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Abstract - This paper is focused on the problems related ¢octiibration of static electricity meters with
nonsinusoidal test waveforms. This is an up-to-dasue since the harmonic distortion levels arer eve
increasing, especially in low-voltage power systearsd in such conditions the performances of theleno
static electricity meters can be negatively affdctiepending on the implemented measurement digarithus

it is important to test the meters with nonsinuabidaveforms. The paper analyzes the problemsectkat both
the choice of the test signals to be used for Giitm and the implemented metric, with a particéiteeus on the
reactive energy meters. The analysis is suppoiesteral experimental results.

|. Introduction

With the steadily increasing amount of the harmgaattution in power systems, the calibration of #iectricity
meters in nonsinusoidal conditions has become yaimgyortant issue.

In fact, the Directive MID 2004/22/EC of the EurapeParliament [1] states that the measuring ingnisused
for commercial transactions “shall not exceed tleximum permissible error” under rated operatingditons,
which are defined as “the values for the measui@mdi influence quantities making up the normal wugki
conditions of an instrument”; as regards this,a$ o be observed that in [1] only the meters &iva energy
are explicitly mentioned, but in point of fact alssactive energy are currently used for the eleityrbilling.
With the increase of nonlinear and/or time-variaaids the amount of harmonic distortion in powestegns can
be significant and the “normal operating conditionannot be considered sinusoidal anymore. Moreower
Italy the standard CEI 13-4 [2] defines the craefor the verification of measurement systems fectec
energy for billing purposes and fiscal assessméhis;standard is applied to systems for measuaiiiye and
reactive energy on single phase and three phassgitsirAs regard the calibration of the electriqiteters, the
aforesaid standard classifies the tests from tlwavpoint of both the place of execution (lab or @e-s
calibrations) and the load conditions (real loadlommy load calibrations). Thus, the tests coulpp&dormed
on the place of installation of the electricity st (on-site), using the load of the same eledtsigstem; in such
conditions, the situation may occur in which thébration should be carried out in nonsinusoidaiditions.
Nowadays, the static electricity meters (for battiv@ and reactive energy) have almost totally ssgded the
traditional electro-mechanical (inductive) metdyecause of their better stability, accuracy andtirfuhction
metering facilities (for example, the integratiof lwoth active and reactive energy and the simutiaee
measurements of other significant electrical quies)i, as well as because of the possibility ofigraitting the
data measured at a distance, by means of powecdimirs or other data transmission technologissiegards
the measurement performances in nonsinusoidal tonsli[3-6], the energy measured by inductive nsetess
always close to that related to the fundamentalpmrants of voltages and currents (because of fiegjuency
response). On the contrary the behaviour of thicstaeters can be negatively affected by the pre=saf the
harmonic distortion, depending on both the voltagd current waveforms and the implemented measurteme
algorithm. Therefore, it is necessary to develogppr calibration procedures for the static eleityrimeters in
nonsinusoidal conditions.

The current standardization is lacking on this ¢oji fact it is known that the current standardd drafts for
reactive energy meters [7-9] take into account ahly operation under sinusoidal condition. In detiir
reactive energy meters they refer to “a conventialadinition of reactive energy for sinusoidal \aafes and
currents containing only the fundamental frequen@g regards the performances of the metering eoglip,
they define the requirements that instruments Haveomply with in sinusoidal conditions; moreovéney
provide the test conditions and the accuracy regquénts that the meters have to satisfy, when sofheemnce
guantities change with respect to sinusoidal refsgeconditions but the harmonic distortion is natluded
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among these influence quantities. Only for actimergy meters [10-11], an accuracy test in the meEsef
harmonics is reported. Thus, according to the afidestandards the electricity meters are basidalbygned for
the operation in sinusoidal conditions and theicusacy specifications which are defined in sinuabid
conditions, can lose their significance in the preg of harmonic distortion.

In literature different methodologies have beenpps®d concerning the calibration of electricity engtin
nonsinusoidal conditions, mostly referring to thdseactive energy. Some of these methods [12-i8based
on the generation of distorted voltages and cusrehat are supposed to be representative of thmator
operating conditions. In [14] the choice of the sb&est waveforms” is discussed with the aim iglentify the
test conditions that can cause the most significacertainty problems while performing the measw@ets. In
[15-16] some voltage and current waveforms are @seg@, which are selected by means of a probabilisti
approach and in order to maximize the instrumentatirors. Other approaches have been developéch ate
aimed to calibrate the meters under normal opeyatonditions. For example in [17] a method is pisgIh
which is based on the random generation of voltgk current test signals, whose distorted wavefarasset
in order to represent the real operating conditidmg18] the on-site calibration of energy metergproposed,
together with the development of proper referenaasuring equipment; also in this case the set sff te
waveforms of voltage and current are meant to iéywwe the actual operating conditions.

However at present there is not a preferred metbggtdo be used for the calibration of the eledyieneters in
nonsinusoidal conditions. Moreover, as regards meters for reactive energy the issue is particularl
challenging, since there are several solutionseatly available on the market, which are based ifferdnt
principles of construction, thus implementing diéfet metrics [19-20]. These metrics are all eqenalin
sinusoidal conditions, thus in the same workingditions they lead to compatible results in the roeasients
within the specified accuracy class limits. On domtrary, in the presence of distorted voltagedancurrents
they can give different measurements in the sanmkimg conditions and this could lead to differeesults for
customers in terms of energy costs. As regards éimsexperimental approach is proposed in [21-22]tlie
characterization in the presence of harmonic distorlt is developed starting from the accuracst tondition
in the presence of harmonics reported in the staisd&-9], which considers only the presence of loaenonic
component on both voltage and current signals. #ceptually similar approach is proposed in [23]evehmore
realistic test waveforms are considered. In bosiesahe characterization is aimed to identify thegrim when it
is not declared by the manufacturer or to make ipi@ws on the behaviour of the meters whose operati
principle is known.

At the light of all the aforesaid consideratiorfistpaper analyzes the problems related to théradilbon of the
reactive energy meters in the presence of harmamdssome possible solutions are suggested. Moreswere
of the previous mentioned methodologies for catibraare compared, from the perspective to empheyrt for
the meters for reactive energy. The analysis ipatipd by some experimental tests, which have lbaeted
out on both commercial and standard meters.

I1. Calibration proceduresin the presence of harmonics and related problems

As reported in [2], the calibration consist in tbealuation of the percentage errors of the metadeutest
(MUTSs) using a standard meter as a reference. Tb@dvhave to be verified under given test conditiand
they have to show errors, in absolute terms, rgiidi than the values shown by the theoretical icldm curve.
The comparison should be performed for each test most take into account the uncertainty of the
measurement process. The percentage e¥ads defined as follows:

W, W,

€% 100 1)

t

whereW, is the energy registered by the meter Wds the “true energy”; which is assumed to be thergy
measured by the reference standard meter (witht@dstincertainty) [1, 7].

In the case of the calibration of the static meterdhe reactive energy, some problems arise, lwaie mainly
related to the fact that the reactive energy isumitocally defined in nonsinusoidal conditions.ught is not
defined the quantity to be assumed as a referemdbd evaluation of the percentage error and tiseadlack of
an univocally defined measuring metric to be addjmtethe presence of harmonic distortion [19-23.8result,
the meters can implement different solutions far teasurement of reactive energy, which are aivatgnt in
sinusoidal conditions, while they can give diffareesults in the presence of harmonics on voltagkairrent
signals. This is true for both the commercial statieters and the reference standard meters, fahwhere are
no in-force standards (only a IEC draft is currgatailable for meters of classes 0,5 S, 0,5, I51afi 1]).
Thus the results of a calibration in nonsinusomaiditions can depend not only on the working cboibut
also on the metrics implemented by both the MUT #hredstandard meter used as a reference for theatioam
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of e% In detall, if these metrics are different, theulés of the calibration are not meaningful, beeathe MUT
and the standard meter measure different quanf®s In order to avoid this problem the calibeatishould be
carried out by using a standard meter which implesthe same metric of the MUT.

However, in most cases the metric is not declarethb manufacturer; thus the calibration procedarethe
reactive energy meters should firstly implementa@ppr test protocol able to individuate the metfithe MUT.
For example, the experimental approach proposgtPi23] can be adopted.

After individuating the metric of the MUT, the dailation can be performed by using a proper refereneter.
As regards this, in the viewpoint of an on-siteitmaltion with a standard portable equipment [18Jhould
implement the different metrics in order to enstire suitable flexibility (otherwise a complete sétstandard
meters should be available, each performing thesareaents of the reactive energy with a given metri

[11. Calibration waveforms: experimental tests and discussion

As mentioned before, several types of waveformsHaeen proposed in literature for the calibratiérihe
electricity meters. For the purpose of using thentlie reactive energy an experimental analysiscaased out
on the following static meters for both active aadctive energy:

- aportable reference standard meter (named SMeifotlowing) of accuracy class 0,1 - 0,2 respedyiver
active and reactive energy constructed with a nimpdrase shifting of a quarter of a period of therent,
meter calibration factor &, = 3-16 pulses/kvarh;

- a meter of accuracy class 0,5, developed by STMieotronics, (MUT 1) with a shifting of 90° of the
current by means of an integrator circuity;k= 128.000 pulses/kvarh;

- two commercial static meters of accuracy class dsehmetrics are not declared by the manufacturers
(MUT 2, 3); Ku2 = 100 pulses/kvarh, g = 1.000 pulses/kvarh.

For the last three MUTSs the implemented metric imasstigated by applying the experimental apprazd22-

23]. In brief, it is based on the comparison of theasurements performed by the generic meter uadewith

the theoretical results that can be obtained with mathematical model of the different metrics thah be

implemented for the meters. As regards the testlitions, voltage and current waveforms with"ads a 3

harmonic component (THP= 10%, THD = 40%,) are considered and the experimental &estgarried out by

varying the phase angles between harmonics. Framrdbults obtained it was deduced that the MUT 2

implements theN-metric, while the MUT 3 implements tiié4-metric (see appendix for the description of the

metrics).

The analysis of the behaviour of the MUTs with sal/ealibration waveforms was carried out by getiega

voltage and current signals by means of a powdénredabr Fluke 6100A Electrical Power Standard. Téactive

energy measured by each MUT were evaluated by icguatspecified number of pulses provided by theTMU
within a time interval T provided by the power taditor. The time interval T (or the number of pslse be
counted) was chosen for each test in order to eetda uncertainty on the measurement of the pexgergrror

up to 1/18' of the maximum allowable error for each MUT [22}:23

The voltage and current waveforms were chosen gordance with some of the methodologies already

proposed in literature. For each test, the pergentarors were evaluated, by assuming as “truestalu

1) the reactive energy related to the fundamental comapts of voltage and current, Mg, = Wy in (1);

2) the reactive energy measured by the standard mnetler test (SM), i.80; = Wgy;

3) the reactive energy obtained with the INT-metrie,\\, = Wiy,

4) the reactive energy obtained with the T/4-metrie, W, = Wy,

5) the reactive energy obtained with the N-metric,\Me= Wi

The obtained percentage errors are indicated ifotteving with e,%, es\%6, ent%, ers%, end%, respectively.

As an example, a first test condition was defingdchoosing the harmonic content of voltage andemnirin

accordance with the limits reported respectivelZ Bl EN 50160 and EN IEC 61000-3-2 [20] (see tdbleThe

results obtained for this test condition are regih table Il. It can be observed that the peamgmerrors of the
meters under test can be very different, dependinthe metric adopted as a reference. For exaiifig;% is

consideredall the meters show very large values of the paaggnerror, with the exception of the MUT 1,

which implements the INT-metric; similarly &% is consideredponly the MUT 2 show a small percentage

error, as this meter implements the N-metric; findl e;,% is consideredpnly the MUT 3 and the SM (which
implement the T/4-metric) are able to respect tletss limits. In figure 1 there are reported tleecpntage
errors of the MUTs of accuracy class 2 (MUTs 2v#)ich are evaluated with respect to the variousioseand
the Standard Meter (SM). The percentage errore@mgared with the limit of a theoretical calibratiourve,

i.e. the maximum permissible error for the metdraaruracy class 2 [2MPE, which is represented with the

dotted line in figure 1. From the figure it can ddgserved if a calibration would be made withoutliprimarily

investigating the metrics of the MUTs and by usingeference the standard meter under test (seksrasted),
the limits of [2] would be respected only for thdJW 3, which implements the same metric of SM, wiilile
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MUT 2 would be out of the limits because its meisiclifferent from the one implemented by the SM.

Further experimental tests were carried out orbthesing the voltage and current test waveformggsed in
[16]. These test conditions were proposed in otd¢est the dynamic range of the instruments anddgimize

the errors in the measurements of voltage and muh@ monics and related power, by means of prepkage
and current waveforms with maximum number of zessings, maximum zero values, maximum positive or
negative peaks (equal or not). Differently from ]J[1@here only the measurement of active power was
considered, a phase shifting was operated betweerdtage and current waveforms, in order to perfthe
measurement of the reactive power (or energy). Blagge the amount of the voltage distortion was ceduin
order to have some more realistic conditions (wthikzharmonic currents were maintained at the aleported

in [16]). Some of the test conditions are synthediin table 1ll, where there are reported the haimeoltages
and currents and the related phase angles. Favithes 2 and 3, both the active and the reactive ggnarere
measured and the percentage errors were evalugtéaking as a reference the active and reactiveggne
measured by the standard meter. From the obtagmdts it can be observed that the percentageseiwothe
measurement of the reactive energy are very highthtfle MUT 2, which implements the N metric; on the
contrary, the percentage errors are low (undeMRE&) for the MUT 3 which implements the T/4 metricdth
same implemented by the Standard meter used dsrarree). Otherwise, in all the tests the percentagrs of
both the MUTS 2 and 3 were under M@E for the measurement of the active energy.

V. Conclusions

In this paper the problems have been analysed ouingethe calibration of static electricity metensgth
nonsinusoidal test waveforms, with a particularuon the reactive energy meters. These problenisiyma
concern the choice of the test signals to be usecddlibration and the implemented metric, whichnist
univocally defined for the measurement of the rieactnergy. The theoretical and experimental amabkisowed
that a given meter under test is able to respectltss limits only when its percentage errorseamduated with
respect to the metric implemented by the meter sedves. On the contrary, if the percentage erroes a
evaluated with respect to a different metric, thetan under test can show very large percentageserfiis
means that, in practical cases, if the metricsnatea-priori known it is impossible to correctlyderstand the
results of a calibration. In order to avoid thesebtems, the calibration should be carried out sing a standard
meter which implements the same metric of the meteler test. However, the manufacturer not ofteciade
the modalities of measurement of the reactive enetigus a suitable calibration procedure shouldtlfir
implements a measurement protocol for the ideatifi of the metric of the meter under test. Moexpin the
perspective of an “on-site” calibration, it woul@ helpful to have a portable standard meter whighléments
the various metrics, in order to ensure a compfleribility and adaptability to the different sittians.
Otherwise, an assortment of standards should beclati implementing a different metric.

Table I: Test condition 1. Harmonic voltages and

currents and related phase angles. V=230V, 1=E&

A (RMS values); fundamental power factor 0,894
inductive. THRQ,=7,9%, THQ=28%.

Harmonic Voltage Current Phase angle
order [% of [% of betwgen
fundam. fundam.] harmonicq°]
3 6 27 90°
4 1 2,69 0°
5 5 10 -90°
7 1 7 90°

Table II: Experimental results. Percentage errors
€,%, e\, ent%, e, en% of the MUTSs. Test
condition 1 (see Table I.

MUT €% esw | ent% % a%
SM -4,87 - -6,21 -0,04 -21,6
MUT 1 0,79 5,95 -0,63 5,91 -17,(
MUT 2 20,5 26,6 19 26,6 -0,71
MUT 3 | -4,02 0,89 -5,3 0,85 -20,9
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Figure 1. Experimental results. Percentage errors
(absolute values) of the commercial MUTs (2 and 3)
evaluated with respect to the various metric aed th

Standard Meter (SM). Test conditions of Table I.
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Table Ill: Test condition 2. Harmonic voltages andrents and related phase angles. V = 230 V, A{BMS

values); fundamental power factor 0,866 inductive.

Test 3 5 7 8 9
condition |V, Ih ®n Vi Ih on Vi Ih on Vi In on Vh In on

Harmonic voltages and current [% of fundamentat] phase angle between harmonics [°degrees]

(%] | [%] | [ | [%] | [%] | [F] | [%] | [%] | [ [ [%] | [% | [F] | (%] | [%] | []

2 10 | 10 10| 10 0 0 25 | 25 0 0
3 4 40 | o0 |2 20 | ool 2 20 | il 2 20 | L0l 0 0 | Lo
4 4 40 4 40 4 40 4 40 0 0
5 3 20 3 20 3 20 3 20 3 20

B MUT 2
B MUT 3

MPE (3,96%)

Test2 Test3 Test4 Testb

Figure 2. Experimental results. Percentage eradysdlute values) of the commercial MUTs (2 andv@)weated

with respect to the Standard Meter (SM). Test cionl of Table Ill.

V. Appendix: mathematical models of the metrics

It is known that the static meters available onrtfeket can be constructed with different solutifir®s23]. For
single-phase applications, the measurement of iveaehergy (or power) can be obtained by meansnof a
analogue or digital multiplication of current anditage; the voltage (or the current) is prelimihashifted by
90° by means of an integrator circuit, a time &miftof a quarter of a period, a filtering stageaaother numeric
technique. Moreover, digital meters, which are Hamethe numerical conversion of voltage and cursanals,
can also implement the mathematical definition e@dative power; as regards this, it is known thatess
definitions have been proposed in literatlBedeanuFryze ecc.). The different metrics correspond to défer

mathe

matical models in which, in nonsinusoidal ¢tmad, the various harmonics give different conttibns to

the reactive power.

In the

paper, three different metrics are considlere
INT-metric: 90° shifting of the voltage, by mearfsao integrator:

Q= [a d [voaadt=vsing, +721 202 1 =g+ D @)
T/4-metric: 90° shifting of the voltage, by mearisdime shifting of a quarter of a period:
Qu=z] v(tﬁ(t—gjdtﬂ/lusim—vzlzcosz—v3|§ir¢3+...=q—e—g+a+@... 3)

0

N-metric: digital implementation of the definitiorf the “nonactive power” of the IEEE Std. 1459-2000

(or theFryzés reactive power):
N =+S*-P? (4)
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