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Abstract— Distributed Generation (DG) is increasing in pene-
tration on power systems across the world. In rural areas, vitage
rise limits the permissible penetration levels of DG. Anotler
increasingly important issue is the impact on transmissiorsystem
voltages of DG reactive power demand. Here, a passive solati

injections from DG [1]. It is mainly an issue on rural netwsrk
due to their high impedance and low X/R ratio. A range
of planning and operational methods have been proposed to
alleviate the voltage rise barrier. In [2] and [3] methods fo

is proposed to reduce the impact on the transmission system Network capacity assessment and the optimal allocation®f D

voltages and overcome the distribution voltage rise barrie such
that more DG can connect. The fixed power factors of the
generators and the tap setting of the transmission transfaner are
determined by a linear programming formulation. The method
is tested on a sample section of radial distribution networkand
on a model of the all island Irish transmission system illustating
that enhanced passive utilisation of voltage control resaaes can
deliver many of the benefits of active management without angpf
the expense or perceived risk, while also satisfying the célicting
objectives of the transmission system operator.

Index Terms— Power distribution planning and operation,
power transmission planning, linear programming, energy e-
sources, wind power generation, losses.

I. INTRODUCTION

HE penetration of Distributed Generation (DG) is rapidl

increasing on power systems across the world. Ambitio
government targets for renewable generation and generéll
increasing oil and gas prices have served to maintain an
indeed accelerate this demand for DG connections. These
factors combined have presented a considerable challeng
distribution network operators (DNOs) and increasingly to
transmission system operators (TSOSs). In particular, D&€&gpo

well established technical challenges for the existingvoet
infrastructure.

DNOs must now facilitate the connection of DG ont
networks which were not designed for generation, whil
maintaining the DNQ’s primary role of delivering a secur
and reliable supply of electricity to consumers. The main
technical barrier to DG on distribution networks has be
found to be voltage rise due to significant active pow
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subject to the network constraints were proposed using AC
optimal power flow (OPF) and linear programming models
respectively. A number of active voltage control schemegha
also been proposed utilising power factor control and tap
changers in both a centralised and distributed manner [4]-
[7]. The transition from a passive network to an active one
has been widely mooted but, despite the range of voltage
control methods developed, there has yet to be a migration
to active network management. In [8], a novel approach
to (decentralised) active management was proposed where
rather than utilising DG to control the bus voltage, power
factor control was designed to counteract the impact of that
generator’s active power output. This then allows the DNO to
connect more DG, but in the traditional fit and forget manner.
The vast majority of work in this area has ignored the

ﬁéowing impact of DG on the transmission system. However,

creasing penetrations of DG are presenting a challenge to
Os as they plan and operate the transmission system. The

utilisation of wind farms as reactive power ancillary seevi

grtoviders was examined in [9], where it was highlighted that

modern wind farms have the capability to contribute reactiv
power and other ancillary services. Conventional largdesca
generation which is dispatchable and used for voltage obntr
is being displaced by DG which in many cases is non-
dispatchable and does not have voltage control enabled. A
consequence of this is increasing demand for reactive patver

%I'lstribution network interfaces, below which DG is conmett
This new additional reactive power demand is placing arstrai

| . . .
on transmission system voltage resources and resultlng n

(jg)rlwer voltages at times of high DG output [10]. The issues

of voltage rise on the distribution network and reactive pow
demands on the transmission system are conflicting. The
selection of a fixed inductive power factor by the DNO serves
to alleviate the distribution voltage rise issue, howeves t
result is a large reactive power demand being made on the
transmission system.

In this paper a method is proposed to determine the en-
hanced utilisation of voltage control resources for DG,hsuc
that the requirements and objectives of both the TSO and DNO
are met. It is proposed here to determine an individual power
factor setting for each generator that will facilitate m@e
capacity than the current fixed power factors and reduce the
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negative impact on the transmission system. The settingsiméreasing concern. At these operating points DG is dispdac
the on load tap changer of the transmission transformer d@ege amounts of conventional generation which traditigna
included as a variable in this formulation, as it will have awould have been utilised for voltage control. As a resulg th
impact on the voltage levels on the network. The optimisationinimisation of reactive power import from the transmissio
method takes account of the capacity of the generation, figstem reduces the demand on the transmission systemevoltag
reactive power capability, the total DG reactive power, theontrol resources.
normal and standby configuration of the network, and the2) DG Capacity: On voltage constrained distribution net-
sensitivity of the voltage at each network bus to reactivegro works, generators at voltage sensitive buses require fivéuc
injections at all buses. In so doing the method can achiepewer factors, i.e. act as reactive power sinks. The magimis
many of the benefits of proposed active management methdida of reactive power injections will determine the reeaeti
but through a passive method which will satisfy both thpower resources that satisfy the constraints with the least
DNO and TSO in an easily implementable manner and ensuam@ount of reactive power demand. The permissible capacity
that the DNO's primary duty towards load customers is naf DG that may be connected without network upgrade or
compromised in any way. DG output can be highly variabl¢he implementation of an active control scheme will thus be
In particular, wind power is a highly variable energy res@ur increased, as will be shown later in Section IV.
and its variability is captured through a time series siiofee.~ The objective function.f (MVAr)) is given as,
for both the distribution and transmission system whichaer
to validate the determined enhanced settings.

Section Il contains a description of the enhanced power Max: J = Z[LF]Z'QZ' @)
factor method. The methodology is implemented and tested =1
on a sample section of distribution network with a desavipti where @, and [LF]; give the generation reactive power and
of the network data and optimisation parameters in Sectlon lload factor of the resource at thith bus andV is the number
Results and discussion are given in Sections IV and V witif buses. The optimisation is calculated at the maximum

N

conclusions given in Section VI. generation, minimum load and zero generation, maximum load
operating points. Maximum generation, minimum load is the

II. METHODOLOGY worst case scenario for voltage rise on distribution neltaior
o i hence if the voltage rise constraint is obeyed at this point,

A. Objective Function it will be obeyed for all possible operating points. A low

The calculation of the enhanced voltage control setting@R ratio results in a greater coupling between active power
requires a range of factors to be included in the formulabibn and voltage, which makes voltage rise a particular problem
the objective function and constraints. The decision de®m on such networks. The load factor& ) give the average
are );, the generation reactive power afd/r,;,, the target output of each resource and are employed here to calcukate th
voltage setting at the on load tap changer at the substatioaverage reactive power of the reactive resources. Theyhiveig
transformer which minimises the reactive power from DG. Theach resource according to its average output and thus those
enhanced settings are determined using a linear progragnmiesources with higher average output will, where possiiie,
(LP) formulation. The objective of the optimisation is tcallocated higher reactive power output (less inductive).
maximise the reactive power injections across all busel wit The diversity of energy resources and the correlation of the
a reactive power resource. This objective is chosen asoiitputs will hence have an impact when the temporal vanatio
optimises the system from both the distribution and tranef output is considered. An important factor is that the tieac
mission perspectives, i.e. it will find a solution that s#&is power capability of the generators decreases with activeepo
the distribution voltage constraints (to satisfy the DN®)h output, according to the typical P-Q relationship for geners
the maximum possible reactive power injection (to satisky t when operated at a fixed power factor. This has the effect that
TSO). as the active power output (which is the cause of voltage rise

1) Transmission System Impact: The maximisation of re- reduces, the reactive power which is used to counteract this
active power injections on the distribution network is atros effect also decreases. This formulation can also take atcou
as the objective because it is equivalent to minimisingtreac of any existing or proposed reactive power resources on the
power import from the transmission system and will lead toetworks, allowing the calculation of their enhanced sgtti
the minimisation of the impact on the transmission system
voltages. Increasing penetrations of DG on distributiotr n&;
works are beginning to cause concerns for TSOs. In particula’ ) o .
the reactive power demanded by DG is presenting a drain onfhe reactive power I|m.|ts of.the generation are added to the
the transmission systems reactive power resources, tpaalin formulation as a constraint, given by,
lower voltages on the system and increased risk of voltage o ) o
instability [11]. As more DG is brought online in rural regi® Quini < Qi < Qmaxs VN @
of the system; there is often a deficit of dynamic reactivehere Qi ; and Qu.x ; are the minimum and maximum
generation and voltage performance suffers as a resuln Freeactive power of the generator at thb bus. Negative values
a transmission system perspective, operating points whéoe @; indicate inductive reactive power (Ind.) and positive
DG output is at its maximum and demand is low are ofalues capacitive reactive power (Cap.). Typically, disition

Reactive Power Capability
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codes require all generators connecting to the network to be3) Upper Voltage Limit: The upper voltage limit (in pu) is

able to operate between a given band of lagging and leadijigen as,

power factors [12]. In Ireland, the UK and other countrie§ D N N

has generally operated at a fixed power factor, with a val o P . >

of 0.95 (inductive) being a typical setting. Here, it is assal Poscurp i = AViap + ;M”PJ * ;p”QJ < Vinaxi $ VN

that all generation on the network satisfies these requinésne (4)

where p;; and P give the active power voltage sensitivity

and the active power respectively. The active power voltage

C. \oltage Level sensitivities are given in Table IX in the Appendix. It is
The method is formulated assuming that there is existife voltage rise from the generators that is of interest.here

DG installed on the network section. These generation capage base voltages/b.scup k) are therefore calculated under

ities and load levels are employed to calculate the voltagg&inimum load conditions.

level before the reactive power injection from the genemato  4) Lower \Voltage Limit: The lower voltage limit (in pu) is

Key parameters in the method's LP formulation of the voltaggven as:

constraint are the reactive power bus voltage sensitiviied

the transformer tap changer setting, a description of esch i VBaseLow ik + AVTap 2 Vinin i 1V N, KV F (5)

given now.

. e . Vmin is the lowest permissible voltage. The relevant op-
1) Reactive Power Bus Voltage Sensitivities: The sensitiv-

. o . erating point in this case is zero generation, maximum load
ity of the distribution bus yoltages to reactive powex;;L, conditions, being the worst case scenario for low voltage.
KVIMVAr) play a key role in determining at what level they. " "o coicylated for each bus for the maximum load,
power.factors should_be Seti; gives the voltage Sensitvity 7erq generation scenario. This scenario represents thé max
of thejth bus to reaf:tl\_/e power at thigh bus andVa, gives mum voltage drop that will be experienced on the network.
the maximum permissible voltage. They show how much t th of these constraints must be satisfied under N and N-1

voltage changes per MVAr change in reactive power. ReaCti¥8nditions. To achieve this the active power and reactivegpo

power from a generator can significantly affect not only th§ensitivities and the upper and lower base voltag@s.(: .
bus to which that generator is connected but also to oth bp Besilup ik

7 ascLow ik ) are calculated for a set df possible N and N-1
nearby dependent buses. \VBaseLow ik) P

oS feeder configurations. This leads to multiple instances4df (
The voltage sensitivities are dependent on the structufgy ).

and impedance of the network. In radial distribution system
feeders are separated by normally open points which define
the normal feeder configuration. The N-1 feeder configunatio lll. TESTSYSTEMS AND OPTIMISATION PARAMETERS
are also included here. Indeed, the DNO may decide to movelhe methodology is applied to a sample radial section
the normally open points for various operational reasohg Tof the Irish 38 kV distribution network, the impact on the
reactive power bus voltage sensitivities are thereforeutaled transmission system is determined by modelling the all is-
for both the normal and N-1 feeder configurations. These Nldnd Irish transmission system. These models are separate
configurations often present a reduced margin for voltagg ridue to the computation requirements of a combined model.
hence it is important that they are considered. The optimisation method is solved using the XA 15 linear

The sensitivities are calculated through ac load flow analifogramming solver.
ysis. The reactive power injection is added incrementaily a The distribution network section analysed is a typical kura
each bus in turn and the voltage recorded. section of the Irish 38 kV distribution network, shown in

2) Transformer Tap Changer: The transformer at the bulk Fig. 1. The normally open points, labelled N.O. are closed
supply point (BSP) is equipped with an on load tap changeéwder N-1 feeder conditions. Such conditions arise on this
as is generally the case. The corresponding target volgagé@twork when, for example, the line Tx-A is switched out
commonly set to above nominal values to ensure that there g maintencance. The line impedances and load data for
no low voltage conditions at the end of the feeders. In sortiee network are given in Table VIII in the Appendix. It is
cases there may be scope to lower this setting and increaseagsumed that each generator is connected to the network via
voltage margin for DG. The tap changer setting is included asb km overhead line. The rating of the substation 110/38 kV
a variable in the formulation. It is given bV, in pu and transformer is 31.5 MVA and the maximum load experienced

can vary according to the constraint given in, on the system is 15.5 MW. The initial target voltage at the
secondary of the substation transformer is 41 kV (1.08 pu).
0.1 < AV <0 ©) The statutory voltage limits are10%.

The assumed installed DG capacity is shown in Table II. A
where 0 p.u. indicates an unchanged tap setting from itsuttefaDG scenario is assumed with a total of 32 MW connected on
value at its upper limit, with a lower limit of -0.1 p.u. Foreh the network across six of the buses (including the transomss
voltage constraint to be satisfied the voltage at each bus mings) with no generation connected at one of the buBé3,;,,
be kept within its upper and lower limits. The critical opamg is assumed to be 0.90 (inductive/capacitive) for all getoesa
points in each case are (maximum generation, minimum loallbiomass generator is assumed to be installed at bus B with
and (zero generation, maximum load) respectively. wind farms connected at the other locations, in order to test
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A. Reactive Power Bus \oltage Sensitivities

Tx
v.,:Ts’ékv ’ The sensitivity of the distribution bus voltages to reagetiv
fl—@ oE power injections plays a key role in determining at what
s : | | i@ level the power factors should be set. They are calculated
’ i |—> l_, by fixing all network parameters including the load and
NO D:0£8.022) £ wer 1.5 generation and solely incrementing the reactive power ofiea
OLTC DG plant in turn. The voltages _at e_ach bus are r_e_corded at
A (0.68.0.17) each step in this process resulting in the sensitivitiesveho
‘op— B (4.12,1.35) in Table IIl. The sensitivities shown are for the normal feed
sl configuration. The diagonal elements are the individual bus
4'_)—|—@ voltage sensitivities and the off diagonal elements give th
L:GEND . | (: ) = interdependence between buses. The N-1 sensitivitiedsoe a
(P, Q) Demandomivan| 9 g8 calculated and employed in the optimisation to ensure that n
constraint breaches occur under contingency conditiohs. T

OLTC at the BSP is set to regulate the secondary side of the
Fig. 1. 38 kV 5 bus radial distribution network diagram (mtad level)  transformer to a fixed value, hence the zero values for veltag

sensitivity at the Tx bus. The primary side voltage will vary

dependent on the power flow through the transformer. The
the methodology with a diversity of energy resources. Itse a primary side is essentially the slack bus and its voltag@ctan
assumed that there are no capacitor banks currently carthecbe adequately determined without a proper representation
A relevant factor is the type of electrical machine emplofeed of the 110 kV transmission system. It was found that the
each energy resource. Wind farms employ doubly fed indugensitivities generally increased under N-1 conditions aso
tion generators, squirrel cage induction generators (pather  that the sensitivity to active power injections proportitely
factor correction capacitors) or full converter synchnaso increased, with the result that the N-1 condition did nospre
machines. Each of these machine types will be able to operatgiore severe constraint as may have been expected.
continuously at any fixed power factor within the defined mng
in the distribution code. Other resources such as biomags ma
employ a conventional synchronous machine. Such machines,
if operated at a large inductive power factor, may have aelarg
rotor angle, leading to stability concerns for the DNO. Such

TABLE Il
REACTIVE POWERVOLTAGE SENSITIVITY FOR NORMAL FEEDER
CONFIGURATION (KV/MVA R)

factors could be included as an additional constraint on the _» A B C D E Tx
permissible power factors for DG if required. A | 002741 0.0272) 00272} 0 0 10
The b " t the b | t to th q B || 0:0275| 02292 02287 | 0 0 0
e base voltage at the buses, relevant to the upper and - || 51577 | 02313| 0.3663| o© 0 0
lower voltage I|m|.t are shown in Table | with the DG scenario D 0 0 0 0.3898 | 0.3895| 0O
analysed shown in Table II. E 0 0 0 0.3917 | 0.4456| 0
Tx 0 0 0 0 0 0
TABLE |
BASE VOLTAGES(PU)
43
Bus A B Cc D E Tx

VBaseUp 1.0718 | 1.0526 | 1.0487 | 1.0508 | 1.0474 | 1.0789

VBaseLow || 1.0508 | 0.9561 | 0.9237 | 1.0097 | 1.0039 | 1.0789 e L L ________ _/_/‘

TABLE I
DG CAPACITY (MW) AND LOAD FACTORS FORSCENARIOS1 AND 2

|

\

Scenario 1 =il
Bus Al BJ|]CJ|] D] E | Tx " -t
DG Capacity 6 5 7 0 8 6
LF 0.35| 0.85| 0.35 - 0.30 | 0.30 .
Scenario 2 5 -4 -3 al 0 1 3 4 5
Bus Al B C|D]E] Tx Q(MVAr)
DG Capacity 4 6 > > ’ > Fig. 2. Individual bus voltages as a function of reactive poinjections at
LF 035 0.85] 0.35] 0.30 | 0.30 | 0.30 the same bus (KV/MVAT)

Fig. 2 shows the individual bus voltages as a function of
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reactive power injections at the same bus. The maximum
permissible voltage is indicated in the figure by the horiabn
dashed line. It can be seen that the sensitivity of the buses

TABLE IV

ENHANCED POWERFACTORS(PFS) & TAP SETTING

increases with distance (impedance) from the fixed voltage Scenario 1 || Scenario 2
transmission bus, with buses C and E the most voltage B:S Poo‘g’gr(ga“‘)’r Poo‘g’gr(ga“‘)’r
. . ap. . ap.
constrained. B 0.93 (Ind.) 0.90 (Ind.)
23 c 0.90 (Ind.) 0.96 (Ind.)
D - 0.90 (Ind.)
" E 0.94 (Ind.) 0.93 (Ind.)
s e e P e Tx 0.90 (Cap.) 0.90 (Cap.)
Overall DG PF| 0.998 (Ind.) 0.987 (Ind.)
e prere——— s S e AViap ~0.008 pu -0.008 pu
= d
=
& 40 —
ol — =B purpose, a transmission analysis and a distribution analy-
c sis. The modelling and computation requirements of a joint
38 iE transmission system and distribution system are extremely
high. For this reason they are kept separate. Despite this,
37 the method takes account of both systems’ requirements in
5] -4 -3 -2 il 0 1 2 3 4 5

a single optimisation method. Furthermore , it is important

to also bear in mind that due to legal unbundling, it is not

Fig. 3. Voltage at all buses as a function of reactive powjections at Bus realistic to propose the optimised operation of the trassmi

C (kV/MVAr) sion and distribution networks simultaneously. Detailsha

transmission and distribution time series power flow aredys

Fig. 3 shows the voltage at all buses as a function of reactisiad their associated results are given below in SectiorB 1V-

power injections at Bus C. This figure shows the level aind IV-A respectively. Only scenario 1 is included in thedim

interdependency between reactive power at bus C and all otkeries analysis.

buses for the normal feeder configuration. It can be seen that

the bus which exhibits the highest sensitivity other than C

itself is bus B which is closest to it. A. Distribution System Analysis

Qc (MVAr)

For the distribution system analysis, an annual time series
IV. RESULTS power flow simulation was performed consisting of half hgurl

The enhanced fixed power factors calculated using the ab@gepower flow calculations for the distribution network simow
method are shown in Table IV for scenarios 1 and 2. It can Fig. 1. Data for historical time series for the distritmrtiload
be seen that capacitive power factors were allocated to D'@s obtained from Electricity Supply Board (ESB) Networks,
connected at buses with a lower reactive power bus voltae Irish DNO. A wind power output time series for each
sensitivity, such as buses Tx (0.90 Cap.) and A (0.90 Capys was not available so the distribution network sectios wa
in scenario 1. Buses located further out in the networks ag#lit into two areas, with buses A, B and C utilising one time
hence with a higher bus voltage sensitivity were allocaté&gries and buses D, E and Tx utilising the second time series.
inductive power factors, such as buses B (0.93 Ind.) andACseparate historical biomass power output time series was
(0.90 Ind.). The overall generation power factor seen by thged for the generator at bus B. The two wind time series
transmission system is 0.998 inductive when all generatdtsed were historical wind farm time series with identicalei
are at their maximum. In order to assess the robustness of #&mps. The wind farms used as the source for each time series
method, the 6 MW generator at bus Tx is taken to be o@te located approximately 35 km apart. This is important for
of service. In such a case the overall generation power rfactbe distribution analysis as it is the correlation betwelesaly
reduces to 0.986 inductive, with all constraints still resged. located wind farms that needs to be captured.
The enhanced\Vr,,, (also shown in Table IV) indicates that The distribution time series power flow analysis allows a
the tap changer should have a target voltage of 40.7 kV (1.0q@antification of the reactive power import from the trarsmi
pu), in both scenarios. sion system and distribution losses. A number of scenarios

Scenario 2 introduces a variation in the DG capacitiegere assessed, with fixed power factors of 0.95 inductive and
locations and load factors. It shows similar behaviour withnity power factor simulated along with the enhanced fixed
slightly more inductive overall DG power factor due to thgower factor settings. Results for each of these are nowngive
reduction of available reactive power at bus Tx and A. DG 1) Reactive Power Demand: The impact of wind generation
output and the load will vary according to the time of dagn the transmission system is monitored throughout the year
and season. It is important therefore to assess the tempamalerms of the reactive power seen at the bulk supply point
performance of these power factors over a year. Two separf®mported). e statistical properties Gfimportea for the year
time series ac power flow simulations are required for th&we shown in Table V.
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TABLE V TABLE VI
BULK SuPPLY POINT REACTIVE POWER (MVAR) TOTAL DG CAPACITY FOR VARIOUS POWER FACTOR SETTINGS (MW)
QImported Zero Gen.| 0.95 (Ind.) | Enhanced PF Enhanced PFH 0.95 (Ind.) | Unity PF
Max. 4.56 15.88 7.48 32.0 29.3 22.4
Min. 1.01 1.02 1.02
Mean 2.52 7.54 4.56
Std. Dev. ¢) 0.71 3.90 1.11
Total (MVArh) 22,110 66,069 39,919 factors, as it satisfies the voltage constraint under noendl

N-1 feeder conditions. It is interesting to note that the BSP
transformer capacity plus minimum load places a limit on the
otential DG capacity, in this case 37.05 MW. This indicates
Rat an extra 5.05 MW could be facilitated by active voltage
|‘ﬁanagement over the initial assumed DG penetration of 32

) . ) T .. MW, which is only feasible with enhanced passive means.
the introduction of wind power results in increased valigbi e i . .
. . ! 3) Distribution Losses: Losses are an important consider-
in reactive power. Under the enhanced fixed power factof. ' .

; o ion in any aspect of power system planning. Much work
scenario the transmission system sees an average reaglive

power demand of 4.56 MVAr. This represents an increase ovﬁfzars been devoted fo assessing and minimising losses on

It can be seen that under the fixed power factor scena
the reactive power import from the transmission system
substantially increased. The standard deviation higtgigfat

. . . istribution systems [14], [15]. The losses resulting from

the zero generation case, but is considerably less tham valu ' . " )
: enhanced fixed power factor operation and traditional fixed

of 7.54 MVAr for 0.95 power factor. In this case the enhance . :

. / : power factor operation are compared in Table VII. The losses

fixed power factor settings result in an overall DG powerdact ith no generation connected are also aiven

that is very close to unity. This is beneficial to the TSO, b g 9 '

also facilitates extra generation capacity at no extra, edsth TABLE VI

is beneficial to the DNO and DG developers. The voltage s yyyai LosseS(MWH) AND LOSSES AS APERCENTAGE OFUNITS

at each bus was also monitored throughout the year and, as DELIVERED (%)

expected, the enhanced fixed power factor scenario resulted

in no voltage violations. The unity power factor scenario is Losses Mwh | %
not included here as it results in severe overvoltages fer th Zero Gen. || 3,527 | 3.97
listed DG capacity and hence is not a realistic scenario. The 0.95(Ind.) || 2,775 | 3.12
zero generation case does indicate the level of reactiveepow Enhanced PH| 3,174 | 3.57

import that would occur with unity power factors. It should b
noted that there will be differences arising from the vodtag It can be seen that the losses are affected by the power
dependency of the load. factors of the generation. In both cases the losses areedduc
2) DG Capacity: One of the benefits of the enhanced fixedonsiderably by the introduction of generation onto the net
power factor settings is that they will facilitate greatevdls work. This may not always be the case and is dependent on
of generation to connect than the typical 0.95 inductive ¢he size and location of the generation. In this case thexe ar
unity power factors that are generally selected by the DN@wltiple generators at various sites, so a reduction inelss
The voltage levels resulting from the enhanced fixed powean be expected. In cases where there are a smaller number of
factors are now compared to the more typical scenario of 0.Bger generators at remote buses, an increase in losses may
inductive and unity power factor. Firstly, the voltage llsviar occur.
both scenarios are compared for the worst case of maximunit can also be seen that the enhanced fixed power factors
generation, minimum load. The maximum allowable voltagesult in an increase in losses over the fixed 0.95 powerracto
on the Irish 38 kV network is 41.7 kV (1.1 pu). It was foundThis is due to the lower power factors at buses C and B
that the 0.95 inductive power factors resulted in ovengsta of 0.90 and 0.93 respectively. The increased reactive power
of 41.74 kV, 41.77 kV and 41.92 kV at buses C, D and demand causes increased current along the lines to these bus
respectively. In order to quantify the capacity benefit o thover the year resulting in slightly higher losses. Nonetbg|
enhanced power factors a simplified version of the methodtimese increased losses are significantly lower than thedoss
[13] was employed. It was found that the maximum generatidgmcurred when no generation is present. The total annuplbout
capacity that can connect at these buses with 0.95 fixed porem the DG over the year is 125.99 GWh. The annual units
factors is 29.3 MW. The enhanced fixed power factors hadelivered (demand) for this network amount to 85.89 GWh.
therefore facilitated an increase of 9% (2.7 MW) in Dable VII also shows the units lost (losses) as a percentage
capacity at no extra cost, when compared to the (assumedo82he units delivered. The reduction of losses is a priority
MW) traditional fixed 0.95 power factor scenario. Under théor DNOs and it has been demonstrated that, for the adopted
same conditions for unity power factors the total amount ehse study, the connection of DG results in reduced losses
generation that can connect is 22.4 MW which is a reductidm all scenarios. Another important priority for DNOs is the
of 9.6 MW. These results are summarised in Table VI. connection of DG, in particular renewable DG. A balance is
This snapshot analysis confirms that the assumed 32 MMhieved here between increased DG penetration and reduced
of generation can now connect with the enhanced fixed powesses, albeit not minimum losses.



IEEE TRANSACTIONS ON POWER SYSTEMS (IN PRESS) 7

B. Transmission System Analysis stability of the system for a time-series power flow simalati
i o based on the definition of long-term, small-disturbanceags
In the Republic of Ireland, the transmission system VOIta%‘?abiIity [19]. In [19], this type of voltage stability enoo
:;avels arehllc(j)_ ka 220 kaand 400 kV. It is the 'nteg"’e‘c%asses the small-disturbances in the system, such as shange
ketv;/eer? the Istri fu_’uon an r;cransmﬁsmdr? Syste_ms at toe 51 15ad or generation over the slower acting equipment in the
V level that is of interest here. The distribution networl, gt sich as tap-changing transformers, thermoshatica
section under study here is located in the south west of tie . lied loads. and generator current limiters

country in a rural area with low load and limited reactive he effect of the optimal power factors is demonstrated

power resources. The transmission system model employﬁ he PV curves of the 110 kV bus connected to the 38
here is based on the planned system for 2013 [16]. 2013 bus through a transformer. The behavior of PV curves

chosen_ as the gxpected high penetrations of wind and_ d the relationship to voltage stability is a well estdi#is
will gxhlblt more impact upon the sys.tem. For voltage siapil concept [20], [21]. The PV curve is influenced by the PF
studies, the worst-c_:ase operating point occurs when DG.‘:ser&f the system. More inductive PFs limit the power transfer
the Iarge_st propc_>rt|on of the system’s de_man_d. From arﬁalyg pability of the bus, and lower the value at which the aaltic
of 2013 time series, (scaled from 2006 historic load and wi ltage is reached. The opposite is true for capacitive PFs

data) for system demand and planned penetrations of wind kre the critical voltage or the point of voltage collapse

DG in 2013, this point was found to be on October 31st. A 38 extended and allows for increased power transfer in the

minute time series ac power flow analysis of the all islanghliri system. This extension of the critical voltage point is know

transmission system was carngd out_for a two week PETNIAL the voltage stability margin, and is a measure that djrect
around this worst case operating point for voltage stbilitefiects an increase in voltage stability in the power systach
[10]. L ) o indicates that the system is more secure. Since the maximum
DG outputis highly variable, therefore it is updated beweg, e transfer for a particular bus is limited to the sizehs t
every time step in the power flow analysis. This variabilitgonnected wind farm, the voltage value reached at maximum

requires a unit commitment and an economic dispatch t0 Bwer will indicate an increase or decrease in the voltage
carried out for the conventional generators on the SyStem-sfability margin of a bus.

unit commitment schedule for the two weeks in October was Fig. 4 shows the resulting PV curve noses for the 110 kV
used to account for which units would be on during a particulgsp pus with fixed 0.95 power factors, while Fig. 5 shows

day [17]. Economic dispatch is employed to account for th§e same for 110 kv BSP bus with enhanced fixed power
generation load balance between the 30 minute time-stepgqrs The impact of the enhanced fixed power factors is
Heat rate curves for each of the conventional units in tg;ijent in Fig. 5, as the power generated by the DG increases,
system were written into the economic dispatch applicatiogytages actually increase at the 110 kV bus. The system is
and based on the unit commitment schedule, this provided {5 more secure and is better able to cope with an unexpected
load/generation balance at each time-step [18]. contingency. The voltages in Fig. 4 are still within the rang
New wind generators are connected based on the resouse&apility, but are seen to be noticeably falling as power
analysis from the All-Island Grid Study [18]. The transn$s  production increases from the wind farm leading to a deereas
system is divided into wind regions, and the region's timgy system security. System security is defined as the afuifity
series used for all farms in the region. Wind power time serighe power system to withstand a sudden loss or unanticipated
were fed into each individual wind generator based on itsiwinggs of system components [19]. This effect is particularly
region. They all connect at or below the designated 110 k{ident from comparison of the noses of the two curves.
bus. Distribution connected generation is modelled bebimd g55ed on [20], this implies that the voltage stability margi
impedance below the 110 kV transformer as a means of Mgy that particular bus is extended and the security of the
eIIing a general distribution network. The §pecific_disltibn system is improved when the use of optimal power factors
section under study here was modelled in detail separatglyjmplemented. Not only does the implementation of optimal
For the transmission analysis the DG time series (wind ap@yer factors improve the PV curve’s voltage stability niayg
biomass), capacities and power factors were combined int giso controls the range of voltage at the 110 kV bus between
single aggregate time series for active and reactive pams. 5 smaller bandwidth and increases system security as seen
aggregate generator was connected through its corresfngh Fig. 5. This demonstrates the value of increased terminal
110/38 kV transformer to the transmission system. The diveréoltage control and allows for more predictable voltagethat

result is a realistic picture of the connected wind generati yransmission level leading to more robust system operation
on the all island Irish power system in terms of both capacity

and location.

1) Long Term Transmission Voltage Sability: Power Volt-
age (PV) curves are displayed for the results of the two The method presented here is a purely passive approach. It
week time-series power flow analysis. The data used in thighlights that some of the benefit of active management can
time-series power flow was correlated wind power output amé achieved through intelligent selection of settings. ©he
loading data for 15 minute intervals specific to the region iits major advantages is that it does not require any addition
which the farm was located [10]. The 15 minute wind powearetwork investment or communications infrastructure el
output data was deemed sulfficient in order to assess thgeoltd is a readily implementable solution. It avoids the many

V. DISCUSSION
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1.07

on a seasonal or monthly basis, this would provide scope for
extending the constraint limits of (5). In Spain, for exampl
a power factor scheme is implemented whereby DG has three

=
=3
&

% T, - A L different power factor settings dependent on the systerd loa
R B T T N e level [22]. The method proposed here could be employed in
s ) R such a situation to calculate the enhanced fixed power factor
§ 104 ° . for various load and generation levels. Here the settings ar
s calculated based on two extreme operating points, (maximum

generation, minimum load and zero generation, maximum
load), and illustrates that even in such a case, the method
can deliver significant benefits to both the DNO and TSO, as
% s s 2 m » » = = validated by the time series analyses. The methodologystake
Total DG Output (MW) account of the N-1 line contingencies. Generator outages ca
also occur and the method could be extended to take account
Fig. 4. Nose of PV Curve for 110 kV BSP bus with fixed 0.95 poveatdrs of each possible DG contingency. In addition, if new DG
is connected or existing units decommissioned, the enlgance
L7 . . settings could be recalculated and reset appropriately.
I I L R A e Distribution codes specify the required capabilities of DG
S 7 B plants. Typically, they are required to operate betweemgea
.. sl of power factors. The network operators will instruct the DG
. owner to operate at a given power factor in this range. In
108 networks where voltage rise is the main barrier, inductive
power factors of 0.95 would be typical, as in the Irish case.
103 Where voltage rise is not an issue, unity power factor coeld b
employed. The reactive power capability of DG is a signiftcan
102 ‘ ‘ ‘ ; ‘ ‘ - + resource and, as has been demonstrated here can be used in
24 25 26 27 28 29 30 31 32 . . . .
Total DG Output (MW) a passive manner f_or the benefit of the_ sys_te_m. ThIS passive
implementation avoids any of the potential difficulties asdy
Fig. 5. Nose of PV Curve for 110 kV BSP bus with enhanced fixedquo ing active coordi_nated _COIﬁfOl between mu_ItipIe geneEat(_)r
factors and as a result is readily implementable without any major
technical barriers. The impact on the transmission system o
large penetrations of DG is becoming increasingly impdrtan
commercial and regulatory barriers which have stymiedsactiThe migration of large amounts of voltage control resources
management to date. In addition, it is a low risk solutionakhi to the distribution system indicates that the utilisatiénhese
should appeal to DNOs, whose primary responsibility is t@sources is no longer an issue for just the DNO but also
ensure a reliable, high quality supply to its customers. THer the whole power system. This method utilises the reactiv
method takes account of the N-1 configurations and the omdypport resources for the benefit of the distribution systach
events which would require recalculation of the power fetotransmission systems. The method has been well received by
would be extended disconnection of one of the generatorsgirGrid the Irish TSO and ESB Networks, the Irish DNO.
the connection of a new generator or load growth from year BESB Networks see potential benefits in it and have adopted
year. The calculation for such events is easily implemdatalit as part of their smart networks plan [23]. It is planned to
with the new settings implemented from year to year by then a trial of the method on a section of the Irish distribatio
DNO. network where there is a cluster of DG units, thus providing
The method is intended for analysis of large penetrations @fgood test of the method’s robustness [24].
DG. If there is not a significant penetration of DG, the method
will still solve but will reduce to selecting the maximum
power factor of the one or two DG units that satisfies the
distribution voltage constraint. Regarding system siae,test In this paper an optimisation approach has been developed
system presented is relatively small and a larger systenidwvotor the utilisation of voltage control resources with DG rfro
likely have a greater diversity across the buses and provideth the transmission and distribution perspective. Thénate
greater margin for the enhancement of the power factooptimises the power factor and tap changer settings of the
The method provides a baseline against which active contdi$tribution network section such that distribution vgha
methods could be measured and indicates the level of furthierits are obeyed at all times and the transmission system
benefits that active management should deliver if it is fmpact of DG is reduced. It has been shown that the margin of
achieve widespread adoption. It could also be employed g5 reactive power capability and the bandwidth of the on load
model a more active scheme, whereby constraint limits couleb changer can be used, in a passive manner, to satisfy the
be extended to take account of more active managementcohflicting objectives of the TSO and DNO. The connection of
resources. For example if the tap changer settings were B& has resulted in the migration of significant voltage cointr
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resources to the distribution network. The reactive powep]
capabilities of generation on the transmission system have
long been an important resource for TSOs. It has been show(g]
here that the same capabilities of DG along with existing

distribution control measures are gaining more importdace

both distribution and transmission system operation. 1]
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