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ABSTRACT

In order for governments worldwide to achieve their
renewable targets, large amounts of new capacity, mainly
wind power, need to be connected to power systems. A
significant share is expected to be deployed at distribution
levels. This paper isaimed at assessing the maximumwind
power capacity a distribution network is able to integrate
based on a multi-period AC Optimal Power Flowtechnique
tailored to cater for Active Network Management schemes
such as coordinated voltage control, adaptive power factor
control and energy curtailment. The methodology isapplied
to an Irish 38KV circuit, considering the time-varying
characterigtics of demand and multiple wind generation
profiles based on the coincident hours of different loading
levels and wind power outputs over a year.

INTRODUCTION

Installed capacity of wind power generation inadred has
increased almost sixfold in the last 5 years, regcht the
end of 2007 a total capacity of 805MW [1], a coesable
amount of which is connected to distribution leirethe
form of Distributed Generation (DG). Further DG is
expected to connect in the coming years resultmg i
increasing penetrations, the majority of which Ww#l wind
power owing to Ireland’s rich wind resource along i
Atlantic coastline.

Distribution Network Operators (DNOs) worldwide
recognise the potential benefits brought about By[P),
and, particularly, the environmental impact of reable
sources. However, DG presents DNOs with technical
challenges [2, 3] that so far, due to the relagil@lv levels

of penetration, have been addressed with the iadit
passive approaches of limited sophistication. A Ineinof
new control methods have been proposed, whichufalér
the heading of Active Network Management (ANM) [B-7
Active management of the network offers a meanstigh
increasing penetrations of DG can be connectedsé he
methods entail integrating the assets and partitipa
through use of control and communication systems.

Previous work [8] demonstrated the ability of usbytimal
Power Flow (OPF) to maximise generation capacity, an
therefore, identify available headroom. Nonetheldiss
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technique only uses a single deterministic optitiosaIn
[9], a methodology based on sensitivity analysis larear
programming was developed to optimise the allocabib
multiple-resource DG energy. However, while antinag-
series data for both demand and generation wasgatplo
assess the optimality of the DG allocation, it vt
directly integrated in the optimisation process.

Building on [10], a multi-period AC OPF-based teicjue

is proposed to apply various ANM schemes in order t
maximise wind power capacity in distribution netksr
Coordinated voltage control, adaptive power factmtrol
and energy curtailment are considered. The mutibfe
capabilities of the technique allow the time-vagyin
characteristics of demand and generation to bentadte
account, whereas voltage and thermal constraiitei
kept within statutory limits. The methodology ipéed to a
Irish 38kV distribution circuit used in [9]. Thediibution
network is analysed considering the time-varying
characteristics of demand and multiple wind gememat
profiles based on the coincident hours of diffeteatling
levels and wind power outputs over a year.

METHODOLOGY

The basic AC OPF formulation aimed at maximising th
total DG capacity? across generators (indexed lgy is

n
Maximise z P, (1)

g=1
This maximisation will be typically subject to Khboff's
Current Law (KCL), as well as the correspondingagé
and thermal limits, among other considerations. {@ogver
exports to the transmission grid). In order to npooate
Active Network Management schemes, the parameters a
variables involved should be adapted, and new ainsd
created. Fig 1 shows how the considerations fob#sic
OPF are extended to cater for the ANM schemes tisken
account in this work.

« real and reactive nodal power balance

« voltage level constraints

« voltage angle set to zero for the reference bus
« thermal limits (lines and transformers)

« constant power factor operation of DG units

Basic
OPF

OPF
+

ANM « coordinated voltage control
« adaptive power factor control

* generation curtailment

Fig 1. Basic and extended constraints for the proposedf@tulation.
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Coincident hours of different loading levels andadvpower
outputs based on half-hourly values over a yeat wil
maintain the time-varying characteristics of thmdad and
wind generation. Thus3, the multi-periodicity ib@ved by
relating each demand-generation combination tadirite
duration (number of coincident hours). In this wagch
period has a different set of power flow variabldereas a
unique (inter-period) set of generation capacityaldes is
used throughout the analysis in order to creatarthii-
period interdependency. This is shown schematicaiyg
2.

Period 1
KCL,

Period M
KCLy,

Period m
. . KCL,
M"!m’pe”Od Voltage limits, Volli;nge limits | Voltage limitsy,
variables and Thermal limits, Thermal limits,, Thermal limits,,
parameters etc; - etc,, s etey,
ANM schemes,; ANM schemes, ANM schemes,,

Inter-period T
variables and =]
parameters 9

Fig 2. Multi-period interdependency.

As mentioned previously, the variables, parametes
constraints of the basic OPF must be adapted aocpial
the necessities of each ANM scheme. The following
subsections describe some of the considerations.

Coordinated Voltage Control

Due to the varying nature of demand, on-load tamgbrs
(OLTCs) are commonly used in distribution substaion
order to maintain voltages within mandatory limits.
Nonetheless, depending on the network charactejsti
integrated coordination of the OLTC might allow m&G
capacity to be connected [11]. Thus, the voltag¢hat
substation (targeted by the OLTC) will be treated anulti-
period variable, rather than a fixed parameter,levhi
maintaining the resulting value within the statytaange.

Adaptive Power Factor Control

Depending on the technology utilised by the disiiiol
generator, the operation in leading (capacitiveaiur),
unity or lagging power factors is feasible. In twsrk, it is
envisaged that DG units provide a scheme by allgwin
dispatch of their power factor. Thus, the powerlaraf
each generator will be considered as a multi-pesoble,
while operating power factors within a given rarf@e95
lagging/leading).

Energy Curtailment

Large volumes of wind power capacity can potentiaihd
to voltage rise at times of minimum demand. Alsoitas
the case of rural areas weakly connected to tha grad,
power transfer capacities could be binding [6].0ftion to
ease these problems is the curtailment of the powgaut
[6, 11, 12]. For this purpose, real power curtaiine
formulated as negative generation (or positive aehtat
counteracts each DG unit. Moreover, given the eaino
aspects of lost wind power production, the totabam of
curtailed energy will be also restricted to a petage of the
total energy that otherwise would have been dedder
through each DG connection.

The method was coded in the AIMMS optimisation
modelling environment [13] using the nonlinear
programming solver CONOPT 3.14A.
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CASE STUDY

38kV Irish Network

The one-line diagram of a typical rural sectiorhsf Irish
38KV distribution network is shown in Fig 1. Compesding
line data is included in Table 1. The feeders appbed by
one 31.5MVA 110/38kV transformer. Grid Supply Point
(GSP) voltage is assumed to be nominal. In theiraig
configuration (no DG), the OLTC at the substatias fa
target voltage of 1.078pu (41kV) at the busbar.tatye
limits are taken to be +10/-6% of nominal. The main
demand of the network is 15.12MW.

Three potential wind power locations are considé¢odoke
connected to the remote nodes where two diffeneiifio
wind resources exist.

T D (0.68,0.22)
gE
—
s o
—
E (4.67,1.53) Wind Area 2
OoLTC A (0.68,0.17) Wind Area 1
B (4.12,1.35)
C (4.95,1.44) ]
—

';F‘gc o)

Fig 3. 38kV 5-bus network one-line diagram during maximioad
conditions. Three potential distributed wind povgeneration sites are
considered. Two different wind areas are adopted.

LEGEND
A Node Index
(P, Q) Demand (MW, MVAr)

Line R X
GSP-T 0.2500
0.0863
0.6244
0.4072
0.1357

R X
0.1292 | 0.1357
1.1260 1.1930
0.1550 | 0.1629
0.1292 | 0.1357

Smax
0.1975
0.3817
0.1975
0.1975

Smax
0.3150
0.3817
0.1975
0.1975
0.1975

S
()

U le
(9]

0.0296
0.5941
0.3875
0.1292

mol=(Cc
m|O

o |
m

B-gB

Table 1. Line and transformer parameters (resistance, areet and
maximum complex power flow) for the 38kV 5-bus netlkv All values in
per unit (100MVA base).

Coincident Hours

Half-hourly demand and potential wind power gerierat
(Wind Area 1, Fig. 3) are presented in Fig. 4. tdes to
reduce the computational burden for the multi-pkrio
analysis, a number of clusters (different comborati of
demand and generation levels) are defined and
corresponding duration calculated. Fig. 5 prese¢hés
coincident hours for each of the adopted periadg into
account 10 ranges for demand, and 11 ranges ferajen
(including nil power output), thus effectively regdng the
number of periods to 77 (Fig. 5, Right).

Wind  Demand

0.0 + ———r—— - -
0 2000 4000 6000

L Wi AT N e

i Ll
8000 10000 12000 14000 16000
(Half Hours)

Fig 4. Half-hourly demand and wind power data (Wind Atg¢a

L ——
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Capacity 40 60 80 100
% of Peak Demand —»

<«—— 9% of Generation Capacity

Fig 5. Coincident hours for each of the adopted demandrgéon periods
considering only Wind Area 1.

The second wind profile (Wind Area 2) requiresghéaods

to be re-assessed since the previous coincidens hoeino
longer valid. As shown in Fig. 6 (Left), for eadmpge of
generation capacity of the first wind profile, ayer’ with

the coincident hours of demand-generation is atdfatehe
second wind power profile. Although this approacym
seem to create a large number of periods, due @o th
geographical relation of the wind data used heanty, 539

are effectively considered. Fig. 6 (Right) presetits
coincident hours for these periods.

o { [28 230 263 261 332 59 7] 0
{ 6 23 43 53 53 11 05] 0
21 213 281 265 367 91 18 10

204 [12 7 105 77 100 52 12] 10
7 8 92 o1 121 23 7|20

o [ [05 7 101 85 155 s6 1] 20
4 36 54 66 83 20
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% of Generation
Capacity
(Wind Profile 1)
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0 15 65 108 87 168 53 11| 30
25 15 33 42 22 40

05 50

a

67 103 92 198 37 9 |40
25 17 85 22 05| 50

;

il

\

o)

N

S

3
@
S

S
+————————— 9% of Generation Capacity (Wind Profile 2)

<+—————————— 9% of Generation Capacity (Wind Profile 1)

100

o
@
3

100

_—

% of Peak
Demand

% of Generation
Capacity
(Wind Profile 2)

17 73 82 123 27 75|70

0
50
60
70
EY
% 85 20 45| 70

37 103 100 158 48 5 | 80
35 14 5 55 19 %0

{
{
{
{
{

20 45) 80
1004 [ 3 76 108 173 226 101 16| %0
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Fig 6. Schematic example of how the coincident hoursbtained for two
wind profiles (Left). Coincident hours for each dfetperiods to be
considered in the analyses of the 5-bus networkhiRig

Results

A simple initial evaluation of the network’s abjfitto
connect new generation capacity would be to conside-
intermittent DG during maximum demand. In this soém

the coordinated voltage control (CVC) and adaptioeer
factor control (PFc) ANM schemes will be studiedheT
(single-period) OPF-based optimal DG capacity aral t
corresponding maximum capacity usage considerieg th
implementation of CVC of the OLTC, as well as diéet
power factor settings, are presented in Fig. 7.

Clearly, during peak conditions, the network isatalp of
being a net exporter of power since total DG cdjmei
surpass local demand. Significant gains are actiieden
coordinated voltage control is in place. It carodie seen
that adequate settings of the fixed power factdimva
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further generation capacity. However, it is the bamation

of CVC and PFc that produces the largest total Béacity.

In terms of maximum capacity usage, as expectes, th
methodology aims to make the best use of the tHerma
capacities of the lines and transformers (Fig ghBi Due

to the adopted potential locations for DG, it i® th
connection line E-gE, line A-B, and the transformich
most of the time constrain further DG generatiopacity.

Maximum
DG Capacity

(Mw)
Maximum Capacity Usage

—
* /
0.98 () - PFc

no CvC cve

0.98 (i)

0.98 (c)

Fig 7. Maximum demand and non-intermittent generatioeft{IMaximum
DG capacity and corresponding (Right) maximum cdpasiage applying
different voltage control strategies and powerdasettings. (c: capacitive,
i: inductive, and PFc: adaptive power factor cdtro

Although the maximum demand analysis provides ea af
the non-intermittent capacity that might be coneédb a
given network, it is the combination of lower demdevels
and different generation power outputs (intermitties)

that constrain the capacity of new developmentmditbe
coincident hours from Fig. 6, the annual units \kd
(demand) and units lost (losses) for the 38kV Srmtaork
amount to 92.8GWh and 4.6GWh, respectively. Uniss, |
as a percentage of units delivered, are 5%.

The maximum wind power capacity that can be comatkct
to the network was investigated considering theegas
presented in Fig. 7, plus two levels of energyailment: 2
and 5%. The corresponding results are shown in &ig.
(Left). When curtailment is not considered, thealaility of
both the demand and wind leads to significantljedént
(smaller) DG capacities than those calculated feakp
demand and non-intermittent generation (Fig. 7).
Particularly, coordinated voltage control allowsamerage
three times more capacity than with fixed powerdac
operation. Adaptive power factor control also baésaéiom
CVC, with an increase in capacity of 34%.

Maximum
DG Capacity 55.7,

(MwW)
60

Units Lost

no CVC cve 2% 5%

«— no Curtailment —>+——  CVC+ ——*
Curtailment

PFc

el
2%
0.98 (i) CVC+

Curtailment
Unity cve
no CVV'

no Curtailment
r’s

Fig 8. Time-varying demand and generation: Maximum DGacép
considering voltage control strategies, power feséttings and curtailment
limits (Left), and the corresponding percentagarufs lost (Right).
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Furthermore, with CVC and PFc in place, a 2% ligfit REFERENCES
energy curtailment increases by 18% the wind power ) o
capacity. This figures goes up to 30% when theadorent [1] EWEA - European Wind Energy Association. (2006,

limit is set to 5%. Nonetheless, it is importanhtiie that, Oct.). European record for wind power: over 6,000
for this specific network, unity power factor allswimilar MW installed in 2005. Wind energy has surpassed EC
amounts of capacity (average of 3% less) to thotaimed White Paper targets for 2010. [Online]. Available:
Z)vcljt\t]vel:: Ij‘gcvtvcf)]rege(t;t(i)rzggl r(‘:%% I\éVItrg pg\e/s%n?gnsgge%%%? (:]lxe http://www.ewea.org/fileadmin/ewea_documents/docu
that avoids the investment involved with the PHwse. ][nents/press_reIeases/2006/060201_Stat|st|cs_2005.pd
When power is exported to the transmission grighéi [2] N.Jenkins, R. Allan, P. Crossley, D. Kirschand G.
levels of energy losses might also be produced. &ig Strbac, 2000Embedded generation, Institution of
(Right) shows the annual energy losses (units fosgach Electrical Engineers, London.

case as percentage of units delivered (demandil the [3] P.P. Barker and R.W. De Mello, 2000, "Determii
cases where at least one ANM scheme is in pladts, lost the impact of distributed generation on power syste
considerably surpassed the 5% mark of the origiralis part 1 - radial distribution systemsProceedings
network. In a regulatory framework where DNOs have |EEE Power Engineering Society Summer Meeting
annual loss targets that are relatively close @ thistoric 1645-1656 '
performances, exceeding such levels could mearoeton S . .
penalties that the DNO will have to bear. On theeohand, [4] A Shaflu_, T. BOpP' . _Ch|Ivers, G. Strbac, denkins, .
optimal capacities found without considering ANNtemes and H. Li, 2004, "Active management and protection
resulted in losses below the 5% mark, potentiaiantng of distribution networks with distributed generatlp

the DNO with economic incentives. It is also worttile to Proceedings |IEEE Power Engineering Society
bear in mind that wind power offsets energy sujpidtie the General Meeting, vol. 1, 1098-1103.

transmission grid, i.e., conventional plants, dedefore the [5] G.W.Ault, R.A.F. Currie, and J.R. McDonald,8)
corresponding environmental benefits should also be "Active power flow management solutions for

adequately quantified. maximising DG connection capacityProceedings

| EEE Power Engineering Society General Mesting, 5.

CONCLUSIONS [6] R.AF. Currie, G.W. Ault, R.W. Fordyce, D.F.
Given the inherent constraints for new developmestsh MacLeman, M. Smith, and J.R. McDonald, 2008,
as planning permission, and land and resourceaditity, "Actively managing wind farm power outpulEE
DNOs need to assess the extent to which their mksnave Trans. on Power Systems. vol. 23, 1523-1524.
capable of connecting new generation. In this cante  [7]1 J.R. McDonald, 2008, "Adaptive intelligent powe
innovative control strategies, i.e., Active Network systems: Active distribution network&nergy Policy.
Management, will play an important role. The OPBdzh vol. 36, 4346-4351. _
technique presented here is potentially useful for [8] G.P. Harrison and A.R. Wallace, 2005, "Optimal
distribution planning, where time-varying charaistées of power flow evaluation of distribution network cajipc
demand and generation (including multiple resoyraes for the connection of distributed generatiohEE
also taken into account. The use of ANM schemearlgle Proceedings ~ Generation, ~ Transmisson &
presents several technical benefits that allovirtiegration Distribution. vol. 152, 115-122. _ »
of further generation capacity to distribution netks. It is [9] A.Keaneand M. O'Malley, 2007, "Optimal utdizon
important, however, that each ANM solution, or the of distribution networks for energy harvesting2EE
combination of them, should be assessed on a gasask Trans. on Power Systems. vol. 22, 467-475.
basis since network characteristics drive the pevémce [10] L.F. Ochoa, C.J. Dent, and G.P. Harrison, 2008
(e.g., losses) and cost-effectiveness of each seeawer "Mf_;lX|m|sat|on of intermittent distributed generatio
curtailment proved to have a significant impact on active networks"Proceedings CIRED Seminar 2008:
connecting larger volumes of DG, however its actual SmartGrids for Distribution, 4. o
implementation will also depend on commercial [11] S:N. Liew and G. Strbac, 2002, "Maximising
negotiations. penetration of wind generation in existing disttibn
networks", IEE  Proceedings  Generation,
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