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Abstract — Low-voltage DC grids are becoming more and
more popular, thanks to the possibility of integrating greener
energy sources. This new power system paradigm, though, is
not accounted in the current standardization framework. In
particular, the power metering infrastructure is not meant to
deal with signals consisting of DC components affected by
AC disturbances (as the ones inherent in many renewable
energy sources). This paper addresses this problem by means
of an extensive measurement campaign, intended to evaluate
the effect of AC disturbances on DC power meters. The
obtained results point out how the limiting factor in the wide-
spread of such DC grids is a lack of a proper metrology
infrastructure: spanning from a proper definition of the
measurand, up to a rigorous characterization of the meter
influence quantities. This analysis poses the basis for a more
structured approach towards a reasoned definition of
performance targets for DC meters in modern power systems.

Keywords: DC meter; power measurements; harmonic
distortion; calibration; measurand definition.

1. INTRODUCTION

In recent years, power systems are experiencing a
significant transformation: the traditional paradigm based on
synchronous generators is accompanied by the integration of
renewable energy sources (RES) and distributed generation
(DG) [1, 2]. These resources typically produce a direct
current (DC) output, and their interconnection to the alternate
current (AC) network relies on dedicated converters, whose
power electronic circuitry switches at high frequency and
produces non-negligible harmonic and inter-harmonic
disturbances [3, 4, 5].

The inefficiency of such power conversion paradigm has
pushed towards the development of new DC grids, expected
to guarantee higher reliability and efficiency, easier control
policies, and direct interface with RES, electric vehicles
(EV), electronic loads (e.g. LED lighting), and energy storage
systems [6, 7]. In this scenario, a distributed measurement
infrastructure becomes the backbone of any monitoring and
control application [8, 9].

From a metrological perspective, though, there is a lack
of measurement methods for the assessment of the quality of
service in DC grids. In particular, measurement campaigns
carried out in real-world DC grids, e.g. the Malaga Smart City
DC grid in Spain and the Lelystad Airport DC grid in the
Netherlands, have demonstrated the presence of Power
Quality (PQ) phenomena that may affect the metering

infrastructure and cause malfunctions of appliances and
utilities [10, 11].

The analysis of PQ phenomena is well established in
traditional AC grids [12, 13]. The reference standard IEC
61000-4-30:2021 [14] introduces the quantities of interest
and the parameters to be estimated for PQ meters.
Conversely, a standard approach for PQ analysis in DC grids
is not yet available. Indeed, standardisation activities in this
context have mainly focused on safety rules regarding
installation, wiring and fault detection. Measurement aspects,
like the robustness and accuracy of metering infrastructure
have not yet been properly addressed. For this reason, the IEC
TC13 WG11 “Electricity metering equipment” expressed the
need for developing the metrological foundations for voltage
characteristics in DC grids and test waveforms for DC
electricity meters, respectively [15].

In order to address these challenges, the European
Metrology Programme for Innovation and Research (EMPIR)
has promoted a list of research projects among the different
National Metrological Institutes (NMIs) in Europe. First, the
project 16ENG04 MyRailS considered the problem of
measuring specific DCPQ events in railway supply systems
and rolling stock [16]. More recently, the project 20NRMO03
DC grids is investigating the feasibility and reliability of DC
energy and power measurements in nominal and distorted
conditions [17].

In this context, this paper presents a continuation of the
activity presented in [18], where a transfer standard for an
inter-laboratory comparison of DC power reference systems
was presented. In this case, the transfer standard is used as a
reference DC meter. By means of an extensive measurement
campaign, the effect of AC disturbances on DC power meters
is characterized, with a particular focus on the possible
inconsistencies between the standard definition of measurand
and the actual operating conditions in real-world installations.

The paper is structured as follows. Section 2 introduces
the definition of the measurand and identifies the main
challenges in real-world metering applications. In Section 3,
we describe the measurement setup, focusing in particular on
the measurement chain used to generate and acquire voltage
and current DC signals affected by AC disturbances. Section
4 presents the measurement results and discusses how such
measurement errors may be totally neglected in real-world
metering installations. Finally, Section 5 draws some closing
remarks and outlines the future steps of the research activity.
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2. MEASURAND DEFINITION

The accurate measurement of DC power in nominal and
distorted conditions represents a still open issue for National
Metrological Institutes [19]. Indeed, such quantity lacks of a
univocal definition as well as of a reference measurement
method. In the IEC 62052-11:2020 [20] the DC power is
introduced as the product of DC voltage and current, in turn
defined as the average value of voltage and current signals.

However, neither the sampling rate nor the window length
for the average computation are specified. For instance, in
this regard, the EN 50470-4:2023 states the frequencies up to
10 Hz shall be considered as part of the measurement signal
and the window length shall be long enough to minimize the
effect of AC power components [21].

Normative efforts are currently undergoing in order to
define a more rigorous and structured framework for DC
power measurements. An example in this sense is the
maintenance of IEC 61557-12:2021 [22] to add DC energy
measurement function in line with IEC 62053-41:2021 [23].

3. MEASUREMENT SETUP

This section describes the setup realized at METAS for
DC meter verification and calibration.

The realized setup can be divided into the part handling
the generation, thus called Generation Setup, and the part
dealing with DC power measurement, called Measurement
Setup. The former is presented in Fig. 1 and consists of the
following three stages:

. Generation Stage;

. Amplification Stage;

. Meter Stage.

The Generation Stage consists of two Keysight 33500B
Function Generators responsible for generating a low-voltage
DC signal with or without AC components (depending on the
type of test to be performed). The two generators allow for
generating an output voltage up to 10 Vpp with a wide
frequency range between 1 pHz and 20 MHz with 1 pHz
resolution [24]. They are also comparable with a master-slave
architecture, so that in the case of the presence of AC
components, signals are generated in-phase by means of a
trigger coming from the device configured as master. The
same trigger signal is as also used for the METAS DC meter
or device under test (DUT).

Figure 2. Block scheme of the Measurement Setup.
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For the voltage part, the Amplification Stage consists of a
Trek PZD700A wideband voltage amplifier, which allows to
amplify signals up to frequencies of 200 kHz with an
amplification gain of 1:300 V/V. This enables us to obtain at
the end of the chain a signal up to 1000 V. The current part,
on the other hand, consists of two Delta Elektronica SM-400
AR-8 Power Supplies placed in parallel in a master/slave
configuration and controlled through the voltage signal from
the function generator. This setup guarantees the proper
amplification of signals with a spectral content of up to 300
Hz and have an amplification gain of 1:80 V/A, allowing the
signal to be transduced and amplified into a current of up to
800 A (note that the devices are placed in parallel). Therefore,
due to the frequency band specification of current amplifiers
the generated signals may not have a frequency content
higher than the 6th harmonic but this is quite realistic in a DC
application where the signal bandwidth is usually less than
kHz. Finally, the amplified signals are passed as input to the
device under test within the Meter Stage.

The Measurement Setup is presented in Fig. 2 and — like
the previous one — consists of three main stages:

. Reference Signal Stage;

. Sensor Stage;

. Measurement Stage.

The first stage is the result of the Generation Setup and
thus includes the generation of the trigger signal as a time
reference for the DUT as well as the voltage and current
reference signals that simulate a real DC power signal.

The reference signals pass through the Sensor Stage to be
properly attenuated (and transduced, in the case of the current
signal), resulting in low-voltage signals compatible with the
DUT analog front-end.

More precisely, the voltage signal is attenuated by means
of a resistive divider made at METAS, henceforth referred to
as METAS Resistive Divider, which allows by means of a
purely resistive load to attenuate the voltage with a ratio of
300:1 V/V and thus obtain a maximum output signal of about
3.33 V. The current signal, on the other hand, is attenuated
through a Danisense DC Current Transducer (DCCT) DS
1200 ID with a ratio of 1200:1 A/A and then transduced into
a voltage signal with a Fluke A40B Shunt of 1 A, in series
with the previous device, equipped with a ratio of 1:0.8 A/V.
In this way, it is possible to pass from an input signal of 800
A to an output signal of about 0.53 V.

After that, within the Measurement Stage, the two low-
voltage signals are measured simultaneously by the DUT and
two Keysight 3458A Multimeters. The latter guarantee a
measurement error of 0.15 parts per million (ppm) with
respect to the read value and 0.1 ppm with respect to the
measurement range, which result in 10 V and 1 V for the two
signals. The multimeters thus ensure that a reference value for
voltage measurements can be obtained with an accuracy in
the order of pV for the case of the maximum value of the first
signal and an order of magnitude less in the case of the
second. Through uncertainty propagation, since this is a
linear case, it is easy to estimate the uncertainty of the DC
power measurement of the reference signals. Thus, by
assuming zero error in the Sensor Stage for simplicity, an
error on the order of hundreds of UW can be estimated. This
value can be considered only as an example to understand the
impact of multimeters in measuring the DC power of
reference signals.

It is noteworthy that the multimeters, shunt, DCCT and
METAS Divider were calibrated against the Swiss national
standard ensuring traceability in measurements.

The architecture of the DC meter developed at METAS,
hereafter referred to as the METAS DC Meter, is also
presented in Fig. 2, which is designed to rely on hardware and
software real-time (RT) and a platform equipped with Field
Programmable Gate Array (FPGA) to ensure determinism of
the performance. Through the FPGA, the proposed
instrument is able to sample and acquire the two input
voltages as soon as it receives an external trigger and send
them via First In First Out (FIFO) memory to the RT
software, which will handle real-time data processing. The
RT software allows the data to be processed initially by
correcting the systematic error, introduced by the acquisition
board and the various elements of the measurement queue and
estimated during the previous calibration process, using
lookup tables. After that, an error compensation of the
attenuators present in the Sensor Stage is carried out
according to the transfer function of each device.

Vacq = 0.9962 - Vippur + 0.0243
Laeq = (1 + 11 ppm) - [y, — 0.0985

Finally, the average of the two input signals through a
window of variable size is subsequently extracted, thus
estimating the DC components of the signals. By multiplying
for the various attenuation ratios, the reference DC signal can
be estimated, and by multiplying the two estimates with each
other, the final DC power measurement is computed.

If not otherwise specified, in the following section, a
window length of 0.2 s (as in AC power quality applications)
or of 1 s (as a good compromise between noise reduction and
update rate) is used.

The METAS DC Meter was implemented in a National
Instrument (NI) CompactRIO-9068 (NI cRIO-9068), a
modular system equipped with the NI Linux RT operating
system and provided with ARM Cortex-A9 dual-core
processor with a maximum frequency of 667 MHz and 1 GB
RAM. The NI cRIO-9068 was equipped with the NI 9205
module for the acquisition of voltage signals, featuring a 16-
bit Analog-to-Digital Converter (ADC) with a maximum
sampling rate of 250 kHz. The board is also provided with a
digital input channel that allows for triggering the acquisition
with a maximum delay of 100 ns.

4. RESULTS AND DISCUSSION

In this Section, we present the results of a measurement
campaign intended to evaluate the potential effects of AC
disturbances in DC power meters. It is reasonable to expect
that these effects will depend on the specific configuration
adopted by the meter under test. Therefore, in the upcoming
paragraphs, we attempt to characterize the contributions due
to meter design parameters (i.e., window length and sampling
rate) as well as disturbance entity (i.e., frequency and
magnitude of the AC component).

For this analysis, we characterize the measurement errors
of DC power in terms of mean (markers) and variation range
(vertical bars), the latter being defined as the 95" percentile
of the error distribution. For each considered test conditions,
the multimeters provide the reference value of DC voltage
and current that yield the reference value of DC power. The
METAS DC meter is tested for a time interval sufficient to
collect 100 consecutive measurements of DC power.
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First of all, it is necessary to calibrate the METAS DC
meter in the presence of pure DC signals. To this end, Fig. 3
presents the DC power measurement error with a window
length of 0.2 s. On the x-axis, the test points are selected to
span (in a logarithmic scale) the entire range allowed by the
Generation Setup, namely between 80 W to 800 kW. The
different colours indicate different sampling rates, namely
between 5 kHz to 100 kHz.
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Figure 3. DC power error as function of nominal DC power with
averaging interval of 0.2 s and different sampling rates.

A similar analysis is carried out for a window length of
1.0 s and is presented in Fig. 4. In both cases it is interesting
to observe how both mean and variation ranges follow an
exponential decay. In this regard, the inlet graphs provide a
closer look at the error distribution when the DC meter input
range is better exploited (i.e., at 800 kW). In general, though,
it is worth noticing that a larger window length allows for
reducing the error variation range at each test point, while the
sampling rate has a limited impact.

By means of a non-linear fitting routine, we can identify
the parameters of the exponential calibration function:

Porr = a'EXP(b'Pnom)+C

where P, and B,,,, represent the DC power mean error
and nominal value, respectively. In this regard, Table 1
reports the values of the fitted parameters a, b, and c in the
two configurations.

Table 1. Exponential fit parameters as function of averaging window
lenght with sampling rate equal to 10 kHz.

Ty (s) a (ppm) b (kW) ¢ (ppm)
0.2 -2073 -0.11 2453
1.0 -1934 -0.26 26.07
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Figure 4. DC power error as function of nominal DC power with
averaging window length of 1.0 s and different sampling rates.

The characterization of measurement errors in terms of
mean and 95" percentile descend from the assumption that
they are normally distributed. A proof of the validity of this
assumption is given by the quantile plots in Fig. 5. For this
analysis, we fix the sampling rate to 10 kHz and we consider
only the test point of 8 kW. The graphical representation
confirms how the measurement errors follow (reasonably) a
Gaussian distribution and the use of the 95" percentile is a
good metric of the random uncertainty contribution.
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Figure 5. Quantile plot of the DC power error distributions as
function of the averaging window length with a nominal value of 8
kW and a sampling rate of 10 kHz.

Once calibrated the DUT in pure DC conditions and
compensated the systematic uncertainty contributions (i.e.,
the mean errors), we can evaluate the effect of additive AC
disturbances. In the following, we consider only the test point
with 8 kW since it is located at the middle of the variation
range and thus represents a good trade-off between scarce and
optimal resolution of the DUT. The window length is set to
1.0 s, as it is the one with lower random uncertainty.

For the sake of simplicity, the AC disturbances are here
modelled as single sinusoidal tones with different frequencies
and magnitudes. Given the typical bandwidth of DC meter
analog front-end, we limit the frequency variation range to
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300 Hz (i.e., the same as the Delta Elektronica power supply).
As regards the magnitude, we define it as function of the DC
voltage and current signal magnitude. In particular, we take
into account two possible scenarios: low and high distortion,
that corresponds to 1 % and 10 %, respectively.

The AC component is added simultaneously to both DC
voltage and current signals. However, the phase displacement
introduced by the two measurement chains depend on the AC
component frequency. In other words, the AC components
phase difference does not correspond to the ideal cos(¢) = 1
condition. Nevertheless, in this context, the AC components
are influence quantities and should be discarded in the
calculation of the overall active power.

Fig. 6 and Fig. 7 show the DC power error as function of
the AC component frequency for the low- and high-distortion
scenario, respectively. Once more, the different colours refer
to different sampling rates, but this parameter has a reduced
influence on the measurement results.
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Figure 6. DC power error in the presence of a single AC interfering
component with magnitude equal to 1 % of the DC one.

100 7

F F =5kHz § F_=10kHz § Fs':100kHz‘

200

80 f

--------

60

DC Power Error (ppm)
R

40 |

DC Power Error (%)

20 ¢

ol— R IR
SRR N V2O PR PLP D ES

AC Frequency (Hz)

Figure 7. DC power error in the presence of a single AC interfering
component with magnitude equal to 10 % of the DC one.

Given the 1.0-s window length, it is reasonable to expect
that any AC component whose period is an integer divider of
1.0 s produces a nearly negligible contribution in terms of DC
power error. Indeed, the average over an integer number of
periods returns zero (net of measurement noise).

Conversely, the DC power error increases in a linear way
as soon as the AC component frequency decreases from 1 Hz.
In this case, the combined effect of AC disturbances on both
voltage and current signals produces an error variation range
up to 1.5 % and 45 % for low- and high-distortion scenarios.

Finally, in Fig. 8, we characterize the error dependence on
the AC component magnitude. For this analysis, we fix the
AC component frequency to 0.3 Hz and we vary the AC
component magnitude between 1 to 10 % according to a
logarithmic rule. In this case, a boxplot representation is used
as it gives a straightforward intuition of how the statistical
distribution changes as function of the disturbance entity.

The median as well as the extremes of the statistical
distribution increases according to a quadratic law. Therefore,
it is reasonable to say that the AC component effect rapidly
explodes and makes the DC meter reading totally unreliable.
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Figure 8. Boxplot of the DC power error as function of the AC
component magnitude at 0.3 Hz with a sampling rate of 10 kHz.

5. CONCLUSIONS

In this paper, we considered the problem of DC power
measurements in modern low-voltage microgrids. Due to the
ever-increasing penetration of renewable energy sources and
converter interconnected generation, the assumption that the
power signal consists of a pure DC component is unrealistic.
Unfortunately, though, the metrological infrastructure for this
kind of measurements is incomplete and inconsistent with the
actual conditions experienced in real-world installations.

To this end, this paper presents a measurement campaign
carried out in the METAS laboratories to assess the effect of
AC disturbances on a DC reference meter.

Based on the obtained results, it is clear that the main limit
of the current formalization of the problem is the lack of a
clear definition of the measurand. If the DC (active) power is
defined as the product of mean voltage and current signals, it
shall be specified which sampling rate and window length
should be used for such computation. In fact, such parameters
are directly related to the pass-bandwidth of the DC meter.

This analysis promises to have a significant impact on
both the normalization and the certification processes. In fact,
it should be noticed that the active power conveyed by the AC
component should be neglected by the DC meters but has to
be quantified by the system operators (either for quantifying
the losses or for identifying the disturbance source).
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