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Abstract – In this work we present a method for
testing static active energy meters in low power
quality conditions recorded at installation sites.
Voltage and current waveforms recorded on the field
with a calibrated portable instrument were
reproduced with an accurate phantom power
generator up to the 40th harmonic. The error on the
active energy measurement of an energy meter under
test (WDUT) in conditions reproduced from the on-field
measurements was evaluated in comparison with a
reference meter (WREF). On-field data were recorded
at a 50 kW self production photovoltaic facility. This
method allows the laboratory reproduction of realistic
(distorted) on-field conditions in a metrologically
traceable framework.

I. INTRODUCTION

Devices such as electric vehicles charging stations,
consumer electronics, renewable energy sources and
electronically driven workshop tools, to cite a few, inject
disturbances in the network, producing distortion of the
sinusoidal voltage and current waveforms which may
affect the accuracy of static energy meters when
measuring active electrical energy [1, 2, 3, 4].

Such an ubiquitous presence of nonlinear loads and
electronic equipment in the electrical network, demands
to pay particular attention to the effects of low power
quality conditions when performing calibration and
verification of household and industrial electrical power
and energy meters.

Active energy meters installed within the European
Union must comply with the Directive 2014/32/EU
Measuring Instruments (MID) [5]. Energy meters

complying with the MID are calibrated and verified on
the basis of international and national documentary
standards (national standards are specific to each
country).

Concerning the calibration/verification of newly
manufactured energy meters, the international reference
documents for EU/MID active energy meters are (i) the
EN 50470 [6, 7] series that is the harmonized standard in
force for electricity metering equipment; (ii) the IEC
62052 and IEC 62053 series [8, 9], with amendments in
order to be compliant with the MID. These standards deal
with both sinusoidal and distorted (low power quality)
situations and prescribe tests in both conditions,
specifying simple waveform shapes intended to be
generically representative of possible real-world
situations.

On the other hand, the calibration/verification of
already deployed energy meters is quite different from
the testing of newly manufactured units. For example
there could be constraints in the insertion of the
verification instrumentation or impediments to burden
simulation. Concerning the verification of meters already
in service in Italy for example, the task is fulfilled
following the guide CEI 13-71 [10]. The guide
distinguishes two main cases: tests carried out with
phantom power, which are performed with portable
generators in sinusoidal regime; and tests made with real
burden,  where no particular waveforms are prescribed.

Several methods have been proposed to test static
meters in non-sinusoidal conditions beyond the ones
considered in the presently available standards. Some
authors proposed to use waveforms with fixed or
time-varying random harmonic content to test static
energy meter accuracy in realistic conditions [11]; other
approaches consist in looking for an ideal waveform
which could be considered the the “best” one for
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calibrating meters [12], or using multiple non-sinusoidal
waveforms, generated in random sequence [13].

In this work we show that the accurate phantom power
generator implemented at INRIM [14] can be used to
reproduce power quality waveforms and conditions that
have been previously recorded on the field. In our setup,
the amplitude phase and frequency of the generated
waveforms are kept under control by means of a
feedback loop with a high class three-phase comparator,
so these can be accurately reproduced compared to the
ones previously recorded on the field; this capability is
not reported for other similar power generation systems
previously presented in literature [15, 16, 17] where the
generation of the waveforms was performed with stable
but stand-alone calibrators. This approach represents one
possibility to test energy meters in specific conditions,
e.g. those found at the site where the static meter is
installed, while reproducing these conditions in a
metrologically traceable framework, hence representing
a test in both realistic and representative conditions.

II. POWER WAVEFORMS RECORDING

The on-field measurements took place in September
2021, at the self production photovoltaic (PV) generation
facility of a small factory in Italy. The facility is
connected to a low voltage cabin of the national
distribution network, and the installed energy meter
accounts for both energy injection and absorption by the
factory, depending on the moment and solar irradiation of
the PV modules. The energy meter installed at the site is
a GESIS 2020 OM 330, reference current 1 A, maximum
current 20 A, EN class B for active energy measurement.
The meter is installed in semi-direct insertion, with TA
transducers of ratio 125/5 A/A of IEC class 0.5s.

During the plant operation, the waveforms were
sampled with a calibrated ZERA portable reference
wattmeter MT-310, having a nominal power
measurement accuracy of 0.1 % in direct insertion and of
0.2 % when inserted with amperometric clamps. The
instrument was inserted in 4WA mode, with
amperometric clamps, and set to the voltage range of
250 V and the current range of 100 A.

The instrument recorded both the waveforms and the
harmonic content of the three voltage and the three
current channels. Data were stored in the instrumentàs
memory in the form of an xml format table, which was
downloaded and analyzed later.

III. POWER WAVEFORMS RECONSTRUCTION

A schematic of the three phase experimental setup used
to calibrate a commercial energy meter with the
reconstructed waveforms is shown in Fig. 1.

G is a ZERA MTS310 power and energy meters test
system, described in detail in [14]. The output of G spans
up to 320 V and 120 A per phase, with a frequency of the
fundamental from 40 Hz to 70 Hz. The unit G includes a
photodetector to measure the pulsed optical output of
WDUT. WREF, is a ZERA COM5003 three-phase energy
meter, accuracy 0.005 %. Voltage input ranges up to
480 V, current input up to 160 A, with capability of
setting up to the 40th harmonic, with a bandwidth of up to
6 kHz.

WDUT is the unit under test, in this case a DPEE TH40C
multifunction static three-phase meter. The specifications
give a reference current of 1 A, a maximum current of
10 A. The meter is in EN class C and IEC class 0.5s
concerning the measurement of active energy.

To reconstruct waveforms on the voltage and current
channels on the basis of their measured harmonic content
measured by the MT-310, the amplitude and phase of the
40 harmonic components, relative to the fundamental, of
each channel were used as input parameters for the
software WinSAM™ that controls the ZERA MTS 310.
WDUT and WREF were connected to G in 4WA
configuration, similarly to the on-field verification.

Fig. 1. Simplified schematic diagram of the testbed
system for calibration / verification of static electricity
meters. See Sec. III for details.

IV. RESULTS: ON-SITE RECORDING

The waveforms recorded on the field, and considered
in this work, had voltages of 229.97 V, 231.52 V and
231.19 V for the three phases, and currents of 10.57 A,
10.26 A and 10.41 A at the secondary TA current
transducers. The influence of TA transducers, already
installed at the verification site, is not discussed in the
prest work.

An example of current waveform captured on the TA
secondary phase 1 of the facility at the verification site is
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shown in Fig. 2. The plot shows the waveform in the time
domain, which appears strongly distorted with total
harmonic distortion (THD) of 27.25 %; double
zero-crossings are clearly visible at about 0 ms and 10
ms. The corresponding voltage waveform, not shown,
appears  less distorted  with THD = 1.16 %.

Fig. 3 shows the corresponding amplitude of the 40
recorded harmonics of the waveform given in Fig. 2; the
inset shows a detail of the first 10 harmonics, the most
relevant, for the three phases. The amplitudes of the
harmonic components relative to each phase are
normalized to the corresponding fundamental. It can be
seen that mainly odd harmonics were present and that the
load was non-symmetric.

Fig. 2. Current waveform on the phase 1 (IL1)
recorded at the facility. Samples were stored in an
MT-310 verification instrument.

Fig. 3. Harmonic content of the current waveform of
FIg. 1 (main plot). The first 10 harmonics of all the three
current channels (IL1, IL2, IL3) of the energy meter
installed at the facility, are shown in the inset.

V. RESULTS: REPRODUCTION IN THE LAB

The amplitude of the fundamental harmonic
component of the voltage waveforms reproduced in the
laboratory was set to 230 V, standard reference voltage
defined in the EN 50470-1 (clause 4.1), since the on-field
voltage waveforms were compatible with that,
considering the EN 50470-3 (table 12). The amplitude of
the fundamental harmonic of the current waveforms has
been scaled down to comply with the specifications of
WDUT (the DPEE TH40C has a maximum current of
10 A).

According to the on-field measurements, the relative
phase between the fundamental components of the
voltage and current waveforms were set to -95.09 °,
-68.55 ° and -64.04 ° respectively for the phases 1, 2
and 3. The burden was of capacitive type for all the 3
phases.

Fig. 4. Relative error, e, between WREF and WDUT for
measurements performed with the DPEE TH40C (main
plot). The solid line represents the error on the
measurement of reproduced waveforms; the dashed line
corresponds to the error in sinusoidal conditions, given
as a reference. The inset shows the reproduction of the
on-field waveform shown in Fig. 2, generated on channel
I10 of the presented setup.

Following the standard EN 50470-1 we define the
active energy relative error as
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, (1)

where is the active energy measurements of WDUT

and is the active energy measurements of the
WREF. Using the direct insertion scheme of Fig. 1, we
measured the relative error e in both sinusoidal and
distorted regimes, at fixed voltage, as a function of the
supplied current level I of the fundamental harmonic
within the range 1 A to 8 A. For each measurement point,
the fictitious power generated by G was integrated for
20 s for the sinusoidal waveforms and 40 s for the
reproduced distorted waveforms to get EA,DUT and EA,REF
in each of the two conditions; measurements were
repeated 6 times.

Results reported in Fig. 4 show the energy
measurement error e for sinusoidal conditions (dashed
line, as a reference), and the distorted conditions (solid
line). The inset shows the reproduction of the real
waveform of Fig. 2. The error bars represent the type A
uncertainty (coverage factor k = 1) evaluated as the
standard deviation of the mean. A full expression of
uncertainty of the measurement is under evaluation.

VI. DISCUSSION AND CONCLUSIONS

Fig. 4 shows that the error e of the WDUT spans between
e = -0.0178 % and e = 0.0145 % for the sinusoidal
conditions, falling within the range prescribed by the
corresponding standards EN 50470 and IEC 62053 for
the class of WDUT. On the other hand, the error e
corresponding to the distorted conditions is substantially
larger, spanning a much larger range from e = -0.0497 %
to e = 0.2601 %. Hence, under the power quality
conditions recorded on the field, the measurement error e
of WDUT is larger than in sinusoidal conditions, yet the
DUT is still performing reasonably compared to WREF.

Note that since there are no prescriptions concerning
the limits for the error e in generic low power quality
situations in the present standards [7, 9], the results
obtained in the reproduced distorted conditions can not
be formally compared with any of the defined forms of
permissible error found in the normative EN/IEC.
Anyway, the error in the present distorted conditions is
even within the permissible error prescribed for
sinusoidal conditions in the standards EN 50470 and
IEC 62053 for the class of WDUT.

In conclusion, this work shows that the presented setup
allows to generate arbitrary distorted waveforms based
on the harmonic content of real waveforms sampled on
the field. Moreover, results suggest that the measurement
of arbitrary distorted waveforms can be roughly

compared with reference conditions, provided the
generation of the reproduced waveforms is under control.
This approach can be considered complementary to the
others presented above based on statistical methods.
Future work will consider other types of on-field
installations, both in terms of insertion schemes, nominal
power and generation systems.
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