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ABSTRACT

This paper presents a decentralised control scheftae
distributed generator to actively respond to vokaand
thermal issues in a distribution network. An op&nat
scheme providing a local voltage control by adjugtihe
reactive power output of the generator is proposed.
Generation curtailment is employed to relieve maled
lines as well as to support the voltage regulasocheme.
These control mechanisms do not require sophistitat
communication links and hence can avoid high imrest
costs that would be required for a centralised
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DECENTRALISED CONTROL SCHEME

Generally speaking, it could be said that the marim
distributed generation (DG) capacity that can beeoted

to a given network is that with which no voltagedan
thermal limits is breached under any load condition
(without contingencies). This approach is also km@as

‘fit and forget’. Generation capacity beyond thatn
cannot be connected unless, for instance, the ddigsb

of the DG unit are actively managed to avoid swsias
the statutory limits.

measurement and communication system. Results showThe proposed control algorithm for voltage and riiredr

that the proposed schemes respond effectively éo th
voltage and thermal constraints, allowing further
penetration of generation capacity.

INTRODUCTION

Significant volumes of medium-to-large scale rengea
generation, particularly wind power, are expected t
connect to (rural) distribution networks. Nonetlsslghe
traditional design of such networks, where the powe
supply is unidirectional, can present several tezhn
challenges and can limit the capacity of new gediwra
developments. In addition, the variability of wiredource
can pose new challenges on the operation of theonlet

For these reasons, Smart Grid technologies; tharsdd
operation of distribution systems (aka active nekwo
management), have gained momentum. Real-time
monitoring, one of the key characteristics of Snaxid
technologies, can enhance the network control
performance and allow more generation capacity to
connect. However, such an approach requires
communication systems that may bring about undagira
high investment costs.

A decentralised control algorithm based upon reacti
power control and generation curtailment is profdere

to provide adequate voltage and thermal managesnent
enable more renewable generation capacity as a
consequence. The proposed control allows a gemecato
utilise, under normal conditions, a fixed powertéac
whereas a voltage control (P-V bus-like control)ged to
respond to voltage rise. The curtailment scheme is
employed to reduce the power output of the genetato
maintain the line thermal limit and also, as trst tasort,

to assist reducing voltage rise. The proposed abntr
schemes are applied on a test feeder and a geui€ric
(rural) distribution network. Simulations over 1lti@and
24-hour periods (with 1-minute intervals) are @out in
PSS/E software interfaced with Python. Performanfce
the schemes is assessed on the basis of the &bitibpe
with voltage and thermal constraints in order tilii@te
more generation connection.
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management is illustrated in Fig. 2. The algorithm
comprises 2 targets: voltage and thermal contrathE
control target is activated according to the mesagur
current and voltage signals used to estimate thtagem
and thermal loading capacity for every time step, 1
minute for this study. If voltage constraint isritiéed, the
voltage control will be activated. Likewise, if tineal
constraint is detected, the generation curtailrsehéeme
will be applied. In case both constraints are detec
simultaneously, priority will be given to thermal
management as the voltage control will cause more
reactive power flow to be absorbed by the generatos
voltage control and generation curtailment meclnasiare
explained in the following subsections.

Power Factor and Voltage Control

The voltage control employs the capability of aeyator
to inject or absorb reactive power for voltage supfi],
[2]. The algorithm is shown in Fig. 2. At normahtition,
the generator is operated at fixed power factgr, anity
power factor. During voltage rise, the generattineges
and delivers the required reactive power (wittsrdiésign
capabilities) to keep its voltage at the uppertlifminus
voltage deadband). To model this, the generatoeaged
as P-V bus. Once the voltage rise is reduced b&iew
upper limit, the generator goes back to controfiisd
power factor. A voltage deadband is also applied to
prevent voltage breaching the upper limit and suemthe
approach does not interfere with voltage regulatiom
the substation transformer.

Generation curtailment

Generation curtailment is applied for two purposes:
thermal and voltage control. Both schemes operate
independently based on the constraint being detdnte
the measurement. The algorithm for thermal ancagelt
control is explained as follows.
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Curtailment for ther mal management. Such a scheme is Peak load

X . X - OLTC — 2.2MW+j0.55MVar
able to maintain the power flows of a circuit (calolr MW
overhead line) that is immediate to the connegtimnt of GSp ‘_. 0.98 Capacitive
the generator, i.e., the one prone to thermal gssui¢hin ‘L’,V,',?; oW
its limits, minimising tripping of the renewable D@it 1 2 3
(e.g., a wind farm). The scheme reduces the gevarat ) S —e—

power output when the instant circuit capacity extsea 10 MVA 4 MVA
given trimming threshold which can be set according Fig. 1 A 3-bus test feeder.

the standard or seasonal line capacity. The amount

required to be trimmed is calculated based ondleels of Identify Constraints

33/11kV {1.5037+j1.095 puJ
X

the loads and (constant, e.g., CHP) generatorhen t Return ;’—f Return
vicinity of the wind farm. For instance, as showifrig. 1, { \
those participants connected to bus 3 (load and)D@i1 Voltage Thermal
'

need to be taken into account to determinesétieoutput Reactive power control +Gen curt Thermal
of the wind farm DG2. Ve ® Vi Stoaing > Stine

DGzoutputSafe"' Load + Losses + DGE Capntact (1) Voltagt control Yes
where Capnacet IS the actual capacity of circuit and (varied PF) '
DG2uputsate determines  the total MW required to be PPoin < PPocw < PFinay |— Tim DG has been
trimmed based on the generator's ramp-up rate.g3&in T el
decentralised approach, it is envisaged that tie losses Mos'to””g)‘\’/o'tage ves No —
and generation (DG1) values are estimated based on A Delay
historic data. Here, a time delay is also used riaetfioe e © capabilty ncthase
generator is allowed to increase its power outfhermthe Mogttzr"'g”f’stherma' Reached) generation

thermal constraint is cleared out (the instanttti@tircuit /\ l \ /

capacity is below the trimming threshold). Apprapei o e (Gencutv )

time delay setting can avoid damage due to theramnis Viessres ™ Varper |

increase/decrease of the DG power output and can /\
No

enhance the control process. N
DG has been

Curtailment for voltagecontrol. The curtailment scheme curtailed 2 Trim
for voltage control is considered as the last teser. if W\ L.
the reactive power control is not successful. The v
mechanism is similar to the generation curtailifent D‘j'ay
thermal management in that the DG output is trimbyeal Increase
. " . . . generatlon
ramp-up rate until the voltage rise is clear. Adidelay is
also applied in a similar manner as that for theegation Fig. 2 Functional diagram of the voltage and thémoatrol.

curtailment thermal management.

generation profiles of a 60-minute period at 1 renu
CASE STUDY: 3-BUSTEST FEEDER interval is shown in Fig. 3. The demand and wirafifgs
were obtained from central Scotland off' igust 2003
X . where the wind speed data was produced using aigene
power control and the generation cgrtallment sche_me wind power curve [3]. The chosen period was in the
voltage and thermal_ problgms, a S_|mple 3-bus feexler summer where the demand was relatively low but with
tested over a 60-minute time period under worsk cas high wind speeds. DG1 represents a generator pirgiuc

(maximl_Jm generation.and minimum demand). One firm constant power of 4MW at 0.98 power factor (capajit
generation and one wind farm are assumed to suipply A ‘fit and forget approach for DG2 would lead to a

feeder where the reactive power control and therggion maximum of SMW of capacity. Here, a 6MW wind fasn i
curtailment scheme are only applied to the winthfarhe used for the study in order to apply the proposerol
system voltage at bus 3 and the thermal profilmef2-3 mechanisms

when the wind farm is operating with normal fixemiyer The ramp-up rate of the wind farm is assumed to be

factor, reactive power control,. generati_on curtaiirfor 1MW/minute and has reactive power capability 0f50.9
voltage scheme .and generation curtailment for taerm power factor (inductive/capacitive). The voltagadieand
control are examined. N . o is set to 0.25% of the upper voltage limit. Theeyation

The test feeder. As shown in Fig. 1, is a double-circuit ¢ aiiment scheme is applied at the wind unittspaup
between bus 2-3 consisting of one 33kV/11kV tramséy rate and the delay time is chosen at 5 minutes. The

between bus 1-2. Demand and generation are codredcte P : ; :
trimming threshold is set to 95% of the maximumeasiy
bus 3. The peak demand is 2.2MW. Demand and of the Iige °

To demonstrate the control behaviour of the reactiv
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Fig. 3 60-minute time series for demand and geiwgratofiles.

Results

Comparison of voltage profiles at bus 3 for eacath te
combined control schemes is shown in Fig. 4. Abvadr
fixed power factor, the upper voltage limit is aldy
breached at the beginning of the measurement aasvel
between minutes 30to 40" and after minute 48due a
large amount of power being produced at low demand.
With the generation curtailment scheme, voltageaiger
those periods is reduced but the problem still texis
according to the time delay mechanism of the geioera
curtailment scheme. Similar behaviour can be oleskrv
when all schemes are activated simultaneously. iBhis
because the priority has been given to the thermal
management when both constraints are detected.\gowe
when the reactive power control is adopted, voltage
can be managed effectively.

Thermal loading capacity of line 2-3 tends to fallthe
voltage at bus 3 as they are dependent on the ajerer
being supply to the system. The thermal overloairag
issue when the wind farm operates with a fixed powe
factor during the periods where voltage rise occass
shown in Fig. 5. The generation curtailment schémne
thermal management can manage the thermal ovenipadi
problem over those periods. Although line overlogdian

still be observed, the duration is relatively sh¢zt3
minutes) and might be acceptable in certain cases.
Sensitivity analysis of the time delay adjustmeayralso

be used to enhance the control mechanism. Theaj@mer
curtailment scheme for voltage control is sligldifferent
from that of the generation curtailment for thermal
management as they are dealing with different cbntr
targets. The voltage rise and thermal overloadiaglpms

are reduced when the voltage and thermal control
mechanisms are simultaneously adopted.

CASE STUDY: 12-BUSNETWORK

Simulation of a 12-bus rural distribution systerpplated
with variable demand and wind generation is carcded
over a 1-day period at a 1-minute interval. Perfomoe of
the proposed control schemes is assessed on tiseobas
the ability to cope with voltage and thermal comistis and
to facilitate more generation connection as a ajunsace.

Paper No 0030

107+~~~
Reactive power control

-~ Fixed —< Gen curtailment

1.06 -

Voltage profiles at bus 3 (pu)

1.05

1.07 ~

1.06 ~

Voltage profiles at bus 3 (pu)

=
=)
a

0 10 20 30 40 50 60
Time (min)

Fig. 4 Voltage profiles (pu) at bus 3 for: (topxdd power
factor, generation curtailment voltage, reactivevgocontrol
and (bottom) reactive control & generation curtaiimthermal
and full approach. Voltage limit = 1.06 pu.
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Fig. 5 Thermal loading capacity (%) of line 2-3:ffixed power
factor, generation curtailment voltage, generatartailment
thermal and full approach (trimming threshold = 95%

12-busdistribution system. The system used in the study
is a simplified version of the EHV1 33kV radial
distribution system for Active Management availaate
[4]. The simplified system, as shown in Fig. 6, sists of

12 buses with 10 demand points located in rural.arbe
peak demand is 38.16MW. Two generation plants: a
combined heat and power (CHP) unit and a wind faren
connected at bus 12. The demand and wind generation
were of central Scotland on 23ugust 2003 [3]. The
CHP unit produces a full rated power output of 4NAYV
0.97 power factor (inductive). The proposed voltagd
thermal management schemes are implemented tarttie w
farm in order to manage the voltage problem at its
connected bus and the overloading of line betwesed
10-12. The critical level of generation of the wiiadm is

Page 3/4



CIRED

CIRED Workshop - Lyon, 7>8 June 2010
Paper 0030

(1.93, 0.39)
—>

Legend:
Bus Index
(P, Q) Demand (MW, MVar)

3 1
| (18.4,3.74)

(0.06,0.01) 5
— (1.9,0.39)

] 4|Th 10 11,(2.85,0.58)
6 (1.96, 0.4) 4|—'
(2.7, 0.55)
4'_@4‘7 — (0.81, 0.16)
(0.55, 011)
4 8 9 15 MVA CHP
12

VR ‘:ﬁ

GSP

OLTC

132/33kV
1

(5.41, 1.09)
—>

Fig. 6 A simplified 12-bus rural distribution syste

6MW. At this level, voltage and thermal limits are
exceeded in certain demand/generation scenarios.

The ramp-up rate of the wind unit is also assunmed a
1MW/minute with the reactive power capability 098.
inductive/capacitive. The voltage deadband is at&tao
0.25% below the upper limit. The delay time for the
generation curtailment scheme is set at 5 minuggs p
measurement cycle. The trim threshold of 98% of the
maximum line capacity is used, assuming that the
overloading problem of the line is not likely arsug
compared to the previous case study.

Overall performance

The overall performance of the proposed controtsws
are summarised in Table 1. For voltage mitigatitie,
reactive power control has shown the most effective
response to completely overcome the voltage riszeds
the generation curtailment scheme is able to catbetine
problem for around 95.14% of the 24-hour simulation
time. The combined reactive power control with the
generation curtailment for voltage and thermal suhe
appears to mitigate the voltage rise (only 2% efttme
voltage rise still occurs) because of the actionthaf
reactive power control. For the thermal managenibat,
reactive power control seems to create the overigaaf
line for a slightly longer period, even comparedthe
fixed power factor approach. On the other hand, the
generation curtailment scheme for thermal conpypkars

to be the most effective amongst the other comypms,
achieving around 84.9% ability to cope with line
overloading. In terms of wind energy productionthié
thermal constraint is not considered, the reagtiower
control could yield around 3% more energy thanlgole
adopting the generation curtailment scheme. lityetidis
cannot be achieved as the thermal limitation oflithe
will prevent such operation of the DG unit. Thu$en
taking into account the thermal constraint, thergye
production is much lower.

This analysis considers the system where bothdhage
and thermal problems are the binding constrainte T
combined reactive power control and the generation
curtailment scheme can be, as demonstrated, imptethe
simultaneously, albeit not necessarily is effectiveing
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Table 1 Summary of the overall performance of tteppsed
control schemes based on a 24-hour simulation.

Total wind generation over the simulation period (MWh)

Reactive
Control &
Gen curt

Reactive
power
control

Full
Approach

Gen curt
Thermal

Gen

Fixed
curt

158,829.7 | 153,775.2 158,710 158,710 143,229.7 | 143,157.6

Voltage rise above the upper limit

Yes | Yes | No | No | Yes | Yes

Period where voltage upper limit is exceeded (%)

19.15 | 4.86 | No | No 13.32 | 2.01

Thermal Limit exceeded for line 10-12
(Maximum power flow is around 101.3%)

Yes | Yes Yes Yes Yes

Periods where the thermal limit is breached (%)

59.75 | 53.57 | 62.87 | 62.87 | 15.13 | 18.25

the whole time-series analysis. This is due teeffect of

the ramp-up mechanism of the generation curtailment
according to the set time delay. Hence, the pyiafithe
control mechanisms and the time delay settings atsy
need tdbe adjusted based on the system characteristic to
whether the voltage or the thermal loading is mibedy

to become an issue in order to improve the control
performance.

CONCLUSIONS

Voltage and thermal constraints are a signifidamitation

to the integration of renewable generation inttrithistion
networks, particularly rural areas. In this work,
decentralised control schemes employing reactiveepo
control and generation curtailment has been denainst

to effectively respond to voltage rise and thermal
overloading problems in order to allow more capaizit

be connected. However, adjustment of the contthgs,

i.e. voltage deadband, power factor capabilityetaelay
and trimming threshold, may require a sensitivitglgisis
based upon network topology, demand charactegstic
generator type. The proposed approach offers an
alternative low-cost option to allowing the intetijpa of
new renewable generation capacity.
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