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ABSTRACT

The generation capacity connected in distributietworks
is increasing, largely because of the necessitgitirig
renewable generation where resources are availalile.
distributed generation is connected in inappropeigarts
of a network, it can cause a significant decreasheé total
potential of the network for new generation. Aniropt
power flow-based method has previously been prajfose
assessing network generation capacities. As, feadistic
assessment, it is necessary to include as manyeof t
relevant physical and technical constraints as fjmes
limits on the voltage step changes on loss of agear
are added to the model here. Results on the variaf the
network capacity with the generator power factang ¢he
allowed voltage step window are presented.

INTRODUCTION

Worldwide environmental concerns have increased the
barriers for new large scale conventional powetigia
developments. Also driven by concerns over secofityel
supply, governments around the world have set tartge
diversify their energy mixes in the forthcoming ddes. In

the UK, incentives are already in place to encoarag
renewable and combined heat and power developments.
However, the use of distribution networks for the
connection of Distributed Generation (DG), mearet th
Distribution Network Operators (DNOs) face a numbker
technical issues such as fault levels, voltagerobiasind
power losses relating to DG [1]. This paper deswih
method for assessing the DG capacity of a netwiaking

into account thermal constraints, voltage levelst@ints,

and voltage step constraints on loss of a generator

Voltage step changes occur when a generator iedtap

or disconnected from the network, and limits apdzlly
placed on the maximum step change allowed. Difteren
authorities give a variety of limits on voltage fse For
instance, in the UK, limits of 3% for infrequentaphed
switching events or outages, and of 6% for unpldnne
outages (e.g. faults), are applied for units latgan SMW
[2]. A 5% limit is in common use in the USA [3].

While the process of starting a generator may lelad to
step changes in voltage levels, the sudden disctioneof

a DG unit from the network due to faults or othauses

will be studied in this work. When using a poweswit
based model to assess voltage step change, it €an b
calculated as the difference between the voltags ighen

the generation unit is connected, and the steatlywbltage
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level with the same network topology but with tleagrator
disconnected.

In order to maximise the potential of a networlstpport
DG, careful planning is required; connection ofgration

at some buses might result in network sterilisation
significantly reducing the total capacity for DG Bj (the
goal is not just to supply the load in the netwiydm the
embedded DG, but also to export power to an externa
transmission network if possible.) This is a pafac
concern where connection applications are dealt avita
first-come, first-served basis, without an analysishe
consequences for the network'’s total capacity.

When assessing a network's capacity for generatias,
necessary to consider all significant technical jimgsical
constraints. This paper therefore builds on eawignk on
generation capacity assessment by mathematical
optimisation [4], adding maximum voltage step coaists

to the capacity assessment model. First, a simymebtis
model for analysing the voltage step is introduced.
Subsequently, the method for using an optimal pdiwer
model to determine a network's capacity for DG is
described, including the voltage step constraints the
voltage regulation model applied. Results usingaa part

of the Scottish distribution network are presentadd
finally conclusions are drawn.

VOLTAGE RISE AND VOLTAGE STEP

Voltage step changes in distribution networks may b
investigated qualitatively using the two bus systbimwn in
Fig. 1. This consists of a grid supply point (G&Pbus A,
and load and generation at bus B.

GSP P p6 +JQ pg
| R+jX
A B Vv
P+j0,

Fig. 1: Two bus system for voltage step analysis.

The voltage rise between buses A and B is given
approximately by

Vaa = (PDG - PL)R+( DG _QL)X @
It is assumed that the generator is not run iregatcontrol
mode (as generator voltages are typically aboveimam
because of the real power flow to the grid suppiyng the
difference from nominal is often referred to astageé rise
rather than level.)
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Subtracting this expression with the DG off and the
voltage step at bus B on loss of the generatonpaisg that
the voltage at A remains constant, is

Vsrer = ~Pog R=Qpe X @
Unlike the voltage rise, the step depends on thedput
of the generator, and is not mitigated by loadhat lius.
Also, if the generator is operated at lagging pofaetor,
the reactive flow tends to reinforce the voltagg$tom the
generator real power output, and at leading poagtof the
reactive flow tends to reduce the voltage stepthd
generator consumes enough reactive power, it stgegor
the voltage step to be upward.

Due to the nonlinearity of the AC power flow eqoas, it
is necessary to use a full AC power flow modelrfiyust
calculation of voltage steps and rises. Nevertbetas two
bus model will be useful in interpreting the respltesented
later.

OPF MODELSFOR DG CAPACITY
ANALYSIS

Previous work

The Optimal Power Flow (OPF) method for DG capacity
analysis is based on the concept that the netwoaikacity
for new generation may be found by placing DG esman
sites at the appropriate buses, and using an OREIrt®
evaluate the maximum total generation which thevaet
can support at these sites [4]. The capacity dt sie is a
decision variable in the problem, as opposed tixedf
parameter. As is common with DG [6], the generatwes
assumed to be run in constant power factor modewith
no voltage control), although alternative operatlonodes
are possible.

The only customised constraint in this model beseurity
constraints are added is the Kirchhoff current lakere the
capacity of any DG expansion site must be addéuetoet
power injection at each bus. In the test systend hsee,
there is one connection to an external networkwhah

surplus power is exported.

Voltage step constraints

Voltage step constraints are included in a simiay to the
familiar line outage security constraints. A sgpodver flow
equations is added as extra constraints in thef@RFach
generator outage contingency (these differ fromithse
case only in that the power injection from this gyetor is
zero, and of course in the use of contingency geltand
flow variables.) As the new generation is not tgflicrun in
voltage control mode, the DG connection buses Ry®)(
nodes in the contingency power flows.

The voltage step limit itself is enforced for eagnerator
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outage by placing bounds on the deviation of the
contingency bus voltages from the base case values.

Voltage regulation model

Transformer tap settings are used in distributetavorks to
keep the bus voltages as close to target as peskitthis
work, therefore, the secondary buses of all transfos are
constrained to exactly nominal voltage (a contirsucnge
of tap settings is used in order to retain the icous
optimisation problem.)

| mplementation

The OPF is implemented in the AIMMS optimisation
modelling environment [7]. The mathematical program
generated is sent to the CONOPT general reduceiegta
solver, which has proved to be absolutely reliainie
convergence and reasonably efficient on a clasaumh
larger Security Constrained OPF (SCOPF) problein#\[8
full mathematical specification of the model is iatale
from the first author.

RESULTS

Test Network

The capacity evaluation method is demonstratedsmnedl
section of distribution network in the UK, Fig. RPine
parameters are given in Table 1. This is a suliseofithe
network presented in the original paper on DG cipac
evaluation using an OPF model [4]. The mainly rural
network has significant potential for wind, smat hydro
and other renewable developments, and is represendé
many UK networks with such potential.

132 kv 6

—20

21

25

Fig. 2: Test network for the DG capacity analysis OPF.
Buses 21, 23 and 26 arerated 11 kV.

DG expansion sites of unlimited capacity are plaaed
buses 21, 23 and 26. Bus voltages are constragtaeéen

0.97 and 1.03 p.u. in the base case, apart frongtide

supply point at bus 6 which is at nominal voltage.

The maximum DG real power capacity in the netwark i
shown in Fig. 3 for DG power factors fixed at 0l18§ging,
unity and 0.95 leading.
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Line/ R X Bc Thermal When the DG units operate at lagging power fatiarreal
Transformer Limit and reactive flows in the network tend to be in shene
— 5355 004061 | 00IE xD direction (as seen garller in the twp bus modebheyT
therefore both contribute to voltage rise at theegators,
L6-8 0.02186 | 0.04849 | 0.01082 1.32 and upper voltage limits on the 33 kV feeders ietsthe
L20-22 0.3398 | 0.04849 0 0.19 generation at buses 23 and 26. At unity and leaglavger
L20-24 0.2584 | 0.4535 0 0.27 factor, the real and reactive flows are in the iteo
L24-25 08717 | 0.6247 0 011 directions, reducing voltage rise, and the thetiméts then
T7-20 0.00961 | 0.24533 0 06 bgcome more S|gn|f|ca_1nt. As the lines from 6 toh%ﬁre
T8.20 0.01069 | 0.25083 0 06 high capacity and relatively low reactance, thesgation at
i ' ' ' bus 21 is always restricted by the thermal limittioé
T20-21 0 0625 0 0.24 transformer connecting it to bus 20.
T22-23 0 0.208 0 0.24
T24-23 0 0.208 0 0.24 Power Factor Active constraints
T25-26 0 1 0 0.05
= S - - - 0.95 Iag V+(b22), V+(b24), f+(t20_2])
Table 1: Line and transformer parametersfor the test ) . .
network. All quantitiesarein p.u. on a 100 MVA base Unity V' (02s), 12029, F'(to029
0.95 lead (12029 , f'(t20-20) , F'(to5-29)
Without step constraints Table2: Activeconstraintsat the optimal solution of the
capacity assessment OPF model, without inclusion of
60 . m voltage step constraints.
s Voltage step constraints
2; 40 1 - If a limit of 3% is placed on the voltage step atlebus on
5 loss of a generator, the network DG capacities ghas in
§ Fig. 2, and the active equality constraints ardistsd in
O 20 4 - Table 3. In addition to the symbols listed in threypous
Q section, V¥'(b,g) denotes the upper voltage step constraint
at bus b when generator g disconnects, af(ih)d) denotes
0 T T the lower voltage step constraint. Upward voltagpsare
0.95 lag unity 0.95 lead taken to be positive, downward steps are negdigeause
_ _ the voltage steps (unlike voltage rises) are ntgated by
With step constraints load increases, and the limit for both is 3%, \gdtatep
constraints replace voltage level constraints enligt of
60 o active constraints. Here, the voltage step comgiaire
_ W Bus 26 significant at lagging and unity power factors, the result
§ O Bus 23 at leading power factor is exactly the same asrbeldhis is
< 40 O Bus 21 - again due to the relative directions of the real mractive
5 flows, as when these are in the same directionr thei
% r——es contributions to the voltage step have the samae, sig
O 201 pm— resulting in step constraints becoming active.
O
a
Power Factor Active constraints
O L) L)
0.95 lag unity 0.95 lead 0.95 lag f*(t20-20), Ve (23, 029), Ve (26, 926)
Fig. 3: Network DG capacity without and with Unity f*(t020, VS (023, G2g), VS (025, o)
imposition of voltage step constraints, for DG power 0.95 lead f+| F(t f(t
factors 0.95 lagging, unity and 0.95 leading. ] (l202) . T (t20:29) , T (t2529

Table2: Activeconstraintsat the optimal solution of the
The active inequality constraints, i.e. those wiestrict capacity assessment OPF model, with inclusion of
the total DG capacity, are listed in Tabla/g:)(b) denotes voltage step constraints.
the (upper,lower) voltage limit at bus and f(I,t) the
thermal limit on a line or transformer.
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Variation of capacity with step limit

The variation of the optimal generation capacitiih the
voltage step limit is shown in Fig. 4, for a rainggenerator
power factors. .
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Fig. 4: Variation of the network generation capacity
with the maximum allowed voltage step, for a range of
generator power factors(lg = lagging, Id = leading).

The main qualitative change occurs at limits beR##,
where as the tolerance increases from zero thelgmmob
becomes feasible, and where at leading power fdbtor
most significant transitions from active step tatiac
thermal constraints occur. As the step constrairglaxed
further, voltage level and thermal constraints meedhe
dominant restriction on generation capacity atpalver
factors. Once more, voltage step constraints bedesse
significant as the power factor moves from laggtog
leading. Indeed, at 0.95 leading p.f. the voltage barely
affects the network generation capacity when tbp binit
is at least 3%.

CONCLUSIONS

The method for assessing the capacity of netwankadw
generation has been extended to include voltage ste
constraints on loss of generators. These are iadlinl a
similar manner to the more usual line outage cairgs,
namely by including contingency power flow equasiom

the optimisation model.

When all the generators are run at a fixed powetofa
voltage step constraints are most significant ggileg
power factors, when the real and reactive conficbsgt
reinforce each other. In the test network usedinthe
constraints become more significant at leading pdaator
where the voltage step and rise effects are redudes
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guantitative results presented are necessarilyfapecthe
particular network; however, the qualitative trefgoltage
step (and level) constraints restricting generatiapacity
less as the power factor moves from lagging toifgachay
be expected to generalise to most distribution aektsv
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