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ABSTRACT

Worldwide interest in renewable energy combined with
technology advances has increased the connection of
intermittent distributed generation to distribution networks.
To allow maximum penetration of such developments
without compromising the normal operation of the network
requires several technical issues to be assessed. In this
context, active management of the network, i.e., the
integration of assets and network participants through the
real-time use of control and communication systems, will
play a major role. This paper proposes a multi-period
steady-state analysis for maximising the connection of
intermittent distributed generation through an optimal
power flow-based technique adapted for active network
management. A medium voltage distribution network is
analysed considering different loading levels and
discretised wind power outputs over a year. Results are
presented and discussed.

INTRODUCTION

Driven by environmental and fuel security concerns,
governments worldwide have set targets to divetbi§r
energy mixes in the forthcoming decades. It isaderthat
renewable technologies will continue to have inisestto
increase their connection to distribution netwoltksthis
scenario, Distribution Network Operators (DNOs) dhee
several technical issues to be evaluated to alevptoper
accommodation of high penetration levels of Distréul
Generation (DG) [1]. Moreover, the intermittent
characteristics of renewable technologies like windver
make it important to also include time-varying asak
when evaluating the distribution system performd&¢c8].
The benefits of using real-time control and comroation
systems to better integrate and exploit the diffenetwork
assets and participants have been discussed frtntheo
technical and economic points of view in the lastatle [4-
6]. While it is certain that the actual adoptionaaftive
network management by DNOs will strongly depenthen
regulatory framework and, consequently, on itsitability,
high DG penetration studies must consider this g to
better manage and accommodate more developments.
The it and forget’ approach used historically ftire
connection of new generation might lead to thelstation

of the network’s ability to connect further capgd].
Therefore, evaluating the network’s maximum DG cépa
is important to provide distribution engineers with
alternatives in decision making and to estimate the
investments required to allow the connection othfer
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generation capacity. From the transmission netyoitkt of
view, given the lower costs for developers to catrie
distribution systems, an overall assessment ghtxémum
generation that might be delivered upstream is elsical

to evaluate the necessity of future reinforcements,
alternatively, to identify areas where DG deploytstould

be constrained.

In this work, a multi-period steady-state analysss
proposed for maximising the connection of interemttDG
through an optimal power flow (OPF)-based technique
Here, an active network scenario is envisaged wiherap
changing capabilities at the substation and energy
curtailment are used as means to allow maximunrptso

of wind power while respecting voltage statutomitg, loss
limits and physical constraints such as thermaitdirand
fault levels.

A medium voltage distribution network considering
different loading levels and discretised variabitf wind
power generation is analysed over a year. Resudis a
presented remarking the advantages of the mulibger
OPF-based methodology and the role of active nédsior
allowing further penetration of wind power develognts.

OPF AND ACTIVE NETWORKS

Given network characteristics such as capacity rosen,
fault levels, losses, topology, demand behavioud an
potential locations for developments, DG capacity
allocation presents several complexities when densd as
an optimisation problem. The approach considersitime
linear programming (NLP) formulation of a multi-jpmat
OPF tailored to determine the maximum DG capaditg a
to be connected to a given network. The varying
characteristics of the demand and wind generatitrbes
taken into account in form of loading and powerpont
levels, respectively. The multi-periodicity is aehed by
relating each demand-generation combination tdirite
duration. In this way, each period has a differsett of
power flow variables whereas a unique set of gdiogra
capacity variables is used throughout the analysisler to
create the multi-period interdependency.

The basic OPF formulation aimed at maximising thitalt
DG capacityP across generators (indexed oy is

n
Maximise z Pg

g=1

1)

subject to:
- 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
(included in the nodal power balance equations)
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Through an active network management approach, DNOs Given the typical radial arrangement of distribatio

will be capable of optimising the use of their asday
dispatching generation, controlling transformelaad tap
changers and voltage regulators, managing reaotiver
and reconfiguring the system [4-6, 8]. Therefareddition

to network constraints traditionally used in OPF
formulations (e.g. voltage and thermal limits), iahles and
constraints derived from active network management
schemes and other technical-economic constraititalgo
need to be incorporated in the approach. The fatigw
subsections describe some of the considerations.

Co-ordinated Voltage Control

By controlling the on-load tap changers at the &tlum,
and, consequently, the corresponding voltage ditsbar,
depending on the loading level, more DG capacightive
connected [5]. Thus, the voltage at the substatiitirbe

treated as a variable, rather than a fixed parametele

maintaining the resulting value within the statytaange.

Energy Curtailment

High penetration of DG could result in increasettages,
mainly at times of minimum demand. Particularly, fion-
conventional generation with intermittent behavjour
curtailment of the power output is an option taeathte
such problems [5, 9]. Power curtailment is formedelbere
by adding an extra variable, to act as a negatveigtion
(or positive demand) at the same location of anb&
unit. Additionally, considering that the financtalsts of lost
wind power production will limit the use of thisteme, in
the proposed formulation the total amount of clethi
energy will be restricted to a percentage of thal Energy
that otherwise would have been delivered through &5
connection.

L osses

Although DG may unload lines and reduce losses, the
reverse power flows resulting from high penetraterels

can give rise to excessive losses. Given the remyla
framework commonly applied to DNOs, with respect to
technical losses, an increase of standard lossalsl wesult

in economic penalties. Thus, assuming an activear&t
scenario where losses still play a significant ratgal
energy losses will be constrained in the propos&f O
formulation.

Fault Levels

Fault level studies are mandatory to assess thibfhity of

DG developments. Given the relatively limited skoirtuit

capacity margin commonly found in (urban) distribat
networks, new generation capacity might be limiw&fhile

wider use of power electronics is expected to redaalt
level contributions from DG [10], current technaileg

mainly for wind power generation, still require sz
attention [11]. In this work, fault levels will becluded in
the OPF as a constraint. Rather than the compngdiyo
intensive direct incorporation of such constra[a®], for

simplicity, DG fault contributions are considerenl the
linearly dependent on their rated current [11, 13].

CIRED Seminar 2008: SmartGrids for Distribution Paper No 0131

networks, the maximum fault level will be obtaineten
considering a three-phase fault at the busbar ef th
substation. Thus, the initial symmetrical shortuirpower

at the busbar resulting from the contributions othithe
upstream grid and total DG capacity, will be lindit® the
design short-circuit capacity of the network. Sittee IEC
60909 Standard will be adopted for the correspandin
calculations, the rated voltage at the busbaraffiict the
final contribution of the upstream grid [11].

CASE STUDY

In this section the application of the OPF-baselrigue to
a test distribution network will be presented.

69-bus networ k

The technique was applied to a 69-bus 11 kV radial
distribution system [14]. The network one-line d&g is
shown in Fig. 1.
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Fig 1. 69-bus network one-line diagram. Power flow resatinsidering
peak load (see Table 1). D+L: Total demand plutesys line losses. Pie
charts illustrate the maximum capacity usage ofitfeesections.

It is assumed that the four feeders are suppliedwoy
identical 10 MVA 33/11 kV transformers operated in
parallel with a reactance of 10%. Voltage limits taken to
be £6% of nominal and feeder thermal limits areNM\A
(270 A/phase). The complete network data are giwen
[14]. The short-circuit capacity of the systentet primary
side of the transformers is considered to be 1008 M he
design short-circuit capacity for the 11 kV netw@k50
MVA. As recommended by the IEC Standard,®hé ratio
for the corresponding equivalent impedance is#@ndl,the
voltage factor, which accounts for variations af fystem
voltage, is taken as 1.1 [11]. Load losses fostlEstation’s
transformers are not considered.

The computational burden of a detailed time-sexnedysis
(e.g. 15-minute, hourly) is managed by using a firag
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load duration curve with discrete generation levasswill
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Fig 3. (Left) Weibull distribution and wind turbine poweurve.
(Right) Cumulative distribution of wind power output

I nter mittent Generation and Demand

In order to capture the time duration of variousdypower
outputs the Weibull probability distribution wadlised for

a mean wind speed of 8m/s, plotted in Fig. 3, aleitly a
typical wind power curve. The cumulative distrilouti
function obtained with the adopted parameters awikp
curve is also presented in Fig. 3.

With the cumulative distribution it is possible to
approximate the time duration of different generatevels.
The adopted discretised wind power outputs are show
Fig. 4 (left), which will be analysed for each bawfdthe
load duration curve (Fig. 4, right). Accordinglyyeinty
combinations, i.e., periods, of demand-generatiohbe
considered here. The demand at each node of thenkes
assumed to follow the load curve in Fig. 4. The
characteristics of the adopted loading levels @aengin
Table | for a year.

Table 1. Characteristics of adopted loading levels (1 year).

% . Active Reactive

Load Band of DuE:t)mn Power Power L(OMS\T\ZS
Time (MW) (MVAr)

Minimum 33 2890.8 1.7868 1.2236 0.0309

Medium 33 2890.8 2.6802 1.8354 0.0712

Normal 30 2628 3.5736 2.4472 0.1296

Maximum 4 350.4 4.4670 3.0590 0.2077

M aximising I nter mittent DG Capacity

As shown in Fig. 2, the end nodes of each feedeegoond

to potential locations for wind power developments,
representing the connection of DG in rural areashef
network. The following assumptions are taken irtooaint
for the analyses:

e DG units operate at 0.9 leading power factor
(producing reactive power).

* The substation power exports to the upstream geid a
limited to the capacity of one transformer (10 MVA)

e Energy curtailed does not exceed 10% of the total
potential wind energy production (of each DG unit).

* DG fault level contribution is 5 times its rated@nt.
Experience proves that this value can be used for
roughly consider wind turbines not connected via
power electronic converters [11, 13].

* Annual losses for the DG scenario do not exceesktho
obtained for the non-DG configuration (708 MWh).

The proposed OPF was coded in the AIMMS optimisatio
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be explained in the following subsection.
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Fig 4. (Left) Wind generation levels. (Right) Load duoaticurve.

modelling environment [15].

Initially, the potential gains from a co-ordinatedltage
control (CVC) scheme are investigated. As showign5,

it is clear that a passive strategy with fixed satisn
voltage ¥g<=1.04pu), limits the network’s ability to
connect new generation capacity. Indeed, consig€irC
the maximum DG capacity is 3.4 times that for fixed
substation voltage, resulting in an increase ofipetion of
wind energy from 11.8 to 40 GWh. However, while the
latter is does not exceed the fault level limite targer
short-circuit contributions from the larger pengtnas
possible with CVC exceed the 250 MVA fault levalili by
7%. In addition, the CVC case results in annuakg@ne
losses that are 3 times those of the original gondition
(no DG). In terms of capacity usage of the lines, EVC
approach increased the maximum value from 35% %.75
As for voltages (weighted average based on timatitun),
lower values were mostly used by the CVC in order t
accommodate further generation capacity. This regul
When the wind energy curtailment scheme is also
incorporated within the OPF (CVC+Cu), the resulta
penetration is even higher: 4.2 times the maximapacity
without active management, or 24% increase on W€ C
case. Nonetheless, the design short-circuit capatithe
network is surpassed by 11%.

The use of co-ordinated voltage control considegimgrgy
loss limits (CVC+Lo), as expected, results in lower
generation capacity than the CVC case. However, it
provides a DG deployment that complies with thét faeuel
limits.

Integrating the previously analysed schemes wimigihg

the energy losses results in 2.7 times the passtigork
capacity (see Fig. 6, CVC+Cu+Lo). Again, the fdeltel
limit is violated. On the other hand, assessingiibgimum
DG capacity based solely on voltage control anti fiexels
(CVC+FL) provides a larger penetration, but at atcaf
exceeding the loss limit.

The full integration of the active network scheraed the
technical-economic constraints proposed here léads
maximum DG capacity of 10.5 MVA, with 38% maximum
capacity usage of lines, 1.03pu average substatibage,
and 28.3 GWh of delivered wind energy. Compareith¢o
maximum generation capacity obtained through aipass
network approach, the proposed methodology shoats th
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Fig 5. Maximum DG capacity (left) and network charactiss(right) for
passive schemeV§s=1.04pu) and active network schemes: co-ordinated
voltage control (CVC), wind energy curtailment (Cujldoss limits (Lo).

the studied system is actually able to connecttiZnés
more, while respecting voltage, thermal, fault lared loss
limits

It is indeed during the worst demand-generatiomades
(e.g. min-max, max-max) where significant penedbrati
constraints may be found. However, considering the
variability and duration provides a more detailedyre of

the network’s capabilities and weaknesses.

CONCLUSIONS

It is certain that location of new generation cafyawill
depend on land availability. As for renewables tam of

land issues, good source availability is also amapncern

for the economic feasibility of a development. Hoewe
understanding the capabilities of the networks ictamsg
certain strategies to optimise the intake of D@gortant

for DNOS from both technical and commercial poiots
view. The OPF technique presented here can also be
extended to study the locational benefits of D@ritter to
provide guidelines on the creation of connecti@eimives.
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