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Abstract: Metrological characterisation of static energy meters under realistic low power quality
conditions is a basic requirement for proper grid control and fair energy billing. The paper reports
about a new proposed methodology, where the meters are tested under conditions directly recorded
at installation sites. The waveforms of voltages and currents are sampled using a portable instrument;
they are reproduced in laboratory conditions with a phantom power generator, with a bandwidth
covering up to the 40th harmonic. The recording site is a photovoltaic energy production facility,
having a a nominal power of 50 kW, at the coupling section to the grid. These waveforms were then
reproduced in the laboratory, and tested on different models of single- and three-phase commercial
static energy meters; the models chosen represent both energy meters used by energy providers
at the point of common-coupling, and also meters typically used for in-line monitoring by end users.
The quantity of interest is the reading error of the measured energy, when tested with the conditions
reproduced from the on-field measurements, in comparison with a reference meter. All tested
energy meter models comply with the present international documentary standards, which require
tests under low power quality conditions; nevertheless, there are models that show unacceptable
errors (up to 25%) in the measurement of active energy when tested with the on-field recorded
waveforms. This suggests that the standardised testing waveforms might, in some cases, be not fully
representative of the actual conditions encountered in the field.

Keywords: calibration test bed; revenue energy meters; power quality; distorted conditions; harmonics

1. Introduction

In the field of electrical energy distribution, the level of power quality refers to the
consistency and reliability of the electrical power supply. Power quality issues include
the presence of fluctuations in line frequency and amplitude, deviation of the waveform
shape from sinusoidal and, in three-phase systems, the poor symmetry of voltages and the
imbalance of currents waveforms. In particular, voltage sags, swells, harmonics, transients
and interruptions are common power quality issues that can arise in electrical distribution
systems [1]. Voltage sags and swells are temporary reductions or increases in voltage levels,
often caused by faults or switching operations in the grid. Harmonics are distortions in
the voltage or current waveforms, typically caused by nonlinear loads such as electronic
appliances, which can lead to overheating and premature failure of equipment. Transients,
also known as spikes or surges, are brief, high-voltage fluctuations that can result from
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lightning strikes, switching operations, or the connection of large loads. Finally, interrup-
tions are complete losses of power supply, which can occur due to equipment failures,
natural disasters, or deliberate actions.

From the point of view of active energy metering, rather than critical events (like
interruptions), disturbances like harmonic distortion are particularly relevant, because
they introduce systematic cumulative errors in the metering. In fact, electrical vehicle
charging stations, renewable local power generators, electronic motor drivers in workshop
tools, are examples of devices and appliances that generate distortion of the voltage and
current waveforms in the power mains. Static electrical energy meters are affected by such
distortion, and their reading accuracy can be reduced with respect to that achieved under
pure sinusoidal conditions [2-6]. The omnipresence of these nonlinear converters and
loads in the electrical network require particular recognition of the possible effects of low
power quality conditions [7,8] on the testing, calibration and verification of energy meters
for industrial and household use.

Energy meters installed in the European Union have to comply with the 2014/32/EU
Measuring Instruments (MID) Directive [9]. Among the MID requirements is the cal-
ibration and verification of the meter according to international and national (that is,
country-specific) documentary standards. For what concerns calibration and/or verification
of energy meters of new manufacture, the EU/MID reference international documents are:

e the EN 50470 [10,11] series, i.e., the harmonized standard in force for electricity
metering equipment;
e the ENIEC 62052 and EN IEC 62053 series [12,13], amended to be compliant with the MID.

The aforementioned standards cover both the sinusoidal and distorted (low power
quality) operating conditions, and describe tests for both conditions. They provide simple
waveform shapes, intended to generically mimic possible real-world situations. The calibra-
tion/verification of meters already deployed in the field is substantially different from that
of newly manufactured units. There can be constraints in the insertion of the verification in-
strumentation or limitations in the simulation of the load. For what concerns the verification
of meters in this work is supported by the agreement “Collaboration for the development
of validation methods for electrical energy meters under realistic conditions, towards
market surveillance and consumer protection” between the Ministero dello Sviluppo Eco-
nomico (MISE) and the Istituto Nazionale di Ricerca Metrologica (INRIM) field in Italy
(to give an example), the reference standard is CEI 13-71 [14]. The standard distinguishes
two main cases: phantom power tests, performed with portable generators in the sinusoidal
regime; and real-load tests, for which no specific waveforms are prescribed.

In addition to the methods described in the available standards, several other meth-
ods to test static meters in non-sinusoidal conditions have been proposed in literature.
Some propose to employ waveforms having a fixed or a time-varying random harmonic
content, based on the test waveforms considered by the EN 50470, to simulate realistic con-
ditions [15-17]. Others propose to identify an ideal waveform which could be considered
the “best” one for calibrating meters [18], or multiple non-sinusoidal waveforms generated
in a random sequence [19]. Methods to synthesize selected combination of disturbances
affecting quantities relevant for energy revenue purposes have also been proposed [20].

A complementary approach for testing active energy meters in non-sinusoidal con-
ditions can be identified in the laboratory reproduction of low power-quality conditions,
both inspired by and experimentally observed in real scenarios. For example in [21] energy
meters were tested against other commercially available measurement instruments able
to generate arbitrary waveforms programmed with realistic waveforms inspired to real-
world situations. More recently in [22], considering the sensitivity to specific distorted
conditions, energy meters were tested with artificial test waveforms implemented as repre-
sentations of the pulsed waveforms recorded from household appliances, or supply points
metered on-site.

In this paper we employ a novel approach, based on a phantom power generator
system described in detail elsewhere [23]. The system can be used to reproduce actual
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low power-quality conditions that have been recorded in the field, and allows for testing
various types and models of static energy meters commercially available; first experiments
were presented in [24]. Tested meters represent typical three-phase metering units used
by energy providers at points of common coupling and also DIN-bar mounting meters
(both three- and single-phase) often used by the customers to monitor their own household
or industrial appliances.

The paper is organised as follows:

*  Section 2 describes the instrumentation and the methods employed for recording
test waveforms and the for the testing of energy meters with either standardised
or recorded waveforms in a metrologically traceable framework;

*  Section 3 shows the recordings performed at an installation site and the outcome
of tests performed on both three-phase and single-phase energy meter models;

*  Section 4 discusses the results and the discrepancies between the errors measured
under the standardised and the field-recorded conditions.

2. Materials and Methods
2.1. The Calibration Test Bed

Figure 1 shows the schematic diagram of the experimental setup that calibrates com-
mercial energy meters with the reconstructed waveforms. G is a ZERA MTS310 power and
energy meters test system; details are given in [23]. The voltage and current ranges of G are
up to 320 V and 120 A per phase; the fundamental frequency can span from 40 Hz to 70 Hz.
The unit G includes a photo-detector, which senses pulsed optical output from Wpyr.
Wrgr is a ZERA COMS5003 three-phase energy meter, having an accuracy class of 0.005%.
Its voltage and current input ranges are up to 480 V and 160 A; harmonics are measured
up to the 40th order, with a bandwidth of 6kHz. Wpyr is the meter under test (see
Section 2.2). G is configured by the software WinSAM™ (ZERA GmbH, Germany) pro-
vided by the manufacturer.
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Figure 1. Simplified schematic diagram of the phantom power test bed for calibration/verification
of static electricity meters. See Section 3.2.2 for detailed description.

2.2. Meters under Test

We tested as Wpyr a series of static energy meters: (i) an high-end multi-function
static three-phase meter representative of typical on-site meters at the point of common
coupling, labeled DUT-1; (ii) five DIN-mounting meters—one three-phase meter (DUT-
2) and four single-phase meters (DUT-3, ..., DUT-6), representative of possible user-
deployed meters inserted in production lines or at other appliances (office, workshop).
Relevant specifications of the meters under test in this work are reported in Table 1.
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Table 1. Static energy meters under test. The EN class, ¢ and Imax are defined following the standard
EN 50470-1.

Label EN Class Led/A Imax/A N. of Phases
DUT-1 C 1 10 3
DUT-2 B 5 6 3
DUT-3 B 5 40 1
DUT-4 B 5 40 1
DUT-5 B 5 65 1
DUT-6 B 5 45 1

2.3. Standardised Sinusoidal and Distorted Waveforms

The sinusoidal and standardised distorted waveforms used to test the DUTs were im-
plemented following the standardised tests (i) EN 50470 8.7.2 “Accuracy tests at reference
conditions” and (ii) EN 50470 8.7.7.7 “Accuracy in presence of harmonics” in which the volt-
age waveform includes the 5th harmonic of amplitude equal to the 10% of the fundamental
and the current waveforms include the 5th harmonic of amplitude equal to 40% of the fun-
damental. These tests served as a reference against tests performed with on-field recorded
distorted waveforms, see Section 2.4.

2.4. On-Field Recorded Waveforms
2.4.1. Recording

The measurements performed in the field were made in September 2021, during
the morning, at the point of common-coupling of a self-production photovoltaic (PV) gen-
eration/consumption facility belonging to a Italian small factory. The facility is connected
to a substation of the Italian distribution network, and the energy meter accounts for both
energy generation and absorption occurring in the factory, in turn depending on the self-
consumption and light irradiation of the PV modules. A GESIS 2020 OM 330 energy meter is
installed at the site, having a reference current 1 A, maximum current 20 A, belonging to the
EN class B for active energy measurement. The meter is installed in semi-direct insertion,
using TA transducers having a ratio 125/5 A/A and a IEC class 0.5 s. During the active
hours of the factory/plant operation, voltage waveforms relative to the neutral conductor
V10, Va0, V30) and current waveforms (1, I, I3) were sampled using a calibrated ZERA
reference portable wattmeter model MT310. The specified instrument accuracy is of 0.1%
in direct insertion and of 0.2% when employing amperometric clamps. The sampling
instrument was inserted in 4 W mode, using amperometric clamps. The recording voltage
and current ranges are 250 V and 100 A. It was used to record the harmonic content and
the waveforms of the three voltage and current channels, plus other quantities of interest.
Data storage format is xml, analyzed off-line.

2.4.2. Reproduction
To reconstruct the on-field recorded voltage and current waveforms, we used their
harmonic content measured by the portable instrument MT310. The amplitude and phase

of each of the 40 harmonic components of each channel were set on G by the software
WinSAM™,

3. Results

The DUTs described in Section 2.2 were tested with the three types of waveforms: sinu-
soidal (Section 2.3), standardised distorted (Section 2.3) and on-field recorded (Section 2.4).

Following the standard EN 50470-1, the active energy relative error of the DUT is
in a given condition is defined as

_ Eapur — EAREF
e = 7 (1)
EA REF
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where E4 pyrt is the active energy measurements of Wpyt and Ex rgr is the active energy
measurements of the Wggg.

The error e of the three-phase meters DUT-1 and DUT-2 was measured using the direct
insertion scheme of Figure 1, with a 4W connection. For the measurement of the error e
of the single-phase meters DUT-3 to DUT-6, these were connected to the phase 2 of the test
bed, following their specific connection schemes. In all cases one DUT at a time was
connected to avoid unwanted loading of the instrumentation or other effects.

In all tests, the amplitude of voltage fundamental harmonic component, as reproduced
in the laboratory, was set to 230 V, the standard reference voltage as defined in the EN 50470-
1 (clause 4.1); in particular, the voltage waveforms recorded on the field were compatible
with that amplitude. In fact, THDy for all the three phases is within the limit reported
on the standard EN 50470-3 (Table 12). The amplitude of the fundamental harmonic
of the current waveforms was proportionally reduced to comply with the specifications
of Wpyr (e.g., DUT-1 has a maximum current of 10 A). For each voltage waveform,
measurements were performed with different RMS currents in the range 0.25A to 15 A;
the individual current points have been chosen to be compatible with the specific DUT and
include the reference currents I, of Table 1.

For each measurement point, the readings of Wrgr were averaged for 20 s under sinu-
soidal and standardised distorted conditions, and for 40 s for the on-field recorded distorted
waveforms to derive E5 pyT and Ea R in each of the three conditions. Each measurement
was repeated 6 times to be consistent with the on-field verification measurement protocol.

3.1. Tests with Standardised Waveforms

Sinusoidal and standardised distorted waveforms were reproduced in the test bed
with the following characteristics: in both cases the RMS amlitude of the voltage waveform
fundamental harmonic component was 230 V and the relative phase between voltage and
current fundamentals was 6§ = 0°.

3.2. Tests with On-Field Recorded Waveforms
3.2.1. Recorded Waveforms in the Field

Relevant parameters of the waveforms recorded on the field, and considered in this
work, are reported in Table 2. Summarizing, RMS voltages (UL1, ..., UL3) and RMS
currents (IL1, ..., IL3) on the three phases had values of the order of 230V and 10 A
respectively, as measured at the secondary TA current transducers. The voltage and current
total harmonic distortion, THDy and THDj, were of the order of 2% and 30% respectively.
The phase angle 6 between voltage and current waveforms and the active (P), reactive (Q)
and apparent (S) energy instead took different values for each phase. Phase angle 6 is given
with the voltage channel as reference. The influence of TA transducers (which are installed
on the verification site) is not discussed in the present work.

Table 2. On-field waveform relevant parameters. UL and IL are the RMS current and voltage values
of the recorded waveforms; THD stands for total harmonic distortion; the symbol 6 represents
the phase angle between voltage and current recorded on each phase (a positive value represents I
in advance of V, i.e., capacitive power factor); symbols P, Q, S indicate active, reactive and apparent
power respectively.

Phase UL/V THDvy/% IL/A THD /% 0/° P/kW Q/kvar  S/kVA
1 229.97 1.23 10.57 26.89 95.09 —0.205 —2.293 2431
2 231.52 1.42 10.26 22.38 68.55 0.842 —2.155 2.376
3 231.19 1.21 10.41 22.74 64.04 1.22 —2.107 2.407

Examples of the current and voltage waveforms captured on the TA secondary wind-
ing at the verification site are shown in Figure 2. The plots show the waveforms in the time
domain, and report strongly distorted current waveforms (solid lines) and clearly visible
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double zero-crossings. The corresponding voltage waveforms (dashed line) appear less
distorted. Figure 3 shows the corresponding amplitude, of the 40 recorded harmonics
of the current waveform I; on the phase 1, shown in Figure 2; the inset shows a detail
of the first 10 harmonics, the most relevant, of all the three current waveforms (I3, I, I3)
shown in Figure 2. For each phase, the amplitude of the harmonic components is normal-
ized to the corresponding fundamental. Major harmonics have an odd index number, and
the load was non-symmetric.

10 400
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-400
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Figure 2. Voltage and current waveforms on the three phases recorded at the facility. Data were
stored in an MT310 verification instrument.
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Figure 3. Harmonic content of the current waveform (I) of Figure 2. The first 10 harmonics of all
the three current waveforms (I, I, I3) of Figure 2, are shown in the inset.

3.2.2. Measurements in the Laboratory

The relative phase 6 between voltage and current waveforms were set according to the
on-field measurements, resulting in a capacitive load-type for all the 3 phases. The energy
measurement error e in sinusoidal and distorted conditions recorded on the field is reported
in Figure 4 (DUT-1), Figure 5 (DUT-2) and Figure 6 (DUT-3, ..., DUT-6). The horizontal
dashed lines appearing in these figures represent the corresponding EN accuracy class
for the considered DUTs. The vertical marker appearing in each figure represents the larger
expanded uncertainty for that data set (coverage factor k = 2) that has been estimated
as follows. The type A uncertainty has been evaluated as the standard deviation of the mean
of e readings. Type B contribution to the measurement uncertainty has been estimated
on the basis of the uncertainty of the reference instrument Wrgg. This is within its class
of 0.005% (50 ppm) when considering sinusoidal conditions and a power factor better than
0.51 or 0.8¢; this has been verified by comparison with the Italian standard of power and
energy. In this experiment, the power factor of the three-phase signal is about 0.23c, and that
of the single-phase signal is about 0.4c. Anyway, despite the significant THD; (up to 26.89%),
the THDy is limited (1.42% maximum), it is expected that less than 1% of the active power
E 4 is provided by the harmonics. Taking these effects in consideration, we conservatively
estimate the type B uncertainty of the measurements by applying a de-rating factor of 5
to the instrumental class of the WgrgF, with a rectangular distribution. This gives a type B
contribution to the relative uncertainty of the active power measurement of 0.03% (300 ppm,
k = 2); this is comparable or smaller to the corresponding type A contribution estimated
from the measurement error ¢ readings. A proper expression of measurement uncertainty
of a reference meter under low power factor and non-sinusoidal conditions is presently
considered a research subject in itself [25,26].
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Figure 4. Relative error, ¢, between Wrgr and Wpyt for measurements performed with the DUT-
1. Black markers represent the error on the measurement of reproduced distorted waveforms;
white circles correspond to sinusoidal conditions and white triangles to the standardised distorted
conditions. Horizontal dashed lines indicate the accuracy class according to EN 50470; the vertical
marker represents the worst combined uncertainty which is 0.030%.
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Figure 5. Relative error, e, between Wrgr and Wpyt for measurements performed with DUT-2.
In (a) Black markers represent the error on the measurement of reproduced waveforms; white circles
correspond to sinusoidal conditions and white triangles to the standardised distorted conditions.
Horizontal dashed lines indicate the accuracy class according to EN 50470; in (b) the detail of e
in sinusoidal and standardised distorted conditions. The vertical solid marker represents the worst
combined uncertainty (0.06%).
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Figure 6. Relative error, e, between Wrgr and Wpyt for measurements performed with DUT-3
to DUT-6. Black markers represent the error on the measurement of reproduced distorted waveforms;
white circles correspond to sinusoidal conditions and white triangles to the standardised distorted
conditions, labeled as (S) and (EN) respectively in the legend, here reported as a reference for DUT-
5 only for sake of clarity. The horizontal dashed lines indicate the accuracy class of the DUTs
according to EN 50470; the vertical marker represents the worst combined uncertainty among all
the measurements, equal to 0.072%.

4. Discussion

Concerning DUT-1, Figure 4 shows that the error e of Wpyt ranges between
e = —0.018% and ¢ = 0.015% in the sinusoidal regime, and between ¢ = —0.063%
and e = 0.079% in the standardised distorted regime, thus within the prescribed range
of the standards EN 50470 and IEC 62053 for the class of DUT-1 (0.5%). The error e cor-
responding to the reproduced distorted regime is larger: from e = —0.12% to e = 0.26%.
Therefore, assuming the the power quality conditions as recorded in the field, although e
of DUT-1 becomes larger in non-sinusoidal conditions, DUT-1 is still reasonably performing,.

We now discuss the results obtained with the three-phase DIN-mounting meter la-
belled as DUT-2. Concerning DUT-2, Figure 5 shows that the error e of the WpyT spans
between ¢ = 0.002% and e = 0.253% for the sinusoidal conditions, and between ¢ = 0.0761%
and e = —0.182% in standardised distorted conditions, thus falling abundantly within its
accuracy class (1%). Instead, the error e corresponding to the reproduced distorted condi-
tions is much larger, taking values between e = 24.35% and e = 25.11%. Hence, DUT-2
is not performing well compared to Wggr under the power quality conditions recorded
on the field (The fact that the DUT-2 does not perform well under realistic distorted condi-
tions can not be discussed in depth since it is a packaged commercial product. The different
behaviour compared to DUT-1 might be related to the fact DUT-2 is a lower marked-price
instrument, at difference with DUT-1 which is high-end product.). This result, should not
be much surprising in non-sinusoidal conditions, since similar behaviours were observed
recently in similar tests in distorted condition [27].

Finally we consider the results obtained with the single-phase DIN-mounting me-
ters labelled as DUT-3, DUT-4, DUT-5 and DUT-6. Figure 6 groups the error e of DUT-3
to DUT-6. Overall, the active energy measurement error e spans between ¢ = —0.322%
and e = 0.243% for the sinusoidal conditions, falling even in this case within the range
prescribed by the corresponding standards EN 50470 and IEC 62053 for the class of DUT-1
(0.5%). For sake of clarity, in this plot we only reported the error in sinusoidal (S), and
standardised distorted (EN) conditions for DUT-5, as representative; the corresponding
errors for the other single-phase DUTs were comparable. The error e corresponding to the
distorted conditions is larger, falls always within the accuracy class of these meters (1%),
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spanning from e = —0.461% to e = 0.656%. In summary, under the power quality con-
ditions recorded on the field, the measurement error e of DUT-3 to DUT-6 is comparable
or larger to that observed in sinusoidal conditions, and the DUTs are reasonably performing
when compared to WRgr.

Note that the present standards [11,13] give no prescriptions regarding limits for the er-
ror e in a generic low power quality situation. Therefore, the results achieved under the re-
produced distorted conditions cannot be formally compared with any of the defined forms
of permissible error found in the present EN/IEC standards. Except for one energy meter
(DUT-2) even highly distorted conditions are measured within the accuracy class (used
as a reference) of the considered meters.

5. Conclusions

The measurement of energy under distorted conditions in distribution networks is
a well-known issue. We developed a test bed in phantom power configuration for the re-
production, in laboratory conditions, of voltage and current waveforms, reconstructing
them from the harmonic content of waveforms sampled on the field. The test bed was
employed to perform verification tests on several three-phase and single-phase power
meters, both in sinusoidal and distorted conditions. The outcome of the verification is
strongly dependent on the meter model: some behave consistently with their accuracy class
even under distorted power conditions, whereas others have errors up to 20% without
warning to the user.

The approach implemented in the test bed is proposed as complementary to both
the normative approach, where rigid waveform shapes with predefined harmonic content
are prescribed, and the statistical approach proposed in scientific literature.

The results on DUT-2 reported in Figure 5 show that a meter model can be compliant
to present standards, and indeed show a low error under either sinusoidal or standard
distorted waveforms, and nevertheless have an unacceptable error under field conditions.
This suggests that the tests described in the standards might not to be fully representative
of the behaviour of an energy meter under real conditions.

The present paper focused on the behavior of commercial meter under realistic high
harmonic content of the voltage and current waveforms, which of course does not exhaust
the set of power quality parameters considered by the standards. The proposed approach
can be extended to other events or conditions, e.g., DC content, transients or phase jumps,
recorded in the field.
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