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power generation to avoid line overloads at mudtipktwork

Abstract—Active Network Management schemes are being interfaces. It enacts curtailment in a strict Yasfirst-off

developed to accommodate larger volumes of renewabl
generation within distribution networks. Approaches typically
manage only single technical constraints or are hidy complex
with extensive sensing and communications needs tHaring cost,
deployment and operational risks. This work offers an
alternative, decentralized approach for real-time nanagement of
local voltage and thermal constraints that avoids »ensive
sensing and communications. It controls generator ciive and
reactive power output to overcome voltage and theral issues
near the point of connection. Results from time-sées analyses
reveal its effectiveness in managing both constrais and allowing
greater production. It represents a potentially eféctive and fast-
to-deploy alternative to more complex, integrated@utions.

Index Terms—Voltage constraints, thermal constraints,
congestion management, active distribution networkdistributed
generation, decentralized control, generation curtément.

|I. INTRODUCTION
CTIVE NETWORK MANAGEMENT (ANM) schemes

merit order based on the sequence in which DG wnéie
physically connected to the network. The approaa lheen
successfully implemented in the thermally-consedi®rkney
Isles network in Scotland [1]. Using a centralizazhtroller
and communication links the scheme measures lovesfland
generator output and delivers set point instrustimnDGs.
White et al. [3] developed ‘GenAVC’ to control substation
on-load tap changing (OLTC) transformer voltage®msure
multiple feeder voltages remain within limits. Istienates
voltage along the feeders using information fronmaote
measurement units fed back to a substation coetrdli has
been trialed at different UK sites but not yet beelted out
commercially. The voltage controller developed by
Viehweideret al. [4] provides OLTC tap and DG active and
reactive power settings using interval arithmetitd sstate
machine methods to define the order of interventinet al.
[5] use a case-based reasoning technique to dekbatitime
voltage control by matching specific voltage profewith

are being developed and trialed to allow greatgyailable control solutions; it is intended thatltiple ‘zones’
connection of distributed generation (DG) like wingollaborate through agent-based systems. Liew arfraS[6]

power. These advanced control schemes aim to manBf@Sent several voltage constraint managemenegtest for
constraints to maximize use of the existing asseilgase Worst-case conditions (maximum generation and minim
extra headroom and avoid reinforcement [1]. ANMséen as deémand): reactive compensation, generation cureaitnand
a transitional step towards ‘smart’ distributiortwerks. With aréa-based OLTC coordinated voltage control. Zhod a
voltage and branch thermal constraints the mostnoom Bialek [7] outline a generation curtailment appioafor
limitation on DG capacity in (rural) distributionetworks, Multiple DG units to manage voltage constraints.uses
ANM schemes focus on their management. A wide spert voltage-sensmwty factors to optl_mlze_the amom_tpower
of ANM approaches range from fully ‘centralized’ theds Ccurtailed from each DG by equating higher sensjtitactors
requiring extensive sensing, communications andtrobn With more effective curtailment. The study's snagissplution
infrastructure through to more ‘decentralized’ amhes that Misses the more complex voltage situations arisfiogn
rely on local information and little or no commuaiion. The Variable DG. A more sophisticated method by Boefana.
following discussion captures the essence of theMANI8] useés sequential time-series optimal power flovcurtail
spectrum but is not intended as a comprehensivewev variable wind, wave and tidal generators subjecvatiage
Fully centralized approaches depend heavily on real-tim@nd thermal constraints. Implementing the appreaohéined
measurement and communication tools although tlysig above _would require communications, measurement and
and electrical scope and sophistication differsri@et al. [2] centralized controller.

created a real-time logic-driven method that clstaictive A Series of decentralized approaches have also been
proposed. Kiprakis and Wallace [9] outline two wagk

control schemes that employ local real-time syncbus
This work is funded by the UK EPSRC Supergen FléxSensortum generator terminal voltage measurements to spettify
under the ‘Smart, Flexible Controls’ work-stream fall details on ragctive power output from the DG. The first wasydrid
http://www.supergen-networks.org.uk/. t that t the DG i : fact nirok
T. Sansawatt and G.P. Harrison are with the Institor Energy Systems, SYSt€M thal operates ; e In povyer actor co . otie
School of Engineering, University of Edinburgh, Balirgh, EH9 3JL, U.K. When voltages are within normal limits and switches
(e-mail: t.sansawatt@ed.ac.uk, gareth.harrison@ed voltage control when voltages would otherwise esctem.
L.F. Ochoa is with the School of Electrical and dilenic Engineering, The second uses fuzzy logic to create a smoothtibmeo

The University of Manchester, Manchester, M13 9RLK. (e-mail: i . . .
luis_ochoa@ieee.org). define the target reactive power setting at a giveliage




level. The work also suggests ‘line rise’ compeigatising a
circuit emulator to allow use in long lines. Thepepach was
found to facilitate almost as many new DG connedias a
‘perfect’ centralized management approach understvcase
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capability, DNOs generally specify DG operation fated
power factor around unity. This is due to reluctata rely on
third-party voltage regulation, as well as a ladk atear
incentives and regulation for DG provision of réaetservices

conditions [10]. Tran-Quoet al. [11] developed a real-time [15, 16]. It also serves to maximize exports. Hogrethere is

auto-adaptive voltage regulator utilizing a voltadeadband
system and fuzzy logic to determine the amountotifze or
reactive power required for voltage control froncle®G unit
connected to the same substation. Eilal. [12] described a
decentralized voltage control scheme that modiftee
substation transformer voltage target to maintagedér

voltages within limits. Sited at the substatiore #theme uses

no remote telemetry, instead relying on

a clear business case for generator-based cotfitestioe and
reactive power to deliver additional DG capacithisTsection
details a decentralized scheme for DG control&dtive and

reactive power output to manage voltage and thermal

constraints. Although the proposed scheme appiesy type
of generation, wind power will be used for the cstzmly.
The control scheme operates on a discrete times lvath

substatigiynditions in one period used to define controlomst in the

measurements, a network emulation model and fesforinext. It manages both voltage and thermal conssrdin way
SCADA data to estimate remote DG output and loast a series ofthreshold and target values which dictate

conditions. A challenge is that it may not be alite
immediately discern the instantaneous voltage associated
with wind power injections.

whether the control actions are required at angmgivme step.
Threshold values are defined at a level within tbiage or
power flow limits. When measured values exceed ehes

Sansawattet al. [13] developed an alternative powegorrective action is taken to reduce values tagetavalue at a

factor/voltage management scheme to locally migigetitage
rise so more DG capacity can be connected. Itralses only

more conservative level below the threshold. Thadtdand
created by these two values avoids unnecessamatoti of

on DG terminal voltage measurements but operatesa Ofhe control mechanisms. The correction uses rew-ti

discrete time step. To facilitate larger DG capesiit also has
a generator curtailment scheme that operates Wigereactive
power control alone cannot constrain voltages;itistigates a
sequence of predefined reductions in active powgput to
lower voltages across each time step. The scherse
addresses interaction issue with OLTCs by adoptingme
step shorter than the transformer delay time. Thercach
was further developed in [14] to manage thermatloaels.

The work presented here proposes real-time dediestia
management of both voltage and thermal constraints. a
substantial extension of the decentralized approatimed in
[13] and [14], and while these provide a basic ®amrk, a
new real-time voltage and flow sensitivity methecroposed
as the core control. The ability to handle bothstrint types
and the avoidance of errors associated with fixeusisivity
factors, differentiates it from the literature. Thentrol is
performed at the DG unit itself (like [9] and [11Bnd does
not require remote telemetry or communication betw®G
units or with a central controller, thus reducihg tconomic
and/or technical overhead. The approach is denaiedton a
time-series basis with variable generation and aeim®/hile
not without limitations it represents a valid anitidictive
contribution to the transition towards smarter ribsition
networks.

This paper is set out as follows: section Il exmathe
sensitivity-based decentralized control and sectith
demonstrates it on a simple test feeder. Sectioexténds the
scope to a more realistic distribution network ip@yating
multiple wind farms. A discussion is presented éct®n V,
and conclusions are drawn in section VI.

Il. DECENTRALIZED CONSTRAINT MANAGEMENT

sensitivity analyses to define new active or reactive power set
points. Where corrective action has been takemabipa will

continue to be monitored against the thresholddetermine
whether normal wind farm operation can be allowathout

"%‘)iolating constraints. Both the threshold and tugét values

are particularly useful in the context of varialgeneration
where fluctuations over a short period of time faeguent.
The time step, threshold and target values carebm such a
way to promote more or less conservative operation.

A. Voltage Constraint Management

In rural distribution networks, line resistance amdctance
have similar magnitude. This means that reactivevepo
control alone may be insufficient to mitigate vgkarise,
forcing active power curtailment [13]. Revenue iaximized
by prioritizing reactive power control at lower appunity
cost while using generation curtailment as a lasbit. The
two-stage voltage control mechanism is explaineflasys.

Fig. 1 shows the control approach for voltage awauist
management (termed ‘V Mgt’). Voltage at the windnfa
connection point is monitored against a thresh@igesnoia. In
normal operation with voltages within limits thendi farm
operates at normal (unity) power factor. If voltageeeds the
threshold, the wind farm power factor becomes nattactive
to lower the voltage to a target levVaget. A power factor set
point is calculated from the real-time voltage/tasc power
(6VI0Q) sensitivity to define the reactive power requited
reduce voltage to the target level. Where the neagiower
needed exceeds the wind farm’s capability, itsvacpower
output is curtailed. A new active power output peint is
obtained by a voltage/active powebVI[oP) sensitivity
calculation to define the active power to be trindmé&he

Distribution Network Operators (DNOs) require DG tealculation accounts for the wind power available tlze

have the capability to operate within specific povactor
ranges. In the UK, this is a range of 0.95 indwdtigpacitive
which modern wind turbines can comply with. Despite

current wind spee®..i (as defined by the wind anemometry
and power curve) as well as the wind farm’s rante liaits.
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Fig. 1. Voltage constraint management (V Mgt) —tHigvel control scheme.

is monitored against a line flow threshol8uenoq. If the
threshold is exceeded, the wind farm’s active powger
trimmed to a new set point that lowers line loading target
value,Saget. The reduction is estimated using the sensitiefty
the line flow to the wind farm’s active power injen (0S0P)
again subject to ramp rate limits and the availabted power.
During the estimation process the DG reactive séhtpis
constant such thabSoP gives a sound estimate of the
necessary curtailment. This is discussed furtheeation I11.D.
When line loading falls below the threshold, a leighctive
power set point is defined by the sensitivigg6P). This

Swieasured > Sthresholy

@
%5 o

P

|

New Outputse: point

New Outputse point

e — Retum normal operation moves the wind farm towards normal unconstrainestatjon,
onstraining actions . . 3 R . . .
Fig. 2. Thermal constraint management (T Mgt). again within the limits of available wind power.

C. Sensitivities

When voltage falls below the threshold value, drelwind
farm has already been constrained (i.e., power ubugmd X ) .
power factor set points are different from nominattnal Change in active or reactive power output by way aof
operation), then it is possible for it to returninitial settings SENSitivity analysis. In each period the local estaf the
(progressively if necessary) and make the most haf tnetyvork is used to o_bta|n the d.eV|at|0n of eﬂhqltage 3 .
available wind. The decision to adjust the activeeactive set ©F ine flow (¢S) to unit changes in generator active or reactive
points depends on whether the turbines active pougsuts power output:dV/6Q, 5V/5.P or S6P. The sen3|t|\{|ty values
are either (i) unconstrained, or (i) constrainedoly the &€ calculated for every time step as the voltagtliae flows
available wind powerPai. In case (i), reactive power importchange with variations in demand and generation.
is reduced and a new, less inductive, set poicglisulated. In  FOr voltage management, the reactive powel)(absorbed
case (ii), a new, higher, active power set pointeiined. In all [©© alleviate voltage rise is computed from the éarand
cases the relevant sensitivity is calculated iroetance with Measured voltages and the sensitivity value:

Corrective action sees the scheme calculate theiregh

turbine ramp rate limits and the available procareti AQ = Vineasurea ~ Ve (1)
capability. This moves the wind farm towards normal _ oV /‘5_Q )
unconstrained operation. and the active power to be curtailed] is:

While intended to manage voltage rise, the algoritdould AP :Vmeasured ~Viarga (2)
be modified to facilitate voltage support duringvlooltage /P

episodes to comply with statutory low voltage linidr to For thermal management the active power to be itedtéo
reduce losses. With wind turbines this would berigted to meet the target power flow in the next time step is
the export of reactive power as wind productionncarbe AP = Seasured = S e @)
raised beyond the available wind powRfi. 0S| OP

In all cases the wind farm’s active and reactiveveo
limits apply. As the voltage or thermal control gressively

Generation curtailment is also employed to manage | etyrns to normal operationP and AQ values will become
thermal constraints (termed ‘T Mgt’) and controbiso based negative as the set points are revised upwards.

on sensitivity analysis (Fig. 2). The constrainge Ithrough  once adjustments are made for the current periadtive
which wind power is directly exported towards thdstation ,nq reactive power set points for the next peried are

B. Thermal Constraint Management



obtained. In the absence of wind and demand foteeashe
site, the calculation assumes that the wind oufyitif0,1] and

Il. SIMPLE CASE STUDY

The decentralized constraint management scheme is

demand int+1 will be the same as in (i.e. persistence jntially demonstrated on a small test feeder acuoafating a
forecasting\ = W.1). This means the targets are unlikely tqyind farm. The analysis was carried out with th&SHSpower

be precisely achieved. However, with short-timepstethe
scope for substantial changes in conditions iscedu

The active power output set pointtatl, SP.1, defines the
wind farm’s maximum allowed production:

P, - AP
Wt X Pnom
whereP; is the active power output afdom the nominal wind
farm capacity. The power factor set pdifi+1 is given by:
R (5)

VP +(Q, - AQ)?
whereQ; is the reactive power outputtat

The calculation of the sensitivities requires knedge of
the network parameters in the vicinity of the wiadm. In the
simulation this is achieved by conducting a segapwer
flow for conditions in each period. For real implkemtation,
wide-area monitoring is excluded from this locab@agach,
alternatives are required. Options including augtremulator
for line rise compensation [9] are discussed itiged/.

(4)

Py =

PF(+1 =

D. Coordination of the Schemes

flow package automated through the Python programgmi
language. It operates at a one-minute time stepavaour.

A. 3-Bus Test Feeder

Fig. 3 shows a 33/11-kV 3-bus test feeder. Peakaddnat
bus B is 2.2-MW but here a constant minimum derrlaxel
of 40% of peak is assumed throughout. Voltages3kV3and
11kV are required by statute [17] to be within 686
nominal. A combined heat and power (CHP) unit arwirad
farm are also accommodated at the end of the fedder
CHP unit operates at a constant 3.4-MW and 0.9&acitipe
power factor. The 6-MW wind farm operates at umtwer
factor but has reactive power factor capabilitiefls 0095
inductive/capacitive. Fig. 4 shows an hour-long uténby-
minute wind generation profile for a site in Englafrebruary
weekday, 6-7am). This period is appropriate fotitgsthe
scheme as it represents a worst case scenario Wigkrevind
speeds coincide with minimum demand.

A simple rule to estimate the available capacityifeeder
(without N-1 constraints) is to consider the birgiparameter

For active management of multiple simultaneousfuring maximum generation and minimum demand: Hisise

occurring constraints it is vital to coordinate leacontrol

is the 8-MVA thermal capacity of line A-B. Assumirfgll

schemes such that control actions are not unnedgss&HP output and minimum demand (40%), the availditle
replicated. Defining a priority control can providppropriate and-forget capacity for wind generation is 5.4-MV8—(
sequences of actions to manage constraints eféégtithe 3.4+0.88). DG units beyond this capacity will owed the
control priority also ‘locks in’ the use of one sche at a time feeder and may cause voltage rise above 1.06pucdieol
to avoid issues such as hunting that may arise frdRfchanisms permit larger connections such as tMW6-
simultaneous functioning. In ‘normal’ conditionsetiwind Wind farm in this case. A similar approach could&u®pted

farm operates at fixed power factor with productiionited by
the wind resource. Where both constraints occuetta,
priority is given to thermal constraint managema@éiis is key
to the scheme’s operation as reactive power impfots
voltage management will increase complex power flovd
could worsen the line overload. While generatiortailment
for thermal constraint management will also tendliboit
voltage rise it may not be adequate in severe tgingm

with the CHP unit given the capability of synchraso
generators. This has not been adopted here asHRen@ay
have heat-schedule constraints and there is aegreladllenge
in responding to the infrequent and severe overlocases
arising from wind.
To examine the impact of voltage and thermal

management, the case without control is comparél thiee
others: voltage control alone; thermal managemkmea and

Therefore once the line overload is handled, velta§oth schemes jointly. The voltage threshold andgetaare

management will activate for further action as 1sseey.
Modifying DG active and reactive power will bothfexft
line apparent power flow. The priority given to timal
constraint management means that DG reactive ptowes
are assumed unchanged. This means that use oé acwer
changes alone avoids large inaccuracies but erfranms
persistence forecasts of demand will be present.

Peak load
OLTC

2.2MW+j0.55MVar

=\ CHP 3.4MW
("%) 0.98 Capacitive

| Lcﬁcﬁ Wind 6MW
Unity PF
GSP A B
— > A —— -
33/11kV 0.7518+j0.5475 pu

0.0335+j0.9916 pu
10 MVA

8 MVA

Fig. 3. Single line diagram of the 33/11-kV 3-besttfeeder (100 MVA base).

respectively set at 0.15 and 0.25 percentage pbeitsv the
upper voltage limit (1.0585 and 1.0575pu). The liitewv

threshold and target are set to 4.5% and 5% bekpadity,
respectively. The wind farm ramp rate is assumed-bSN

per minute. Experiments with different threshold aarget
settings were carried out for the test period. Theservative
values adopted avoided excessive overloads forspleeific
wind variability, network impedances, voltage amavpr flow
sensitivity and the action of the OLTC. Howevel 8ettings
are intended to be tailored to other networks tivelemore or
less conservative constraints on voltage and pfioes.

B. Voltage Management

Fig. 5 (top) shows the voltage profile at bus Bhwind
without the voltage management scheme (V Mgt). When
voltage exceeds the threshold, the scheme is sativdor



instance, voltage at minute 1 (1.061pu) exceedshiteshold.
The first action is to calculate the voltage sévisit at that
instant. A snapshot power flow of the network sttteninute
1 is used to calculate the voltage drop resultirgnf the

absorption of 1-Mvar by the wind farm. The voltage

sensitivity, 0.0148 pu/Mvar in this case, is thexed with (1)

to estimate the change in reactive power necedsargduce

the voltage to the target. Thus, the required (@tida)

reactive power for minute 2 can be estimated ds\isl

AQ = 1.061 pu —1.0575 pu
0.014¢ pu/Mval

This value is negative in Fig. 5 as reactive poiwetbsorbed.

Where the voltage is below the threshold value,wirel
farm continues to operate at the adjusted pow¢oifamtil the
wind speed increases or decreases (demand is ot)ntathe
former case voltage may rise above the threshathpting a
new, more inductive, set point, as shown for misi# to 33
in Fig. 5 (bottom). If wind drops, the farm adjusts unity
power factor operation (e.g. minutes 13 to 17Y}hia way, the
voltage is maintained around the target value fdereded
periods. For this test period, the reactive povegrability was
sufficient and generation curtailment was not resplifor
voltage management. The analysis accounts foretiaction
in reactive capability as the wind output drops.

= 0.24 Mvar

1.00 4
0.96 -
0.92 -
0.88 -
0.84 -

Power (pu)

0.80 -

0.76

0 10 20 30 40 50 60
Time (min)

Fig. 4. 60-minute wind generation profile (pu ofmoal capacity).

1.063
No control

1.061 - Vupper limit

1.059 - \ \ n V threshold

1.057 4

Voltage (pu)
i
i
|
i

1.055 -

1.053
0 3
-0.05
-0.1 A
-0.15
-0.2
-0.25
-0.3 1
-0.35
04 +—+—+—+7rr— T 7T T T T T T T T T T T
0 10 20 40 50 60

Reactive Power (Mvar)

30
Time (min)

Fig. 5. (top) Voltage profile at bus B applying tlveltage management

scheme (V Mgt) and (bottom) reactive power absotiyethe wind farm.
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Fig. 6. (top) Capacity usage of line A-B with tietmal management scheme

(T Mgt); (middle) wind farm power set point (pu nbminal capacity); and
(bottom) Voltage profile at bus B under the thermahagement.

C. Thermal Constraint Management

Fig. 6 (top) shows the pattern of line usage witid a
without the thermal constraint management schemMdt).
Similarly to voltage (Fig. 5) line loading variesitlv wind
power injection. When the power flow exceeds thpacity
threshold, the control scheme is activated andastihe wind
farm to trim its power output to a new generatievel (Fig. 6
(middle)) to maintain the loading at the capacdyget. The
effect of the generation curtailment in the thermal
management scheme on the voltage profile at bussBown
in Fig. 6 (bottom). The pattern is similar to tlreel capacity as
a result of the active power control.

The sensitivity calculation is performed in a semilvay to
the V Mgt. At minute 1, the line loading (97.3%)cerds the
threshold. A snapshot analysis indicates that itungal-MW
from the wind farm lowers line loading by 11.3%.itds (3),
the loading sensitivity is used to calculate thed power to be
trimmed to meet the target loading (95%):

AP = 97.33% — 95%

11.3% / MW
In minute 1, a power output of 5.75-MW means tlmnring
instruction would lower the power output to 5.54-MWi=1 is
0.96pu). This resulting power set point for minAAtis:
5.54MW
0.96pu x 6MW
With actual wind production in minute %\i-2, slightly lower

= 021MW

= 0.96

t=2 T



than forecast (0.956pu), line loading undershdmtstarget to
94.85%. The scheme will respond by calculatingghéii set
point for minute 3 to take advantage of the extadrtoom.
With an updated sensitivity of 11.25%/MW and inséaeous
power output of 5.508-MWSP:=3 is:
_ 94.85% - 95%
AP!ZZ T 14 AC oz 7 AMAT
11.25% / MW
o = 5:508MW - (-0.013MW)
= 0.956pu x 6MW
With this set point the actual line capacity in oten 3 was
observed at slightly above the threshold due tenallswind
increase. The process then repeats to produce setepoint
for minute 4. At this point, wind production drogpenough
for line flow to fall below the threshold, prompgra higher
set point to be estimated, which in this case, aasturn to
‘normal’ unconstrained operation in minutes 5 (©B-s = 1).

= -0013 MW

= 0962

D. Joint Voltage and Thermal Constraint Management

Fig. 7 and Fig. 8 show the voltage profiles, powetput,
line loading and active and reactive set pointa essult of the
joint voltage and thermal constraint management TWMgt).
In this case voltage rise and high line loadingundogether
with priority given to thermal constraint managemeh can

be seen that when the thermal management scheme

activated (e.g., minutes 1 to 4) the voltage peofdllows a
similar pattern to line loading. In minute 5 thediflow is
maintained below its threshold, but voltage remaibsve its
own threshold. Voltage management is activatedltieguin

an inductive power factor set point that lowers tlodtage.
The wind farm operates with these set points untilute 8
when the wind speed increases force the thermahgsment
scheme to issue a new active power set point. énntbxt
period the wind speed drops causing line flow td fa
percentage points below the target. With this ekgadroom,
the scheme reacts to increase the active powepast to
unity. The power set point behavior is similar hattin Fig. 6
due to the thermal control priority. The generatiomtailment
with T Mgt is seen to assist in
Consequently, the reactive power required to mawvagiage
rise is less than for the V Mgt scheme alone (8ifbottom)).

E. Interaction withthe OLTC

As presented, the constraint management schemeatepe

on a minute-by-minute time scale and are assuméed faster
than (and independent from) the OLTC cycle (thatld¢de
more than a minute). For this purpose, the OLTCratps
after the management scheme in the next period (inctss,
a minute). A power flow, considering the OLTC, thew set
points, and the new demand and generation leethen run
to determine the network state and perform comweciction
as needed. This avoids any hunting effect betwieerOLTC
and the scheme. A similar procedure applies tofulecase
study in section IV that operates on a 10-minuteetistep.
Coordination of DGs and the OLTC is discussed atisa V.

IV. FuLL CASE STUDY
The full scheme is now extended to a more realrsttavork to

lowering voltages

6

assess the effectiveness for voltage and thermadticints
that occur with variations in both load and gerierat The
controls are applied to two wind farms in ordeet@mine the
behavior with multiple DG plants. The performance i
assessed on the basis of its ability to manage ¢mibtraints
simultaneously and in terms of the exported energy.

A. Network, Load and Generation

Fig. 9 shows a modified 12-bus rural distributicgtvimork
obtained from the UK Generic Distribution Systen8][1To
increase voltage and power flow sensitivity sevérses and
the voltage regulator between buses 8 and 9 art#eminiThe
peak demand is 36.6-MW. As before, the CHP unbiust 12
is not actively controlled and operates at cons3stMW and
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Fig. 7. (top) Voltage profiles at bus A and (botjomind farm’s reactive
power using the voltage and thermal constraint mament (V&T Mgt).
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Fig. 8. (top) Capacity usage of line A-B and (botfawind farm’s power set
point using the voltage and thermal constraint ganzent (V&T Mgt).
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Fig. 10. 5-day plot for wind power output (pu ofioal capacity).

0.97 inductive power factor. The two wind siteshbases 11
and 12 are geographically close but distant endoghave
different wind profiles. Demand and wind speed dfda
central Scotland in 2003 was used and wind prodoctvas
estimated using a generic wind power curve [19].islt
assumed that the wind resource at bus 12 is bterat bus
11 with capacity factors of 0.45 and 0.41, respebyi

B. Smart Decentralized Control

With the fit-and-forget operation the network cansh
around 3-MW of capacity at each wind site. Raisithg
capacity at each site will tend to create overagdts at the
connection buses (11, 12) and overload lines 18¢l10-12.
To demonstrate that the decentralized constraimagement
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Fig. 11. (top) 5-day plots of voltage profile artbitom) reactive power
output at bus 12 for no control and V&T Mgt.
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scheme can increase the connection of new generat. 12. (Top) 5-day plots for line powers for lit@-12 and (bottom) set point

capacity without compromising network operationMé¢ of

wind capacity is accommodated at each site andatgeat
unity power factor. To illustrate a full range ofind

generation and demand combinations a one year wirad@a
10-minute time step is analyzed. Actual impleméatetvould
be at much smaller time steps.

of the wind farm for no control and V&T Mgt.

the reactive power controls. Note that the dropdwer output

to zero on 289June is due to the momentary absence of wind

(Fig. 9). The main control action over the seveeeiqu was
thermal management and line flow was maintainedratdghe

To show how the control mechanisms interact, aﬁ_d@rget value to ensure the high wind power couldsdaurely

sample window depicting summer minimum demand
illustrated. Wind production and demand during pleeiod is
shown in Fig. 10. Time-series results for voltagbws 12 and
the loading of line 10-12 are shown in Fig. 11 &ig. 12,
respectively. The better wind resource and lowenated at
bus 12 and the lower capacity of line 10-12, magestrol
action impacts more significant than at bus 11. sAgh,
samples for bus 11 are omitted.

Over the first two days the wind speeds are redtilow
and voltage and line flows stay within their threlsls. High
wind speeds in the second half of the period"(2@ne
onwards) results in simultaneous voltage rise arallbading
impacts, requiring actions from the generationailment and

delivered. The voltage at bus 12 over the sever@pavas
also effectively managed within the voltage limitShe
(inductive) reactive power used for V Mgt was nequired as
extensively given the relief brought by the generat
curtailment.

Table | summarizes the performance over the yagr.1A
and Fig. 12 show that with fit-and-forget operati6sMW
farms at buses 11 and 12 would cause severe vaitsgand
overloads. However, the voltage and thermal managém
scheme effectively handled both constraints allgwéecure
connection of 6-MW of new wind capacity. Althougbnse
voltage rise at bus 12 and overloading of the lir212
remains, the duration and magnitudes were very Ismhk



capacity of line 10-11 was sufficient to accommedtite 6-
MW wind farm; therefore, the thermal overload imipatcthat
location was not an issue.

Table | also shows that, compared to the fit-anddb
approach, the control scheme raises the wind engedy by
almost 100% and 72% at the wind farms at busesn#i118,
respectively. The capacity factors, which offerraxy for the
economics of wind developments, are impacted diffdy:
marginally at bus 11, but with a reduction of 15¢bas 12.
Voltage and thermal constraints at the latter arerem
significant, driving more curtailment and smalleapecity
factor. The financial aspects will ultimately didavhether a
development using the proposed active managemenbagh
is feasible or not.

TABLE |
FULL YEAR ASSESSMENT PERIODS OF VOLTAGE RISE ANDLINE OVERLOAD
EXPORTED ENERGY AND WIND CAPACITY FACTOR

No control V&T Mgt
2 x 3-MW 2 x 6-MW
None None
0.21% 2.4%
None None
None 0.1%
10.8GWhlye 21.71 GWh/year
12.6GWhlye 21.69 GWh/year
0.41 0.41
0.45 0.41

Cases

Overvoltage Bus 11

Overvoltage Bus 12

Overload Line 10-11

Overload Line 10-12

Energy export Bus 11|
Energy export Bus 12
Capacity factor Bus 11
Capacity factor Bus 12

ar
ar

V. DISCUSSION

The voltage and thermal management scheme
decentralized and measurements are limited to tiet pf
connection of the DG plant to avoid costs assodiatéh

8

with tolerable error. Less conservative settingsiid@romote
enhanced production but increase risk of overlaads$ over-
voltages. The settings will be influenced by: thé@s

tolerance of transient over-voltages and overloatte

expected rate of change of wind and demand betwsen

steps; whether short-term forecasts are appliedi;tlae speed
of OLTC operation. It is expected that an automatadine

could be developed to ‘optimize’ the parameterd@es on a
multi-criteria basis.

The control interactions between multiple DG plaatl
voltage regulation devices need to be defined arase-by-
case basis. Actual implementation of the schemddvoe on
a faster time step than in the case studies anstamuifally
faster than the control loop of an OLTC. This caimimize
unnecessary OLTC tapping action as it will senséage as
corrected by the scheme. Where the voltage canmot
managed locally by the DG, then the OLTC will do $be
broadly same approach could be applied to cooridimat
between DG units through differentiation of theontol
parameters and the ‘droop’ characteristic providid the
sensitivity factors exploited. The DG at the maosgrisitive’
site would operate at shorter time intervals théreis so that
most benefit will be derived from the most influ@hiactions,
with others following as required. While coordimati needs
additional work it is understood to be an adeqagigroach.

While the scheme is limited to DG able to contedative
power, this is not overly restrictive. Modern DF#&d PMG
wind turbines are capable of fast active and/octrea power
adjustment following control instruction [20, 21 hese
capabilities are shared with synchronous generatod
inverter-interfaced technologies like PV. The imoental

communication and measurement systems. Consequerists must obviously be considered.

real-time observation of other network parametersnot
possible. However, the sensitivity analysis requkiowledge
of a small number of local network parameters. €hemn be
estimated, for instance, by adopting an equivat@muit of
the network or having a localized state estimaldre latter
would involve a real-time computer analysis of tietwork
using only the available local measurements.

The sensitivity methods require frequent calcuteti@nd
there will inevitably be errors present. In pahistwill arise
from the persistence forecast model for wind prdidacand
demand (see section III.C) but also due to thealization
necessary in the sensitivity approach. These maynbee
apparent during large changes but short time stédpgend to
limit these. Further, linearization about the imté@meous
operating point will result in smaller errors thdixed
sensitivity factor methods. Alternatives to the stwvity
method include simple fixed increase and decreastorf;
these will reduce the calculation time but likeliflwesult in
greater error and less optimal operation.

The scheme can be scalable and adaptable to differe

network topologies, load and generation patterhe frocess

It should be recognized that there are limitatiansing
from the preservation of ‘local-only’ measuremeith@ugh
relaxation of this would extend the range of amilams. The
voltage and line loading sensitivity methods alldairly
precise control actions in real time. However, tloeal
measurement and control and avoidance of

b

direct

communication with nearby DG and OLTCs may maks thi

approach less ‘optimal’ in terms of overall integra than
‘centralized’ approaches. With this in mind, a coefyensive
comparison of risks and benefits of different sceerwould
be of value to DNOs, suppliers and DG developepanning
ANM for existing or new DG connections.

Further improvements of the management scheme
control capability would include: short-term forstiag;
further work on specific algorithms to coordinatés Dunits
and/or OLTC transformers; as well as a suite okftagional
windows’ wherein control responds to situationghwdtfferent
levels of severity.

VI. CONCLUSIONS
A decentralized control strategy is proposed toigaie

of selecting the control parameters would be fairlypltage rise and line overloads in (rural) disttibn networks

straightforward given that there are only a smalt sf
threshold and target values. It would need to bens®
operate across a wide range of credible circumetarand

to facilitate increased connections of wind generatlt uses
both reactive power control and generation curtaitnin a
real-time sensitivity method that tackles voltagel dhermal

and
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constraints local to the DG connection. The abilidyhandle [13] T. Sansawatt, L.F. Ochoa and G.P. Harrisontefrating distributed
both constraints and the avoidance of errors aatsmtiwith

fixed sensitivity factors differentiates
approaches. Time-series simulations of wind geiterat[14]
demonstrate the effectiveness of the control

it from isting

metlmod

providing real-time constraint management and thgichl
control mechanism is able to promptly clear theiatibns
where both constraints coincide. The approach sffar

comparatively simple,

reduced-cost and

alternative to communications-dominated centralizeldemes
and has potential as an interim step towards sdistribution

networks. Further work is required on tuning of faeameters
for specific network, demand and generation chergstics as
well as ensuring coordination between DG plants @hdCs.

A comprehensive comparison of the risks and bexnefitthis

and other ANM schemes is highlighted as being dfievdo

DNOs, suppliers and DG developers.
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