compensati@ompared to the
shorter cable lengths.

Time domairstudies were performein EMTPATPby energizing the underground cables from one
end while the other was maintained open and the curremisrecorded. The results werexy similar
during the energisation from either end of the cable so only the results from one station are being
presented. The current DC offs&t dependenton the time that the circuit breaker closure is
happeningwith the most onerous casleeingwhen the breaker closes during a zero crossing of the
voltage.Studies have been performed for the following cases:

9 Energisation during zero crossing of the voltage of pha@ednario 1)
9 Energisation during zero crossing of the voltage of phasedhario 2)
1 Energisation during zero crossing of the voltage of phageénario 3)
1 Energisation during peak of voltage of phasg@enario 4)

It is observed that the DC offset is very similar for a breaker closure event during a zero crossing of
phase A, B or C sbd results only for phase A are being presented. Results for an energisation during
peak of voltage of phase A are also presented.

The energisation is set to happen at 0.095sec for scenario 1 abd 2sec for scenarid. The time
domain simulation lastfor 1.3 seconds.

The results presented in the following sections indicate that in all the different UGC options there is a
zeromiss phenomenon when energising the proposed cables and, dependant on the time the
energisation occurs, it takes at leastdcend for the current to cross zero. The higher the reactive
compensation (in %) of the cable, the higher the DC current offset and the overvoltage observed. Since
the 400 kV UGCs require higher reactive compensation (in %) than the 200 k\he@&sulthg

current DCoffsetis higher.

The existence of ZMP does not impact the normal operation of the system and can only be an issue in
cases where the UGC is being energised and there is a permanent fault in the cable so it needs to be
disconnected to isolate the fault. Since it iswall-known phenomenon there are available
countermeasuresl1,12] such as a prénsertion resistor or a delayed reactor switching that could be
used to mitigate the problem. A detailed design will be performed during the next stage of the project
for the final cable selected and the solution and approach to be implemented will lsedgvith

EirGrid.
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5.2.1 Results for CP966_UGC220

Figure5-46 and Figure5-47 present the current waveforms at Dunstown 220 kV for energisation of
the UGC 220 kV during zero crossing of voltage of phasedAuring peak of voltage of phase A
respectively

Energisation During Zero Crossing of Phase A - Current Waveforms
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Figure5-46: Current at Dunstown 220 kV for energisation during zero crossing of voltage of phase A

Energisation During Peak of Voltage of Phase A - Current Waveforms
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Figure5-47: Current at Dunstown 220 kV for energisation during peak of voltage aepha
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5.2.2 Results for CP966_UGC400 (1c/ph)

Figure5-48 and Figure5-49 present thecurrent waveforms at Dunstown 400 kV for energisation of
the UGC 400 kV (1c/ph) during zero crossing of voltage of phaseédAiring peak of voltage of phase
A, respectively

Energisation During Zero Crossing of Phase A - Current Waveforms
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Figure5-48: Current at Dunstown 400 kV for energisation during zero crossing of voltage of phase A
Energisation During Peak of Voltage of Phase A - Current Waveforms
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Figure5-49: Current at Dunstown 400 kV for energisation during peak of voltage cepha
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5.2.3 Results for CP966_UGC400 (2c/ph)

Figure5-50 presens the current waveform at Dunstown 400 kV for energisation of the UGC 400 kV
(2c/ph) during zero crossing wbltage of phase A

It should be noted that since it was agreed with EirGrid to not perform detailed harmonic analysis and
mitigation solution studies for this cable configuration, those results are based on the mitigation
solution from the UGC 400 kV (pb) and should be used for information onitowever, a more
detailed filtering solution is not expected to impact the ZMP results significantly.

Energisation During Zero Crossing of Phase A - Current Waveforms
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Figure5-50: Current at Dunstown 400 kV fenergisation during zero crossing of voltage of phase A
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6 Further Investigation and Sensitivity Studies

Following the initial review of this report and after discussions with EirGrid it has been identified that
it is important to further investigate somef the 2 cable per phase options and perform some
additional studies and sensitivity checks.

Those include revised reactive compensation and its impact on the harmonic analysis and TOV studies
that are detailed in the following subsectiofts the 220 kVand 400 kV (1 cable / phasegble options
Theyalso include detailed harmonic studies and investigation on the harmonic mitigation sdintion

the full length of UGC400 (2c/ph) option which is detailed in Seetidror the initially identified
reactive compensation requiremenis well ad OV and ZMP analysis that is detailed in the following
subsections

Another potential option for this cable reinforcement recomanded by PSC is the installation of 2
independent cable circuits (as opposed to 1 circuit with 2 cables / phase) which in general has the
same network configuration and contingencies as the 2 cables / pliasing this case, one of the
differences idenfied is an additional contingency during a loss of 1 circuit which may have an impact
on the harmonic solution when compared to the 2 cables / phase option. A sensitivity study analysing
the suitability of the2 cables / phase harmonic mitigation solutidaring ths contingency is detailed

in Sectiorb.2.2

6.1 Reactive Compensation Requirements

The initialreacive capability studiewere carried oufor a set of contigencies that included various
N-1 circuit outages as well as the energisation of the new cable circuit from onélbadatteris the
most restrictivearrangementresulting in the need for very high levels of reactive compensation.

This arrangementi.e. the energisation of the cable from one énid not considered as a credible
contingency for steady state conditions and in practice the cable could accommodateea Voltage
during energisation (420 kV instead of 410.KR8vised reactive compensatidavels were worked
out using this higher levelimits. Additionally, revised reactive levels for steady state conditions
considering a revised summer valley low &iB030 study case (8WV) whichincorporates the
reactive power exchange of the EWIC Interconneatere calculated

6.1.1 Without Reactive Compensation

The following tableset out the resulting overvoltage and worst cd$é contingency(Table6-1) and
energisation directionTable6-2) for each of the underground cable reinforcement optsowith 100%
cablelength. AppendixDincludes figures showing thrange of system voltages that can be expected
covering all the N contingencieswith 100% underground cable when there is no reactive
compensation considered.

Table6-1: Maximumsteady state @ltageduring @ntingendes (N1) without reactive compensation

| UGC220 % 1 100% WOO4WOO2EL  SVLW 1.040 228.7 Woodland 220 k\
. UGC400 1  100% WOO4WOO2EL  SVLW 1.026 410.2 Woodland 400 k\

2 100% DSN4DSN2 SVLW  1.101 440.3 Dunstown 400 kv
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Table6-2: Maximum steady state voltage during energisation without reactive compensation

1 100% DSN4WOO0O41B SvILW 1.156 254.4 Woodland 220 kV

| UGC400 1  100% DSN4WOO41B SWW 1.082 432.6 Woodland 400 kV

2 100% DSN4WOO41B SVLW 1.210 484.0 Dunstown 400 kV

6.1.2 Revised Reactifdompensation Requirements

To establish the revised reactive compensation requirements an additional methodology to the one
presented in Sectio.1 has been considered. Shunt reactive compensation was modelled at each
end of the new circuit at either 220V or 40(kV as appropriate. The size of the reactive compensation
was then increased in Idvar steps (Mvar at each end) until voltages remairithin limits for all
contingencies during all operating scenarios.

Table6-3 and Table6-4 show the level and location of the revised reactive compensation required for
each cable length option for the 220 kV cable during cable energisation and steady state conditions,
respectively.Table6-5 and Table6-6 show the same for the 400 kV cable with 2 cables / phase;
whereas Table 6-7 and Table 6-8 show the results for the 400 kV cable with 1 cablphase.
AppendixD includes figures showing the range of system voltages that can be expected covering all
the N-1 contingencies with 100% underground cable with the revised reactive compensation levels.

Comparing with the reactive requirements in Sect®he revised levels have been decredby at
least 30% for the full cable length option with thercentual compensation being reduced while the
cable length reducesThe total redetion is expected to have a positive impact on the zmies
phenomenon by reducing the DC offset during the circuit breaker closure.

It should be noted that the sensitivities studies for TOV and harmonic analysis consider the worst
revised reactive compwesation of the two studies above and some analysis is carried out for the
minimum reactive level®r the harmonic analysis in Secti6r.

Table6-3: Reactive compensation requirement during cable energisation for 220 kV UGC

55 55 110
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Table6-4: Reactive compensation requirements for steady state conditions for 220 kV UGC

60.0 0 0 0 0.0%
52.5 0 0 0 0.0%
45.0 0 0 0 0.0%
37.5 0 0 0 0.0%
30.0 0 0 0 0.0%
22.5 0 0 0 0.0%
15.0 0 0 0 0.0%
7.5 0 0 0 0.0%

Table6-5: Reactive compensation requirement during cable energisation for 400 kV UGC, 2 cables / phase

 2cable/phase  ShuntReactor (Mvag Energisation
| 1000% | 60.0 68.9%
. 815% @ 525 365 365 730 64.2%
L70% | 450 290 290 580 57.4%
| 625% @ 375 220 220 440 49.8%
| 500% | 300 150 150 300 39.6%
. 815% | 225 80 80 160 25.3%
| 250% | 150 10 10 20 4.0%
. 125% @ 75 0 0 0 0.0%

Table6-6: Reactive compensation requirement for steady state conditions for 400 kV UGC, 2 cables / phase

 2cable/phase  ShuntReactor (MvagN-loutage
| 1000% @ 60.0 51.5%
. 815% @ 525 255 255 510 44.9%
0% | 450 180 180 360 35.6%
. 625% @ 375 105 105 210 23.7%
| 50.0% | 300 31 31 62 8.2%
. 815% | 225 5 5 10 1.6%
| 250% | 150 0 0 0 0.0%
. 125% @ 75 0 0 0 0.0%
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Table6-7: Reactive compensation requirement during cable energisation for 400 kV UGC, 1 qdialss /

60.0 45.9%
_ 52.5 115 115 230 40.8%
L7B0% | 450 85 85 170 34.4%
| 625% | 375 55 55 110 25.8%
| 500% | 300 20 20 40 11.2%
| 875% | 225 0 0 0 0.0%
| 250% | 150 0 0 0 0.0%
. 125% @ 75 0 0 0 0.0%

Table6-8: Reactive compensation requirement for steady state conditions for 400 kvVlkaBles / phase

 lcables/phase  ShuntReactor (MvagN-louage
- 1000% 3.2%
. 815% @ 525 5 5 10 1.8%
L70% | 450 0 0 0 0.0%
| 625% @ 375 0 0 0 0.0%
| 500% | 300 0 0 0 0.0%
. 815% | 225 0 0 0 0.0%
| 250% | 150 0 0 0 0.0%
. 125% @ 75 0 0 0 0.0%
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6.2 Harmonic Analysis

6.2.1 Sensitivity Studies

PSC has carried out sensitidtudies for the 220 kV and 400 kV (1 cable / phase) fowthrst revised
reactive compensation levels presented in SecBadhin order toanalyse the impact that the change
in the reactive compensation has on the need for a harmonic filter solution.

The full cable length options without any harmonic filters were assessed and the background harmonic
amplificationwas reviewed for all the nodes of interest under the three network operating scenarios
and the contingencies considered as presente8eaatiord. 1.

Table 6-9 presents detailed results fothe UGC220 optiorfor the initial and revised reactive
compensationthat gives a side by side overview of the substations whieeeharmonic limis are
exceeded along with the background harmonics and calculated amplified distortion. The results show
that the substations, the harmonic orders and the magnitude of the harmonic breaches are relatively
similar. There are a few harmonics where a margmaaimonic breach is observed only in the revised
case; whereas a few other harmonics whetee breach is observed only in the initial case.
Additionally, there are only two substations where a considerable increase in two harmonics is
observed.Therefore, if the case with the revised reactive compensation is considered for further
analysis in the future, the harmonic mitigation solution detailed in Seecti@Ris still valid and will

form the basis of the final solution with the possibility of requiring some minor additional filtering
solution.

Table6-10presents detded results for the UGC400 (1c/ph) option for the initial and revised reactive
compensation that gives a side by side overview of the substations where the harmonic limits are
exceeded along with the background harmonics and calculated amplified distoFti@hehaviour of

the resultsis very similar to the UGC220 optishowing that the substations, the harmonic orders
and the magnitude of the harmonic breaches are relatively similar. Tisewae harmoniavhere a
marginal harmonic breach is observed oinlyhe revised case; whereas a few other harmonics where
the breach is observed only in the initial case. Additionally, there areaofdwsubstations where a
considerablechangeis observed. Therefore, if the case with the revised reactive compensiation
considered for further analysis in the future, the harmonic mitigation solution detailed in Sdc8c¢h

is still valid and will form the basig the final solution with the possibility of requiring some minor
additional filtering solution.

The analysis of the resultsr the revised reactive compensation for the 220 kV and 400 kV (1 cable /
phase) options concludes that for both cases thereskght impact on the harmonic analysis and the
previously identified harmonic mitigation solutions aima generalthey can be used as the basis for
designing the final solution at a later stage. Although sensitstitdies have not been performed for

the 400 kV (2 cable / phase), it is expected that the revised reactive compensation requirements will
have a moderate impact on the harmonic analysis and the previously identified solution can be used
as a basis for finalising the studies at a later stage.
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Table6-9: Harmoniddistortions exceedingplanninglevelsfor full UGC220ength withdifferent reactiverequirements

100 % UGC220

Harmonic| Planning | Amplified Distortion (%) Amplified Distortion (%)
order Level (%)[ Initial Reactive Requirementy Revised Reactive Requirement

BEL2 6 0.4 0.695 0.700
CKM2 6 0.4 0.426 0.467
CLN4 12 0.318 0.403 0.442
FIN2 17 1.2 1.267 1.280
MAY1 12 0.318 0.386 0.381
MAY2A 12 0.318 0.367 0.361
MAY?2B 12 0.318 0.481 0.446
MAY2B 15 0.3 0.354 0.354
OST4 8 0.4 0.594 0.602
PRN4 8 0.4 0.462 -
WOO02 8 0.4 0.493 0.632
WO0O4 8 0.4 0.452 -
CDuU2 6 0.4 - 0.404
CLE2 8 0.4 - 0.420
DSN4 12 0.318 - 0.327

Table6-10: Harmonidistortionsexceedingplanninglevels forfull UGC400 (1c/pHgngth withdifferent reactive
requirements

100 % UGC400 (1c / ph)

Harmonic| Planning | Amplified Distortion (%) Amplified Distortion (%)
Level (%)| Initial Reactive Requirementy Revised Reactive Requirement
BEL2 5 2 4.012 4.089
BEL2 6 0.4 1.212 1.202
BEL2 10 0.35 0.440 0.463
BEL2 14 0.296 0.420 0.450
Cbhu2 5 2 3.577 3.586
Cbhu2 6 0.4 0.666 0.669
Cbhu2 17 1.2 1.330 1.345
CKM2 5 2 2.529 2.598
CKM2 6 0.4 0.487 0.470
CLE2 5 2 3.746 3.952
CLE2 10 0.35 0.367 0.381
CLN4 12 0.318 0.391 0.396
CLN4 14 0.296 0.344 0.363
CTB1 5 2 2.839 2.914
CTB2 5 2 3.527 3.769
CTB2 6 0.4 0.628 0.652
DSN2 12 0.318 0.341 0.331
FIN2 5 2 4.036 4.064
FIN2 6 0.4 0.624 0.624
FIN2 17 1.2 1.384 1.405
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100 % UGC400 (1c / ph)

Harmonic| Planning | Amplified Distortion (%) Amplified Distortion (%)
Level (%)| Initial Reactive Requirementy Revised Reactive Requirement
FIN2 20 0.255 0.256 -
MAY1 12 0.318 0.421 0.418
MAY2A 5 2 3.505 3.483
MAY2A 12 0.318 0.447 0.442
MAY2B 5 2 2.991 2.945
MAY2B 12 0.318 0.770 0.644
MAY2B 14 0.296 0.582 0.627
MAY2B 15 0.3 0.452 0.424
OST4 7 2 2.497 2.665
OST4 8 0.4 1.373 1.311
OST4 13 15 1.741 1.750
OST4 14 0.296 1.386 1.405
OST4 15 0.3 0.355 0.343
PRN4 5 2 2.261 2.205
PRN4 8 0.4 0.686 -
TH2 15 0.3 0.370 0.357
WO0O02 7 2 2.010 2.034
WOO04 5 2 2.265 2.209
WO004 8 0.4 0.698 -
WOO02 8 0.4 - 0.408

Figure6-1to Figure6-4 present the frequency scans for Daown and Woodlandor the intactsystem
without the harmonic filters with the sole purpose of visualising the impact of the revised reactive
requirements. In the plots, the red line preserntse additional results for the minimum possible
reactive requirements (cases without considering thergisation of the cables from one end) defined

in Sectior6.1. Theseindicate that the general conclusions derived from the harmonic analysis in this
section aremostlikely to be still valid. In case those reactive levels are considered in the future, the
harmonic analysis and the harmonic mitigation solution will need to be revisited to confirm
compliance.
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-1: Selfimpedance at Dunstown 220 kV substation for the intact system for different reactive compensation
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DSN4_ Base Case
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Figure6-3: Selfimpedance at Dunstown 400 kV substation for the intact system for different reactive compensation
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Figure6-4: Selfimpedance at Woodland 400 kV substation for the intact system for different reactive compensation
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6.2.2 Analysis for Cable Reinforcement with 2 Independent Cable Circuits

An underground cable reinforcement wittwo independet cable circuits was recommended and
discussed with EirGrid on the basis that it offers improved availability in terms of maintaining 50% of
the total cable circuit capacity for a loss of one cable due to a fault or maintenance but has higher
initial costto complete.

This option has in general the same network configuration and contingencies as the 2 cables / phase
with the exemption of a contingency during the loss of 1 circuit which effectively becomes similar to
the 1 cable / phase option.

Theprevious harmonic analysipresented in Sectiod.3and Sectiort.4 indicates thatthe locations

and the range of the harmonics where harmonic breaches are observed are relatively similar and
hence the harmonic filtering solutions have plenty of similarities in both options. Some main
differences identified are that the 2 cable / phaggtion results in shifting the harmonic breaches at
lower order harmonics and has new harmonic breaches in the 220 kV Woodland substation; whereas
the 1 cable / phase option has more harmonic breaches in the 400 kV Woodland substation.

In summary it is gpected that a potential harmonic mitigation solution for this cable reinforcement
will consist primarilfrom the solution presented in Secti@h4 for the 2 cable phaseplus one more

filter in the 400 kV Woodland substatieimilar to the one proposed in Sectidi8 for the 1 cablger

phase option taking also into account the assumptions presented in Settoit should be noted

that this is a qualitative analysis and detailed studies will be required in case this cable option moves
forward in order to analyse whether any more resonances are excited due to the combintios
harmonic filters.
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6.3 Temporary Overoltage and ZerMiss Phenomenon Analysis

Further sensitivity studies are performed in order to check the impact of having no harmonic filters
and of the revised reactive compensation on the TOV analysis. The impact of the harmonic mitigation
solution promsed in Sectiordt.4 and the revised reactive compensatidor the 400 kV (2 cable /
phase)option is also analysed for TOV and ZMP.

6.3.1 Temporary Overvoltage Study

The following sensitivity studiesvere performedand the results are presented in the following sub
sections for the same outage and fault combination as detailed in Séctiomhe TOV results for each

of these studies are shown in kV and for the duration from 0 to 2 seconds as well as in detail for the
time aroundthe worst fault clearing event.

1 CP966_UGC400 (1c/ph) with no harmonic filters and the initially identified reactive
compensation

CP966_UGC400 (1c/ph) with all the harmonic filters and the revised reactive compensation
CP966_UGC400 (2c/ph) with all the harmonic filtatiled in Sectiod.4.2and the revised
reactive compensation

Comparing the results for the UGC 400 (1c/ph) option with the ones calculated in Sedtidit is
observed that:

1
T

1 When no harmonic filters are considered, there is a risk of TOV exceeding 1.6 p.u for a short
duration offew milliseconds for Coolnabacky and Qie& 400 kV substations which are the
same substations as in the initial studies. However, the results are slightly worse in terms of
magnitude and duration in Old Street substation and if the operation without harmonic filters
is considered as a valid tign, the existing surge arresters on the EirGrid system should be
reviewed as part of the detailed design.

1 When the revised reactive compensation is considered, the results are almost identical to the
onesprevioudy calculated meaning that the conclus®mare very similar and there is the same
risk of TOV exceeding 1.6 p.u for a short duration of few milliseconds for Coolnabacky and Old
Street 400 kV substation3 his conclusion is also justifiable by the harmonic analysis studies
which indicate that theimpact of the reduced reactive compensation on the frequency
response of the system is very small.

Comparing the results for the UGC 400 (2c/ph) optiith the ones calculated in Secti@nl.4it is
observed that they are almost identical and the conclusions are very similar. There is the same risk of
TOV exceeding 1.6 p.u for a short duration of few milliseconds for Coolnabacky and Old Street 400 kV
substations. Tis conclusion is justifiable by the expected small impact that the revised reactive
compensation has on the frequency response as presented in Sé&cHas well ady the similarity

that the proposed harmonic mitigation solution has with the one of the 400 kV (1 cable / phase)
option.

Although sensitivit studies have not been performed for the UGC220 option, it is expectedhbat
conclusions when no harmonic éls or the revised reactive compensation are considevatl be
very similar to the ones in Sectiénl.4
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Results for CP966_UGC400 (1ckphd harmonic filters and initially identified
reactive ompensation

1 400 kV Coolnabacky Substation

Figure 6-5 and Figure 6-6 present the worst case TOV results for the 400 kV Coolnabacky
substation for 8-phase fault during an outage dunstown 400 k\¢, Coolnabacky 400 kV circuit

600 Voltage at 400 kV Coolnabacky Substation
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Figure6-5: Voltage at 400 kV Coolnabacky Substation
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Figure6-6: Voltage at 400 kV Coolnabackybstationg Worst Fault Clearing Event
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M 400 kV Dunstown Substation

Figure6-7 and Figure6-8 Figure 5-19present the worst case TOV results for the 400 kV Dunstown
substation fora 3-phase fault during an outage of Dunstown 400 g\Zoolnabacky 400 kV circuit

500
(kv) |
250 W

Voltage at 400 kV Dunstown Substation

- Phase A - Phase B - Phase C - TOV limit

0 0.4 0.8 1.2 1.6 (s) 2
Figure6-7: Voltage at 400 kV Dunstown Substation
Voltage at 400 kV Dunstown Substation
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Figure6-8: Voltage at 400 kV Dunstown SubstatipWorst Fault Clearing Event
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1 400 kV Old Street Substation

Figure6-9 andFigure6-10 present the worst case TOV results for the 400 kV Old Street substation
for a3-phase fault during an outagefdld Street 400 k\¢ Moneypoint 400 kV circuit

Voltage at 400 kV Old Street Substation
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Figure6-9: Voltage at 400 kV Old Street Substation
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Figure6-10: Voltage at 400 kV Old Street Substat@pworst Fault Clearing Event
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9 400 kV Portan Substation

Figure6-11 and Figure6-12 present the worst case TOV results for the 400 kV Portan substation
for a3-phase fault during an outage of Old Street 400 &Woodland 400 kV circuit

Voltage at 400 kV Portan Substation
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Figure6-11: Voltage at 400 kV Portan Substation
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Figure6-12: Voltage at 400 kV Portan SubstatiohVorst Fault Clearing Event
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91 400 kV Woodland Substation

Figure 6-13 and Figure 6-14 present the worst case TOV results for the 400 kVoulend
substation for &3-phase fault during an outage of Woodland 400 kM urleenan 400 kV circuit.
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Figure6-13: Voltage at 400 kV Woodland Substation
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Figure6-14: Voltage at 400 kV Woodland SubstatipiVorst Fault Clearing Event
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Results for CP966_UGC400 (1ckpall harmonic filters andevisedreactive
compensation

1 400 kV Coolnabacky Substation

Figure6-15 and Figure 6-16 present the worst case TOV results for the 400 kV Coolnabacky
substation for 8-phase ault during an outage of Dunstown 400 ldCoolnabacky 400 kV circuit
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Figure6-15: Voltage at 400 kV Coolnabacky Substation
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Figure6-16: Voltage at 400 kV Coolnabacky Substatitorst Fault Clearing Event
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M 400 kV Dunstown Substation

Figure 6-17 and Figure 6-18 Figure 5-19present the worst case TOV results for the 400 kV

Dunstown substation for 8-phase fault during an outage of Dunstown 400 k\MCoolnabacky
400 kV circuit
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Figure6-17: Voltage at 400 kV Dunstown Substation

Voltage at 400 kV Dunstown Substation

g;g __________________________ ______________ | l |

Figure6-18: Voltage at 400 kV Dunstown SubstatpWorst Fault Clearing Event
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1 400 kV Old Street Substation

Figure6-19andFigure6-20present the worst case TOV results for the 400 kV Old Street substation
for a3-phase fault during an outage of Old Street 400 &Wloneypoint 400 kV circuit
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Figure6-19: Voltage at 400 kV Old Street Substation
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Figure6-20: Voltage at 400 kV Old Street Substatpworst Fault Clearing Event
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9 400 kV Portan Substation

Figure6-21 and Figure6-22 present the worst case TOV results for the 400 kV Portan substation
for a3-phase fault during an outage of Old Street 400 &Woodland 400 kV circuit
Voltage at 400 kV Portan Substation
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Figure6-21: Voltage at 400 kV Portan Substation
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Figure6-22: Voltage at 400 kV Portan SubstatiohVorst Fault Clearing Event
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91 400 kV Woodland Substation

Figure 6-23 and Figure 6-24 present the worst case TOV results for the 400 kV Woodland
substation for &3-phase fault during an outage of Woodland 400 kV/Turleenan 400 kV circuit

Voltage at 400 kV Woodland Substation
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Figure6-23: Voltage at 400 kV Woodland Substation
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Figure6-24: Voltage at 400 kV Woodland SubstatipiVorst Fault Clearing Event
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Results for CP966_UGC42€Yh) ¢ all harmonic filters andevised reactive
compensation

1 400 kV Coolnabacky Substation

Figure6-25 and Figure 6-26 present the worst case TOV results for the 400 kV Coolnabacky
substation for 8-phase ault during an outage of Dunstown 400 ldCoolnabacky 400 kV circuit
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Figure6-25: Voltage at 400 kV Coolnabacky Substation
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Figure6-26: Voltage at 400 kV Coolnabacky Substatjitorst Fault Clearing Event
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M 400 kV Dunstown Substation

Figure 6-27 and Figure 6-28 Figure 5-19present the worst case TOV results for the 400 kV

Dunstown substation for 8-phase fault during an outage of Dunstown 400 k\MCoolnabacky
400 kV circuit

Voltage at 400 kV Dunstown Substation

- Phase A - Phase B - Phase C -TOV limit

_5DD T T T T T I I T T T L
0 0.4 08 1.2 1.6 (s) 2
Figure6-27: Voltage at 400 kV Dunstown Substation
Voltage at 400 kV Dunstown Substation
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Figure6-28: Voltage at 400 kV Dunstown SubstatpWorst Fault Clearing Event
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M 400 kV Old Street Substation

Figure6-29 andFigure6-30present the worst case TOV results for the 400 kV Old Street substation
for a3-phase fault during an outage of Old Street 400 &Wloneypoint 400 kV circuit

Voltage at 400 kV Old Street Substation
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Figure6-29: Voltage at 400 kV Old Street Sudtsin

Voltage at 400 kV Old Street Substation
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Figure6-30: Voltage at 400 kV Old Street SubstatigWorst Fault Clearing Event
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9 400 kV Portan Substation

Figure6-31 and Figure 6-32 present the worst case TOV results for the 400 kV Portan substation
for a3-phase fault during an outage of Old Street 400 &Woodland 400 kV circuit

Voltage at 400 kV Portan Substation
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Figure6-31: Voltage at 400 kV Portan Substation
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Fgure6-32: Voltage at 400 kV Portan SubstatipiWorst Fault Clearing Event
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91 400 kV Woodland Substation

Figure 6-33 and Figure 6-34 present the worst case TOV results for the 400 kV Woodland
substation for &-phase fault during an outage of Woodland 400 kM urleenan 400 kV circuit

Voltage at 400 kV Woodland Substation
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Figure6-33: Voltage at 400 kV Woodland Substation

Voltage at 400 kV Woodland Substation

Figure6-34: Voltage at 400 kV Woodland Substatpworst Fault Clearing Event
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6.3.2 ZeroMiss Phenomenonrralysis

A sensitivity study for the 400 kV (2 cable / phase) optizas carried outonsidering the revised
reactive compensation and the detailed harmonic solution proposed fatrdhable configuration. The
energisation is set to happen at 0.095sec farario 1 detailed in Sectioh 2 and the time domain
simulation lasts for 1.3 seconds.

Figure6-35 presents the current waveform at Dunstown 400 kV for energisation of the cable during
zero crossing of voltage of phase Ahe results indicate that there is a zaross phenomenon with

the current DC offset being very slightly lovtean the one presented in Sectidn2.3due to the
reduction (in %) in the revised reactive compensation.

Since the existence of the ZMP depends on the reactive compensation (in %) of the cable, it is expected
that the other cable anfigurations willalsoresult in slightly lower current DC offset than the one
calculated in SectioB.1.4due to the reduction (in %) in the revised reactive congsgion. Hence,

the initially presented resultare still validat this initial stage of the studies and further detailed
analysis wilheed tobe performed once the exact cable configuration and route are defined.

Energisation During Zero Crossing of Phase A - Current Waveforms

6000
4600
2000
0
-2000

-4000 - Phase A - Phase B - Phase C ...
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0 0.26 0.52 0.78 1.04 (s) 1.3

Figure6-35: Current at Dunstown 400 kV for energisation during zero crossing of voltage of phase A
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7 Conclusions

This report details the reactive compensation, harmorottage distortionanalysis and the TOV and
ZMP studies carried out fdhe Capital Project 966 to investigate the impact of integration of either
220 or 400 KN\UGhetween the Woodland and Dunstown substations on the EirGrid network.

7.1 Reactive Compensation Requirements

Steady state load flow studies carried out in PSSE for all possibeohtingencies and under three
different operating scenarios (SVLW, SVHW and WPHW) in order to determine the reactive
compensation in the form of shunt reactors required to maintairoatgontingency voltage limit for

three different UGC options: 220kV, 400kV with a single cable per phase and 400kV with two cables
per phase (effectively doubling the power transfer capability). Sensitivity analysis was carried out
checking the level anlbcation of reactive compensation required by varying the cable lengths and
replacing it with overhead lindn most cases the compensation required is at both ends of the cable
with specific details of the level given in Sect®iThe final level of reactive compensation was then
tested for each operating scenario and contingency to determine the @né postcontingency
system voltages.

Brief summary of theesults is shown in the table below.

220kV 400kV ZXcable/phase 400kV 2cables/phase

Compensation (% Compensation (%) Compensation (%)

81.6% (198Avar)  88.4% (558/var) 99.6% (1258/var)
72.5% (13Mvar)  70.5%(349Mvar) 83.0% (83WMvar)
50.3% (6Mvar) 45.3% (16Mvar) 71.6% (543var)

0.0% 21.3% (4 Mvar) 38.8% (19@Avar)

The results indicate that for the full cable length a reactive compensation of above 80% is required for
all theoptions but as the cabliengthreduces the level of compensation also reduces.

7.2 Harmonic Analysis

The reactive compensation determined during the steady state load flow studies were implemented
in the PowerFactory frequency domain model in ordeatalyse the impact of the new 220 }400

kV (1cable/phand 400 kV (2cable/pltjrcuits on the harmonic distortions in the area. This was based

on harmonic amplification studies performed for the nodes of interest and for a number of network
contingenciesand under the three operating scenarios (SVLW, SVHW and WPHW). Frequency scans
were carried out in the 50 Hz to 2000 Hz range using the EirGrid HAST tool in order to establish likely
resonance points.

For the determination of distortion levels, backgrouhdrmonics calculated ia previous EirGrid
project [6] were used. For the nodes of interest where there were not any calculated future
background harmonic data itag considered to be identical to electrically close statidtw. the
harmonics where the calculated future background data was higher due to the assumptions
considered irthe previous EirGrid projecthe 75 % of the PL was considered as the level diirexis
background for the calculationslt should be noted that the overall results depend heavily on the
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level of the assumed background distortion and depending on how these compare with the actual
levels, the perceived level of issues may be more oratcerist at all.

Levels of harmonic distortions exceeding the EirGrid planning levels were observed for different cable
lengths (100 %, 50%, 25%, 12.5%}Her220 kV and 400 kV (1cable/ph) UGC optiddihough there

is some improvement ith decreasingable length, there is no cable length option that results in no
harmonic breach. Similar levels of excaadewere also observed for the full cable length (100 %

the most onerous length investigated) for the 400 kV (2cable/ph) UGC opigeneral, tlere were
harmonic breaches in multiple substations which are getting higher and more complex in the 400 kV
UGC.Indicative harmonic mitigation solutions were investigated for the full length of 220 kV, 400 kV
(1cable/ph) and 400 kV (2cable/ph) UGC options

Mitigation solutions with fivesevenand eightGtype filters were established for the 220 k400 kV
(1cable/ph)and 400 kV (2cable/phyptions, respectively. A summary of these mitigation solutions
along with the points they are connected is given in the next table.

220kV 400KV (1cable/phase) 400kV Rcable/phase)

Node Size (Mvar) Tuning (Hz Size (Mvar) Tuning (Hz, Size (Mvar) Tuning (HZ

DSN2 32 420 20 550 20 550
CLN4 10 550 - - - -
WO0O4 - - 50 200 - -
OST4 = = 40 300 50 300
MAY2B 30 525 30 530 37 530
MAY2A 15 550 15 550 20 550
MAY1 5 525 5 550 5 550
BEL2 = = 30 500 30 500
BEL2 - - - - 30 180
w002 = = = = 40 315

For the 220 kV option, the Maynooth substations are targeting more the local harmonic issues;
whereas the remaining filters in Dunstown and Coolnabacky substations are targeting harmonic issues
in local and nearby stations. For the 400 kV opgjdine filters in Maynooth and Belcamp substations

are targeting more the local harmonic issues; whereas the remaining filters in Dunstown, Woodland
and Old Street substations are targeting harmonic issues in local and nearby stations

Following theimplementation of the mitigation solutions, there were still a few harmonic breaches
that can be resolved with the filter fine tuning during the design stage once the final level of UGC
option has been decided.

7.3 Temporary Overvoltages and Zeross Miss Rinomenon

EMT studies were carried out in ATP in order to investigate the risk of TOV issues on the EirGrid
network after the introduction of the proposed CP966 reinforcements and associated harmonic
mitigation solutions. The frequency scans produced during harmonic analysis studies in
PowerFactory were analysed in order to identify the specific contingencies, network elements and
nodes that there is a potential for TOV issues.

© Power Systems Consultants UK Ltd
Revisior? Pure Offices, Lakeview House, Wilton Drive, Warwick CV34 6RG, United Kingdom
Pagel260f 158 P:+44 1926 675 851V: hitps://www.pscconsulting.com



https://www.pscconsulting.com/

JI786703-02 Results Report for Capital Project 966 Cable Integration Studies

The analysis showed that there is a risk of TOV exceeding 1.6 p.u veltalel a very short duration

for Coolnabacky and Old Street 400 kV substations with the response of the system aalt tieted
overvoltages to be very similar among the different UGC options. Therefore, once the full route details
are known along witHinalised mitigation for harmonic issues, EirGrid are recommended to review
the TOV studies because tlealculatedovervoltages may be within the capability of existing surge
arresters on the EirGrid systemisbelieveld that those overvoltages shouldhbe a problem for the
existing surge arresters due to the marginal exceedance and the very short duration but EirGrid are
advised to confirm their specific capability from the equipment technical specification.

ZMP studies were also carried out in ATPomder to investigate whether the simultaneous
energisation of the proposed cables and shunt reactors can result in a DC offset in the charging current
of the cable and henceircuit breaker preventing its safe operation if a fault was to take place. The
studies were performed by energizing the underground cables from one end while the other was
maintained open and for different times that the circuit breaker closure is happening (energisation
during zero crossing of the voltage and during peak of volt&ye .to the high reactive compensation
requirements of both 220 kV and 400 kV UGC options, the ZMP analysis indicated that there is a
current DC offset during energisation and a mitigation solusooh as a prénsertion resistor or a
delayed reactor swithingshould be considered in the future. The phenomenon is more pronounced

in the 400 kV UGC option when compared to the 220 kV UGC option due to the higher reactive
compensation (in %) requirement.

7.4 Further Investigation and Sensitivity Checks

7.4.1 Reactive Qopensation Requirements

Revised reactive compensation in the form of shunt reactors was determined for all possible N
contingencies for steady state conditions and for the contingency with the energisation of the cable
from one end. This was done for thifferent operating scenarios (SVLW, SVHW, WPHW) and the
three different UGC options: 220 kV, 400 kV (1 cable / phase) and 400 kV (2 cable / phase). Sensitivity
analysis was carried out checking the level and locatibmeactive compensation required for
different cable lengths.

Brief summary of the results is shown in the table below:

220kV 400kV Xcable/phase 400kV 2cables/phase

Compensation (% Compensation (%)

Compensation (%)

45.3% (10Mvar)  45.9% @90Muvar) 68.9% 870Mvar)
34.1% 62 Mvar) 34.%% 1 70Mvar) 57.%% 680Mvar)
8.2% (LOMvar) 11.2% @0 Mvar) 39.68% B00Mvar)

0.0% 0.0% 4.0% @0 Mvar)

The results indicate that for the full cable length the reactive compensation has reduceddagstat
30% when compared with the initial levels. A maximum level of around 46% is required for the 220 kV
and 400 kV (1c/ph) and of around 69% for the 400 kV (2c/ph).
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7.4.2 Harmonic Analysis

The revised reactive compensation was implemented in the PowerFdceoyency domain model

and the impact that the change in the reactive compensation has on the need for a harmonic filtering
solution was analysed. The full cable length options of UGC220 and UGC400 (1 cable / phase) were
assessed without any harmonic filseand the background harmonic amplification was reviewed for

all the nodes of interest under the three operating scenarios (SVLW, SVHW and WPHW).

Comparing with the results for the initial reactive compensation requirements, similar levels of
harmonic disortions exceeding the EirGrid planning levels were observed and the behaviour of the
results was very similar with a few harmonic breaches observed only in the revised cases; whereas a
few other harmonic breaches observed only in the revised case. Siaceit a slight impact on the
harmonic analysis as observed from the sensitivity studies for the 220 kV and 400 kV (1 cable / phase),
the previously identified harmonic mitigation solutions can be used as the basis for designing the final
solution at a lger stage with the possibility of requiring some minor additional filtering solution. Those
conclusions are expected to be also valid for the 400 kV (2 cable / phase) option.

A qualitative analysis for a potential underground cable reinforcement with 2peddent cable
circuits concluded that a possible harmonic mitigation solution for this cable reinforcement is
expected to consist primarily from the solution of the 2 cable / phase option plus one more filter in
the 400 kV Woodland substation similar teetone proposed for the 1 cable / phase option.

7.4.3 Temporary Overvoltages and zemss Miss Phenomenon

EMT sensitivity studies were carried dat the 400 kV (1 cable / phase) to investigate the impact on
the TOV analysis for the cases of either havinarononic filters or considering the revised reactive
compensation. TOV studies were also performed for the 400 kV (2 cable / phase) UGC option
considering the proposed harmonic mitigation solution and the revised reactive levels. The analysis
indicated thd in all the cases there is a very similar risk to the initial studies of TOV exceeding 1.6 p.u
voltage level for a very short duration for Coolnabacky and Old Street 400 kV substations. Those
conclusions are expected to be also valid for the 220 kV UGahop

ZMP studies were carried out for the revised reactive compensation for the 400 kV (2 cable / phase)
UGC option and indicated that there is a current DC offset during energisation that is very slightly
lower than the one calculated in the initiaVP studies. This conclusion is expected to be valid for the
other cable configurations due to the reduction (in %) in the revised reactive compensation for all the
cable options.
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7.5 Summary

The 220 kV, 400 kV (1 cable / phase) and the 400 kV (2 cable éphH3C options between the
Woodland and Dunstown substations in the east of Ireland were brought forward from Step 2 of
9 A N.D N3stépCapproach ahd were studied in detail in this report. The 220 kV option is rated at
760MVA; whereas the 40RV (1 calk# / phase)is rated at 1254 MVA which is below the rating of an
equivalent 400 kV overhead line but is selected as the maximum possible rating achievable for a cable
buried in atypicaltrench or roadarrangement The 40V (2 cable / phase) option is gat at 2509

MVA which exceeds the rating of an equivalent 400 kV overhead line but requires astamef land

or a second route. However, the 40 (2 cable / phase) option f®und to be feasible from
engineering investigations done frarallel with the studies in this report.

Brief summary of the three UGC options and their requirements in terms of reactive compensation,
harmonic filtering, TOV and ZMP is shown in the table beldwe. requirements of the two 400 kV
independent cable aiuit solution are primarily similar to the 400 kV (2 cables / phase) option with
the exception of the harmonic filtering where at least one more filter is expected to be necessary.

Harmonic Filtering
Requirements
(Number of filters)

Reactive Compensation
Requirements (Mvar)

ZMPMitigation TOWitigation
RequirementgY/N) Requirements

Initial Revised Initial Revised Initial Revised Initial Revised
studies studies studies studies studies studies studies studies

198 110 5 X B Y Y2 Possiblé& Possibl&
558 290 7 x ¥ Y Y4 Possibl&® Possibl&®
1258 870 8 X ¥ Y Y24 Possibl& Possibl&

The reactive compensation studies performed for the tht#@C options220kV, 400kV with a single
cable per phase and 400kV with two cables per phase) identified that there is a high compensation
requirement (> 80%) in all options for full cable lendthose levels were reduced considerably (by at
least 30%) duing revised reactive compensation studi&@be option with two cables per phase at 400

kV results to 1258 Mvar of reactis@mpensatiorfor the initial studiesvhich is highout reduces to

870 Mvarfollowingthe revised studies

Harmonic analysis studidsr the 220 ky400 kV (1 cable/phand 400 kV (2 cable/pligientified that
there are harmonic breaches the full cable lengthwhich are generally getting higher and more
complex in the 400 k\2(cable/ph) option.Harmonic breaches are also identifiedaiththe different
cable lengths analysed for the 220 kV and 400 kV (1 cabl&vpitigation solutions with @ype filters
were established for the full length all the cableoptionswhich resolve most of the breachesny
remainingbreaches came resoved with the filter fine tuning during the design stage once the final
level of UGC option has been decid&knsitivity studiesvith the revised reactive compensation
concluded that the mitigation solutions proposed are still applicable and there isbgddgsof
requiring some minor additional filtering solutiohe overall results depend heavily on the level of
the assumed background distortion which is base@previous EirGrid proje¢6] and depending on

2 Qualitative analysidetailed in the relevant sectiondicates that there is a possibility of some additional filtering solution when compared
to the initial studies

13 Slightly improved results expected for thevised studies due to the reduction (in %) of the revised reactive compensation

14 Small risk of TOV exceeding 1.6 p.u which may be within the capability of the existing surge arresters in the EirGaddgétenid be
reviewed as part of the detailededign.
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how these compare with the actual levels, the perceived level of issues may be more or do not exist
at all.

TOV analysis for the full length of the 220 KU0 kV (1 cable/phand 400 kV (2 cable/pWith the
reactive compensation and harmonic filters identified that there srallrisk of TOV exceeding 1.6

p.u voltage level for a very short duration for Coolnabacky and Old Street 400 kV substations with the
calculatedoverwltages being very similar among the different UGC optiBessitivity studies for the
revised reactive compensation and for cases with no harmonic filters indicated that the conclusions
are very similar in terms of magnitude, duration and location fer TI©V riskThis may be within the
capability of the existing surge arresters in the EirGrid system and should be reviewed as part of the
detailed design.

ZMP analysis indicated that there is a current DC offset during the energisation of both cables due
the high reactive compensation requirements (inda)ch is slightly improving for the revised reactive
compensation requirements due to the reduction (in %) in the calculated values. However, there are
different countermeasures available and a mitigat solutionsuch as a prnsertion resistor or a
delayed reactor switchinghould be considered in the future. The phenomenon is more pronounced

in the 400 kV UGC options when compared to the 220 kV UGC option due to the higher reactive
compensation (i) requirement
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