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ABSTRACT

This paper discusses the performance and functionality of
the combinationof Lowpower stanealone sensors and
IEDs. For the first time in MV aplications, we report
testing performed on the combination of sensors and
IEDs with digital output according to the IEC 61850
2LE format. Accuracy measurement performed on
prototypesshow high promise both for metering and
protectionapplications The influence of cable lengthg

to 100 m on the accuracy ekisting sesor products in
combination with new IEDs is discussedand good
performance forprotection functions like differentia
protectionis proven
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metering, as commonly believed, but also for certain
protection functions whereit improves overall
performance and enables better control and reliability of
the power networkDifferential protection is a typical
example of application that witibenefit from improved
accuracyof the whole measuring chaiand eventually
from IEC 618509-2 communication.
It is the scope of thipaperto presentaccuracyteds
performed ornprototypesensors connected to IEDs with
IEC 618509-2LE output capabilityand commenbn the
excellentaccuracy of the whole measuring chairhe
measurements were performed using a test setup
featuring unique accuracy and flexibilitdevelopedin-
housefor R&D applications The R&D test setup is also
described here.
The paperfurther includes a study on the accuracy
dependenceof standalone sensors versus large cable
lengths up to 100 m and shows that protection functions
like differential protection are possible eveith IEDs

The conventional way to assess the accuracy of current yherehigh-endfeatures like IEC 61850-2LE ouputare

and voltage measurement in MV networks is based on
existing IEC standards related either to conventional or to
electronic instrument transformers. However, the
situation is less defined for the equipment connected to
instrument transformers, such as various meters and
especially protection relays. There is no standard defining
preciselyhow the accuracy of IEDs should be measured
and no accuracy classeare specifid for IEDs as in the
case of instrument transformers. The accuracy of IEDs is
typically specified by manufacturers according to internal
test procedures antl is not easily usable for predicting
the accuracy of the whole measuring chain.

Modern IEDs compse powerful electronics, which

not available EMC conformanceest are also described
andthey indicatethat stable results asnsured even with
large cable lengths.

TOTAL ACCURACY OF TH E WHOLE
MEASURING CHAIN

Test setup

Two test setups have been developedtésing current
sensors and voltage sensors respectividig. setups have
been deigred to offer high level of flexibility and
accuracybeing particularly suitable for R&D applications

enable advanced processing of the signal produced by in low voltage, medium voltage, and higbltage.They

instrument transformers in order to improve its accuracy
and to make it more suitable for the needs of certain
protection functions. This creates opportunities for
optimumuse of sensor® provide superior performance
over traditionainstrument transformersuch as enhanced
accuracy, linearity, rated measurement range, and
functionality of the whole measuring chain.

Commory used sensors in MV applications rely on
Rogowski coil for current measurement ating voltage
divider, resistive or capacitive, for voltage measurement.

feature compact anchodular construction based on PXI
systems while the test routines are developed
LabVIEW and are fully automatid/arious test routines
have been implemented according to standardslike
600447/-8 and IEC 6185®-2 as well as customized
protocols (&y. linearity test, frequency response, impulse
response, etc.Jhe test setups can measure sensors with
analogoutput or the combination of sensors and IEDs (or
MUSs) with digital output such as IEC 6185D2LE.

The R&D current sensortest setup isschemécally

in

Suchsensing technologies have already been described in shownin Fig. 1 in a configuration suitable for high AC

several paperswhere the advantages of loywower
sensors aralsoexplained[1], [2]. Even thoughsome of
the advantages offered by sensaee already well
known, like the lack of saturatioit,has been difficult to
prove till now the superior accuracy when thehole
measuring chainincluding the IED, is consideredlVith
the ability of the IED to publish synchronized sampled
values according to the standard format IEC 61820 it
becomes now possible to better investigate the total
accuracy of sensors and IEO%e accuracy of the whole
measuring chin is not important only dr revenue
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currents ancturrent sensors witanalogvoltage output.

The instruments and the controller are all embedded in a
PXl system The digitizer features 4 input channels
making it possible to comtt a reference sensor atast

3 sensorsimultaneously The signal is generated by an
arbitrary waveform generator (AWG) connected to a high
power amplifier, making it possible to cover a high
frequency range from DC to 20 kHz up to peak currents
of 400 A. Higher currents are reachable by using more
conductor loops or a current boost transformer.
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Because therimarycurrentis generated by an AWG and
then amplified it is not influenced by network instabilities
and allows full control over the waveform generated.

PXI Chassis
PXI1-1042

PXI Controller
PXI-8196

— Cho
Digitizer ch1
PXI-4462 Ch2

Ch3

Clock Gen.
PXI-6653

Ref. Clk (10 MHz)

AWG
PXI-5421

%H “THTTE

Fig. 1 Sketch of R&D current sensor test setup used to
measurd.ow-power stanehlonecurrentsensors

measurement configuration described hérads to a
phase error of less than 10 ns when measuring the whole
measuring chain, sensors plus IED, with IEC 61850
2LE output format

The R&D voltage sensor test setigpbased on the same
concepts as the current sensor test setup described above.

Results

Prototype current sensors with excellent accuracy were
developed based othe Rogowski coil principleusing

high stability coil core and winding process. A prototype
IED with exceptional accuracy and IEC 618%QLE
output was also developed. The accuracy of the whole
measuring chain was rigorously tesigsing a test setup
configuration like in Fig. 2The amplitude error and the
phase error measured versus the prymeaurrent at 3
different temperatures are given in Fig.and Fig. 4
respectively. The results correspond to 3 current sensors
connected to one IED and placed at the same temperature

The sane test setup can measure the accuracy of inone climatic chamber.

measuring chains consisting of sensors and IEDs with

digital output according to the IEC 6189@LE
guidelines, as shown in Fig.
PXI Chassis
PXI-1042
PXI Controller
PX1-8196 IEC61850-9-2LE IED
— cho (or MU)
5 Digitizer chi
27 Pxi-a462 Ch2
8\"‘: Ch3l phase calibration
= S| | Clock Gen. [ 1PPs
e = PXI-6653
]
AWG SREF 53
PXI-5421

Fig. 2 R&D current sensor test setup configured to
measurdghe whole measung chain, i.e. current sensors
connected to IED.

The output of the reference sensgSis connected to
the digitizer while the output of the test sensors S1, S2,
and S3 are connected to the IED. TE® communicates
the sampled values to the controlielEC 618509-2LE
format and receives the 1 PPS synchronization signal
from a very high accuracy clock generat6® ppb). The
clock generator can (generate various signals
synchronized to its timbase and distribute them on the
PXI backplane anan the font panelconnectors.This
allows implementing sophisticated synchronization and
triggering schemes in order to optimize the accuracy of
the test setup. For examplie digitizer and the AWG
are both phaskcked to thel0 MHz clock time base
distributedby the clock generatoon the PXI backplane.

All instruments are thus sharing the same highly accurate
time base and no relative phase drift between them is
possible. The digitizer and the IED are both synchronized
to the 1 PPS signal which is sent to t&® via a front
panel connection and to the digitizer via the PXI
backplane. Additionally, a phase calibration signal is sent
by the clock generat to one of the analog inputs of the
digitizer in order to correct for additional phase delays
present in th analog signal path of the digitizefhe
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Fig. 3 Amplitude error of the whole measuring chain
versus primary current measured at 3 different
temperatures
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Fig. 4 Phase error of the whole measuring chain versus
primary current measured at 3 different temperatures
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It is noticed that very good accusats achieved by the
whole measuring chain over a wide current raageat
practical temperaturesNo accuracy degradation was
observed at higher currents, which is expected for
Rogowski coil type sensors as they are not prone to
saturation effects. The arimum measureablerimary
current depends on the input range of the IED and
transformation ratimf the current sensor and is around
50 kA for the prototypes described here.

The test results from Fig.3 and Fig. 4fulfil the
requirements for accuracy class 0.1, however, effects like
aging drifts are noincluded. When all possiblgroduct
variations and driftsover its lifetime are taken into
account it is found thatccuracy class 0.xan be
comfortably ensuredor full packaye of sensor + IED
Even better accuracy class may eventuallpdsible

The combination of modern current sensors and |&es
thus able to fulfil metering accuracy classVoreover,
metering like accuracys ensuredover the full current
range requiredor protection leading to new possibilities
to optimize the protection functionsThe communication

of sampled values according to IEC 6185ALE format
would also allow simpler implementation of functions
such as differential protection.

Similar measwments and results were achieved on the
combination of vliage sensarand IED The voltage
sensorprototypes were basesh a newresistive divider
designoptimized for high accuracyAccuracy class 0.5
was also ensured for the whalembination of sensor +
IED, accounting for all possible product variations and
drifts over its lifetime.

DIFFERENTIAL PROTECT ION AND LONG
SENSOR CABLES

The application of sensors fordifferential protection
requires long sensor cables. Sensors have neenb
previously used in this application as it was believed that
they cannot reliably work with long cabldsowever the
high accuracy and dynamieneasurementrange of
sensors could bring many benefits to differential
protection application.The challengig situation for
traditional dfferential protectionbased on measurement
from conventional CTds mainly CT saturaibn. This
could happen during faults outside or inside the protected
zone whenrhigh fault currentoccursin primary system

To avoid false oeration during faults outsiddghe
protected zone, thigaditionaldifferential protection uses
stabilized characteristic with slopeEinfortunately the
slopes can makeifterential protection lss sensitive and
consequentlydifferential protection could detect the
faults in the protection zone in later stage when the fault
current could reachhigh values.On the other hand
sensorswith their linear characteristic withosaturation
could change dramatically differential protien
characteristic and the slopes which should stabilized the
differential protection on CT saturation could be
removed.Since the only obstacle of sensor utilization in
differential protection applicationvas thepresumption
that sensor with extered cable length cannot be usdu t
tests have been carried out to refute this fallacy.
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Type test setup

The current sensors were measured using a type test setup
based on the same commercial system from ZERA Gmbh
but with different generator and withT&EETTEX current
transformer (CT) referenceThe wrrent sens@ were
based on existing productaising Rogowski coil
technology.The ®st circuit for accuracy measurements in
steady state corresponds to the one described in IEC
600448, 2002.

Thevoltage sensors weadsomeasured using ype test
setupbased ora commercialsystemfrom ZERA Gmbh

and a voltage transformer (VT)eference The wltage
sensos investigated are based on existing products and
use aesistive dividemprinciple.

Burdenof sensos was in all caseset to10MW.

Results

Influence of four different cable lengths on accuracy of
both current and voltage sensor has been investigated.
Cable lengths used were: 6.5m, 20m, 50m and 100m.
Three sensor samples have been used with eable
length. Measured results of amplitualed phaserror are
nearly identicalfor all sensorsand are summarized in
Fig. 5.
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Fig. 5 Amplitude and phase error variation of current

sensor with different cable lengths.

Q

It has to be mentioned, thidite sensoused waoriginally
designed for operation with 6.5m cablength. It is
evident that for different cable lengths the current sensor
does not need any correction of amplitude accuracy to be
introduced to a given IED, in order to oka high
accuracy, nevertheless if very high accuracy is of
concern, corrections mentioned in Tab. 1 could be used.

Correction factor adjustment

V-sensar l-sensor
Cable length - -
amplitude phase amplitude phase
B,5m 1,0000 0 1,0000 0
20m 1,0007 34 1,0000 4

50m
100m

1,0025
1,0066

113
242

0,9989
1,0001

12
31

Correction factors - available limit range in IEDs
0,0000-1,1000]  +300 [os5000-1,1000] *300

Tab. 1 Correction factor adjustments required for use
with different sensor cable lengths
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In case the accuracy tfe full measuring chain is of our
interest[2], influence ofdifferent cable lengths could be
easily corrected withinan IED. Thereforethe IED error
would be significantly lesthanshownin Fig. 5.

In thecase ofvoltagesensorsthe effect of different cable
lengths isa bit bigger Measured results of amplitude
error are summarized in Fif.
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Fig. 6 Amplitude and phase error variations of voltage
sensors with different cable lengths.

It has to be again mentioned, thhke sensorusedhas
been originally designed for operation with 6.5m cable

length. Longer cables have been also connected and use

during our investigation. Even though one canaeery
small variation of accuracy with different cable lengths,
the value of this variation is well known, stable in all
cases and could be, for known cable length, further easily
corrected by changing the correction factor within the
IED. Required correction factor adjustments are again
summarized in Tab. 1.

EMC tests

In order to verify performance of sensors with different
cable lengthén harsh environments, also EMC tests have
been performed, for all voltage and current sensors and
all cable lengths investigated, in order to prove suitability
for application at paer systems. EMC tests have been
performed on a sensor connected to the IED, which fully
corresponds to the real application in service. Example of
electromagnetic field immunity test setup is shown in
Fig. 7.

Fig. 7 Electromagnetic field immunity test
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It has been proved that connection of such sensors
together with IEDs does not causey EMC issues
which confirms suitablity for differential protection
applications, showing significant benefits in setting up of
the IED andthe use of standardized ggors.In case one
combines this verification with accuracy tested for the
whole measuring chain described before, it is possible to
create very reliable information about network situation
and improve accuracy of protection functions, such as
e.g. differential protection.

CONCLUSION

It is concluded that excellent performance and
functionality is offered by the combination of Lepower
standalone sensors and modern IEDs. The IEC 61850
2 output format provides easy interoperability as well as
an excellentmeans to test the accuracy of the whole
measuring chainExcellent linearity is reached by the
whole measurement chainndh both protection and
metering accuracy classes are ensured over a wide range
of rated currents and voltages. The overall metering
acalracy class 0.5 is fulfilled with high margins by the
combination of the latest designs of MV current and
voltage sensors and IED3he excellent accuracy and
EC 618509-2 output formatis believed to enable
ptimized implementations of functions like féifential
protection.
However, present sensor and IED products are also good
candidates for application in differential protectias
shown by theaccuracy and EMGQests performecdkven
with long sensor cables up to 100 Im.fact, Low-power
standalone sensors show installation and operation
benefits in comparison to current transformers te
protection function itselfcan be optimizedwithout
having to care abowiaturatioreffects
In the short termLow-power stanehlone sensorand
IEDs are stil offering improvements in protection
applicationsln the longer term, improved accuracy of the
whole  measuring chain and IEC 618509-2
communication will open a full range of possibilities for
protection, metering, and power quality.
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