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Applying Time Series

1

to Power Flow Analysis

In Networks with High Wind Penetration

Thomas Boehme, A. Robin Wallace, and Gareth P.istarr

Abstract—With high levels of variable renewable generatiorin
distribution or transmission systems the applicatia of demand
and generation time series to power flow analysesam be
advantageous. Demand data is often available from idtoric
measurements while renewable generation such as wliturbine
output may be recorded or can be derived from resage
measurements over the corresponding period of timé2ower flow
solutions with hourly time steps over a year or mag can then be
used to produce load duration curves for system cqoonents. This
paper shows, by example, how utilities can use thmethod to
determine overload conditions or to specify non-fin connection
agreements for new generators.

Index Terms—Load duration curve, power flow analysis, time
series, variable generation, wind power.

|. STEADY-STATE POWERFLOW ANALYSIS

POWER flow analysis is an integral part of system plaugni
and operation. The electrical system is modelledises
with generators and loads which are interconnedbgd
branches and transformers. Thtady-state solutioof the

network determines the bus voltages from whicteittere and
reactive power flow in branches can be calculatéd [

while forecast estimates have to be used for anyrdu
scenario. To meet load demand, the generationghiortiust
be adequate. National power systems have evolvest ov
decades and some form of central dispatching wed. ughe
dispatch of plant is influenced, for instance, bg security of
fuel supply, scheduled maintenance periods andhhiétiy.
With the liberalisation of power systems the dispats
primarily governed by market prices that influentiee
availability and operation of power plants in aeagivhour.
With some years of experience it is still possitderoughly
determine which large power plants are likely toyide base
load, intermediate load and peak load and to cocistr
representative power flow cases. When large-scatiohis
present, the seasonal availability of water muso &le taken
into account. In addition to these conventionalnfer of
generation there are an increasing number of nemewable
generators connected to the electricity network.‘wind
penetration’ of 10% to 20%, understood as the ratiactual
wind power production to actual demand, will in magstems
have an appreciable effect [3]. With such high levef
variable renewable generation from wind a single/groflow
solution can no longer describe the possible systates in a

Fig. 1 shows a general network with two distributedepresentative way.
generators DG1 and DG2, and a load. Active powet an

control voltage are directly specified for DG1 (BWSs), active
and reactive power are given for DG2 and the |64@ buses),
while the swing bus generator will balance powethi system
[2]. The network solution determines the power flayin the
branch of interest, here depicted as a transformer.

The power system behaviour is often studied takirmpunt
of seasonal loading of branches (e.g. at wintek pamand)
under specific network conditions including lossggeferation,
circuit outages, and network upgrades. The load=aeh bus
are set to representative values derived from mimrtypical
and peak conditions, as shown in Fig. 2a. The gssomthat
demand is known holds for historic and real timelgsis
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Fig. 1. Typical steady-state power flow problem.

Il. POWERFLOW WITH VARIABLE LOAD AND GENERATION

Generally a power system is operated so that thergéon
portfolio satisfies the load demand through the oehe
transmission and distribution network. The loadsyvand
their statistical distributions and the correlatiogtween them
must be modelledStochastic (or probabilistic) power flow
analyses can be divided into direct and Monte Carlo
simulations. In the former an initial solution isded on the
mean (expected) loads and (where applicable) gemsta
output. The power flow equations are then ofterdiised
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around this starting point. In the past, models foe
correlation between loads have assumed independémear
dependence or more sophisticated relationships [R].
comprehensive literature review can be found in [@pre
recently, methods have been extended to includdrgtised
power flow AC analysis [6]. Monte Carlo analysiders to
multiple deterministic power flow solutions whichcorporate
the nonlinearities of the system. Random samples
parameters are chosen based on their probabilitsitge
functions. A large number of simulations (e.g. 20 are
required to determine the statistical distributioh voltages
and currents. Fuzzy arithmetic [7] has been sugddst cases
where loads or generators do not have a randonrenaitu
where incomplete or qualitative information hasb® used.
Then system optimal (while uncertain) operation das
determined using linear programming techniqueseryat
arithmetic [8] takes the uncertainty of nodal imfation into
account and provides bounds of the solution. Siatigeossible

solutions are included, the results may appear veg

conservative.

Due to the historically small contribution whichnali power
has made in large power systems, the methods dedabove
were mainly concerned with variable loads and ddpble
generation. Long-term statistical data as illustlaby Fig. 2
for both demand and onshore wind turbine outpuS(atland,
and generally applicable in north-western Europe)s some
similarities in behaviour: Demand and generatiowiinter are
higher than in summer and around midday they ajleehnithan
at midnight. Despite this resemblance it is possitiat the
combined wind farm output across an area as lasgxatland
will be well below 10% of rated capacity while dewrdais
above 90% of the annual peak [9]. This explainsdiffeculty
in defining a typical base case operating pointpfi@babilistic
power flow or sensitivity analysis.

(a) Annual Daily A Daily
8 S
kS Summer Winter
S — > »
Jan Dec O 24h 0 24 h
b
®) A
] Summer Winter
'5 o~  —
©
©
% | > >
O Jan Dec O 24h 0 24 h

Fig. 2. Typical (a) load and (b) wind turbine outprofiles. Data drawn
from demand metering by the Scottish utilities anmdd measurements across
Scotland [9]. Annual profiles include probabilitisttibutions.

Fig. 3 illustrates this further for a wind farm. &iwind
speed at the site is described by a Weibull distioim [10]
with a shape parametdr = 2.0 and a scale parameter=
8.0 m/s indicated by the probability density fuootp(v). The
average wind speed,q is then 7.1 m/s, the modal value, i.e.

2

the most frequent wind speeg,q is 5.7 m/s and the wind
speedv,, where the highest power density occurs is 11.3 m/s
Using the power curve of a 2.5 MW wind turbine [XiHving

a cut-in wind speed/in of 3.5 m/s, a cut-out wind speed
Veutout Of 25.0 m/s and a nominal (rated) wind speggl, of
14.5 m/s the annual energy outgitan be calculated.

of p P E i
) (Mw) (Mwh) - Windspeed - poyer
A A A 4 Vo probability curve
101 251 4001 /4
8 2 ! Vnom
. 5 300 Annual
. 2001 / Y energy
4 1 / Viph output
2 0.5 100 j Veut-in Veut-out
0 0 04 = > Vv
0 5 10 15 20 25 (m/s)

)i,q. 3. Wind speed and turbine characteristicsibledistribution withk =
J0 and ¢ = 8.0 m/s. 2.5 MW turbine, adapted froNoedex N80 [11].

The key issue is which wind speed and correspongiinger
output should be used for a representative powew fl
simulation. Taking modal or average wind speed redult in
a very low power output. This could be partly owene by
using seasonal wind speed distributions. Then, rforth-
western Europe, the average ‘winter’ wind speed levdae
higher than the annual value and be more applicthlea
‘winter peak demand’ power flow case. This can give
appropriate results with single wind farms. However a
geographically extensive, meshed system with a highber
of wind farms such estimations will not produce fuke
information.

The solution proposed here is to apply a large raunab
possible scenarios in power flow analysis. Unlike the
Monte Carlo method the input data is not derivedmfr
statistical distributions but théime seriesof demand and
generation are directly applied. Such methods hbgen
successfully used to determine the impact of wirihes on
the steady state operation of radial distributietworks [12]
and to obtain agreement for connection of a wingnfan
Scotland [13]. The management of these networktraings is
a challenging issue which has been the subjectughrdebate
in Scotland [14].

The application of time series is illustrated ig.F4. The
single power flow problem with mean values is exjshto
multiple simulations with individual values for datime step.
Using recorded data of stochastic load and geweramhany
vectors have to be used to obtain generally apggiceesults.
With the variation of wind and demand over the y#ais
reasonable to cover at least one year. Due to dfg jgrofile
of demand and the variability of wind over a daynae step of
one hour or less is suggested. This means thaaat 8,760
power flow simulations need to be solved.

APPLICATION OFTIME SERIES
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With proper demand profiles and (historic) wind ow to calculate wind speeds for sub-areas in ordesctieve a

records applied to the network model for each hibus, then
possible to derive a variety of results from theseltiple
solutions. This proposed, rigorous method has tigtingdt
features: (1) The time series of any electricalngjtya can be
evaluated and compared to other quantities of @stewith
time steps that need more careful investigatiomdeie-

‘park effect’ in the modelling. Then, for examplept all
machines would cut out at the same time shouldviimel
speed reach or exceed 25 m/s. When large aream dve
covered, data from several measurement points gheulised
and the calculated time series have to be intetgabl&.g. with
an inverse distance weighting. In the following temt this

simulated and checked within the power flow analysimethod is illustrated by an example.

software; (2) The recorded information can be eataid with
statistical methods and, for instance, be presenté¢ide form
of load duration curves which are commonly usedpfower

system characterisation.
DG2
P
© M
t

lP,Q=f(t)

Electricity
network

Fig. 4. Time series applied to the power flow peoi

Power utilities generally have archived recordsdefmand
metering at supply points with 15 minute, half-Hgwr hourly
periods. After the removal of errors and corruptadand the
patching of gaps they can form the load vectors tfur
analysis. Application of measured records has thestage
that the correlation between individual loads doeshave to
be explicitly known.

This benefit applies even more to wind generati@nsingle
wind time series can be easily created [15, 16]cburelation
between farms is hard to model [4]. The wind tuelsiroutput
can be based on records from wind farms in the aréahas
to be derived from wind data. In many countriesr¢his a
network of synoptic meteorological stations whiehard wind
data on an hourly basis. In the U.K. such recoslisng made

IV. OUTERHEBRIDESCASE STUDY

The northern part of the Outer Hebrides (also knaarthe
Western Isles), a group of islands in north-westecotland,
United Kingdom, was selected for a case study. @fea
studied in detail included the islands of Lewis afdrris
(Fig. 5) which have widely been considered for ¢asgale
development of onshore wind projects.

At present these islands are connected through k33
subsea cable to the Scottish transmission netwotk®island
of Skye (extending from there to the Scottish naid). The
distribution on Lewis and Harris is carried out3kV and
11 kV. A direct 132 kV line transmits power betwedarris
and Stornoway (Fig. 6), running in parallel to érig 33 kV
circuits (now normally open). The transmission lisevery
lightly loaded and the anticipated area demand trafvabout
1% per annum in the populated area around Storn¢Way
will have little impact. Renewable energy developtsein
combination with subsea cable reinforcements cboldever
change this. Currently the generation capabilit@s the
islands include only small-scale hydro and diesel.

A. Power System Modelling

The aggregated minimum demand on Lewis and Hauris i
summer is between 6 and 7 MW [17]. The demand lprofas
derived from the transmission network owner’'s measent
records for northern Scotland. Fig. 7 shows a sfiegl
distribution network model as used by the distiitouhetwork
owner [17]. The values shown are for a winter 2084¢ase.

by the Met Office, generally 10 m above ground leveThe total demand on Lewis and Harris amounts t@ 24W

Alternatively there may be wind measurement masitaliled
for wind resource screening. A further source dadzan be
the output of climate models. Depending on the adist
between measurement points and wind
interpolation may be needed. Using the microscajeeting

software WAsP [10], the wind resource can be cated in

the wind farm areas. Time series of wind speedtban be
calculated at the wind projects based on speeactprE, i.e.
the ratio of average wind speeds at the site efést (at hub
height) and measurement or simulation (often aml@bove
ground level), individually for a number of diremtial sectors
(usually 12 or 16). Using the measured (or simdlatime

series it is then possible to create wind speeé saries for
nearby sites. Based on the power curves of turimbse used,
hourly power output can thereafter be calculatedéxrh wind
farm. When projects spread out over large areas,sénsible

for this particular scenario. Some of this high dedh is
satisfied from the diesel generators at Batteryn®P@ small
amount is contributed from two hydro installaticrl the rest

farms sonfesupplied via the subsea cable. The utility Has eodelled

the first consented wind farm at Arnish Moor whigfill
consist of 3x 1.3 MW stall regulated wind turbines. A rather
high output of 3.0 MW was chosen by the utilityrepresent
the wind farm’s output for this case. Since botk thiesel
generators and the subsea cable still have suffioergin to
supply power, the validity of the results is notrgromised.
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Fig. 5. Distribution network on the Outer Hebrid8sotland, U.K. Fig. 6. Wind farm connections on Lewis.
Stornoway . Pentland Road Stornoway .
33KV Battery Point 12 MW wind 33 kV Battery Point
42 (G ss @ 29.8 MW 14 —27 ) oo @ 29.8 MW
—27 _@_ 4.8 diesel 0.0 —0.7 _GD_ 0.0 diesel
—4.2 14.0 —2.7 54
Barvas —27 _@D— L Barvas —0.7 _@_ R
25 I—GD—I 52 & Arnish 1.0 I—@—I 8.8 - Arnish
o5 | 14 30 /7 Amish Moor 1 o2 | 09 (D28 =) Amish Moor 1
27 | a- ¢ ) 39 MW wind :114'35 07 3.9 MW wind
Coll 08 o3 1> Coll ' o>

2.6 1.0
0.5 0.2 113 Arnish Moor 2

0.0 12 MW wind

to Gisla, 12 < to Gisla, 0.5 <«
Callandish 06 < ’ Callandish 2« ) | Test wind farm
43% 10/20 MW
to Laxay, 0.1 < to Laxay, 0.2 <
Chliostair 1.0 — 132k Chliostair 0.1 <« 1s2ky
overhead line overhead line
to Tarbert, 26 < T @ to Tarbert, 1.0 < l @
Stockinish 0.6 < Stockinish 0.3 «
13% 21%
33kV 132 kv 33kV 132 kV
Harris 42% Harris 56%
33kV N 33kV 17
=112 subsea cable (ol subsea cable
Q < E o«

to South 30 —
Uist 02 >

T 0 to South °
Uist (]

|—)161
|%09
=)
@
xR
©
w0
3
.
l(—10
=)
(=}
X

33kV

Ardmore, Isle of Skye 132KV Ardmore, Isle of Skye

1azkv (swing bus) (swing bus)

Fig. 7. 33 kV distribution network in the Outer Iitieles (partly shown). Fig. 8. 33 kV distribution network with new gengoa connected. Low
High winter demand period [17]. Numbers above othi left of the branch summer demand with high wind generation (FridayJ@0e 2003, 03:00 h).
indicate active power in MW, numbers below the bharor to its right

indicate reactive power in Mvar.
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Besides the planned wind farm at Arnish Moor, thare
two more consented projects, Arnish Moor 2 and |[Bedt
Road, which will have capacities of 12 MW each. Sehbave
been connected to the distribution network modedtasvn in
Fig. 8. For sensitivity analysis a further ‘Testrin with
variable capacity was connected in this study. $hapshot
shown in Fig. 8 is for 20 June 2003, 03:00 h, aartaf low
summer demand [18] with particularly high wind timeo
output, assuming that the wind projects had bestalied at
that time.

The wind turbines’ output was based on wind datands
from three onshore meteorological stations in theaa
(Stornoway, South Uist, and Aultbea; see Fig. 5) #mree
offshore simulation points of the ‘UK Waters Waveodél’
[19] operated by the U.K. Met Office which, amonthears,
simulates wind speeds at 10 m above sea levelygpthese
six records in the WAsP modelling package, the wesburce
and time series were calculated across the wind faeas six
times. The time series were then averaged withnaerse
distance weighting, i.e., the measurement nean&taay had
the biggest impact due to its proximity to the wiadms. The
power curves of the turbines in each wind farm wiren
applied to calculate turbine output. The algorittarcalculate
turbine power output also approximated (on an lyohdsis)
the high-wind cut-out at 25 m/s and the subsequoaetitn at
lower wind speed (taken to be 22 m/s).

30 5
Arnish M 1 <
@ r rnish Moor Power 44 ;
= L
E 13
- 15 e Wind speed 19 o
= N B 3
s L AP I\
0 0
20 : :
; : Lewis + Harris
\E, W
2 10
© L
£ L Y
] L Weekend profile
o ol Tue | Wed | Thu , Fri : ._Mon
’3? o 33 kV side
2 L
e I©
[ I
o
£ [ 132 kV side
g : Harris transformer
0.9 Il 1 1 1
30
g Import to islands SILETIEHD
= —\/\/\A.,\ M /
g © 1%
g -
ncf - Export to mainland
-30 1 1
17 Jun 20 Jun (d) 23 Jun

Fig. 9. Example time series for “Consented windérsario from 17 June
2003 (Tuesday) through 23 June 2003 (Monday) farishr Moor 1 wind

speed and power output, Lewis and Harris demantlages at a Harris
132 kV/33 kV transformer and corresponding subsddecactive power flow.
The dotted line is for 20 June 2003, 03:00 h, &Sdgn 8.

Hourly time series over a period of three yearsmfro
01 January 2001, 01:00 h through 31 December 28080 h
were created for all four wind farms. Wind farm amgtiro
output together with demand were then applied togodlow
simulations for each time step of one hour (i.etotal of
26,280 time steps). The results were saved angsathlAs an
example, Fig. 9 shows a week of time series foes\points
of interest with the consented wind farms connedtedhe
system. The time was chosen so that the hour ¢isglen Fig.
8 is included (indicated by the vertical dottede)in Wind
speed and power vary considerably throughout thersdays,
the latter from zero to rated power. The demandnduthe
weekdays exhibits a different profile than durihg tveekend.
The voltages of the 132 kV/33 kV transformer atehe of the
subsea cable in Harris shows significant deviatifvos 1.0
p.u. This is due to the larger regulation rangeveadid for this
unit and the way automatic tap changing is impleegim the
power flow software. Finally, the active power flaw the
subsea cable is depicted. When the wind blows Btpotige
islands export power to the Scottish mainland ndgcated by
the hatched area.

B. Simulation Results

Due to the low local demand and a relatively higpaxity
132 kV line across the island, the limiting factfor wind
energy exploitation in the area is the subsea cdkite 10
shows the voltag®/, at the receiving (load) end of the cable
when a voltage/; = 1.0 p.u.00 0° is applied at the sending
(generator) end. Depending on the network impedandbe
receiving end the amount of power that can be tnittesd will
be more or less limited. Transformers with on-lotagp
changers at both sides of the cable ensure thaegobwer
exceeding 20 MW can generally be transmitted.

1.2
1.0
0.8 -
0.6
0.4 -
0.2 -

Load power
factor

| 0.8 lead
i 08lag"pglag 1.0, 0-9ead

All yéar
cable rating

V, magnitude (p.u.)

V, phase (°)

0.4
P, (p.u.) —»

0.6

Fig. 10. 23.4 MVA subsea cable transfer charasties. Length 33 km. Load
expressed in per unit (p.u.) on a 100 MVA basis.
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Fig. 11a shows the obtained subsea cable load iclurattap changing disabled were also run but showedstiaatitory

curves for a few scenarios. The 68% cable loadimgve in
Fig. 7 is a good average value for the case wgh3w® MW of
wind installed (for which the curve would lie juselow the
“No wind” trace). This single, seasonal value masksvever,
important information. With no wind turbines indéal, the
cable is lightly overloaded for about 2% of thery@ég. 11b).
With around 40 MW (‘Consented wind + 10 MW’) of win
capacity the overloading conditions become lesgueat and
less severe. The case ‘Consented wind + 20 MW’ ugasl to
explore the limits of the distribution system. $incbe seen that
such a capacity of wind power would be well beydhd
capability of the system. As such, not much moeathO MW
in addition to the consented projects should beargd to
avoid frequent overloading. When the thermal proggrof
the cable (or more generally a branch) are knokeeffect of
the overloading conditions can be further investidain the
time domain. This would indicate whether
temperatures are exceeded and if so, by what vahde
duration.

Consented wind + 10 MW
Consented wind + 20 MW

No wind

Cable loading (%)

25

Percentage of year (%) —

50 75

(a

~

No wind

Cable loading (%) —»

1 2 3 4
Percentage of year (%) —

(b)

Fig. 11. 23.4 MVA subsea cable loading for différscenarios. (a) Complete
curve, the ‘Consented wind’ curve contains a baad the year-to-year
variation; (b) Enlargement for extreme loading.

While branch overloading was allowed in the siniala,
voltage levels were maintained using automaticcagngers.
The normal voltage range in the 11 and 33 kV nétwier

voltage limits would be violated many times andt ttize

installable wind capacity would only be a fractiofi that

already consented. Furthermore, the simulationsldvowt

converge for a significant number of time stepsareas where
there are no tap changers or where the adjustnaggeris
insufficient, the prospects of installing distribdt generators
may be very limited.

The year-to-year variation is shown in Fig. 11a fbe
‘Consented wind’ case for which the range of resdtr
individual years is indicated by the hatched afde spread of
the band indicates that it would be desirable tplae even
longer time series than three years.

Fig. 12 shows that, with no wind turbines install¢de
islands are an importer of electricity at all tim&his will still
be true when the first wind farm with 3.9 MW capsci
becomes operational. With the consented wind pt®jec

criticalamounting to 27.9 MW, the islands will export etagty to

the mainland for more than 30% of the time. With an
additional installation of 10 MW, this time wouldcrease
beyond 40%. Like in the previous figure the yeaydar
variation is indicated for the ‘Consented wind’ €aby a
hatched range.

Percentage of year with import (%) —

20 40 60 80 100

Import

No wind

.......

<— Power (MW) —»

10 S
Consented wind % \“‘\\
20 Consented wind + 10 MW 7~ ... .22,
Export Consented wind + 20 MW ~~.
30 ”
100 80 60 40 20 [0

<— Percentage of year with export (%)

Fig. 12. Lewis import and export for different wimlevelopment scenarios.
The ‘Consented wind’ curve contains a band foryeer-to-year variation.

Given that the subsea cable is a critical eleménthis
system, it was an obvious element to investigaté,elqually
data can be extracted and analysed for any systempanent
of interest. Fig. 13 shows a load duration curve tioe
132 kV/33 kV transformer at the end of the subsalalecin
Harris. It can be seen that its loading is ratigrtland it will
be further decreased when all the consented windsfare

* 6%, but up tat 10% were allowed at the subsea cable endgistalled. Only in the case of the 20 MW ‘Test’ rfarin
The voltage levels and tap positions can be redordeddition to the consented wind farms would the sfamer

throughout the simulation. For a statistical analylsowever, a
time step of 10 or 15 minutes would be more meduing

experience overloading. The simulation results skimat this
may happen for 3% of the year.

order to properly address fluctuations of wind powe

generation and load. Detailed long-term measurendaa
would be a pre-requisite for such an analysis. &itimns with
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Fig. 13. Harris 132 kV/33 kV, 30 MVA transformesalding for different
scenarios. The ‘Consented wind’ curve contains redtfar the year-to-year
variation.

The simulations described were carried out withirdact
network under normal operating conditions. It woaldo be
possible to model outages of single or multiplecuibs.
Failures of either the subsea cable or the 132r&Nstmission
line (N-1 contingency) would have the most sevempdct in
the system described. In both cases the dieselrajeneat
Stornoway would have to be brought online to supily
islanded area. At current load levels this would possible
even if the wind turbines made no contribution &t b
addition, network upgrades could significantly altee results
of this study. There are proposals to install adwiarm with
more than 500 MW capacity on the island of Lewid][@hich
would require a new subsea connection between titerO
Hebrides and the Scottish mainland [21].

C. Further Applications

Fig. 14a shows the annual performance of the faaeated
wind farms. The difference in output stems mainiynt the
different site elevations and hub heights. In thedet, the
turbines never reach rated power due to a glolalateon of
5%, representing the combined downtime, electiacal wake
losses, which were applied across the year.

Voltages have been assessed under steady-statgtiarmnd
and are in practice dependent on the control aftigapower
in the wind farms. As long as the tap changerso#tt bnds of
the subsea cable are able to cope with the voltagation, the
three consented projects might be offered firm ection to
the network. The analysis puts the utility in aipos to give
the ‘Test’ wind farm practically ‘firm’ connectiorif its
capacity does not exceed 10 MW. With 20 MW its attp
would have to be constrained at many hours of &a just to
avoid voltage collapse. Detailed wind turbine datauld,
however, be needed for a subsequent transient sisaly
which the results may, depending on the partictilabine
type, further limit the number installable machin&sich an
analysis was beyond the scope of this paper.

The output reduction, i.e. the constraining of wifagim
production by the network operator, was performedng the
power flow simulations by reducing the test farméneration
in 5% steps until a solution could be found. Thsults in the
visible steps in Fig. 14b, in a small reductiontb& plant
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capacity factor from 36.8% to 36.2% and in an assed loss
of revenues for this hypothetical farm. Fig. 11wbd that this
reduction would be insufficient to prevent the heav
overloading of the subsea cable. Further simulatiwould be
required to determine the acceptable capacity ef ‘Trest’
wind farm.

A probabilistic analysis can give similar resultsoyded
that correlation is appropriately modelled. Diregiplication
of time series obtained for the area of interestmisre
straightforward from a utility’s point of view. Pried that a
representative period of time is covered, i.e. gadheone to
several years, the overall result will describe testem
behaviour well. Moreover, each single time stepl vk
meaningful to the utility and detailed analysesdpecific time
windows can be carried out.
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Fig. 14. Wind farm annual performance. (a) Corsgriarms and 10 MW
test farm. (b) Test farm with 10 MW and 20 MW capac5% output
reductions by distribution network operator visiliehe 20 MW case.

V. CONCLUSIONS

Power
considering typical winter and summer cases forctvigiower
flow simulations produce discrete values for nodaltages
and branch power flows. Highly variable generatsuth as
wind power is not realistically characterised bgirgle value
of power output, in particular when penetrationelsvstart to
make a significant impact on the power system. Spiation

to enable system performance to be studied which is

particularly suitable for utilities is to apply hisic time series
and to derive load duration curves for the key congmts.
Such curves give a much more comprehensive picfithe
system compared to single, seasonal figures. Rusthéstical
analyses and detailed investigations of phenomanaeasily

systems have traditionally been analysed by
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be performed.

As a by-product of such analysis, network planmnetisbe
able to specify non-firm connection agreementduftrre wind
farm developments. The time series approach isogppiate
for assessing the level of likely constraint fornffom
connections but may not identify worst case coadgiwhich
can be related to an infrequent but possible set
circumstances. In order to understand these woask c
conditions it would be necessary to look at longem
patterns and the statistical relationship of infhied factors.

The accuracy of the results depends on the quafitthe
wind data although this can be expected to improith
further wind farm installations. Forecasted windput can be
used in a similar way to determine system perfoadn real

time and make necessary system adjustments to ieptim[zol

system operation.
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