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ABSTRACT

This paper describes the practical implementation of an
active fault level monitoring system to facilitate the
integration of distributed generation (DG) withitilkV
distribution networks. The system isrggtestedn the UK

by a consortium comprising Western Power Distribution,
Parsons Brinckerhoff, S&C Electric Company and Outram
Research Limited.aboratorytests were conducted for a
variety of system fault levels and network running
arrangementsResuls from the laboratory tests showed
that thefault level was consistently predicted to be within
4.5% of measured thrgehase faults applied to the system.

INTRODUCTION

The increase in fault level contribution from rotating
machines is a significant banrieo the connectionf new
synchronous generatorfgr examplecombined heat and
power CHP) units within 11kV networkq1]. In order to
ensure the integrity of the power system, fault levels need to
be maintained belowquipmentratings. Currenhetwork
reinforcement options euld involve the replacement of
switchgear with higherated equipment or replacement of
transformers witlahigher impedanceore These solutions
often entail significant capital expenditure and may involve
long lead times for inatlation, delaying the connection
time of generators on to the network.

Fault level is a measure of electrical stress when an
unintentional conducting path (fault) causes a short circuit.
This causepotentiallyvery high fault currents to flow in
the eletricity lines, cables and substation equipment. The
amount of fault current varies from location lazation;
depending on hovelectrically close the faultis to the
energy source(for example a transformer rotating plant).

This paper describes tldevelopment and testingf an
active fault level monitoring system to facilitate the
integration of distributed generation (DG) withirikV
distribution networks. The system is belaoratory tested
and subsequently field test@dthe UK by a consortium
comprising Western Power Distribution, Parsons
Brinckerhoff, S&C ElectricCompanyand Outram Research
Limited.
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The UK electricity network regulator, Ofgem, has
established the Low Carbon Networks (LCN) Fund to
support projectssponsored bythe distributon network
operators (DNOSs), to trial new technology, operating and
commercial arrangement®]] For the purposes of this
project, hrough the LCN Fund3], two existing products
have been combined to provide fault level predictions in
reattime: S&C Elect i ¢’ s | ff PudskQloseBndp t e r
Outram Research Limited’s
(FLM). An IntelliRuptef PulseCloseris an intelligent
electricswitching device that, in normal operation, is used
to detect interrupt,and isolate faultsThe PM7®@0 is an
electricity network device that monitors power quality. The
PM7000 povides a hardware platform for fault level
monitoring and prediction algorithms.

This project aims tdemonstrate the feasibility ofattime

fault level predictions to facilitte quicker andnore cost
effectiveDG connections, permitting an increase in power
supplied from renewable energy sources whilst managing
the fault level to avoid exceeding equipment ratings.
Moreover, the system could allow the network to be
operated ira more secure configuration. In additiohet
project will also improve the practical understanding of how
close simulated fault levels are to actual values. System
studies can result in pessimistic fault level calculatidis [
and an active monitoring sgsn overcomes the drawbacks
associated with passive monitoring techniques.

BACKGROUND

Driven by UK Government policy5], the increasing
requirement to connect nelG (such asenewable and
CHP) to distribution networks will impact on the operation
of thenetwork in a number of areas including voltage levels
and fault levels. In some cases this could result in the fault
level exceeding the design limit of the network equipment
unless actions are taken to mitigate this is§lie [

The contribution of indugn machines to shedircuit
currents can be significant and must be considered when
evaluating system fault levels. Standard procedures for
calculating short circuit currents of induction machines
require detailed machine data, which may not be availabl
Moreover, he results obtained using standards may lead to
conservative design and unnecessary expeise [
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At present, industry standards use assumed 33kV faultin OVERVIEW OF TH E REAL-TIME FAULT

feed values of 1 MVA per MVA of aggregate low voltage |EVEL MONITORING SYS TEM

network connected winter demamtle2.6 MVA per MVA . ) . . . .
of aggregate winter demand connected at 11kV. These This paper describes the |mplementat[on of a hybrid device
values relate to a complete loss of supply voltage to the {0 measure fault level in which two existing produase
motors []. The industry currently uses conservative D&en combined to provide fauével predictions in real
models to calculatiault level Little work has been donein ~ ime:S&C — E | elntelliRupter and Outram Research
the past tajustify the calculated values of short circuit Limted’ s PM7000 Fault Level Mol
currents and there is some belief that the values obtained are ] ] )

unduly pessimisticg]. Calculations in IEC60909 tend to ~ USing the control functionality of théntelliRupter an
include a safety margin of up to 10%}.[It is not practical artificial change in network operating conditions is created.
to apply a full short cirit in order to measure the fault ~ 1he Switching operation has the same effect on the
current. Therefore, at present, there is limited visibility of ~€l€Ctricity network as a moter generator connecting to the

true networkault leveland how this changes on a réiate network and being switched on and off. The change in
basis. network running conditionsvhether natural or artificiails

detected by the PM7000 Fault Level Monitor and the fault
Fault level monitdng techniquescan generally be level is predicted. Theystem is expected to deliva fault
categorised as passive, active or hybassivéechniques level nonitoringsolution for 11kVelectricity networkshat,
use naturally occurring system disturbances to estimate thed U €t ot he | ndlosirglfuncRongity, il * s p
fault level [L0}[12]. Devicesthat solely rely on naturally ~ not affectthe quality of supply delivered to electricity end
occurring system disturbances have the inherent advantaged'Sers (ensumers .~ For this reason, a

of not needing ancillary hardware and consequentlpean ?ntrqduced into théntelliRupterswitching circuit, ashown
usedat othervoltage leves. Theyare potentially adequate " Figure 1.

for planning processes [1,3jowever; these types of devices

have limited application in the retine management of ~ TEST PROCEDURE

fault level. This is because the occurrence of natural 13y 50Hz fictory acceptance tests were carried out at the
disturbances withithe electricity network is unpredictable g c Advanced Technology Centier Chicago during July
and, on this basis, insufficient to guarantee the regular fault 5512 The factory acceptance testsgt is given in Figure
level measurements that would be needed in atiraal 1. In order to represent a variety of credible network

monitoring system. This limitation is overcomedsyices operating conditions, the testing procedure took place in the
that useactive or hybrid fault levemnonitoringtechniques following way: The system was configured through the
Active techniquesreate temporary but reduced short circuit - |osure of switches CBnd CB to aply the IntelliRupter
currents on a periodic basis or inject harmonic currents 5nq 200A load. For tests without the 200A load connected,
around the frequency band of the fundamental frequency cg, and switch Swere closed. The generator, G, represents

[14]. Hybrid techniqueq15] use artificial and controlled a fault infeed source that could be varied (5.09kE8.1kA
network disturbances, potentially supplemented with natural symmetrical RMS) and injected into the system by the
disturbances [3], to measure the fault level. closure of making switch MS

Currentlythere is a limited range of devices available that
allow any of these techniques to be deployed within
distribution networks.

Inductors

=

A
N

PM7000s

Voltage and Current Transformers

Figure 1: Factory acceptance testiget
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The generation source and transformer configuration were system. Across a range of test conditioti&e average
varied to provide a range of different X/R ratios (13.3

30.0). With the fault ifeed source applied to the network,
thelntelliRupterperformed a controlled switching operation
i n dagross phases a

to connect and disconnec2ed Q
and bfor two ¥4 cycles (5ms).

For each test configurationhe PM7000 was used to
monitor the voltage and currewaveforms using voltage

transformer (VT) and current transformer (CT) sensors to
detect the system disturbzes

introduced by the

IntelliRupter operation. In this way, he fault level
monitoring systemvasused to predit the fault level of the

test networkIn order to validate the accuracy of the fault

level monitoring system predictions, a thygrease fault as
applied to the network for each tesinfiguration andhe

predictionswere diectly compared to the measured fault

level.
TESTING RESULTS

Fault level prediction

percentagalifference for botllOms pealand90ms RMS
fault level predictions was 2.7%.

Power quality effects

In order to ensure that the fault level monitoring system
complies with power quality standards foroltage
fluctuations (ER P28) [1Jéand hamonic distortion (ER
G5/41) [17], thewaveformswere observedral analysed.

As given in Table lthe greatest voltage step change was
2.76% for the system conditions with a measudfds peak
fault level of 31.34kA without the 200A load connected. ER
P28 presdbes a general limit of 3% on the allowable
magnitude of voltage changes. The average percentage
voltage deviation was 1.84% for the test cases considered.
As given in Figure 2, the change in total harmonic distortion
(THD) varies between 2.2% and 4.7% tbe ab and eb
phases of the network, respectively.

DISCUSSION

The integration of the PM7000aHIt Level Monitor and
IntelliRupterwithin 11kV networks represents a novel step,

A selection of test results are summarised in Table 1. The which provides the total fault current contribution, without
greatest difference between maesl and predictethult
levels was 4.%. This result occurred for the 90rRMS
fault levelprediction, when the test network was fogured
with an X/R ratio of 30 and00A load was connected to the

necessarily neing the exact detail of the elements which
contribute to this total. The equipment overcomes the
drawbacks associated with etlpassive and active devices.

X/R Ratio | Switching Operation | Measured Fault Current | Predicted Fault Current % Difference Maximum Voltage | Minimum Voltage | Voltage fluctuation
RMS @
. . Peak @ RMS @ Peak @ RMS @ Peak @ o
(No Unit) (No Unit) 10ms (kA) | 90ms (kA) | 10ms (kA) | 90ms (kA) |10ms (kA) %?:)5 V) k) *0)
30 With 200 load 13.83 5.10 13.37 4.87 3.33% | 4.46% 6.417 6.353 1.00%
connected
30 | Without200Aload | 5 gq 5.10 13.50 5.24 2.37% | -2.70% 6.447 6.384 0.98%
connected
133 | With 200Alad 12.88 5.0 13.27 495 | -2.90% | 2.79% 6.289 6.193 1.53%
connected
133 | Without200Albad |, oo 5.09 13.38 5.03 3.88% | 1.32% 6.453 6.298 2.40%
connected
23 With 200 load 31.34 13.10 30.40 1350 | 3.01% | -3.38% 6.298 6.150 2.35%
connected
23 Without 200Aload | - 5 5, 13.10 31.02 12.87 1.01% | 1.74% 6.451 6.273 2.76%
connected

Table 1: Fault level prediction results and voltage fluctuation readings
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Figure 2: Total Brmonic distortion of the wave form
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High precision VTs and CTallow the PM7000 to monitor [3] Western Power Distribution, 201iZpplementation of

voltage and currentvaveformswith a high degree of an active fault level management schefiest Tier

accuracy. The fully supported PM7000 hardware platform Pro-forma), Ofgem, London, UK.

provides powerful processing capability, allowing thre¢h [4] G.E.Williamson N. Jenkins, G. C. Cornfield, 1996,

phase fault contribution to be monitored. ThlliRupter “Use of naturally occurrin

provides the PM7000 Fault Leveldvitor with controlled estmate the fault current contribution of induction

non-customeraffecting disturbances that overcome the sole mo t olEEBPYoc-Gener. Trasm. Distrib.Vol 143,

reliance on naturally occurring system disturbarieesthe No. 3, 243-248.

worst case vahge fluctuation and assuming background [5] Department of Energy and Climate Change, 2011,

flicker levels to be 50% of theetworklimit (typical of the Carbon Plan: Delivering our low carbon future,

real network environment), the acceptable repetition rate of Crown, London, UK.

controlled disturbances is 360 seconds. The THD values [6] KEMA Ltd, 2005, The contribution to distribution

presented in Figure 2 are instantamne values. When network fault levels from the connection of distributed

considered over a teminute period (as prescribed in G5/4 generation Crown, London, UK.

1) the averaged effect on THD would be negligible. [7] Energy Networks Association, 199FEngineering
RecommendationG74 Procedure to meet the

CONCLUSION requirements on IEC 909 for the calculatiohshort

circuit currents ENA, London, UK.

The laboratory tests have demonstrated that the rg G ¢ cornfield 1993 "Estimating system fault level

IntelliRupter and PM7000 devices can be successfully from naturally occurring disturbancesProceedings
combined and uskto provide dault levelprediction within IEE Colloquium orinstrumentation in the Electrical
4.5% of the measuredault level for the test cases Supply Industry13/1— 13/4

considered. Using control functionality of threelliRupter [9]
to provide a disturbance, there is the possibility of TR 609094: Examples for the calculation of short
predicting t_hefaultlevel in realtime without causing any circuit currents IEC, Geneva, Switzerland

customer disturbance. [10] S. Conner and A. J. Crude2012 "Development of

an Algorithm utilising a DigitalSignal Controller to
accurately deerminein near* ReTailme” t he Fa&

InternationaElectraechni@l Commission, 20Q0EC

Since there is limited capability, at present, to monitor fault
levels in 11kV electricity networksand the maximum Level in DG, Proceedings 47" International
acceptable measurement error is considered to be + 5% of Universities' P(;wer Engineering Conference

the actual fault level valughe results @ considered to be [11] K. O. H. Pederse A. H. Nielsen and N. K. Poulsen,

highly encouraging. 2003, -c“iShcouritt i mpedalE e mea
. . . Proc-Gener. Transm. Birib, vol. 150 no2, 169
The next steps in the project are to characterise the network 74.

and to use a novel integration process to monitor fault levels [12]
in an 11kV urban substation in the UK. This will form the
technical basis of commercial mwacts that will allow Distribution Generatioh Proceedingsnternational
distribution system fault levels to be managed in-tieaé Conference on Electrical Engineerini6.

through switching operations and the connection / 13 geottish Power011, IFI Report 2010/11 Scottish
disconnection of additional generation. Power, Glasgow, Scotland.
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