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Summary

Nowadays, as part of the energy transition electricity is used more efficient and
sustainable. Either by developing sustainable alternatives for other domains,
such as photovoltaic installations and electric cars. Or by making equipment
more efficient, for example by energy efficient lighting equipment. This will
increase the energy usage, but moreover the connected loads in an electric-
ity grid change from conventional linear towards non-linear time-variant loads.
This has resulted in many conducted electromagnetic interference problems,
especially in the frequency range from dc till 150 kHz. Of which the interfer-
ence on static energy meters is an impactful case as it results in too high or
too low energy bills for consumers. Therefore, this thesis aims to get a better
understanding of the underlying problem by investigating the interfering cases
and determining the extent of the problem. This is done by reviewing the
electromagnetic compatibility standards for static energy meters. After which,
the immunity of static energy meters is investigated in the lab by using var-
ious non-linear equipment. Then, measurement probes are characterized for
an accurate capture of (on-site) pulsed currents. Next, the critical parameters
that interfere with static energy meters are identified. And finally, the extent
of the metering problem is investigated by capturing on-site current waveforms
from individual equipment and of the complete system at the meter connec-
tion point. From which it is concluded that the electromagnetic interference
on static energy meters is due to non-linear pulsed currents. Which have a
high crest factor, narrow pulse width, high peak amplitude, low charge, and
high slopes. Moreover, in the on-site many similar waveforms were found. In
contrast, the test standards only cover frequency domain test methods, which
are thus not representative for the interference waveforms.
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Samenvatting

Vandaag de dag wordt elektriciteit duurzamer en efficiénter gebruikt als on-
derdeel van de energie transitie. Bijvoorbeeld door duurzame alternatieven
voor andere domeinen te ontwikkelen, zoals zonnepanelen en elektrische auto’s.
Of door apparatuur efficiénter te maken, bijvoorbeeld met energie zuinige ver-
lichtingsapparatuur. Dit zal het energieverbruik verhogen, maar bovendien
zullen de belastingen in het elektriciteitsnet veranderen van lineair naar niet-
lineaire tijd variérende belastingen. Dit heeft geresulteerd in veel elektromag-
netische interferentie problemen, met name in het frequentiebereik van dc tot
150kHz. Een aangrijpend probleem is de interferentie van statische energie
meters dat resulteert in te hoge of te lage energierekeningen voor consumenten.
Daarom is dit proefschrift bedoeld om het onderliggende probleem beter te be-
grijpen en de omvang van het probleem te bepalen. Dit is onderzocht door de
elektromagnetische compatibiliteit standaarden voor statische energie meters te
analyseren. Waarna de immuniteit van statische energie meters is onderzocht in
het lab door verschillende niet-lineaire belastingen te gebruiken. Hierna wor-
den meetsensoren voor het accuraat bemeten van pulserende stroomvormen
gekarakteriseerd. Vervolgens worden de kritische parameters die interfereren
met de statische energie meters geidentificeerd. Tot slotte wordt de omvang van
het probleem onderzocht door de stroomvormen die in het veld voorkomen bij
individuele apparatuur en bij het complete systeem in de meterkast te beme-
ten. Hieruit kan geconcludeerd worden dat de elektromagnetische interferentie
van statische energie meters wordt veroorzaakt door niet-lineaire pulserende
belastingen. Deze hebben een hoge topfactor, smalle puls breedte, hoge piek
amplitude, kleine lading, en steile helling. Bovendien hebben de veld metingen
vergelijkbare golfvormen laten zien. Dit in tegenstelling tot de test standaar-
den die frequentiedomein test methodes bevatten, welke dus niet representatief
zijn voor de interfererende golfvormen.
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APD amplitude probability distribution.

CFL compact fluorescent lighting.
COTS commercial off-the-shelf.
CT current transducer.
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DWT discrete wavelet transform.

EMC electromagnetic compatibility.
EMI electromagnetic interference.
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EUT equipment under test.
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FFT fast Fourier transform.
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IDW inverse distance weighting.
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MID measuring instruments directive.
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PELT pruned exact linear time.
PLC power line communication.
PV photovoltaic.

PWM pulse width modulation.

RCD residual-current device.

TEMPS time-domain EMI measurement and processing system.

TRIAC triode for alternating current.



Chapter 1

Introduction

1.1 Background and motivation

Over the last decades the electrical world is changing and many energy effi-
cient solutions contribute to a more sustainable use of electricity. This is an
important transition that aims to reduce the emission of greenhouse gasses and
has an environmental impact, among others. According to the goal of the Fu-
ropean Union (EU) which are committed to reduce its overall emissions by at
least 55% compared to 1990, by 2030, and to achieve climate neutrality in 2050
[1]. This has resulted in the development of sustainable electrical alternatives
for well known products from other domains, such as new sources of energy and
energy efficient products. Examples of these sustainable alternatives are wind
turbines, photovoltaic (PV) installations, electric cars, induction cookers, heat
pumps and many more, which are replacing their coal-fired, combustion engine,
or gas-based counterparts. Furthermore, already existing equipment such as
lighting equipment is made more energy efficient. This energy transition, e.g.
the increased use of electrical alternatives, means an increased use of electricity,
which is expected to grow from 3500 TWh per year in 2020 to 4900 TWh per
year in 2050 within the EU, according to Roadmap 2050 [2], initiated by the
European Climate Foundation (ECF).

Furthermore, the electrical behavior of the loads (i.e. electrical equip-
ment/appliances) is also changing, with the aim of using the electricity in an
energy efficient manner. The loads that were used in a conventional electricity
grid could be considered to be of a linear nature with some degree of capacitive
or inductive behavior. Whereas, nowadays there is a large increase in loads
that cannot be considered as linear time-invariant (LTI) [3], for example due
to the introduction of switching power electronics. Where non-linear means
that the equipment has a voltage varying impedance, and time-varying means
that it is dependent on time.

These changes provide several technical challenges in the field of electro-
magnetic compatibility (EMC), for example due to the electrification and smart

15



16 CHAPTER 1. INTRODUCTION

grid technology as pinpointed in [4]. EMC is the ability to operate adequatly
(being compatible) in the electromagnetic environment, i.e. without causing
unwanted emissions and being immune to this environment. The classical de-
scription of electromagnetic interference (EMI) is visualized in Figure 1.1, the
disturbance consists of a source creating the interference that propagates via
a coupling path to a victim. Where the coupling path is either radiated or
conducted. As opposed to radiated, conducted coupling is via a medium, being
the coupling path in this thesis. In that sense, the electrification and increased
use of non-linear loads is increasing the harmonic distortion. While, decreasing
the linear loads which function as damping elements. Therefore, the harmonic
levels are expected to increase in power supply systems [5].

Coupling path
Radiated

))>>

Conducted

Source Victim

Figure 1.1. Classical description of the EMI problem.

In that sense, the conventional victim of conducted EMI was the distribu-
tion grid. Where the quality of the supply voltage is standardized using the
EN 50160 [6], and disturbances that are considered are a voltage dip, voltage
surge, voltage fluctuations, harmonic voltage distortion, transient voltage, and
voltage unbalance [7]. These basic (conventional) conducted disturbances are
shown in Figure 1.2. Where the voltage disturbances due to the current, e.g.
inrush currents, were not considered as an EMI problem. The effect of current
distortion on a weak supply grid was investigated in [8], it was shown that for
low power loads connected to the generator, the supplied voltage waveform was
heavily distorted, resulting in high harmonic distortion. Switching on multiple
loads simultaneously resulted in high inrush currents causing stability problems
of the generator. These high peak values could result in a crash of the generator
thus indicating a complete shutdown of the system. Furthermore, the energy
efficient equipment poses several problems in the frequency range from dc to
150 kHz. Actually most equipment malfunction originates from this frequency
range [9]. An example is the switching of power electronics, usually operating
from dc to 150kHz, that draws pulsed currents with high peak values, and
creates a high dv/dt and di/d¢ [10]. Several other cases of conducted EMI
issues are reported that include, but are not limited to problems with power
converters [11], household equipment [12], for instance lighting equipment [13],
television and radio receivers or a coffee machine [14], power line communi-
cation (PLC) [15], PV installations [16], and static energy meters [17]. In all
these cases malfunctions or loss of performance are observed.
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tion

Figure 1.2. Basic conducted disturbances [7].

The latter EMI issue is an important issue as it affects society directly, as
static energy meters are used to measure the electrical energy consumption in
household situations for billing purposes. Static energy meters are electronic
and replace conventional electromechanical (or Ferraris) meters. The static
energy meter has no rotating parts such as the rotating disc of the electrome-
chanical meter (rotating at a speed proportional to the power or rate of energy
usage, according to the Ferraris principle) and are therefore called static. De-
spite the proper functioning of the electromechanical meter, as acknowledged
by the utilities and consumers, replacing them by their electronic counterparts
is useful as the electromechanical meter provides limited information, i.e. only
the measured energy, and its lack of communication capabilities [18]. The
static energy meter is also able to measure and record the rms voltages and
currents, apparent power, and reactive power, among others. When the static
energy meter is communicating automatically with the utility provider, i.e. a
communication interface is added, the meter is called a smart meter. This com-
munication can provide information in a smart grid to balance the supply and
demand of energy [19], or even allows for appliance control based on the status
of the grid [20]. An additional benefit is to adapt the energy pricing to the
dynamic generation of energy. Furthermore, a static energy meter is a valuable
tool for consumers to monitor and become aware of their energy consumption
using specific monitoring applications. This can give an insight in their energy
consumption and pinpoint large consuming loads. The static energy meters are
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currently widely deployed throughout the EU [21], so potential EMI issues will
affect a large group of consumers.

Interference problems with static energy meters were reported in various sit-
uations. These are summed up hereafter to indicate the size of the interference
issues with static energy meters. Such as, considering harmonic disturbances
in power systems as explored in [22], after which errors of static energy me-
ters are presented in [23] and analyzed in dept in [24]. Where the errors seem
to increase with the increase of the reactive energy in the test signal. Fur-
thermore, interference of static energy meters from PV installations and power
drive systems was found in Germany [25] in an on-site situation, after which
a further elaboration showed that the meters could be affected in certain con-
ditions [26]. Afterwards, laboratory measurements confirmed these errors [27],
those measurements focused both on the standardized immunity tests as well
as the emissions of inverters. Besides, cases of high interference levels gener-
ated by various modern appliances in Finland, Spain, and Sweden are listed in
the CLC/TR50627 [14] technical report, which resulted in a loss of communi-
cation of static energy meters with their PLC system. These problems were,
among others, due to: inverters, televisions, DVD players, computers, heat
pumps, boilers, an uninterruptible power supply, a PLC homeplug modem, a
frequency controlled ventilator, and a camera surveillance system. These ob-
servations, possibly combined with a higher number of complaints and failures,
resulted in faster publication of the CLC/TR50579 [28] technical report and
IEC 61000-4-19 standard [29]. Afterwards interference problems with modern
household appliances are observed, based on consumer complaints. Such as,
lighting equipment using light emitting diode (LED) and compact fluorescent
lighting (CFL) technology has resulted in static energy meter misreadings [30].
These experiments were extended by the inclusion of more specimen of static
energy meters in [31], and showed the existence of interference on a larger selec-
tion of meters. After which, [32] discusses the cause of the problem and shows
that the Rogowski coil, which measures the time-derivative of the current, can
result in errors as the measured signal needs to be integrated. These findings
were confirmed by an independent research lab in [33]. Similar research in [34]
tried to replicate the measurements for specimen of meters as used in North
America, however this research could not find any errors outside the permis-
sible limits of those tested meters. This means that only a selection of static
energy meters will show interference problems, which was also stated in the
other studies. Additionally, static energy meter performance in an on-site en-
vironment was considered in [35] by including various harmonic voltages and
currents, this resulted in metering errors. Especially, when considering actual
waveforms from light bulbs, errors up to 25% were reported. Other cases of
interference due to modern appliances were reported, e.g. due to a speed-
controlled water pump [36], resulting in errors up to 2675%, and multimedia
equipment [37]. These interference cases will be explained in more detail in
Chapter 3. The existence of more household appliances and their relation to
metering errors was reported in [38]. In [39], the effect of frequency variations
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affected the tested static energy meters, however those still complied with the
accuracy limits. Also more recent studies on the effect of non-sinusoidal volt-
ages and currents showed errors up to 8% of static energy meters, so outside
the limits as included in the test standards [40]. And in [41], static energy me-
ter errors are found due to undershoot and overshoot effects of the integrated
circuit technology when using pulsed currents. Furthermore, interference from
a missile early warnings system at RAF Fylingdales could not work together
with a static energy meter [42]. Therefore a consumer living close to the missile
system could not be equipped with a static energy meter. This is undesirable as
the consumer wanted to charge its electric vehicle (EV) based on dynamic pric-
ing as offered by its utility company, and consequently this issue costs him £26
every week. The previously listed interference cases indicate the large extent of
the problem, which could have large societal implications by means of incorrect
energy bills. This thesis analyzes the underlying problem by investigating the
interference cases and aims at providing a better understanding of the problem.
Furthermore, the investigated interference cases are placed into perspective by
correlating them with typical waveforms that occur in residences.

1.2 The MeterEMI research project

The EMI problems resulting in misreadings of static energy meters are re-
searched within the framework of the MeterEMI project [43]. This is an Euro-
pean research project where seven partners are collaborating within the project,
of which five are metrology institutes and two are universities:

e National Physical Laboratory (United Kingdom),

Cesky Metrologicky Institute (Czech Republic),

Justervesenet (Norway),

Eidgendssisches Institut fiir Metrologie METAS (Swiss),

Van Swinden Lab B.V. (The Netherlands),
e Universitat Politecnica de Catalunya (Spain),
o University of Twente (The Netherlands).

The specific objectives of the project are split into work-packages (WP) as
follows:

1. Provide measurement equipment that is able to determine the nature of
the interference waveforms in lab and on-site situations. And to use it to
find these interference signals. (WP1)

2. Develop measurement algorithms to accurately measure ac power and en-
ergy in the presence of highly impulsive current signals. And furthermore
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develop algorithms to determine the parameters of typical disturbing cur-
rents to classify and re-generate them for type-testing of commercial static
energy meters. And implement those algorithms in a tool suitable for di-
agnostic use by a non-specialist to analyze disturbing signals. (WP2)

3. Develop a standard measurement test-bed for testing static energy meters
with a target uncertainty of better than 0.1 %, suitable for testing against
disturbance signals from WP1 and WP2. (WP3)

4. Develop new type-tests and validated methods for determining the per-
formance of a static energy meter. Including tests utilizing the test-bed
from WP3. (WP4)

5. Contribute to the standards development work and the legal metrology
organisations to ensure that the outputs of the project are aligned with
their needs, communicated quickly to those developing the standards and
to those who will use them, and in a form that can be incorporated into
the standards at the earliest opportunity. (WP5)

The research of this thesis complements with the objectives of WP1 and
WP2.

1.3 Research objectives

To address the EMI problems with static energy meters as introduced in Sec-
tion 1.1, this thesis aims to get a better understanding of the underlying prob-
lem by investigating the interference cases. And aims to place them into per-
spective in order to determine the extent of this interference cases by a survey
of the waveforms in a realistic on-site environment. In that sense, the thesis
solely investigates the EMI resulting in (potential) incorrect energy readings of
the static energy meter, and does not consider, for example, problems with the
communication by PLC. That is, this thesis investigates the research objectives
that are listed below:

e Review the EMC standards related to static energy meters and its elec-
trical environment.

e Laboratory identification of the immunity of static energy meters due to
non-linear equipment.

e Characterization of measurement probes for an accurate capture of (re-
alistic) pulsed currents.

e Identify the critical parameters of the currents that interfere with static
energy meters.

e Determine the extend of the metering problem by capturing realistic on-
site current waveforms of individual appliances and the complete system
at the meter connection point.
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1.4 Outline of the thesis

The thesis is structured according to the research objectives stated in the pre-
vious section.

First, Chapter 2 reviews the relevant EMC standards based on the European
directives. That is, both the EMC directive and the measuring instruments
directive (MID) are analyzed. Furthermore, the harmonized standards that
are related to the immunity and emission of the static energy meter, the grid,
and the connected equipment are reviewed. So covering both the static energy
meter and the electrical environment it is placed in.

Second, Chapter 3 presents several cases in which the static energy meter
shows misreadings due to conducted EMI. It shows the measurement method
that is used in a controlled laboratory environment. After which, several inter-
ference cases are presented including emissions from modern household appli-
ances of a speed controlled water pump, lighting equipment, and multimedia
equipment. Then, based on a consumers issue, different issues with a correctly
functioning static energy meter are presented that are of interest from social
point of view, as it can impact the energy billing of consumers.

Third, Chapter 4 describes a study on the applicability of a current trans-
ducer (CT) for the measurement of practical non-linear pulsed current wave-
forms in either a laboratory or on-site situation. This is done by character-
izing CTs using pulsed currents rather than conventional methods that use
frequency swept continuous wave (CW) signals. Those pulsed current test sig-
nals are based on the practical interference currents as identified in Chapter 3.
It is shown that the characterization tests with pulsed currents result in similar
results as the CW method without the need of exhaustive measurement equip-
ment. Furthermore, the actual interference signals from Chapter 3 are used
to test the response of the CTs. And discrepancies in the current response
are observed, resulting in incorrect energy measurements when multiplying the
measured current with the voltage.

Fourth, Chapter 5 provides a parametric waveform model to analyze the
time-domain interference on static energy meters created by non-linear, pulsed
currents. In that sense, the parametric waveform model aims at reducing the
complexity of the waveforms description, while retraining the relevant critical
features, in relation to static energy meter interference, of such a signal. So,
it presents the critical features/parameters of the waveforms found to interfere
with static energy meters in Chapter 3. Also this chapter shows how such a
modelled version of the waveform could be used as a simplified artificial test
waveform in future test standards.

Fifth, Chapter 6 presents a survey of the time-domain emissions that are
generated by equipment in residential low-voltage networks. It analyzes the
emissions from different (dimmed) lighting equipment in detail, and further-
more provides a statistical overview from all equipment classes included in the
IEC 61000-3-2 [44] using the time-domain approach introduced in Chapter 5.
At the end, a broad overview of emissions as created by modern appliances is
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mapped.

Sixth, Chapter 7 presents typical current waveforms that are present at the
static energy meter connection point in a residential situation. Thus portrays
the realistic on-site situation where the static energy meter is placed in. The
on-site waveforms are related to the critical waveforms that resulted in EMI
problems with static energy meters in Chapter 3 by indicating similar features
between those signals using the parametric modelling approach from Chapter 5.
In order to find similarities between those signals and to estimated the interfer-
ence of the on-site surveyed waveforms. In this way, the extend of the critical
interference waveforms in a real-world environment is determined based on an
on-site survey of three premises. Covering an EV charging station, a residence
including a PV installation, and an apartment premise.

And finally, Chapter 8 will summarize and conclude the main findings of
the work presented in this thesis. Furthermore, it aims at presenting directions
for future work with respect to the interference of static energy meters.



Chapter 2

State of the art in
standardization

In this chapter, the state of the art in standardization related to static energy
meters, the equipment (or appliances) that is present in low-voltage grids, and
the low-voltage grid is analyzed. The content of this chapter comprises the
research that was earlier published in [45], [46].

2.1 Motivation

Problems with static energy meters resulting in incorrect billing of consumers
are already discussed in the introduction of this thesis (Chapter 1). Therefore,
it is of importance to ensure consumers confidence in the reliability of static
energy meters and thus in their energy bill. The problem involves the static
energy meter and the electromagnetic environment where the meter is placed
in. Which includes the connected equipment and the low-voltage grid. The
static energy meter should comply with the European directives to ensure a
reliable measurement of energy, which is demonstrated by means of the corre-
sponding harmonized standards. These are indicating the EMC limits for the
products emission or immunity. In order to evaluate the feasibility of these
directives and standards throughout this thesis, based on the measured wave-
forms of interference cases (Chapter 3), typical equipment (Chapter 6), and at
residential metering connections (Chapter 7), this chapter aims to review the
state of the art in standardization that is relevant for the interference on static
energy meters.

In this regard, it is of importance to also review the frequency range from
2kHz until 150 kHz, because there is a lack of civil standards in this frequency
range as was already indicated in previous research [17]. For example, this
gap was addressed considering the static energy meter [47], the smart grid
components [48], or the connected equipment that consist of power electronic
converters [49]. This frequency range has gained interest for the development
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of standards for apparatus [50], as in this frequency range only a few standards
exists and nearly no requirements are taken into account. While this is an im-
portant frequency range, as many power electronics switch in these frequencies
[51], causing loads in low-voltage grids to include higher frequencies [52]. As a
result the voltage and current waveforms may contain distortion for frequencies
up to 150kHz [53]. Also many EMC complaints of equipment malfunction due
to interference in this frequency range are reported in [9], including problems
with static energy meters as was introduced in Chapter 1 of this thesis. Further-
more, the interference signals that resulted in EMI problems with static energy
meters in [31], represent quite wide-band signals. This is visualized in Fig-
ure 2.1 where the differential mode current and line-neutral voltage from a com-
bination of dimmed CFL and LEDs is plotted in time and frequency-domain.
The current harmonics up to 2kHz are quite significant compared to the fun-
damental frequency of 50 Hz, but also the frequency content between 2kHz
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Figure 2.1. Waveforms from a combination of dimmed CFL and LEDs resulting in EMI
problems with static energy meters [31].
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and 150 kHz is still rather large, i.e. up to 10% of the current amplitude at the
fundamental frequency.

The rest of this chapter discusses the applicable directives and standards.
In Section 2.2 the European directives are be reviewed, i.e. the EMC direc-
tive and the MID. The harmonized standards specific for static energy meters
are discussed in Section 2.3, the equipment (or appliances) connected to the
meter in Section 2.4, and the low-voltage grid where the meter is installed in
Section 2.5. Finally, in Section 2.6 this chapter ends with a discussion and
conclusion about the feasibility of these standards, which will form a point of
discussion throughout this whole thesis.

2.2 European directives

The European directives are a legal act of the EU to which all devices and sys-
tems available on the market should adhere. By means of harmonised standards
manufacturers can demonstrate that the products/services/processes comply
with the relevant EU legislation. Still, the European directives are the leading
legal act [54].

When considering the EMC of products, all products available on the mar-
ket should comply with the EMC directive 2014/30/EU [55]. The essential
requirements of the EMC directive in point 1 of Annex 1 state that: “FEquip-
ment shall be so designed and manufactured, having regard to the state of the
art, as to ensure that:

e the electromagnetic disturbance generated does not exceed the level above
which radio and telecommunications equipment or other equipment cannot
operate as intended;

e it has a level of immunity to the electromagnetic disturbance to be ex-
pected in its intended use which allows it to operate without unacceptable
degradation of its intended use.”

Furthermore, in point 2 it is stated that: “A fized installation shall be installed
applying good engineering practices and respecting the information on the in-
tended use of its components, with a view to meeting the essential requirements
set out in point 1.” This means that you should not cause any interference
and you should not be sensitive to interference. And the harmonized standards
are only a tool to demonstrate the immunity or emissions. However, according
to the MID, measuring instruments (such as the static energy meter) do not
have to comply with the EMC directive, as the European MID 2014/32/EU
[56] states the following: “The performance of some measuring instruments
is strongly influenced by the environment, especially the electromagnetic envi-
ronment. Immunity to electromagnetic disturbances of measuring instruments
should form an integral part of this Directive and the immunity requirements of
Directive 2004/108/EU of the European Parliament and of the Council of 15
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December 2004 on the approzimation of the laws of the Member States relat-
ing to electromagnetic compatibility, therefore do not apply.” So measurement
instruments can be affected by EMI, which is compromised in the MID, and
therefore measurement instruments do not have to comply with the EMC di-
rective.

Still, the requirements of the MID need to be taken into account, this di-
rective is a conformity assessment to which all products (in this case measure-
ment instruments) should adhere when those are placed on the market. The
essential requirements in Annex I of this directive state the rated operating
conditions as follows: “The rated operating conditions are the values for the
measurand and influence quantities making up the normal working conditions
of an instrument.” Where it is clear that the “normal working conditions”
are not sinusoidal, as was already addressed previously in [57]. Actually, the
effect of non-sinusoidal conditions was already proven to interfere with static
energy meters in [35], due to harmonic and on-site disturbances. In that sense,
the equipment that is connected to the static energy meter in a real-world
low-voltage grid should be seen as “normal working conditions” for the static
energy meters. Furthermore, this annex also states that: “Under rated operat-
ing conditions and in the absence of a disturbance, the error of measurement
shall not exceed the mazimum permissible error (MPE) value as laid down in
the appropriate instrument-specific requirements.” Meaning that the static en-
ergy meter should measure correctly, i.e. comply, when placed in its “normal
working conditions”. For the interference example in [31], the dimmers and
connected luminaries are present in a low-voltage grid and this situation is
thus considered as a “normal working condition” for which the static energy
meter should operate correctly.

2.3 Static energy meters

Next, the relevant harmonized standards are reviewed. Static energy meters
have to comply with the product standard TEC 62053-21 [58] for meters with ac-
curacy class 0.5, 1, and 2, or to the IEC 62053-22 [59] for transformer operated
meters of accuracy classes 0.1 S, 0.2 S and 0.5 S. These standards refer back to
the more general IEC 62052-11 [60] for electricity metering equipment. These
have a similar structure and limits with the specific European requirements
in the EN 50470-1 [61], for general metering equipment, and the EN 50470-3
[62], considering particular requirements for static energy meters. Static en-
ergy meters need to meet the maximum permissible limits for electricity meters
with approval of the European MID 2014/32/EU [56], which are derived from
the TEC 62053-21, TEC 62053-22, and EN 50470-3 standards. The approved
accuracy limits are shown in Table 2.1.
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Table 2.1. Maximum permissible error limits according to the European MID 2014/32/EU
[56].

MID accuracy class | Maximum permissible error limits
Class A 2.5%
Class B 1.5%
Class C 0.5%

2.3.1 Harmonic voltages and currents

The TEC 62053-21 and EN 50470-3 standards include tests to verify the immu-
nity of static energy meters to harmonic voltages and currents. In particular,
even harmonics are tested using a half-wave rectified signal at mains frequency,
as is visible in time and frequency-domain in Figure 2.2. Furthermore, odd
harmonics are tested using a phase fired signal with firing points at 5ms and
15ms, i.e. 90°and 270°, with a rise time of 0.2ms. This is shown in time and
frequency-domain in Figure 2.3. However, these signals contain multiple fre-
quency components, the harmonic content decays quite fast, and the signals
are not comparable to the broadband pulse as was exemplified in Figure 2.1,
that has a significant broader frequency spread.

2.3.2 Conducted common mode disturbances

For conducted measurements the general standard for electricity metering equip-
ment, i.e. the IEC 62052-11, refers to the IEC 61000-4-6 [63]. However this
standard only covers the frequency range from 150 kHz till 80 MHz and applies
only common mode signals. Which covers higher frequencies than the frequency
band of interest considering static energy meter interference, i.e. 2kHz until
150 kHz. Next to this differential mode is more relevant compared to common
mode [47].

2.3.3 Conducted differential mode disturbances

In addition to this, the IEC 61000-4-19 standard [29] applies for static en-
ergy meters, which was introduced in 2014 after the first complaints on static
energy meter interference. The TEC 61000-4-19 standard, is used to test elec-
trical and electronic equipment for immunity against conducted differential
mode disturbances and signaling in the frequency range from 2kHz to 150 kHz.
The standard covers two test methods that consider CW signals and rectan-
gular modulated CW signals. For the first test, a CW signal is applied to the
equipment under test (EUT) and the frequency, f;, is increased from 2kHz to
150 kHz. The test cycle consists of a duration in which a CW of frequency f; is
applied and a pause where the signal is zero, after this the frequency is increased
by a factor 1.02. This time-domain behavior is visualized in Figure 2.4(a).
The second test described in the standard is performed by applying a se-
quence of rectangular modulated CW pulses, with an increasing frequency from
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Figure 2.2. Test signals for even harmonic voltages and currents using a half-wave rectified
signal, according to the IEC 62053-21 [58] and EN 50470-3 [62].
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Figure 2.3. Test signals for odd harmonic voltages and currents using a phase fired signal at
90°and 270°, according to the IEC 62053-21 [58] and EN 50470-3 [62].
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Figure 2.4. Test wave profiles according to the IEC 61000-4-19 [29].

2kHz to 150kHz, to the EUT. The frequency is increased by a factor of 1.02
every step. This behavior is visualized in Figure 2.4(b).

The standard uses the frequency-domain, i.e. single tone testing, which is
common among EMC compliance testing. It means that at any moment in
time only one frequency is tested. Sweeping of frequencies is done to deter-
mine the system’s transfer function, i.e. to determine how the system reacts
to each frequency individually. From LTI theory it is known that the system’s
transfer function, H(s), is related to the impulse response, h(t), through the
Laplace transform. Determining the impulse response is thus equivalent to the
system’s transfer function under the assumption that one is characterizing an
LTT system. This means that the frequency-domain tests would hold in the
situation of an LTI system. However, the problem is that the combination
of all the systems within a household cannot be considered as LTI anymore.
This is among others due to the non-linear elements within such a household.
The connected loads in a household can be non-linear and time varying, which
results in H (s)#h(t). As the currents drawn are impulsive in nature, the sys-
tem’s response is more realistically described with its impulse response. These
non-linear and time varying elements within the entire system result in the fact
that the frequency-domain tests, like the IEC 61000-4-19, do not hold anymore,
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as those are based on the LTI assumption.

2.4 Equipment

The connected equipment in low-voltage systems, where the static energy meter
is also installed, should meet the EMC standards to ensure a proper function
of all connected systems. In regard of the interference of static energy meters,
the conducted emission limits of the equipment are of interest as it provides
information about the maximum voltage and current levels generated by the
equipment and measured by the installed static energy meter. An overview
of the related EMC standards is provided in Figure 2.5 [64]. The harmonic
current emissions of equipment with an input current lower than 16 A are reg-
ulated in the IEC 61000-3-2 [44], while input currents from 16 A to 75 A are
covered by the IEC 61000-3-12 [65]. These standards cover the harmonic fre-
quencies until the 40th harmonic, which is 2kHz or 2.4kHz for a 50 Hz and
60 Hz system, respectively. The IEC 61000-3-2 specifies the limits for different
classes of equipment dependent on its usage and electrical working principle. It
is remarkable that no emission limits apply for equipment with a rated power
of 75 W or less, other than lighting equipment. This exception is resulting
from the conventional connected loads, that are resistive, and consume more
than 75 W, such that lower consuming loads could be considered as insignif-
icant. However, nowadays most connected equipment is non-linear [3], made
more energy efficient, and consumes less power. And thus, significant more
modern equipment will have a lower consumption than 75 W. Furthermore,
no limits apply for independent dimmers for lighting equipment. Which is
also difficult to test as many luminaries can be combined with an independent

No general emission or immunity tes
Covered by No EMC gRegulated range Covered by
IEC Standards standard ifor some products |CISPR Standards
IEC 61000-3-2 QCISPR 14 CISPR 11
IEC 61000-3-12 (CISPR 15 CISPR 32
Harmonics Conducted Emission
2 kHz 9 kHz 150 kHz 30 MHz
2.4 kHz

“Switching frequency”

Figure 2.5. Overview of the frequency range covered by EMC standards for equipment [64].

dimmer, and interference problems might only occur in particular cases. But
this is of particular interest, as a combination between dimming and lighting
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equipment has been shown to generate highly distorted currents and could re-
sult in metering errors [31]. This emission was shown before in Figure 2.1,
and it could be seen that the harmonic emissions are quite significant com-
pared to the fundamental frequency. Beyond the frequencies covered by the
IEC 61000-3-2, it is noted that no EMC standard exists in the region from
2kHz till 9kHz. From 9kHz on-wards some product specific regulations hold,
which are the CISPR 14-1 [66] and CISPR 14-2 [67] for emission and immunity
of household appliances, electric tools and similar apparatus, respectively, and
the CISPR 15 [68] for electrical lighting equipment. These standards spec-
ify disturbance voltage limits from 9kHz till 150kHz, but do not cover all
connected equipment in low-voltage distribution systems. Furthermore, those
standards only briefly address the frequency range from 9kHz till 150 kHz and
mainly focus on the emissions above 150 kHz. In addition, several other prod-
uct standards have emission limits above 150 kHz, such as: the CISPR 11 [69]
for industrial, scientific, and medical equipment, and the CISPR 32 [70] for
multimedia equipment. So, this means that there is a lack of general emission
limits in the frequency range from 2kHz till 150 kHz to protect the electrical
grid and connected equipment [71].

2.5 Low-voltage grid

Besides the EMC standards that apply for the static energy meter and the
connected equipment, it is also important to know the electrical environment
they are placed in or connected to, which is the low-voltage grid. And thus
the limits stated for the low-voltage grid to ensure a compliant grid. This is
regulated by means of the IEC 61000-2-2 [5] including compatibility limits for
harmonic voltages, i.e. until 2kHz, in the low-voltage grid. Besides, conducted
limits for the frequency range 2kHz till 150kHz are included based on the
CISPR 16-1-1 [72].

Next to the conducted limits for the low-voltage grid, it is also important to
know the impedance of the grid, as it will affect, for example, the currents being
drawn by the installed equipment. The reference impedances are specified by
the IEC TR 60725 [73] for frequencies up to 2kHz, the IEC 61000-4-7 [74] from
2kHz to 9kHz, and the EN 55016-1-2 [75] (or CISPR 16-1-2 [76]) from 9kHz
till 150 kHz. However, extensive impedance measurements in the low-voltage
grid in Austria, Czech Republic, Germany, and Switzerland has shown that
almost all measured impedances are below these reference impedances, as is
made visible in Figure 2.6 [77]. Furthermore, the 50% percentile value is at
one tenth of the reference impedances. This proves that the grid impedance
is expected to be much lower than the conservative reference impedances as
listed in the standards. This low impedance is due to the capacitive behavior
of power supplies that are commonly used in low-voltage grids. Therefore,
higher frequencies will flow more easily, and the grid voltage will be affected
resulting in a distorted grid voltage. Consequently, the supply voltage that
is used for example to test the harmonics of equipment in the TEC 61000-3-2
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[44], which resembles a sinusoidal voltage, is not representative for the realistic
on-site situation, and the drawn harmonic currents in a realistic on-site system
are potentially much worse than in the tested situation.
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Figure 2.6. Measured impedance at typical public low-voltage grids (gray), including selected
percentile curves and reference impedances [77).

2.6 Discussion and conclusion

This chapter summarizes all the relevant standards regarding the EMI prob-
lems with static energy meters, as is visualized in Figure 2.7. That is, it covers
the relevant standards for static energy meters, the connected equipment, and
the low-voltage grid where the meter is placed in. Furthermore, also the Eu-
ropean directives were discussed, i.e. the EMC directive and the MID. The
important observation here is that the EMC directive does not hold for mea-
surement instruments, such as the static energy meter. Besides, the MID states
that the measurement instrument shall not exceed any permissible error limits
in its “normal working conditions”. Where the latter is particular important
as today’s residential low-voltage grid cannot be considered as sinusoidal, and
therefore the realistic on-site non-linear signals, i.e. signals that can be found
in a low-voltage grid, should be measured without any problem by the static
energy meter. This requirement of the MID is crucial as it poses a confor-
mity assessment to which all products that are available on the market should
conform. From the harmonized standards it is observed that there is a lack
of civil standards in the frequency range from 2kHz to 150kHz and the test
conditions are not representative for today’s residential low-voltage grid, which
combines many non-linearities. While the standards represent ideal sinusoidal
voltages and currents, which today’s realistic situation is clearly not [18]. As
the low-voltage grid is typically low impedant. Furthermore, frequency-domain
testing is used rather than time-domain, which can become problematic consid-



34 CHAPTER 2. STATE OF THE ART IN STANDARDIZATION

ering the non-linear and time variant behavior of the equipment that is present
nowadays in a low-voltage system.

In the rest of this thesis those standards will be further investigated based
on the research in the subsequent chapters. Chapter 3 will pinpoint several
other cases of interference on static energy meters. Furthermore, several grid
impedances are used to test the interference cases with different types of low-
voltage grids, i.e. weak, strong, and conventional grids. Next, these interfer-
ence cases will be analyzed based on the time-domain parameters in Chapter 5,
which will show several non-linearities generated by the equipment that are not
covered by the introduced static energy meter standards in this chapter. Be-
sides, the typical emissions of equipment that is present in low-voltage systems
will be analyzed in Chapter 6, followed by an overview of typical waveforms
occurring at the meter connection point in Chapter 7. Both will address the
issue that the common signals in a residential system are more harmful consid-
ering the non-linearities of the signals compared to the limits as addressed in
the standards introduced in this chapter.

2.5 Low-voltage grid 2.3 Static energy meter 2.4 Equipment
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Figure 2.7. Summary of the relevant standards related to the EMI on static energy meters.



Chapter 3

Interference on static energy
meters

The cases in which static energy meters give misreadings due to EMI, that
are studied in regard of this thesis, are presented in this chapter. The content
of this chapter comprises the research that was earlier published in [36], [37],
[78]-[82].

3.1 Motivation

In the introduction of this thesis the EMI problems with static energy meters
were already identified. One of the appliance causing these problems is dimmed
lighting equipment as was evidenced in [31]. Of which the interfering current
waveform was found to be of a pulsed nature and thus has a broad frequency
spread, as shown in Figure 2.1. This results in an incorrect energy measurement,
on the static energy meter, which has a societal impact, as consumers might
pay too much or too less for their energy consumption. In regard of this thesis,
many possible interference cases are studied based on complaints of consumers
about their energy bill. This chapter lists several interference problems on
static energy meters that were identified. Furthermore, several variations on
these experiments are performed to pinpoint the critical situations. This should
help in the understanding of the waveforms that interfere with the static energy
meter readings. And therefore, provides a solid basis for the understanding of
the interference problem.

Conventional EMC analysis is done in the frequency domain. However, the
analysis of the waveforms interfering with the static energy meters is (mainly)
done in time-domain, as the equipment generating the EMI is non-linear and
time-variant. Therefore, time-domain measurements and analysis are more
valuable than their frequency-domain counterparts [17]. This was already
demonstrated using several analysis methods and signal processing techniques
to describe the necessary characteristics of the conducted interference [83].

35



36 CHAPTER 3. INTERFERENCE ON STATIC ENERGY METERS

This chapter is organized as follows: In Section 3.2 the measurement method
that was used to measure the immunity of static energy meters in a labora-
tory situation is explained. Then, Section 3.3 describes several cases of con-
ducted interference problems with static energy meters that are based on actual
complaints from consumers about their energy bill. Afterwards, Section 3.4
describes a research case with inexplicable energy consumption that occurred
with a correctly functioning meter. Finally, Section 3.5 discusses and concludes
these findings.

3.2 Measurement method

This section describes the immunity measurement of static energy meters. The
main purpose is to monitor the readings of the static energy meters in a con-
trolled environment. And to test (combinations of) electrical loads after com-
plaints of consumers, e.g. household appliances. Therefore, the energy con-
sumption as measured by the static energy meters and a reference instrument
was read out and compared. Furthermore, the voltage and current waveforms
of the connected loads were captured.

A schematic overview of the measurement setup is visualized in Figure 3.1.
During the laboratory measurements four different power supply settings were
considered, which are listed below:

1. Standardized mains grid, to create an ideal standardized grid, such that
the non-linearities of the power supply are not affecting the measure-
ments. This supply voltage was generated by a four-quadrant Pacific
Power Smart Source 140-TMX AC that was connected to a 50 pF line
impedance stabilization network (LISN) creating an ideal grid at 50 Hz
and 230 Vi, and to provide a stable impedance to the power input of
the static energy meters.

2. Low impedance grid, to create a grid in which the currents can flow easier.
As Section 2.5 already addressed that the realistic on-site low-voltage
grid is expected to be much lower than the impedances as specified in
the standards. This grid was created using the same configuration as
stated for the standardized mains grid, but by adding a 28.2 pF capacitor
between phase and neutral.

3. High impedance grid, to represent a weak grid and to achieve the opposite
of the low impedance grid. In this case it is harder for the currents to
flow. Islanded or micro-grids are typical examples of weak grids. Again
the same setup as the standardized mains grid was used, but now a 1.4
mH inductor was added in series on the lines.

4. Building’s mains supply, to resemble a realistic low-voltage grid. The
power was drawn directly from the power socket in the lab, which supplies
a distorted sinusoidal voltage at 50 Hz and 230 V5.
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Figure 3.1. Schematic overview of the measurement setup.

After the power supply a series of static energy meters was connected. This
can be seen in Figure 3.2, where 24 static energy meters are placed in series.
For the measurement results presented in Section 3.3.1, 3.3.2 and 3.3.3 only
ten specimen of static energy meters were monitored, while for Section 3.3.4,
24 static energy meters were measured, but the results of only four meters are
shown as those did show erroneous results. The meters that were included
in the test setup have different types of current sensors: current transformer,
Hall effect-based current sensor, Rogowski coil, and shunt resistor. The meters
include new and old models (i.e. before and after the publication of the IEC
61000-4-19 standard [29] in 2014) and represent the installed base of static
energy meters in the Netherlands.

Figure 3.2. Picture of the 24 static energy meters placed in series in the setup.

To monitor the energy consumption readings of the static energy meter its
SO-pulse interface was used. This is a blinking LED that blinks after a certain
amount of energy consumption is measured, 0.5, 1, or 2 Wh depending on the
specimen of the meter. An optical sensor was attached to this blinking LED,
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that transduces the blinking into a digital voltage signal, so a 0 or 1 depend-
ing on whether the LED is turned on or off. This means that the number of
pulses are counted, which corresponds to the energy consumption as measured
by the static energy meter. Rather than counting the total number of pulses,
it is also possible to measure the time between (one or a series of) consecutive
pulses to obtain the power consumption of the connected load, as is visual-
ized in Figure 3.3. The power is then calculated according to (3.1) and the
difference in energy, AE, can be determined using (3.2). Where Npyise is the
number of pulses during the measurement interval At, and the factor fgy is
the number of times the static energy meter blinks per 1 Wh of energy con-
sumption. This method allows for a much faster measurement, as only a couple
of pulses are needed (ideally only two) to measure the power consumption of
the connected load. As the static energy meters were placed in series, the first
meter also measures the energy consumed by the second till last meter, which
is maximum 2W per meter according to the related standards IEC 62053-21
[58] and IEC 62053-22 [59]. Therefore, the energy consumption readings of
the static energy meters were corrected with the consumed energy of the next
static energy meters. This was done according to (3.3), where P, is the power
correction because of the static energy meter’s consumption and Pgy is the
power measured by the static energy meter under test.

#pulses = 5

Voltage

Time

Atime

Figure 3.3. Digital voltage signal output of the optical sensor attached to monitor the energy
and power consumption readings of the static energy meter.

P[W] = Aﬂf\[gh] - 3600 (3.1)
AE[Wh] = (Npuse — 1) fsm (3.2)
Psm [W] =P — Peor (33)

Subsequently, a Yokogawa WT500 power analyzer was added to act as a
reference meter for the series of static energy meters. It has a basic power
accuracy of 0.1% and a sampling rate of 100kS/s, which should be adequate
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for reference as we are focused on EMI, and not on metrology. In that sense, the
deviations of the static energy meters under test with respect to the reference
meter were calculated using,

SM deviation [%] = Pont = Pret 1 (3.4)
Pref

where Pgy is the power measured by the static energy meter under test
and P.ef is the power of the reference.

Thereafter, the current and voltage waveform were measured using Pico
Technology TA189 current probes that are within 0.5dB accuracy in the fre-
quency range up to 200 kHz, and a Pico Technology TA043 differential voltage
probe with a frequency range up to 100 MHz. The currents on all lines (L, N,
and PE) and the differential mode (L-N) voltage were measured. The probes
were connected to a Pico Technology Picoscope 4824 pc-based oscilloscope.
At least ten cycles at mains frequency were captured, which is equivalent to
200 ms, in accordance with the IEC 61000-4-30 [84]. A sampling frequency of
1MS/s was used.

After this a connection point for the load under test was included. During
various experiments a large selection of household appliances was tested, the
next section provides a couple of examples that caused EMI problems with
static energy meters. The specific loads used in those cases are introduced in
the next section.

3.3 Conducted interference cases

This section addresses several conducted EMI problems resulting in incorrect
energy consumption readings of static energy meters. The cases presented in
this section are based on actual complaints from consumers about their energy
bills in a residential situation.

3.3.1 Commercial off-the-shelf water pump

High energy consumption readings of a static energy meter were observed by
a consumer when using a commercial off-the-shelf (COTS) water pump. This
water pump, suitable for koi and fish ponds, has a remote unit to control the
pump’s capacity. The remote control can vary the capacity in ten levels between
8000 and 15000 liter per hour. The power consumption related to these levels
is between 23 and 130 Watt, respectively, as specified by the manufacturer. By
using this remote control with the pump, small pulsed currents are drawn. A
picture of the water pump is shown in Figure 3.4.

During the measurements the water pump together with the remote con-
trol were connected as a load to the measurement setup. The remote control
was varied between level 1 (lowest water pump speed) and level 10 (highest
water pump speed), to observe the difference in drawn currents and created
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Figure 3.4. Picture of the COTS water pump placed inside a circular container filled with
water.

interference. Furthermore, the grid impedance was varied throughout the mea-
surements to observe its effect on the interference of the static energy meter.
This is done because Section 2.5 describes that the grid impedance in a realis-
tic situation is much lower than the impedance described in the standards. In
that sense, four different power supply settings were considered, as explained
in Section 3.2, which are: standardized mains grid, low impedance grid, high
impedance grid, and building’s mains supply.

First, for the standardized mains grid the current waveforms associated with
the corresponding water pump capacity levels can be seen in Figure 3.5. It is
remarkable that an uni-polar pulsed current waveform was drawn by the water
pump. Using this configuration the static energy meters show some deviations
with respect to the reference meter, as can be seen in Figure 3.6. This figure
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Figure 3.5. Measured waveforms for the ten different levels of the water pump’s capacity,
when using the ideal power supply with a standardized mains impedance.
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Figure 3.6. Deviations [%] between the static energy meters (SM) and reference when the
setup is powered using the ideal power supply with a standardized mains impedance, for the
ten different levels of the water pump’s capacity.

shows the deviations of the static energy meters with respect to the reference
meter, per level of the water pump’s capacity, and deviations between -19%
and +483% were found.

Second, the measurements were repeated and the impedance of the network
is changed to a low impedance network. Figure 3.7 shows the results using this
configuration, where deviations between -17% and +2114% were found and are
plotted in the same configuration as before. Meaning that around 20 times more
power was measured by the static energy meter compared to the reference me-
ter. These deviations are significantly higher than in the first case with a stan-
dardized mains grid. The measured current waveform for the water pump at
level 1 is made visible in Figure 3.8(b), a similar effect was visible for the other
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Figure 3.7. Deviations [%] between the static energy meters (SM) and reference when the
setup is powered using the ideal power supply with a low impedance, for the ten different
levels of the water pump’s capacity.
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Figure 3.8. Measured current waveforms for different power supply settings of the water
pump with remote control at level 1.

Table 3.1. Rise time, rising edge and slope of current spikes, for different grid impedances.

Grid impedance | Rise time [ps] | Rising edge [A] | Slope [A/ps]
Ideal 5.8 6.3 1.1
Low 13.8 14.1 1.0
High 5.4 6.3 1.2
Mains 18.8 13.7 0.7

capacity levels. Table 3.1 shows the 10%-90% rise time, rising edge, and slope
for the different grid impedances. The 10%-90% rise times are used as it is a
commonly used criteria for pulses [85]. It can be seen that the drawn current for
the low impedance network has a peak value that is roughly two times higher
compared to the current drawn in the standardized mains grid configuration
in Figure 3.8(d). Due to the lower impedance of the grid the high frequency
currents can flow more easily and the detrimental effect of the interference is
amplified.

Thirdly, the measurements were repeated, but this time a high impedance
network was used. Figure 3.9 shows the results using this configuration, where
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deviations between -16% and +316% were found for the different static energy
meters with respect to the reference meter, per level of the water pump’s ca-
pacity. Figure 3.8(c) shows the measured current waveform for the water pump
at level 1. Due to the high impedance of the mains, the current flows less easy,
i.e. the peak value is lower and the pulse width is wider, and there is more
ringing due to the inductive behavior of the mains. Consequently, the static
energy meter errors are lower compared to the previous cases.
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Figure 3.9. Deviations [%] between the static energy meters (SM) and reference when the
setup is powered using the ideal power supply with a high impedance, for the ten different
levels of the water pump’s capacity.

Finally, the measurements with the building’s mains supply were performed
and the results can be found in Figure 3.10, which shows the deviations of the
static energy meters with respect to the reference meter, per level of the water
pump’s capacity. Using the building’s mains supply deviations between -61%
and +2675% were found. This is significantly higher than all cases measured
before. And could be explained by the current in Figure 3.8(d), which is the
most extreme current pulse of all measurement cases.

From the experiments it is observed that when the water pump is set to
a lower capacity level, the current waveform has a higher phase shift with
respect to the voltage, as is visible in Figure 3.5. Which is decreasing the
power consumption. For all measured situations higher deviations of the static
energy meters are observed at these lower capacity levels (Figure 3.6-3.10). To
analyze the characteristics of these pulses Table 3.2 shows the 10%-90% slope
and charge, when the setup is supplied with the standardized mains grid for
all different capacity levels. The slope and charge are relatively constant with
varying capacity level, so the pulses are relatively similar. This means that
it is more likely to have higher static energy meter interference if the current
signal experiences more phase shift. Furthermore, it was evidenced that the
impedance of the grid affects the interference of the static energy meter. As the
low impedance grid allows high-frequency currents being drawn more easily, the
time-domain pulsed current is more extreme, and consequently the interference
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is higher. This is an important observation as a realistic residential grid has
a lower impedance compared to the reference impedances of the standards as
was shown in Section 2.5, based on the residential impedance measurements
from [77].
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Figure 3.10. Deviations [%] between the static energy meters (SM) and reference when the
setup is powered using the mains supply of the building, for the ten different levels of the
water pump’s capacity.

Table 3.2. Slope of current pulse rising and area under the current wave over one period, for
remote control combined with water pump for different capacity levels.

Capacity level | Slope [A/ps] | Charge [mC]
1 1.1 6.3
2 1.1 6.8
3 1.2 7.2
4 1.2 8.0
5 1.1 8.2
6 1.1 8.6
7 1.1 8.2
8 1.0 8.5
9 0.8 7.8
10 0.01 7.8

3.3.2 Water pump with TRIAC regulators

In addition to the measurements presented in the previous section, also mea-
surements were preformed with the water pump in conjunction with three reg-
ulators. The purpose of these tests is to elaborate on the previous findings,
by testing different configurations of the water pump. Therefore, three sim-
ilar power regulators, intended to be used with a water pump to change its
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speed/power, were tested. To regulate the power these regulators use a triode
for alternating current (TRIAC) that is controlled by a variable resistance. The
regulators were sold by different manufacturers, but the inside and outside look
exactly the same. Figure 3.11 shows the electric circuitry inside the regulator.
The electrical components inside differ slightly in their values, probably due to
the tolerances of the cheap components that are used. This could potential give
slight variations in the currents drawn, e.g. different rise times. During the
measurements the regulator was tuned to three different water pump capacity
levels, respectively low, medium, and high speed/power.

Figure 3.11. Electronics inside the power regulator.

The resulting measured deviations of the static energy meters are shown in
Figure 3.12. Where R1, R2, and R3 correspond to the used regulator and L.,
M, and H to the speed/power that is either low, medium, or high. Deviations
between -91% to +10%, -19% to +175%, and -90% to +16% are observed for
regulator 1, 2, and 3, respectively. In Figure 3.13 the measured waveforms
during the experiments are plotted. It shows the voltage waveform that is
generated using the power supply without a load attached and the current
waveforms generated in different load configurations. A lot of current spikes
are present in the waveforms, even very narrow spikes that do not seem to have
much power. The characteristics of the current spikes are shown in Table 3.3,
showing the 10%-90% rise time, rising edges, and the related slopes. Since the
waveforms show multiple spikes, the values in Table 3.3 indicate the maximum
slopes found for a particular power level. When regulator 1 is used to create
a low power level, the slope of the spike is 11 A/pus and deviations between
-91% and +3% are observed. If the power level is changed to the medium level,
resulting in a slope of 8.2 A/ps, the deviations are between -72% and +10%.
So, lowering the slope and also lowering the deviations. When the power level is
changed to high power, almost no deviations are observed. A similar effect can
be seen for regulator 3, however in this case the deviation of static energy meter
4 and 5 are still very high in the case of the high power level. For regulator
2 the largest deviations can be seen for the medium power level, which can
be explained by looking at Figure 3.13(b), which shows more current spikes
in this situation compared to the low power level. So the superposition of the
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spikes might increase the interference effect. Another observation is that in
these experiments also negative deviations are observed, while in the previous
subsection mostly positive deviations were shown to exist. Mainly negative
deviations occur when using regulator 1 and 3, while the use of regulator 2
shows mostly positive deviations. This also shows that however the regulators
include the same electrical components, a slight variation of these components
can change the working conditions of it and thus create different EMI problems.
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Figure 3.12. Deviations [%] between the 10 static energy meters (SM) and reference, for
different combinations of the water pump and three regulator, respectively R1, R2, and R3,
at different capacity levels, respectively low (L), medium (M), and high (H).

Table 3.3. Characteristics of the current waveforms from the water pump with different
regulators (R1, R2, and R3) at different speed/power levels.

Speed level | Rise time [ps] | Rising edge [A] | Slope [A/ps]
R1 Low 1.5 16.0 10.7
R1 Medium 1.9 15.2 8.2
R1 High 2.1 4.2 2.0
R2 Low 1.1 12.2 11.6
R2 Medium 2.3 16.2 7.1
R2 High 2.8 3.9 1.4
R3 Low 1.5 15.0 10.3
R3 Medium 1.6 14.8 9.2
R3 High 2.0 12.6 6.4

3.3.3 Dimmed lighting equipment

Although it was shown that the slope of fast rising currents has an effect on
static energy meter readings in the previous subsections, no direct correlation
between them was shown. Therefore, additional measurements were performed
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(c) Water pump with regulator 3.

Figure 3.13. Current waveforms generated during measurements for different loads, the
voltage is the wave generated by the power supply without a load.
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in which the slope was varied by inserting a line choke in series with the load,
while keeping the other parameters constant. Increasing the value of this choke
will create a higher impedance and will lower the slope of the current, i.e. limit
the higher frequency components being drawn. As a starting situation the most
severe interference case from [31] is used, where static energy meters are being
interfered by dimmed lighting equipment of CFL and LED. The most severe
situation corresponds to the lighting equipment being maximally dimmed, i.e.
the dimmer is set to 135°. After the starting situation, where no line choke
is added, chokes of the following inductance are added subsequently: 0.03,
0.08, 0.16, 0.24, 0.32, 0.7, and 1.4 mH. Creating a total of eight different test
conditions. This has the same effect as changing the inductance of the line
choke used as a filter inside the dimmer, as is done in [86] for the same purpose
of changing the current slope. However, due to practical reasons it was chosen
to add a line choke, i.e. there is no need to desoldering the printed circuit
board of the dimmer every measurement.

The results of the measurements can be seen in Figure 3.14, where the de-
viations of the static energy meters with respect to the reference meter are
shown, for the different line inductances. The corresponding waveforms can be
seen in Figure 3.15. It shows the voltage waveform that is generated using the
power supply without a load attached and the current waveforms generated
with the different series inductance values. The corresponding characteris-
tics of these waveforms can be seen in Table 3.4. Without a line inductance,
static energy meter deviations between -4% and +342% are found, and the
current slope was 5.6 A/ns. The addition of a line inductance decreases the
current slope and decreases the static energy meter deviations. For exam-
ple, the addition of a line inductance of 0.16 mH resulted in a less steep slope
of 0.8 A/us and static energy meter deviations between -6% and +212%. Re-
ducing the slope even further to 0.02 A /ps, by adding a 1.4 mH line inductance,
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Figure 3.14. Deviations [%] between the static energy meters (SM) and reference, for different
line inductances added.
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Figure 3.15. Current waveforms generated, inserted inductances given in mH, the voltage is

the wave generated by the power supply without a load.
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reduces the meter deviations below +£10%. In Figure 3.16 the maximum devi-
ations for different static energy meters are plotted against the current slope.
It shows higher interference if the current slope is larger.

Table 3.4. Rise time, rising edge and slope of current spikes, for different line inductances

(ind.).

Line ind. [mH] | Rise time [ps] | Rising edge [A] | Slope [A/ps]
0 2.1 11.8 5.6
0.03 5.6 12.0 2.1
0.08 10.9 12.9 1.2
0.16 14.3 11.1 0.8
0.24 35.9 10.2 0.3
0.32 43.3 9.6 0.2
0.7 115 13.1 0.1
1.4 382 7.0 0.02
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Figure 3.16. Correlation between the inclination of the current slope and the maximum static
energy meter deviations.
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3.3.4 Meters running backwards

After the interference cases as introduced in the preceding subsections, a con-
sumer complaint was received about inconsistent energy readings of his static
energy meter, after installing a COTS remote control for on/off switching of
(connected) appliances. The COTS switch was connected to multimedia equip-
ment (including a television), with the purpose of limiting the stand-by usage
after using the equipment, by completely cutting off the power. This dropped
the energy consumption as measured by the static energy meter and even
resulting in a measured power generation, while no power generating device
was connected. This behavior is visible in the consumption data of the static
energy meter as is shown in Figure 3.17, where the black data corresponds
to off-peak hours and the yellow data to peak hours. Figure 3.17(a) shows

Consumption Tuesday 03-11-2020
0.8

=
E
E
CIJ
S 0.6
B
£
2
8 0.4
0.2
: |||I|||||||||||||||IIII||III i
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)
(a) Initial energy consumption.
Consumption Tuesday 10-11-2020
= 08
Z
B
g 06
[ =
]
k3
§ 0.4
c
8

0.2

QIMNNMMmmMM I

-0.2
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)

(b) Energy consumption after connecting the COTS switch.
Figure 3.17. Energy consumption data obtained from the installed static energy meter at

the consumer’s premise, where the black data corresponds to off peak hours and the yellow
data to peak hours.
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the initial consumption, and Figure 3.17(b) shows the consumption after con-
necting the COTS switch. It can be seen that the energy consumption drops
significantly and even reaches negative values between 15:00 and 22:30. Which
is strange as the household has no power generating equipment such as solar
panels. The installed static energy meter was manufactured in 2017, and is
thus compliant with the updated test standard IEC 61000-4-19 in 2014 [29)].
This is unexpected as the test standard already covers the immunity of the
meter.

This situation was reproduced in a laboratory situation to investigate the
reason of this peculiar observation. After connecting the COTS switch it was
directly found that it dims the connected equipment automatically. This is in
contrast to the information the consumer gathered from his salesperson, who
told him that the switch can be used for his intended purpose of limiting stand-
by usage. When changing the dimming levels it turned out that phase firing
angles between (approximately) 45° and 135° could be achieved. By default
the dimming level was set to 45°. These waveforms are shown in Figure 3.18.
For the measurements the minimum (45°), middle (90°), and maximum (135°)
phase firing angles are used. The resulting measured powers by the static energy
meters and the reference power analyzer are summarized in Table 3.5. For a
phase firing angle of 45° the static energy meters measure a power generation,
i.e. a negative consumption, while the reference meter shows that the power is
consumed from the grid. Thus, the situation found in the household is properly
reproduced. For the pulse with a phase firing angle of 90° no significant error is
found. For a phase firing angle of 135° a much higher energy consumption was
measured by the static energy meters. This shows that the phase firing angle
of the pulse determines whether the interference results in a false generation of
power, no significant error, or a higher power consumption.

Table 3.5. Static energy meter (SM) readings for the dimmed multimedia equipment at
different phase firing angles.

# WT500 SM1 SM2 SM3 | SM4
45° 21W | -:297TW | -286 W | -350W | -56 W
90° 22W 3B5W 32W 42W | 3TW
135° 20W | 485W | 462W | 314W | 159 W

Afterwards, measurements with an AC controlled current load were per-
formed, in order to have full control of the waveform parameters. This is not
possible with a COTS appliance, as changing its setting may change multiple
parameters at once. Using this load a triangular waveform was generated that
has similar parameters such as the amplitude, phase firing angle, and slope
as the dimmed multimedia equipment. The triangular current waveform was
phase shifted with respect to the voltage, by keeping the triangular wave con-
stant. The power error between the static energy meters (selected for this
specific experiment) and the reference meter is visualized in Figure 3.19. No
errors are observed for static energy meter 1. While for static energy meter 2
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(c) Phase firing angle of 135°.

Figure 3.18. Measured current waveforms for the dimmed multimedia equipment at different
phase firing angles.
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(b) Clipped output of the amplifier.

Figure 3.20. The measured output of the Rogowski coil inside the static energy meter and
the clipped amplifier output, when measuring the pulsed current in Figure 3.18(a).
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3.4. ISSUES WITH A CORRECTLY FUNCTIONING METER

and 3, a phase firing angle lower than 90° resulted in an incorrect measured
generation of power, and a phase firing angle higher than 90° resulted in an
incorrect power consumption measurement.

Hereafter, measurement points were added inside the static energy meter to
find the cause of these observations. Inside the static energy meter the current
is measured by a Rogowski coil which differentiates the signal. Then, the output
of the Rogowski coil is amplified and integrated to obtain the current waveform,
according to the datasheet of the STPMOLF energy meter IC [87], that is
commonly embedded in meters placed in the Netherlands. A current waveform
with a high di/dt will result in a relatively high amplitude at the output of
the Rogowski coil. The output of the Rogowski coil inside the static energy
meter can be seen in Figure 3.20(a), when measuring the pulsed current in
Figure 3.18(a). The output of the Rogowski coil goes up to 1 V. This waveform
is then amplified, however the maximum input voltage of the amplifier, as is
shown in Table 3.6, is hereby exceeded. This results in clipping of the current
signal at the output of the amplifier. Since the amplifier inside the static energy
meter is incorporated inside the STPMO1F chip, its output cannot be measured
directly. To show the effect of clipping, an amplifier has been implemented
with a maximum input voltage of 37mV, closely relating to the worst case
scenario for the amplifier in Table 3.6. The resulting clipped output can be
seen in Figure 3.20(b). For such a maximum input voltage, both the rising
edge and the falling edge of the pulse are clipped. However, the rising edge
was faster, and a larger portion of the rising part is clipped. The clipping
of the amplifier results in a distorted current waveform after integrating the
output of the amplifier, due to the difference in steepness of the rising edge
and falling edge. This effect is shown in Figure 3.21. Where it can be seen,
by following the arrows, that when a triangular pulse with a faster rising than
falling edge is measured by the Rogowski coil, the higher rising edge is clipped
by the amplifier. Since the triangular pulse starts and ends at zero, the areas
under the positive and negative slopes of the differentiated signal should be
equal. However, this is not the case for the clipped signal, and the integrated
signal will not return to zero and a mismatch is included. When multiplying
this mismatch in the current, with the proper measured voltage, to obtain the
power, an error will be introduced. When phase shifting this output current,
including the mismatch, the error will be either positive or negative depending
on the phase firing angle. This was already confirmed by the measurements in
Figure 3.19.

3.4 Issues with a correctly functioning meter

Next to the interference cases presented in the previous section, also inexplica-
ble energy consumptions can occur when the static energy meter is functioning
correctly. Those are of interest to cover in this thesis from societal point of view,
as it can impact the energy billing of the consumers directly. Furthermore, it
can create awareness of consumers in their energy consumption. Several com-
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Figure 3.21. Schematic overview of the clipping of the differentiated current.

Table 3.6. Maximum input voltage of voltage and current channels of the amplifier inside
the static energy meter [87].

Voltage channels Current channels
Gain | Max input voltage (V) | Gain | Max input voltage (V)
8x +0.15
16x +0.075
4 +0.30 24x £0.05
32x +0.035

plaints were made by consumers about high energy consumptions that did not
result from incorrect static energy meter readings. In most of the cases the con-
sumers were not aware of the amount of energy produced by their appliances,
for example, a microwave-oven that was used by the consumer quite frequent,
or a large series of halogen lamp-spots. The introduction of energy consump-
tion applications that receive the 15-minute consumption data from the static
energy meter, e.g. an application via the utility company or via a third party,
can help the consumers’ awareness of their energy consumption. Furthermore,
it can help researchers (or the utility company) to analyze inexplicable energy
consumptions. The rest of this section will focus on two cases that impact the
energy measurement (of a correctly functioning static energy meter). This is
explained based on the Blondel theorem [88], that is used for measuring energy
in a poly-phase system, e.g. the residential grid. Then, two contradiction cases
to this theorem are discussed, that focus on a defective residual-current device
(RCD) and the flow of leakage currents in non-linear appliances.
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3.4.1 Blondel theorem

Measuring the energy in a poly-phase system is done according to the Blon-
del theorem [88]. This theorem states that in a system containing N current
carrying conductors, N-1 current sensing elements are sufficient to measure the
electrical energy consumption. This theorem is for instance used in low-voltage
grids for determining the energy consumption [89], e.g. for billing purposes at
residences by using the static energy meter.

In such energy meters, used in one-phase systems, the energy is determined
using the line-neutral voltage and line current, so only one current sensing
element is used. Whereas two elements are required if Blondel is followed cor-
rectly, as the system contains the line, neutral and protective-earth conductor.
The use of fewer elements is done because of economical reasons [89]. This
reduction is only valid if the system is balanced, and other parts in the system
are working properly, such as an RCD, that opens the mains circuit because
of safety issues when a leakage current exists [90]. Similarly, for a three-phase
system also the protective-earth conductor is not taken into account. In this
subsection the theoretical background behind the Blondel theorem is given, as
was published first in [88] and will be summarized hereafter.

A system containing N conductors is considered, at any moment in time
the currents and potentials on these conductors are given by 4, and w,, for all
conductors. Then at any moment in time, the algebraic sum of the currents on
all the conductors is zero, (3.5).

> in=0 (3.5)

The instantaneous power is the current multiplied by the potential delivered
to the system, (3.6).

N
n=1

By introducing a common point, M, with potential v,,, the instantaneous
power can be calculated as a function of the potential difference between the
N-th conductor and the common point as seen in (3.7).

N
p= Z in(vn — V) (3.7)
n=1

Which is proven true since it is known from combining (3.5) and (3.6) that
(3.8) holds.
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N N
D inUm = Y in =0 (3.8)
n=1 n=1

Which can then be substituted into (3.6), resulting in (3.7). Furthermore,
when dealing with alternating polyphase currents, the currents and potentials
are periodical functions with period T, such that the average power can be
written as (3.9).

1 /7 Noq T
= = dt = — in (U, — Uy ) dt 3.9
i z_jT/ in(0n — ) (3.9)

For practical measurements all of the partial powers can be calculated and
added algebraically. In these measurements the common point must be chosen
such that the relative values of the potentials and the distribution of the cur-
rents does not change. This common point is generally the return conductor
of the other N-1 conductors in the circuit. Lets assume the N-th conductor as
common point, then (3.7) can be rewritten as (3.10), which shows that only
N-1 current sensing elements are needed to measure the energy in polyphase
systems.
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In the rest of this section a one-phase low-voltage grid is considered. Such
a system has three conductors: the line, neutral, and protective-earth. Fig-
ure 3.22 shows a schematic of such a system. According to the Blondel theorem,
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Figure 3.22. Schematic of a one-phase distribution system.
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(3.10), and taking the neutral conductor as the common point, the power is
determined using (3.11).

p = (v — on)ir + (vpPE — UN)iPE (3.11)

In residential energy metering only the first term involving the line-neutral
voltage and line current is taken into account, because it is assumed that the
system is earthed and no voltage potential exists between the neutral and
protective-earth conductor, so no current can flow through the protective-earth.
However, a voltage drop between the neutral and protective-earth conductor
does exist, caused by an impedance due to the length of the cable between the
residential system and the transformer were the neutral is earthed. Because
of this voltage drop a current can flow in the protective-earth, thus making
the aforementioned assumption incorrect, and in order to determine the total
energy the second term in (3.11) should also be taken into account.

Hereafter, in Subsection 3.4.2 and 3.4.3, two cases are considered in which a
protective-earth current exists and thus the energy metering is not performed
correctly.

3.4.2 Defect residual-current device

In this subsection a case study is described in which a broken RCD resulted in
a large current flow through the protective-earth in a residence. This came to
light, because the consumer noted an abrupt increase of his energy bill, which
could not be explained based on his connected appliances. After switching off
(groups of) devices in the residence, it was found that the increased energy
consumption resulted from the oven in stand-by mode. The current flowing
through the line conductor is shown in Figure 3.23. It has an rms value of 6 A,
and consequently a power of 1500 W was drawn. Which is strange as the oven
was in stand-by and no parts of the oven were heated.

By coincidence the mains plug of the oven was inverted, so swapping the line
and neutral conductor, and remarkably the large energy consumption was not
measured anymore. From this observation a short circuit was found between the
neutral and protective-earth conductor of the oven, and the unintended path
had an impedance of 30 €2. This meant that in the original case, with the mains
plug inverted, there was a short circuit between the line and the protective-earth
conductor of the oven, causing a large current to run through the protective-
earth conductor. This problem was not thought of before, because this would
normally open the mains circuit due to the RCD for such a high current running
through the protective-earth. However, it turned out that the RCD was broken
and did not function anymore, which made it possible for the leakage current
to flow.

So, an current unbalance between the line and neutral conductor was ob-
served. Inverting the mains plug of the oven, so swapping the line and neutral
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Figure 3.23. Measured line current and line-neutral voltage of the oven in stand-by.

conductor, will create a difference in current measurements. This issue is illus-
trated in Figure 3.24 using the electrical circuit and inserting a current element
in the line and neutral conductor. In the first situation, the line current ele-
ment measures the contribution of the load and short circuit, while the neutral
current element only measures the current of the load, Figure 3.24(a). In the
second situation, the current element in the neutral conductor measures only
the current generated by the load, while the neutral current element is also
affected by the leakage current, Figure 3.24(b). Meaning that a situation can
occur in which the line and neutral currents are unequal, and thus the situation
is non-compliant to the Blondel theorem. This has a large effect on the energy
measurement used to determine the households consumption for billing pur-
poses. Another thing that can be learned from this case study is that an RCD
may not function because of wear, and one should check the functionality of
the RCD regularly to overcome (potential) dangerous situations or over-billing
of consumed energy.

3.4.3 Leakage currents in non-linear appliances

A second case study was performed to investigate the flow of leakage currents for
non-linear appliances. Ideally the leakage current should be zero during normal
operation, however in reality appliances produce a small leakage current due to
filter capacitors (Y-capacitors). This can result in failures or malfunctions, e.g.
unwanted tripping of RCDs [91]. As a non-linear load a COTS water pump
combined with a dimmer was used, which already showed large EMI issues in
Section 3.3. It was connected to the mains grid. The current and voltages
on all lines were measured. Omne period of the recorded waveform is shown
in Figure 3.25. This measurement shows a current flowing on the protective-
earth conductor, and an unbalance between the current flowing through the
line and neutral conductor. The leakage current shows a damped sine wave
with a relatively high frequency compared to the mains frequency, for which a
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Figure 3.24. Electrical circuits creating an unbalance between the line and neutral conductors,
for two different situations.

zoomed in plot is shown in Figure 3.25(c).

When it is assumed that no voltage potential exists between the neutral and
earth conductor, and measuring the energy according to Blondel, the current
flowing through either the line or neutral conductor should be measured. As
the current flowing through both conductors should be identical according to
Blondel. The average power is calculated according to (3.12) and (3.13), which
agree with the Blondel theorem, where K is the total number of samples.

Z k] vex [k (3.12)

Z lN ULN (313)

The calculated power using the line current measurement is 29 W, whereas
using the neutral current measurement the calculated power turns out to be
30 W. This shows a difference of 3% between the two measurements, which can
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be explained because the current unbalance resulting from a current flowing
through the protective-earth. And shows a non-compliance with the Blondel
theorem. For electricity metering, e.g. in static energy meters, this could result
in incorrect readings and wrong billing. For example swapping the line and
neutral conductor by mirroring the mains plug could be beneficial for consumers
or utilities. As this case study uses a load with a low energy consumption, the
billing effects will not be significantly, however with high power loads that
behave non-linear this issue could become problematic.

A more extensive overview of leakage currents from non-linear appliances is
given in [92]. It shows a significant leakage current for several non-linear appli-
ances, so strengthening the previous observation. Furthermore, the distortion
of the grid and the interactions between appliances can considerably affect the
drawn leakage currents.

3.5 Discussion and conclusion

Several cases that resulted in interfered energy readings of the static energy
meter are presented in this chapter. EMI issues were found due to a COTS
speed-controlled water pump, dimmed light equipment of CFL and LED light-
ing, and multimedia equipment. This can result in under- or over-estimation
of the energy consumption of the static energy meter. In all EMI cases the cur-
rents drawn represent non-LTT pulsed currents. These have rise times in the
range between 2ps and 150 ps, and current slopes larger than 0.1 A/ps. The
interference was affected by the impedance of the grid, i.e. a lower impedance
result in higher errors, due to the fact that high frequency currents are drawn
easier in that case. Furthermore, also the slope of the pulsed current affected
the interference, were a larger slope results in larger errors. Next to that, also
the phase firing angle between the current pulse and the voltage can alter the
errors. It is even found that, for a static energy meter utilizing a Rogowski
coil as its current sensing element, the under-estimation is so large that the
negative error can be higher than the actual consumption. This means that
the static energy meter will report an incorrect power delivery back to the grid,
while actually energy is being consumed by a load.

Furthermore, problems in energy metering was found due to a current un-
balance between the line and neutral conductor, while the static energy meter
was working correctly according to its specification. This occurred because
energy measurements are performed according to the Blondel theorem that
states that for a system containing N conductors, only N-1 current elements
are needed. For the residential system it is assumed that the system is earthed
and no current can flow on the protective-earth conductor. Therefore only N-2
current elements are used, i.e. in a one-phase system only the line current is
measured. However, two cases are shown where a protective-earth current was
flowing resulting in an unbalance between the line and neutral conductor and
difference in energy measurement. This occurred for example in the case of to
a broken RCD and in case of flowing leakage currents for non-linear appliances.
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The broken RCD can create an unsafe and hazardous situation, so checking its
proper working is highly recommended.

In the remainder of this thesis, Chapter 4 characterizes and determines the
suitability of CTs that are used to measure pulsed currents in order to allow
for a proper measurement. Thereafter, the measured waveforms contributing
to interference on static energy meters are further analyzed in Chapter 5. This
is done by analyzing the time-domain parameters of the interfering signals,
to find out which parameters can be correlated to the metering errors. In
that sense, the current slope, peak value, pulse width, charge, and crest factor
of the waveforms are investigated. Subsequently, in Chapter 6 the critical
parameters that were correlated to the metering errors based on the laboratory
experiments as presented in this chapter, are compared to the emissions of
equipment that is present in typical residential situations. And in Chapter 7
the critical parameters are compared with measured data of an on-site low-
voltage grid, measured at the meter connection point.



Chapter 4

Current transducers for
pulsed currents

This chapter describes a study on CT's for the measurement of pulsed currents
in laboratory and on-site situations. The content of this chapter comprises the
research that was earlier published in [93], [94].

4.1 Motivation

The previous chapter has shown several EMI cases involving static energy me-
ters. The current waveforms associated with the interference are narrow pulses,
with rise times in the range between 2 ps and 150 ps, and current slopes larger
than 0.1 A/ps. In order to measure such impulsive currents in the time-domain,
in laboratory or on-site situations, accurate CT elements are needed. Because
of the fast rise times, these CTs should have a very wide instantaneous fre-
quency range without any phase shifts.

Conventional techniques to determine the electrical response of CTs are
performed in the frequency-domain, such as the IEEE Std C57.13 [95]. And
use sinusoidal CW currents which are swept in frequency and amplitude. This
determines the operating ranges of the CTs, but without measuring the phase
the effect of wide-band signals can be overlooked. The necessity of time-domain
testing was already addressed in Chapter 2, because systems behave non-linear
and/or time-variant. Therefore, the systems response to the superposition
of CW currents of multiple frequencies is not equal to an impulsive current,
and time-domain testing is needed. The use of signal processing on the time-
domain data was already shown to provide the necessary characteristics of
a time-variant system in [83]. And the use of time-domain characterization
methods is not a new idea, as [96] already proposed to use wide-band pulses
to characterize responses in linear systems. From this time-domain response
also the frequency-domain response of the system can be determined using a
Fourier transform. The characterization of CTs in the presence of harmonic

65
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distortion is discussed in [97], where it is proposed to excite the CTs by a
fundamental and harmonic frequency, because this test is closer to the actual
working conditions of the CTs. Experimental results using this method show
differences with the traditional frequency response tests [98], but these occur
only when the air gap of the core is also changed. In [99] research on time-
domain calibration of CTs is discussed, using a Rogowski coil intended to be
the used with pulsed currents. However, the resulting response is not quantified
using time-domain parameters. Other time-domain analysis measurements are
shown in [100], in which the time-domain responses of CTs that use a current
transformer, Rogowski coil, Hall element, and shunt resistor are investigated.
Small differences in the time-domain parameters, as the rise time and peak
value, of the tested CTs are observed.

The purpose of this chapter is to analyze the electrical response of CT's using
impulsive currents that are representative to the currents found in household
situations, and compare those results with conventional CW test methods.
Time-domain parameters are extracted to verify if the short rise times and steep
inclining slopes of pulsed currents are measured correctly by the CTs in the
time-domain. Furthermore, the frequency-domain response of these impulsive
signals is determined using fast Fourier transform (FFT), and is compared to
conventional methods that use CW signals. Additionally, the measurement of
energy and power is considered when the current waveforms represent non-
linear signals.

The rest of this chapter is organized as follows: Section 4.2 describes a set
of time-domain parameters that is relevant for the analysis of pulsed currents.
Then, Section 4.3 describes the measurement method used to characterize the
CTs using a time, and a frequency-domain approach. The results of the time-
domain characterization is shown in Section 4.4. And Section 4.5 shows the
frequency-domain results. Then, in Section 4.6 the measurement of energy with
pulsed currents is considered. Finally, Section 4.7 discusses and concludes the
findings on the test methods for CTs when measuring pulsed current waveforms.

4.2 Time-domain analysis

A set of time-domain parameters is composed for the analysis of the impulsive
test signals used to characterize the CTs in this chapter. In order to quan-
titatively describe the time-domain responses of the CTs under test and to
compare them with respect the reference device. These parameters are an ex-
tension of the parameters that were already introduced in Chapter 3. Again
the 10%-90% rise/fall times are used as this is a common criteria for describing
pulses [85]. To resemble the pulsed currents that cause EMI on static energy
meters as showed in Chapter 3, a square-wave signal is used as a test signal.
In contrast to the triangular shaped test signals as used in Section 3.3.4, the
square-wave signals also considers the on-state that is present in the interfering
waveforms in Section 3.3.1. When lowering the duty-cycle, the square-wave
signal will transit into a triangular signal. Due to the distortion caused by
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the parasitic components in the system, the considered square-wave signal has
a certain overshoot and ringing before it stabilizes to its steady state value.
This current signal and the domain parameters are shown in Figure 4.1, these
parameters are explained one-by-one hereafter:

e 100% value (i100): the steady state value of the current.

o Peak (ipk): the peak value of the current, which could be higher than the
100% value of the current due to overshoot.

e Signal edge (di): the difference between the 10% and 90% value of the
current.

e Rise time (dt,is): the time the current needs to rise from 10% to 90% of
the steady state value.

o Rising slope (di/dtyise): the ratio between the signal edge (d¢) and rise
time (dtyise)-

e Fall time (dig,y): the time the current needs to fall from 90% to 10% of
the steady state value.

e Falling slope (di/dtg.): the ratio between the signal edge (di) and fall
time (dtfall).

e Pulse width (widtn): the time the current needs in-between its rise to
50% and its fall to 50% of the current value.

e Charge (¢): is determined using (4.1), where N is the total number of
samples (and should at least cover one cycle), 7 is the current, and A¢ is
the time between two samples. When comparing two currents the ratio
between N and At of both currents should be equal.

N
q[C] = i(n) At (4.1)

n=1

4.3 Method

Two methods to test the response of CTs were used. The first method used
impulsive signals, and the second was a conventional test method that used
CW signals.
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Figure 4.1. Visualization of the time-domain parameters used to describe the response of
CTs when measuring pulsed currents.

4.3.1 Response using impulsive signals

The impulsive signals were supplied using a gallium-nitride (GaN) half bridge
that generated a pulse width modulation (PWM) signal. The half bridge con-
sists of a GS665EVBMB motherboard and a GS66508/16T daughter board.
The half bridge was operated via a schmitt trigger which was controlled using
a function generator model 3314A from HP. The carrier frequency and dc-offset
of the function generator controls the repetition frequency, f., and duty-cycle
(so the pulse width) of the generated impulse. The motherboard was powered
by a voltage of 12V, that was supplied by a dc power supply model 72-2720
manufactured by TENMA. The half bridge was connected to a dc power supply
model E36234A manufactured by Keysight, generating Vgupply, on the supply
side, and to a 2.4 300 W power resistive load on the load side. The resistor is
verified from 10 Hz up to 200 kHz using an LCR bridge, model HM8118 man-
ufactured by Rohde and Schwarz. On the load side, line inductance can be
added, using additional cable length, to increase the rise and fall time of the
PWM pulse. Depending on the load, a current, Is,pp1y, Will flow through the
conductor which is then measured by the CTs under test. Three different com-
mercially available CTs were used: model TA189 from Pico Technology, model
SEN-11005 from SparkFun Electronics, and model AM 503 from Tektronix.
These are referred to as: CT1, CT2, and CT3. These transducers measure the
current non-invasively, using the current transformer method, and all have a
similar measurement range according to the manufacturer specifications. The
CTs were placed in a calibration fixture, which is shown in Figure 4.2. A differ-
ential voltage probe model TA043 manufactured by Pico Technology measures
the voltage over the resistor, acting as a shunt resistor used as a reference. The
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CTs under test and reference were connected to a 5444B Picoscope digitizer
manufactured by Pico Technology, this is a pc-based oscilloscope. The digi-
tizer captures ten cycles of the response of the CTs and reference at frequency
fr using a sampling rate of 40 MHz. Some setup elements are from the same
manufacturer, however all are calibrated independently. Table 4.1 shows the
bandwidth limitations of the used setup elements as they were specified. The
schematic of the test setup is shown in Figure 4.3.

The generated PWM signal, Figure 4.4, was varied throughout the exper-
iments to verify the response of the CTs in different scenarios that resemble
the interference cases in Chapter 3. The tested CTs are intended to measure
non-linear currents that occur in low-voltage distribution networks at mains
frequency. The non-linear current waveforms of interest have critical rise times
between 2ps and 150 ps, this corresponds to frequency components between
1kHz and 500kHz, as was evidenced to result in static energy metering er-
rors in the previous chapter. Therefore, repetition frequencies, f,, of 50 Hz,
mains frequency, and 10kHz, with lower harmonics around the critical rise
times, were used. The current amplitude, Ispply, Was varied between 2 A and
10 A, by varying Vgupply between 5V and 20V. The current slope was var-
ied by inserting additional wire length, which is referred to as line inductance
in Figure 4.3. This was done to resemble the waveforms of interest related
to interference on static energy meters as presented in Chapter 3, in which a
correlation between the inclining slope and EMI issues is shown.

The results obtained using this method were further processed. The time-
domain parameters as introduced in Section 4.2 were determined, and the
frequency-domain behavior was determined using an FFT. For the frequency-
domain, the gain of the CTs was determined with respect to the reference.
Frequency components other than the harmonics of the fundamental frequency
were removed, as those are considered as noise. Harmonics with an amplitude
lower than the CTs resolution are considered as noise and were also filtered
out. Both responses are then compared with the reference.

4.3.2 Response using CW signals

To compare the results to conventional test methods, a characterization using
CW signals was also performed. This was done by using a CW signal with
an amplitude of 1A, of which the frequency is swept from 10Hz to 1 MHz,
using 100 steps per decade. The signal was generated using a 5444B Picoscope
digitizer manufactured by Pico Technology. This generated signal was then
amplified by an audio amplifier model 6552-1A manufactured by Solar Elec-
tronics for frequencies from 10Hz to 100kHz, and a wideband RF amplifier
model 110C manufactured by Kalmus for frequencies from 100kHz to 1 MHz.
The generated CW signal was applied to the 2.4 Q resistor. The CTs, reference,
and digitizer were connected in the same manner as before.
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Figure 4.2. Calibration fixture to which the CTs under test were mounted.
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Figure 4.3. Schematic of the test setup generating impulsive signals.

Table 4.1. Bandwidth limitations of the setup elements.

Setup element Bandwidth
Half bridge 0-10 MHz
Load: 2.4Q 10-200 kHz
Digitizer: 5444B Picoscope 0-200 MHz
Reference: TA043 0-100 MHz
CT1: TA189 0-100kHz
CT2: SEN-11005 0-75kHz
CT3: AM 503 0-200kHz
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Figure 4.4. Normalized 10 kHz PWM signal, with duty-cycle of 50%.

4.4 Time-domain results

4.4.1 Initial setup settings

The time-domain responses of the CTs using the impulsive test are shown in
Figure 4.5, and in Figure 4.6 the time-domain parameters of each CT can be
seen with the relative errors with respect to the reference, also the absolute
value of the reference is shown. There is a slight difference in the 100% current
for all CTs compared to the reference. The peak current of CT1 is higher than
the reference, resulting from overshoot before the current falls towards zero.
Also the other CTs have a difference in peak current. For CT2 a slower rising
slope compared to the reference is observed, i.e. it has a smaller frequency
bandwidth than the reference. Also the other CTs experience a difference in
the fall time. The width and charge are nearly identical.

4.4.2 Varying setup settings

Changes in the setup settings were made and the effect of this on the CTs is
tested. Figure 4.7(a) shows the effect of lowering the current amplitude. In this
case the effect is shown on CT1, because it has the largest error in peak current
based on the initial settings. It shows that the deviation of the peak value in-
creases when lowering the amplitude, although the absolute deviation remains
nearly identical. This is remarkable as the absolute overshoot is expected to
be lower at lower amplitudes. When increasing the rise time by adding in-
ductance, it is clear from Figure 4.7(b) that a lower rise time will result in
higher deviations for CT2. A similar effect can be seen for the fall time. As a
square wave signal with higher rise or fall times correspond to the inclusion of
less frequency components, consequently the frequency limit of the CT is not
reached, and thus the differences are less. Changing the repetition frequency
from 10kHz to 50 Hz does not have a big influence on the time-domain pa-
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rameters, as Figure 4.7(c) shows the effect on CT2. The deviation of the rise
time is slightly lower, but the total rise time increased, so this follows from the
previous variation.

4.5 Frequency-domain results

The frequency-domain responses of the CTs with respect to the reference can
be seen in Figure 4.8, it shows the results of the CW test and the FFT of the
impulsive test. The results obtained using CW signals show a flat response
in the bandwidth of the CT and are in accordance with the specifications
of the manufacturers. The orange and yellow dots obtained via the FFT of
the impulsive test indicate the response with respect to the reference at the
fundamental and harmonic frequencies of the impulse. The responses from
both tests are comparable, and the points obtained using impulsive test are
within the rated 1dB accuracy in the manufacturers specifications.

4.6 Measurement of energy

Alternatively, the response of CTs, when those are used to measure the energy
consumption, were analyzed when exposed to the realistic on-site interference
currents presented in Chapter 3. This is done using a different measurement
setup and CTs as before. Seven different load situations were tested, which
cover three linear loads and four non-linear loads. These represent standard
(linear) test signals of different amplitudes and non-linear signals known to
cause errors in static energy meter readings, respectively. Linear signals as
generated by a heater of 190, 800, and 1800 W (R190, R800, and R1800, re-
spectively) are used. And non-linear signals as generated by a water pump
at dimming level 1, 4, and 9 (WP1, WP4, and WP9, respectively) are used.
Additionally, non-linear signals from a dimmed heater at 190 W and a phase
firing dimmer at 145 degrees (R190D145) are used, so to resemble a chopped
sine-wave. The characteristics of these test signals are depicted in Table 4.2.
The current was measured using a current sensor model SCS-075-0050A:0.333V
manufactured by Power Standards Lab (CT4), which is a current transformer.
The voltage was measured using a differential voltage probe model TA043 from
Pico Technology. The responses of the CTs and the voltage were measured syn-
chronously using a Picoscope 5444D pc-based oscilloscope. The average power
over 10 cycles resulting from the product between the voltage and current was
determined, and was compared to the same reference as used in Chapter 3. The
schematic of this experiment is depicted in Figure 4.9. Then, the deviation in
measured energy was compared to the reference instrument using,

Edut - Eref

SM deviation (%) = %
ref

-100% (4.2)
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Table 4.2. Time-domain parameters of the test signals.

Test signal Charge | Crest Peak Pulse Slope

(mCQ) | factor | value (A) | width (ms) | (A/ps)
R190 16.9 1.4 1.3 20 | 3.5-10*
R800 66.4 14 5.2 20 | 1.3-1073
R1800 149 1.4 11.7 20 | 3.0-10°3
WP1 4.8 9.1 17.2 0.4 2.8
WP4 6.6 8.5 17.2 0.8 2.2
WP9 7.1 8.0 17.1 0.7 2.0
R190D145 0.3 9.9 0.8 1.2 0.3

Device under test

Picoscope
CT4|CT5|CT1| V.
Mains supply KJ\4I /I\SI fJ\1| VLN Yokogawa WT500 Load

L D g i

+

Reference

N

+ | L']
PE

Figure 4.9. Schematic of the measurements with three different CTs.

where F 4 is the measured energy of the device under test, which is the tested
CT, and E. is the energy measured by the reference instrument. This method
is similar to the method used to test the readings of static energy meters in
Chapter 3.

The results are summarized in Table 4.3. Here, in red the deviations ex-
ceeding the maximum permissible limits for electricity meters in Europe with
approval of the European MID according to the European standard EN 50470-
3:2006 [62], as introduced in Chapter 2, are highlighted. The results show that
for WP1 and WP4 deviations above the permissible limits occur, while the
other test signals cause no deviations exceeding the permissible limits.

In order to find the root-cause of the deviations in the measured energy
consumption, the most critical situation was analyzed in more detail, i.e. when
it is loaded with WP1. Therefore, this specific measurement was repeated
with three CTs that have a different current measurement technique, namely:
model SCS-075-0050A:0.333V manufactured by Power Standards Lab (CT4),
model CWT3 from Power Electronic Measurements (CT5), and model TA189
from Pico Technology (CT1). Where CT4 is a current transformer, CT5 is a
Rogowski coil, and CT1 is a Hall sensor. A photograph of these CTs is depicted
in Figure 4.10. Using an FFT, the power over frequency was determined and
then accumulated over the frequency ranges of interest.
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Figure 4.10. Photograph of the used CTs.
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Figure 4.11. Response of the CTs measuring load WP1.
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Table 4.3. Energy measurement results using different test signals, when using CT4.

Test signal | Equt (Wh) | Eper (Wh) | SM deviation (%)
R190 3.4 3.5 -2
R800 21.7 22.9 -2
R1800 27.1 274 -1
WP1 2.9 2.1 38
WP4 3.0 2.5 18
WP9 4.3 44 -1
R190D145 14.1 14.3 -2

Table 4.4. Power readings per frequency.

Frequency (Hz) CT4 CT5 CT1
<a0 0.0W 0.0W 0.0W
50 41.3W | 425W | 31.9W
>50-1000 0.8W 0.7W 0.7W
>1000-10000 -2.0W -2.0W -2.0W
>10000 0.0W 0.0W 0.0W
Total 40.1'W | 41.2W | 30.6 W
Deviation 31% 35% 0%

The results are presented in Figure 4.11 and Table 4.4. For both CT4 and
CT5 in the time period in which no pulse is present, and the signal should
have a zero value, however a saw-tooth in the zoomed response is present. The
presence of this saw-tooth is likely to produce the observed energy deviation.
For CT4 and CT5 power deviations of 31% and 35% are measured, respec-
tively. From the power per frequency it is clear that the saw-tooth, which is
repeating with the fundamental frequency of 50 Hz, is resulting in a higher mea-
sured power at the fundamental, as this is the only frequency where differences
between the CTs are observed.

Next, it is verified whether the measured pulsed part is similar and the
difference between the responses of the different CTs is due to the existence
of the saw-tooth only. Therefore, the pulses were extracted from the original
measured response and the time-domain parameters were determined using the
parametric waveform model that will be presented in Chapter 5. The resulting
parameters are presented in Table 4.5. Here, it is shown that all parameters are
similar and the difference between the measured powers originates most likely
due to the saw-tooth behavior of CT4 and CT5. The product of the saw-tooth
and the voltage results in an additional power of approximately 10 W.
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Table 4.5. Time-domain parameters of responses CTs.

Parameter CT4 CT5 CT1
Charge (mC) 5.6 5.4 5.5
Crest factor 10.8 10.8 10.7
Peak value (A) 23.5 23.0 22.8
Pulse duration (ms) | 4.8-107T | 4.6:10 | 4.9-10°!
Slope (A/ps) 1.2 1.6 1.7

4.7 Discussion and conclusion

In this chapter, it is shown that the impulsive test method using a half bridge
to characterize wide-band CT's provides a good alternative to conventional CW
testing. However, the time-domain response of the impulsive tests suggest ini-
tially errors, the frequency-domain shows that these errors occur because the
corresponding frequencies are outside the bandwidth of the CTs. These can
thus also be filtered out of the time-domain response data. The repetition
frequencies used try to resemble currents at mains frequency (50Hz), and at
critical frequencies based on previous research (10kHz), however the combi-
nation of both generate 35% fewer measurement points compared to the CW
test in the bandwidth up to 1 MHz. Furthermore, the repetition frequency of
the impulses should be optimized to avoid overlap of the harmonics and to
create a better spreading of the frequency points, thus better coverage in this
bandwidth. Still, the impulses allow to test multiple frequency points at once
compared to CW testing, so less test signals are needed and testing can be
more time-efficient. Eventually, increasing the square-wave signals was done in
[101], and shows that a fairly good spread of frequency points can be achieved
using this test method. Also, it shows that the square-wave signals gener-
ated have a certain distortion, i.e. over-voltage/current and ringing, similar
to the response in Figure 4.5, due to the parasitics in the circuit. However,
the frequency components added because of this could also be beneficial as it
adds more frequency points, but to have consistent and reproducible results it
should be avoided. Furthermore, according to the manufacture’s specifications
the GaN half bridge allows to test up to 30 A with a bandwidth of 10 MHz.
In comparison the CW test would require the use of a high power wide-band
amplifier to achieve these high currents in a wide bandwidth, and is thus a
more expensive solution.

Next to that, when the CTs are used to measure pulsed currents from typ-
ical household appliances, discrepancies in the current response are observed.
Where the response slightly varies when no pulse and thus current is present
in the measured signal, and an additional saw-tooth is present in the response.
The product of the voltage and the saw-tooth in the current response, results
in a measured energy in addition to the energy of the pulse. Which leads to
the occurrence of energy measurement errors outside the permissible limits for
electricity meters in Europe [62]. While for linear sinusoidal currents as used
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in immunity tests, no issues for the energy measurement system are observed.
This shows the need of immunity tests using pulsed currents to test the limits
of energy metering systems, and thus signals with a combination of frequen-
cies. Instead of using frequency-domain tests as is done in the IEC 61000-4-19
standard [29]. Because pulsed test methods show the errors in the energy mea-
surement due to the current droop, while single-tone currents do not show this
problem.

Based on the response of CTs as characterized based on the method as
shown in this chapter, CTs are selected for the measurement of on-site cur-
rents in the next chapters. That is, in Chapter 6 proper CTs are selected for
the measurement of currents generated by typical household equipment. And
for the measurement of currents that occur at the meter connection point in
Chapter 7.



Chapter 5

Waveform model for
time-domain interference

In this chapter, a parametric waveform model to analyze current waveforms
that result in static energy meter interference is defined. The content of this
chapter comprises the research that was earlier published in [102]-[104].

5.1 Motivation

In Chapter 3, several cases are found that indicate EMI on static energy meters.
These cases were analyzed in more detail in a laboratory environment.Issues
were found due to modern appliances that are behaving non-linear, e.g. a
COTS water pump, dimmed light equipment of CFL and LED lighting and
multimedia equipment. The critical waveforms drawn using the non-linear
appliances show impulsive currents with a high peak value and low rms value,
i.e. a high crest factor. A fast rising slope was found to be critical, which
was above 0.1 A /us, the corresponding critical rise times were between 2 ps and
150 ps. Furthermore, the existence of more household appliances related to
metering errors were reported in [38].

Next to these laboratory experiments as described in Chapter 3, it is of
interest to survey the signals occurring at meter connection points. The exis-
tence of current waveforms with fast increasing slopes that occur in low-voltage
customer terminals is shown in [105]. Furthermore, in the framework of the
MeterEMI project [43] surveys were performed in modern low-voltage distri-
bution networks. Preliminary results are shown that include networks with
EV charging stations [106], and PV installations [107]. This resulted in a vast
repository of data sets comprising of on-site current waveform measurements,
which will be described in more detail in Chapter 6 and 7.

However, a parametric definition of such critical waveform, that enables
their identification in real scenarios, remains an unsolved technical challenge,
because of the inherent complexity and diversity of the current waveforms found

81
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on-site. Therefore, simple time-domain analysis algorithms that assume bi-level
pulses do not work. Collaterally, the absence of the referred parametric defi-
nition hinders the possibility of establishing new testing standards concerning
the immunity of the static energy meter with respect to EMI problems.

To produce such a set of standardized artificial test signals is one of the
goals of the MeterEMI project [43]. In this regard, this work aims at defining
and validating a parametric model for the current waveforms that result in
significant errors in static energy meter readings. This model must provide
a simplified, yet accurate, mathematical description of the current waveforms,
such that it is easy to standardize into test waveforms. Therefore, it is intended
to reproduce the features that have been found to be highly correlated to
the errors in the static energy meter readings. Then, the data collected in
previously performed laboratory experiments, as described in Chapter 3, is
fitted into the waveform model to obtain parametric versions of such current
waveforms, and to evidence the important parameters to be used in future
immunity test signals. Here we focus only on the parameters that could be
extracted from the modelled current waveform, however it should be noted
that the phase firing angle between the voltage and the current pulse has an
influence on the error, as was already pinpointed in Chapter 3 and in [23],
[86]. Even though this is not investigated in this chapter because it is not a
characteristic that is related to the modelled waveform, it should be noted that
the static energy meter errors might be amplified because of the phase firing
angle.

The rest of this chapter is organized as follows: Section 5.1 describes the
waveforms that have been linked to significant errors in static energy meters.
Section 5.3 presents the waveform modelling approach and it is followed by the
analysis of the key waveform parameters that can be extracted from the model
in Section 5.4. Section 5.5 discusses the critical waveform parameters related
to static energy meter errors. Section 5.6 investigates the use of the modelled
waveforms as artificial test signals for future standardization. Section 5.7 dis-
cusses the use of wavelet-based signal representations as an alternative method
for type testing. Finally, Section 5.8 closes with the conclusions of this chapter.

5.2 Waveforms resulting in significant errors of
static energy meters

The current waveforms resulting in errors on static energy meter readings do
not follow the voltage and are non-linear. These currents are resulting from a
single appliance. Two examples, representative for the waveforms resulting in
static energy meter errors as shown before in Chapter 3, are shown in Figure 5.1
and they will be referred to as pulse 1 and 2. In the waveforms a clear current
pulse is visible, and one period consists of one pulse as these waveforms are
unsymmetrical/uni-polar, i.e. there is no current pulse in the second half of
the sine wave. It is also possible that the waveform has multiple pulses for
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a symmetrical/bi-polar waveform or a superposition of multiple pulses, e.g.
when using multiple appliances. Pulse 1 is supplied by the voltage of a buildings
mains supply, while pulse 2 uses the voltage supplied by a 4-quadrant amplifier,
and a LISN to provide a stable impedance. This higher impedance compared
to the buildings mains supply is resulting in a larger voltage dip. The two
current waveforms shown are slightly different, pulse 1 rises to its peak value in
one go, Figure 5.1(a), while pulse 2 can be considered as a superposition of two
trapezoidal pulses, it increases very fast to a first peak value of approximately
8 A, declines and then it increases further to the peak value, Figure 5.1(b). Both
pulses have a high peak value compared to a low rms value of approximately
1.5 A, and therefore a high crest factor of 10. The pulses increase very fast to
their peak values, the time to rise from 10% to 90% of the pulse peak value
is 20ps and 3ps for pulse 1 and 2 respectively. Typical values are between
2 s and 150 ps for waveforms resulting in static energy meter errors. And the
corresponding critical rising slopes are above 0.1 A/ps.
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Figure 5.1. The two different signal types considered.
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A parametric model is composed, based on a set of 60 current waveforms
and resulting static energy meter deviations during lab measurements which
were reported in Chapter 3. The model is explained based on the waveforms
presented in Figure 5.1, which are representative for the set of waveforms.

5.3 Modelled waveform

From the interfering pulses a modelled waveform is composed. This modelled
waveform is intended to be a simplified version of the actual current waveform
while still representing all its relevant features, to make it useful for future
test standards. In particular, it is proposed to approximate the interfering
waveforms, p(t), through a combination of piece-wise linear functions, y;(t),
that is, a superposition of linear fitted segments given by,

k+1

p(t) = Z yi(t), (5.1)

where y;(t) is the equation of a straight line defined between a pair of k change-
points occurring at the discrete instants 7;_1 and 7;, in other words,

(5.2)

(t) . a;t + b; form,_1<t<m
Yilt) = 0 fort<m_iVt>T

The piece-wise linear segments can be estimated through segmented regres-
sion if the change-points instants are known. Several computational methods
for this purpose are described in [108]. Here, the underlying optimization
problem is to find the optimal change-points, which means, the extreme points
of each linear segment that allow an accurate representation of the measured
waveform through the proposed model.

For this purpose, a three step algorithm has been designed. First, the
current pulses are extracted from the measurements and then they are aligned
and combined for the different occurrences of the same pulse. Second, the
change-point detection is implemented through the pruned exact linear time
(PELT) method [109]. Third, the redundant change-points are removed to
create an even more simplified representation of the interfering impulse. The
details of the algorithm’s steps are provided in the following subsections. The
waveform model is then validated by comparing its fit to the original measured
waveform.

5.3.1 Pulse extraction

The interfering current pulse is only present in the waveform during a short
time interval in each period, Figure 5.1, and in the rest of the waveform the
signal has a value of zero. To analyze the pulse more thoroughly it is extracted
from the original waveform, using the process described below:
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1. The time-domain records obtained from the experiments comprise sev-
eral periods of the mains frequency. The data is segmented per period
resulting in n frames. It might be possible that multiple pulses occur
within one period, e.g. when the waveform is bi-polar. In that case the
sign of the negative pulse is reversed, as a result the frequency of pulse
occurrence is doubled.

2. The peak amplitude of the pulses observed during each cycle is extracted.
The interfering pulses are treated as bi-level waveforms. Consequently,
the state levels are calculated according to the histogram method [85].

3. The transition instants between state levels in the rising and falling edges
are detected for a mid reference level equivalent to the 10% of the differ-
ence between the high and low state levels. This is consistent with the
commonly applied criteria of 10%-90% - 90%-10% used for the measure-
ment of the rise and fall times, respectively [85].

4. The state level tolerance, Tol, is defined considering the variation between
the extremes values of the pulses peak amplitudes according to,

max(Apeqr) — min(Apeqr)

Tol (%) = £100 x , (5.3)

2 mean(Apeqr)

where the max(+), min(-) and, mean(-) operators calculate the maximum,
minimum and average values of the pulses’ peak amplitudes.

5. Finally, the pulses are extracted from each frame. For that purpose the
duration of the extracted waveforms is calculated as twice the maximum
pulse width among the different pulse occurrences. The extracted pulses
are then aligned with respect to the first rising edge and a time margin of
50% of the pulse width is allowed before and after the transition instants.

The result of the pulse extraction process is plotted in Figure 5.2. Among
the ten occurrences of the pulse (displayed in different colors), from pulse 2,
Figure 5.2(b), it is evidenced that waveform characteristics such as the peak
amplitude and duration vary significantly from cycle to cycle even if the shape
of the pulse remains similar.

5.3.2 Change-points detection

The change-point analysis is the identification of points within a data set where
certain statistical properties change. For instance the standard deviation, the
rms level, the mean value or even the slope.

Provided that each interfering pulse extracted in the previous step is rep-
resented by an ordered sequence of sampled data points Pi., = {p1,p2, -, Pn}
each point corresponding to the instants t1.,, = {t1,t,...,1,} and that it is of
interest to fit (t1.,,; P1.n) according to the model in (5.1) and (5.2) for a number
of k + 1 piece-wise linear segments, then a number of k£ optimal change-points,
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Figure 5.2. Result of the pulse extraction process applied to ten cycles at mains frequency.

cp1.x, must be calculated for segmenting the data set according to abrupt
changes in the waveform’s mean value and slope. Those change-points oc-
cur in discrete time instants 7. = {71, 72, ..., 7 }. Each change-point discrete
instant corresponds to a vector position that is an integer between 1 and n — 1
inclusive.

We define 79 = t; and 7511 = t,, and assume that the change-points are or-
dered such that 7; < 75 if, and only if, i < j. Consequently, the & change-points
will split the data set into k + 1 segments, with the i-th segment containing
P(Ti,l):‘ri .

One commonly used approach to identify multiple change-points is to min-
imize (5.4),
k+1
Z [CZ (P(Ti—l)ITi)] +ﬂf (k)7 (5'4)

i=1

where C;() is the cost function for the i-th segment and Gf(k) is a penalty
to guard against over fitting. For linear cost functions, the PELT method is
computationally efficient for finding the change-points. More about the PELT
method and other algorithms for solving the previous equation are reviewed in
[109].

With regards to the cost function in (5.4), a suitable choice is the sum
of squared errors, SSFE, since it is a measure of the goodness of fit that is
meaningful for regression models. The SSE of the i-th segment is given by,

SSEi =Y (pji —vi(t;i)*, (5:5)

Jj=1

where (t;,;p;,) is the time-amplitude coordinate of the j-th waveform point
of the i-th segment with that segment containing a number of m samples. A
small SSFE indicates a tight fit of the model to the data.
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Then, the best linear fit of the subset of m waveform points in the i-th
segment P(;, )., is obtained through the least squares regression, that is,

m —
> (P = pj) (i — t5.6)
a; = =1

, (5.6)
(ti — tj,i)2

oF

j=1

b; = Di — aity, (5.7)

where a; and b; are the slope coefficient and the intercept of the i-th segment in
(5.2) respectively and p; and #; are the mean values of the waveform amplitudes
and of their corresponding time instants, respectively.

5.3.3 Change-points selection

Next the most suitable number of change-points is determined and it is decided
whether or not the detected change-points are relevant to construct the model
waveform. First, the appropriate number of change-points are determined. The
two pulses in Figure 5.1 can be described in the most simple manner by one
(pulse 1) or a superposition of two pulse(s) (pulse 2). This will result in four
and six change-points, for pulse 1 and 2 respectively. However, the slope of the
rising part is not constant, and to retain the relevant information of the pulse,
splitting (for example) the rising part in different segments allows us to retain
the information about the steepest part of the slope, instead of modelling the
slope as a single segment. Therefore, without making the modelled waveform
too extensive, ten change-points in between the beginning and the end point
of the pulse are used, so a total of twelve. The resulting modelled waveform is
plotted in Figure 5.3.

Second, the redundant information created by the addition of extra change-
points is removed. The slopes of the consecutive linear piece-wise segments are
compared and when those are similar the middle change-point is removed. It
was found that when the difference between consecutive slopes is lower than
0.6% of the maximum absolute slope of the signal, the middle change-point
could be removed. As in that case the consecutive slopes are nearly identical,
and it did not add information considering the parametric description in the
next section. This simplification results in an optimized version of the model
waveform that represents all the features of the original measured waveform.
The redundant change-points are indicated in Figure 5.3, and two and one
change-points are removed for pulse 1 and 2 respectively.

5.3.4 Modelled waveform validation

Validation of the model is done through comparison with the actual measured
result. Figure 5.4 presents a comparison between the average measured wave-
form and its modelled representation with each change-point indicated through
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Figure 5.3. Fitted modelled waveform using twelve change-points, which are either selected
or provide redundant information and are removed in step 2.
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Figure 5.4. Comparison between the average measured waveform and its modelled represen-
tation.
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its expected value and its confidence interval for the horizontal and vertical co-
ordinates. In that sense, individual occurrences of the pulse contained between
the change-points intervals are considered to be representative of the same
waveform model. It is interesting to notice that the variability in the time
instants of the change-points is, in general, lower than the variability in their
amplitude.

As for the goodness of fit, the mean squared error (MSE) between the
average waveform (reference value) and the linear piece-wise model (estimated-
value) was used because it provides a scalar value that is easy to calculate,
compare and interpret. For pulse 1, MSE; = 7.3 x 10~% A2 and for pulse 2,
MSE; = 2.8 x 1073 A2, In both cases the MSE is very low, which confirms the
excellent fit observed between experimental data and the modelled waveform.

Likewise, the power spectrum of the measured and modelled waveforms is
also in excellent agreement as is shown in Figure 5.5. It evidences that no
significant distortion is added to the modelled waveform and the same band-
width is ensured. For both, pulse 1 and pulse 2, the spectrum was calculated
up to 1 MHz with a frequency resolution of 200 Hz. For this purpose, the pulse
repetition frequency was the mains frequency (50 Hz) and the sampling rate
used was 20 MHz.
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Figure 5.5. Spectrum comparison between the average measured waveform and its modelled
representation.

5.4 Parametric model

In order to reduce the complexity in the description of the interfering current
pulses, the modelled waveforms are characterized through a set of scalar pa-
rameters. Such that these parameters could be easily implemented in future
standardized test signals. In this respect, the waveform parameters are deter-
mined for the modelled waveform, p(t), and can be determined by the set M
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of k change-points, cp;.k,

M = {cpp{tei : yiltes)} i =1,....k}. (5.8)

The extracted parameters are visualized in Figure 5.6, and are explained
one-by-one hereafter:

e Slope (Ai/At): the slope between two consecutive change-points, i.e.
the ratio between the amplitude and time difference between consecutive
change-points,

AZz _ yi(terl,i) - yz(ta:,z) (5 9)
At, log1s — bz

A single pulse consists of multiple segments, and thus multiple slopes.
By taking the maximum or minimum value, the maximum rising or
falling slope respectively, could be determined. This is different from the
commonly used 10%-90% - 90%-10% criteria [85], especially for pulse 2.
Where we see in Figure 5.3(b) that the 90% value of the rising part is
located between change-point 7 and 8, while the fastest rising part is
between change-point 2 and 4. As it is expected that the fast changing
edges, and thus steep absolute slopes will contribute to misinterpretation
of the measured signals in energy metering, this definition of maximum
rising and falling slope is a better indication for the fast changing slopes.

o Peak value (ipk): represents the peak value of the pulse, meaning the
change-point with the highest amplitude,

ipk = max({y;(t:) :x =1, .., k}). (5.10)

e Pulse width (fyiqen): the time required to rise to 50% and fall to 50% of
the peak value (ipk), where the time instances are linearly interpolated

on the segments, this is consistent with the commonly used criteria for
pulse width [85].

e Charge (¢): the area circumferenced by the pulse and the zero current
line, to calculate this the area between consecutive change-points and the
zero current line is determined and summed. This is a combination of a
triangle with height AI,, and a square with height min(y; (%2, ),¥i (tz+1,i)s
both have width At,,

k
1
q= Z = Ai, +min (y:c(tx,i)7 yx(tﬁc-‘rl,i)) <Aty (5'11)
=1 2

o Crest factor (CF): the ratio between the peak value (ipx) and the rms
value (i,ms) of the pulse over one cycle at mains frequency, this indicates
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how extreme the peak value of the pulse is in comparison with the rest
of the signal is,

CF = P (5.12)
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| segment
® Change-point

05, f — — — — e — — — — — — -

Figure 5.6. Representation of the parametric description as extracted from the modelled
waveform.

5.5 Critical waveform parameters resulting in me-
tering errors

Considering the model that accurately represents and describes the interfering
current waveforms, it is of interest to identify which, if any, of those parameters
are correlated to the static energy meters errors. In order to evidence which
parameters are of importance to consider in future immunity tests for EMI
on static energy meters. However, this problem is not trivial because most
parameters defined in the previous section are not independent from each other,
that is, there are cross correlations and interactions between them.

From the static energy meter data in Chapter 3, it is known that not all
static energy meters result in the same maximum errors, as shown in Figure 5.7.
Therefore, the static energy meters are subdivided in classes, these different
classes might also relate to different critical parameters. This division could
also be related to the current sensing element in the static energy meter (SM):

e SM class A: Large errors, the maximum errors of the static energy me-
ters above 200%, the static energy meters measure the current using the
Rogowski coil principle.
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e SM class B: Medium errors, the maximum errors are between 50% and
200%, the static energy meters measure the current using the current
transformer principle.

e SM class C: Small errors, the maximum errors are below 50%, the static
energy meters measure the current using either a shunt resistor or Hall
effect sensor.
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Figure 5.7. Difference in the distribution of the maximum errors in static energy meters (SM)
by class and specimen.

The deviations are calculated using,

P - Pre
SM deviation [%] = % - 100% (5.13)

ref
where Pg)\r is the power measured by the static energy meter under test and
Pt is the power of the reference, according to the measurement procedure
explained in Chapter 3.

Now we will have a look at the correlation between the parameters and the
errors for the different classes of static energy meters indicated, considering
the meters in SM class A. First, the relation between the crest factor and
static energy meter errors is plotted in Figure 5.8, it is visible that when the
crest factor increases the errors also increase. When the crest factor exceeds
5, errors start to occur. The crest factor provides a valuable first selector,
because it already differentiates between linear and non-linear waveforms, and
will only select the pulsating waveforms. Although this correlation is clear, it
is not univocal, as there are also situations where a crest factor higher than 5 is
present, but no high error was found, so more parameters need to be considered.

Second, the correlation between the pulse width and the errors is plotted
in Figure 5.9. When the pulses become narrower than 1 ms the static energy
meter errors tend to increase. However, this correlation is also not univocal,
and within this graph three segments are identified in which the errors increase
when the pulse width decreases. From segment 1 to 3 the pulses peak value
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Figure 5.8. Correlation between the crest factor and the static energy meter (SM) deviations.

reduces while the pulse contains the same range of charge. As a result, when
the pulses become narrower, also the amount of charge decreases, Figure 5.10,
and the errors tend to increase as is visible in all three segments. It should
be noted that for one static energy meter specimen the errors in segment 3
increase to higher values compared to the other specimen.
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Figure 5.9. Correlation between the pulse width and the static energy meter (SM) deviations.

Third, as already noticed, when the segments indicated before are com-
pressed, i.e. the pulse width becomes narrower, the peak value increases and
higher errors are occurring, as visible in Figure 5.9. For example, the pulses
in segment 1 have the highest peak value and the highest errors, but the pulse
width also changes. In that sense, higher peak values are more likely to pro-
duce higher errors, but it is more complicated than that due to inter parameter
dependencies.

Fourth, when the amount of charge of the pulse is decreasing the errors
tend to increase, Figure 5.10, but, as we saw with the segments, the extremity
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Figure 5.10. Correlation between the charge and the static energy meter (SM) deviations
per segment, for SM class A.

of the error is then more dependent on the width of the pulse.

Fifth, the maximum slope in the rising part of the pulse is correlated to
the errors in Figure 5.11. In this plot two curves are visible in which the
errors increase with an increasing rising slope, and a part is visible containing
outliers that do not seem to have a correlation with the maximum slope. For
the outliers the maximum slope is very large, however the pulse width is really
wide, in fact the pulse width is outside the limits of the plot in Figure 5.9. The
points in segment 2 and 3 are all on curve 2, while the points in segment 1 are
divided between curve 1 and 2. For the points in segment 1 the pulse width is
really low, and the errors are more correlated to the decrease in charge rather
than the slope, however we still see an increase in errors with the slope in curve
1 and 2 for these points.
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Figure 5.11. Correlation between the maximum rising slope and the static energy meter (SM)
deviations.
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Sixth, for the maximum falling slope, so minimum slope of the pulse, no
clear relationship with the errors was found, because all the pulses had similar
falling slopes.

The previously noted correlations are clearly visible for SM class A in the
provided plots, and they also hold for SM class B and C. In that sense the same
pulses, and thus parameters, are resulting in errors in the static energy meter
readings. But depending on the SM class, and thus the current measuring
element, the severity of the error is altered. However, for the meters in SM
class B the static energy meter errors are mostly negative when the pulses are
in segment 1, and for SM class C in all segments the errors are for the most
part negative. But still the error’s absolute value increases, or becomes more
negative, based on the same correlated parameters discussed before.

5.6 Modelled waveform as artificial test waveform

The waveform model as described in Section 5.3 forms a simplified representa-
tion of the actual interfering current pulses as shown before in Chapter 3. The
reduction of complexity is intended to minimize waveform features that are
not correlated to the metering error while preserving the parameters that are
relevant for estimating the impact of such interference. Here it is of interest to
investigate if the modelled waveform result in similar static energy meter errors
as the original waveforms, that is, to validate how well the modeled waveform
represents the original waveform from the perspective of their interfering effect.
In this way it can be determined whether the simplified artificial test waveforms
can be included in future test standards easily.

For that purpose, the interference on static energy meters resulting from the
original and modelled waveform are tested on a test-bed, that is described in
more detail in [103]. Therefore, the original waveforms that are representative
for the set of interfering waveforms, as visualized in Figure 5.1, are tested as
well as its modelled waveforms representations in Figure 5.3. Furthermore,
also an even further simplified version of the waveform is used, by reducing the
number of change-points to a minimum while still preserving its trapezoidal
shape. That is, for pulse 1 and 2 the change-points are reduced to four and
six, respectively. This simplification is visualized in Figure 5.12. The static
energy meter errors resulting from these interfering pulses are determined using
(5.13). And the results are presented in Table 5.1. The artificial waveforms
seem to cause static energy meter errors that are similar to the errors obtained
when using the original real-world waveform themselves. This proves that
the simplifications made for obtaining the modelled waveform still contain the
relevant critical features of the original waveform. And makes the modelled (as
well as the trapezoidal) waveforms suitable for use in future test procedures.
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Figure 5.12. Simplified trapezoidal waveforms that are used as artificial waveforms for static
energy meters, as obtained from Figure 5.3 by reducing the number of change-points.

Table 5.1. Static energy meter (SM) errors for the artificial waveforms.

Signal | Type P.r | SM1 SM2 | SM3 SM4
Pulse 1 | Original 29 W 6% | 2527% 1% | 1961 %
Pulse 1 | Modelled 28 W 6% | 2565 % 2% | 1998 %
Pulse 1 | Trapezoidal | 23 W 5% | 3234% 3% | 2520 %
Pulse 2 | Original 28W 8% | 968% 1% | 334%
Pulse 2 | Modelled 27TW 8% | 9714 % 1% | 342%
Pulse 2 | Trapezoidal | 19 W 6% | 1377 % 3% | 526%

5.7 Wavelet-based representation of waveforms for
type-testing

Research in Chapter 3 has shown that the EMI on static energy meters is caused
by pulsed current waveforms. And in Section 5.1 it was observed that the in-
terference signals can be described using a trapezoidal pulse. Therefore, the
waveform model as presented in this chapter is based on that ascertainment.
However, the modelled waveform is quite limited to this type of trapezoidal
waveform. Therefore, an alternative method was also considered for the de-
scription of the interference waveforms that is based on a wavelet-based repre-
sentation. In that sense, such wavelet-based representations are more suitable
when also other non-trapezoidal pulses are considered. Still, the aim of this
alternative method is to describe the pulsed waveforms that resulted in static
energy meter errors using a frequency-domain approach that only requires a
few coefficients.

Many frequency-domain and hybrid time-frequency-domain techniques have
been used in the literature to analyse power systems signals, including short-
time Fourier transform [110], S-transform [111], and wavelet packet transform
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[112]. However, for our purpose, the waveform’s information should be handled
in an easy and compact fashion, rather than to provide a useful analysis or in-
sight into the signals. The work in [113] presents a comprehensive review of the
state of the art of compression techniques for electric signals. One clear trend
is that electric signals are mainly composed by a steady-state sinusoidal part
and transients impulses (or high frequency oscillations). The former are well
described by discrete Fourier transform methods, while the latter are not. The
great suitability of wavelet transforms for compressing transients and pulses is
well recognised, thanks to their good localisation in frequency and time, and to
the capability of concentrating a great share of the signal information in very
few coefficients [114]. Therefore, following up on the study performed in [115]
the discrete wavelet transform (DWT) is chosen for the present application,
proving to be effective and efficient for the task.

The theoretical background and implementation of a wavelet-based algo-
rithm for describing the interference signals is described in detail in [104]. A
DWT is based on a basic function (mother wavelet) that determines the char-
acteristics of the transform, i.e. the basic function can be regarded as the
impulse response. In order to select a suitable configuration of mother wavelet
and number of decomposition levels, an extensive study has been carried out,
considering the reconstruction performance of several wavelet configurations.
The Daubechies wavelet with two vanishing moments (db2) and 7 levels of de-
composition is selected. Furthermore, it was already proven to be suitable for
describing impulsive waveforms resulting in static energy meter interference in
[116].

In order to validate the wavelet-based representation, it is tested experimen-
tally on the same testbed as was used in the previous section, and is described
in more detail in [103]. This is done by verifying that the reconstructed wave-
forms can effectively reproduce the same level of static energy meter error as
the original ones, i.e. they preserve the error-inducing features. And similar
to the previous measurements the static energy meter errors resulting from
these interfering pulses are determined using (5.13). Four test waveforms are
selected from the interfering cases in Chapter 3. Waveform 1 to 4 represent
the water pump at level 1 from Section 3.3.1, that use the standardized mains
grid, low impedance grid, high impedance grid, and the building’s mains sup-
ply, respectively. For each test waveform, four wavelet-based representations
have been used in the validation in order to test the sensitivity of the static
energy meter error to different compression ratios resulting from reconstruction
using 100, 50, 20 and 10 coefficients. A static energy meter of which it was
known that it is not immune to the interfering pulsed waveforms was selected
for the validation. Table 5.2 shows the resulting static energy meter errors for
the different compression ratios used. It can be observed that the waveforms
reconstructed using only 10 coefficients are not always sufficiently accurate to
preserve the error-inducing features. This is the case for waveform 3, where
the error reduces from 259% to -6%. However, all the performed tests indicate
that a reconstruction with 20 coefficients (i.e. 0.1% of the total number of
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coefficients) can produce waveforms that reproduce the error-inducing features
with sufficient accuracy.

Table 5.2. Static energy meter errors for the wavelet-based waveforms for different compres-
sion ratios, i.e. different wavelet coefficients.

Wavelet Waveforms

coefficients 1 2 3 4
Original 409% | 2190% | 259% | 2279 %
100 398% | 2182% | 256 % | 2265%
50 411% | 2230% | 262% | 2283 %
20 420% | 2249% | 2561 % | 2307 %
10 380 % | 2048 % 6% | 2388 %

5.8 Discussion and conclusion

In this chapter a parametric waveform model is shown which provides a simpli-
fied description of complex non-linear waveforms. And it allows to describe the
interference waveform by a limited amount of data-points instead of a highly
sampled complex waveform. The identification of critical parameters has shown
that erroneous waveforms are in general narrow, fast rising, pulses, where, on
average, higher crest factor, narrower pulse width, higher peak amplitude, less
charge, and higher slopes, will contribute to an increase in the metering error.
The critical ranges of these time-domain parameters are shown in Table 5.3.

Table 5.3. Critical ranges of time-domain parameters found to result in interference of static
energy meters.

Parameter Critical range

Charge 4-8 mC
Crest factor > 5
Pulse width 0.2-1.2ms
Rising slope > 0.1A/ps

Furthermore, it was found that the maximum value of the static energy
meter errors is related to the current metering element. In that sense, the
Rogowski coil contributes to the highest errors, followed by the current trans-
former principle, while using a shunt resistor or Hall effect sensor result in most
cases in lower energy reading of the static energy meter.

The use of the modelled waveform for future standards is validated in an
arbitrary-waveform testbed, and this showed meter reading errors similar to
those caused by the original real-life waveforms. When reducing the complexity
even further, by removing change-points to get a trapezoidal waveform, still
similar errors are found. This shows that these simplified artificial waveforms
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are suitable candidates for improved standardization of static energy meter
testing.

Alternatively, also the wavelet-based representation has shown to be an use-
ful method for representing the original interference waveforms in a simplified
fashion for type-testing. A laboratory experiment using a real static energy
meter has validated the technique, showing that a reduction from thousands of
coeflicients to only few tens is sufficient to reproduce the error levels observed in
static energy meters with good accordance to the errors produced by the orig-
inal error-inducing waveforms. Still, understanding the interference waveforms
is way easier and straightforward using the waveform modelling approach in
time-domain compared with the wavelet-based representation. For which the
correct understanding of the test waveforms requires the knowledge of the un-
derlying mathematical theory. Also, this makes it harder to tweak or change
certain parameters of such wavelet-based test signal by an engineer. Whereas,
changing the slope of a modelled pulsed representation to find the limits of a
certain system (e.g. the static energy meter) is more straightforward.

Following up on the waveform model as shown in this chapter, the param-
eters that found to be critical in relation to the static energy meters, as shown
in Table 5.3, are compared to the emissions of equipment that is present in
typical residential situations in Chapter 6. Next to that, in Chapter 7 the
critical parameters are compared with measured data at the meter connection
point of a couple of test sites, so covering realistic on-site waveforms from the
low-voltage grid.
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Chapter 6

Emissions of equipment in
low-voltage networks

This chapter presents a survey of the time-domain emissions generated by
equipment that is present in residential low-voltage networks. The content
of this chapter comprises the research that was earlier published in [117], [118].

6.1 Motivation

In low-voltage networks there is an increased use of equipment with a non-linear
behavior compared to traditional linear equipment, which resulted in several
conducted EMI cases [9]. For example, EMI cases involving static energy meters
are presented in Chapter 3, that resulted from pulsed currents. The critical
parameter ranges of those critical currents are obtained in Chapter 5, and are
shown in Table 5.3. Other EMI problems may arise in PLC [119], where the
current pulse duration affects the communication [15]. Therefore, it is useful to
research the emissions generated by equipment that is present in residential low-
voltage networks. And focus explicitly on the analysis of those waveforms in the
time-domain, as extreme time-domain parameters correlated to the metering
errors before.

A study of the harmonics generated by household appliances is provided in
[120], which focuses on the harmonics until 2.5kHz (50th harmonic), instead
of the frequency range till 150kHz, which is of interest for conducted EMI
problems, as there is a lack of civil standards in this frequency range, as is
clear from Chapter 2.

Next to the emissions from household appliances in general, the EMI from
lighting equipment is of particular relevance to investigate, as 15% of the global
energy consumption is generated by lighting equipment [121]. And those emis-
sions are one of the major causes of EMI on static energy meters [31]. Previous
research on the high emissions of lighting equipment focuses on the harmonic
emissions instead of the time-domain EMI [122]. Furthermore, it was shown

101
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that grid impedance affects these emissions [123]. Next to the introduction
of LED technology that allows energy efficient lighting, dimmers can alter the
ambience to a desired level and reduce the consumed energy even more. Dim-
mers are of interest as there is a lack of applicable emission limits for dimmers
in the IEC 61000-3-2 [44].

In this chapter, the extent of EMI to which static energy meters are exposed
to is investigated by the analysis of an extensive survey of current waveforms
drawn by typical household equipment. Furthermore, a special focus is put
on the emissions from dimmed lighting equipment in various realistic on-site
situations. In this way, the existence of equipment with critical time-domain
parameters related to the interference of static energy meters is researched.
This is done using a time-domain EMI approach [124], capable of synchronous
multi-channel measurements [125]. These waveforms are analyzed in the time-
domain using a parametric model as described in the previous chapter. And
a statistical overview is presented dividing equipment per category according
to the IEC 61000-3-2 [44]. In the end the results are compared to critical
waveforms that resulted in static energy meter interference.

This chapter is organized as follows: First, Section 6.2 covers the measure-
ment method that is used to measure the emissions of the surveyed equipment in
time-domain. Second, Section 6.3 shows the emissions obtained from dimmed
lighting equipment using different technologies. Third, in Section 6.4 a sur-
vey of the emissions from equipment in low-voltage networks is presented in
time-domain. Finally, Section 6.5 concludes this chapter.

6.2 Method

This section covers the method that was used for obtaining the emissions of
different equipment. First, the measurement setup is explained. Second, the
post-processing algorithms are explained.

6.2.1 Measurement setup

To cover a large variety of equipment, measurements were performed at dif-
ferent residential locations. The survey on the dimmed lighting equipment in
Section 6.3 was performed using the buildings mains supply of the laboratory.
And the survey on the emissions of different equipment in Section 6.4 covers
several different locations: an office environment, a hardware store, several
residential premises, and at a boiler manufacturer, all throughout The Nether-
lands. During the measurements the mains supply of the test location was used.
These might differ slightly from each other, which portrays the realistic on-site
environment where the static energy meter is located and is therefore not a
problem. After the mains plug a breakout box was connected, such that the
currents and voltage can be measured safely according to Figure 6.1, followed
by a connection point for the measured equipment, Figure 6.2. The voltage
and currents are measured synchronously using a multi-channel time-domain
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EMI approach [125]. Pico Technology current probes TA189 within 0.5dB in
the frequency range up to 200kHz, calibrated according to the time-domain
method in Chapter 4, and a Pico Technology TA043 differential voltage probe
with a frequency range up to 100 MHz, are used and these were connected to
a Picoscope pc-based oscilloscope. At least ten cycles at mains frequency were
captured, which is equivalent to 200ms, in accordance with IEC 61000-4-30
[84], and a sampling frequency of at least 1 MS/s was used.

L ™
U
N N\ Load
? N
PE | /)
= kT
— lL lN lPE

Laptop — Picosope [ v,

Figure 6.1. Schematic overview of the measurement setup.

Figure 6.2. Measurement setup.

6.2.2 Post-processing

The captured waveforms were post-processed to obtain the time-domain param-
eters: charge, crest factor, peak value, pulse duration and rising slope, using
the parametric model as described in Chapter 5. Also the active power of the
waveform was determined. Furthermore, the frequency-domain representation
was determined using a FFT, to visualize the time and frequency-domain si-
multaneously [126]. For the results in Section 6.4, the parameters are presented
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statistically using the Turkey’s boxplot method [127], which visually summa-
rizes the data using the following components: the median (Q2), the lower (Q1)
and upper (Q3) quartile, the minimum (min), and maximum (max). Points
that have a value of 1.5 times the interquartile range from the median are
marked as outliers and are visible with a dot in the presented graphs. In this
way the survey will provide a statistical overview of currents from equipment
used under real operating conditions.

6.3 Dimmed lighting equipment

This section shows the emissions of different dimming principles combined with
different light equipment, including linear and non-linear luminaries, and dis-
cusses them.

6.3.1 Description of the loads

Lighting equipment of different technologies is used: a halogen lamp, a dimmable
LED, and a non-dimmable LED. By using both the dimmable and non-dimmable
LED the dimmers are tested inside and outside its intended use. The associated

waveforms and characteristics of these luminaries are shown in Figure 6.3 and

Table 6.1, respectively. It is remarkable to notice that the non-dimmable LED

produces a uni-polar waveform. Furthermore, the dimmable LED has a lower

peak value, longer pulse duration, and slower inclining slope compared to the

non-dimmable LED. Then, two COTS dimmers are used to control the inten-

sity of the connected lamps. One uses the TRIAC principle for dimming and

is a rising edge dimmer, and the other uses a metal-oxide-semiconductor field-

effect transistor (MOSFET) for switching, and can be set to rising or falling

edge dimming manually. This means that a total of three dimming situations

is realized by these dimmers.

T T T
0.3 Halogen lamp ]
0.2+ Dimmable LED i

' Non-dimmable LED
< 01r t.\. ,
g 0 e We——

3-0.1F 1
0.2 N
0.3+ N

1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20

Time (ms)

Figure 6.3. Time-domain emissions of the (undimmed) lighting equipment.
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6.3.2 Dimming principles with linear load

First, the basic functioning principles of the dimmers are exemplified using the
linear halogen lamp. The rising edge dimming, using either the TRIAC or
MOSFET based dimmer, cuts out the first part of the sine wave, as is shown in
Figure 6.4(a) and Figure 6.4(b). It can be seen that the TRIAC dimmer results
in an overshoot when the halogen lamp starts drawing current. Alternatively,
the falling edge dimming cuts out the second part of the sine wave, as is shown
in Figure 6.4(c). In all dimming situations the dimmer is set to the most
dimmed setting. The time-domain parameters of the dimmed halogen lamp
are shown in Table 6.1. The overshoot of the TRIAC based dimmer results
in a larger peak value and consequently a larger maximum slope. This shows
that the MOSFET based dimmer reduces the noise and EMI compared to the
TRIAC dimmer. For the MOSFET based dimmer comparable parameters are
found for the rising and falling edge dimming principle, although the absolute
slope is slightly higher when using rising edge dimming. So the MOSFET based
falling edge dimmer reduces the EMI even further.

6.3.3 TRIAC based rising edge dimmer with non-linear load

Second, the TRIAC based rising edge dimmer is used with the non-linear LEDs.
Here ten luminaries are used to operate the dimmer inside its advised operating
power range. The time-domain emissions are plotted in Figure 6.5, and the
corresponding parameters are shown in Table 6.1. The non-dimmable LED
has a significant larger peak value, pulse duration, and slope compared to the
dimmable LED. For the non-dimmable LED almost no light intensity change
was observed when dimming the lamp. The switch mode power supply of the
non-dimmable LED uses a large capacitor, in the small time interval allowed
by the dimmer to draw current, the capacitor is charging fast and provides
enough charge to light up the lamp. This explains the resulting extreme pulsed
current drawn by the non-dimmable LED. It is remarkable that the emissions
from the dimmable and non-dimmable LED have a different phase firing angle.
For the dimmable LED the intensity of the lamp is decreasing and consequently
less power and charge is drawn. Still, when dimming the lamp a more pulsed
current is drawn, as the crest factor and peak value increase, whereas the pulse
duration decreases compared with the undimmed lamp.

6.3.4 MOSFET based rising edge dimmer with non-linear load

Third, the emissions of the non-linear LEDs in combination with the MOS-
FET based rising edge dimmer are measured. Again ten luminaries are used
to operate the dimmer inside its advised operating power range. The wave-
forms are shown in Figure 6.6 and the time-domain parameters are shown in
Table 6.1. In this case the pulsed currents of both LEDs have a similar phase
firing angle. For the dimmable LED comparable time-domain parameters are
found, although the slope is slightly higher. This is remarkable as the MOSFET
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Figure 6.4. Dimming principles exemplified with a (linear) halogen lamp.
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Figure 6.5. Time-domain emissions of the TRIAC based rising edge dimmer.
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Figure 6.6. Time-domain emissions of the MOSFET based rising edge dimmer.

based dimmer did reduce the time-domain parameters and thus the emissions
for the halogen lamp. For the non-dimmable LED the peak value decreased
drastically, but also in this case the slope was higher compared to the TRIAC
based rising edge dimmer. This shows that the non-linear LEDs are affected
differently compared to the halogen lamp.

6.3.5 MOSFET based falling edge dimmer with non-linear
load

Fourth, the MOSFET dimmer is set to operate as falling edge dimmer and is
combined with the non-linear LEDs. Once more, ten luminaries are used to
operate the dimmer inside its advised operating power range. In Figure 6.7
and Table 6.1 the waveforms and parameters are shown, respectively. For
the dimmable LED the pulse duration is significantly larger compared to the
previous situations, also the peak value and slope are reduced. As a result the



6.3. DIMMED LIGHTING EQUIPMENT 109

crest factor is also lower, while the power and charge are still comparable. For
the non-dimmable LED also the peak value is reduced, still the pulse duration is
comparable. The slope did reduce slightly compared to the previous situations.
The steepest absolute slopes were measured in the falling part of the pulse, this
shows that the fast charging of the capacitor in the LED driver is less of an issue
when using the falling edge dimming principle. For both LEDs the emissions
did reduce significantly for the MOSFET based falling edge dimmer. So the
MOSFET based falling edge dimmer can be considered as the best dimming
principle in terms of conducted EMI.
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Figure 6.7. Time-domain emissions of the MOSFET based falling edge dimmer.

6.3.6 Frequency-domain analysis

Fifth, the frequency-domain representation of the dimmable LED combined
with the rising and falling edge MOSFET based dimmer is shown in Figure 6.8.
The TRIAC based dimmer is not shown as the time-domain analysis showed
a similar result compared to the rising edge MOSFET based dimmer. As was
already observed in the time-domain analysis, the emissions are lower when the
falling edge dimmer is used. Because the active power is lower than 25 W and
a plug-in dimmer is added, no emission limits apply for this lighting equipment
according to the IEC 61000-3-2 [44], however the harmonic frequency content
is significantly large. This is exemplified by a comparison with the limits of
a 25 W luminary, which has a significantly higher 50 Hz component of 0.1 A.
However the harmonic frequency components of the dimmable LED exceed
these limits, as is visible in Figure 6.8. This shows that a dimmed LED has
significant harmonic emissions that might cause interference problems in low-
voltage grids.
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Figure 6.8. Frequency-domain plot of dimmable LED with MOSFET based dimmer.

6.4 Statistical equipment survey

Next, in this section a survey is performed on the time-domain emissions of a
large variety of typical household equipment. To investigate to what extend
the observed critical non-linear waveform parameters, as found in Chapter 5,
are present in the currents in realistic on-site equipment.

6.4.1 Different categories of equipment

The variety of equipment surveyed is subdivided into different categories ac-
cording to the TEC 61000-3-2 [44]. This standard specifies the limitations of
harmonic currents injected into the public low-voltage network for equipment
with a rated current up to 16 A. The four categories have different emission
limits, and are listed below:

e Class A: normal usage:
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— Household appliances.
e (Class B: very short usage:
— Portable tools.
e Class C: continuous usage:
— Lighting equipment.
e Class D: normal usage, but special current waveform:

— E.g. personal computers, monitors and receivers.

For equipment with a rated power of 75 W or less, other than lighting equip-
ment, no emission limits apply. This equipment is of particular interest, because
the waveforms that result in metering errors also have a low power consump-
tion. This equipment is treated as Class A, B, C, or D depending on its us-
age. In addition, when combining a plug-in dimmer with (a series) of lighting
equipment no emission limits are applicable, and a combination could gener-
ate highly distorted currents, that might result in metering errors [31]. Such
combinations are treated as Class C equipment when found in a real-world sit-
uation. Further, the performance of equipment that is used (or installed) for a
longer period may reduce because of ageing of electrical components [14], this
might effect the current emissions. For example, ageing of the built-in elec-
trolytic capacitors for voltage smoothing due to its non-linear behavior [128].
Therefore, we focus on installed equipment rather than brand new equipment,
which also corresponds to its use in an everyday household situation.

6.4.2 Results

During the survey a total of 484 different equipment situations are measured,
where Table 6.2 provides an overview of the surveyed equipment per category,
and the number of appliances with critical parameters according to Table 5.3.
A statistical overview of the charge, crest factor, and peak value is given in
Table 6.3, the parameters inside the critical ranges are highlighted in red. A
detailed visualization of the pulse duration and rising slope is given in Fig-
ure 6.9, as those parameters are found to be more critical in Chapter 5, the
critical range is indicated in red. And 43% of the equipment contains critical
parameters. For the slope especially, several outliers, with a high slope in the
critical range, are found in all categories.

For the equipment surveyed in Class A (normal usage household appliances)
29% was linear equipment, where in some of these cases the current was phase
shifted with respect to the voltage, which will contribute to the reactive power
in the circuit. All this linear equipment did not include critical parameters.
For the non-linear equipment in Class A, in a couple of cases the slope is
higher than 0.1 A/ps, which resulted from a phone charger, washing machine
and speed controlled water pump. For the phone charger the other parameters
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Table 6.2. Overview of different surveyed equipment and equipment containing critical pa-
rameters, per category according to IEC 61000-3-2[44].

Category | Surveyed equipment | Critical equipment
Class A 300 124
Class B 81 9
Class C 68 57
Class D 35 16

Table 6.3. Statistical overview of the charge, crest factor, and peak value of the surveyed
equipment.

Charge (mC)
# Min Q1 Q2 Q3 Max
Al 2410% | 6.2.10% | 2.0.10T | 5.1.107 34.6
B | 3.810° | 6.4-107" 1.6 3.4 24.2
C | 4810° [ 2.3.102 | 6.0-10% | 2.0-107F 2.6
D | 1.4-10° | 3.6:102 | 1.4-101 | 2.7.10" | 6.6-107"
Crest factor
# Min Q1 Q2 Q3 Max
A 1.7 3.1 4.2 6.2 525
B 1.7 2.2 3.1 3.4 21.7
C 2.6 5.4 6.5 9.6 37.7
D 2.8 3.6 4.7 6.5 38.0
Crest factor
# Min Q1 Q2 Q3 Max
A | 23107 | 93102 | 4.6-10! | 9.1.10! 17.5
B | 6.4-10°% | 44-101 | 8.2-10°" 2.7 11.0
C | 5.3103 | 95102 [ 1.9.10T | 8.5-10°T 13.3
D | 3.6:102 | 1.2.10T | 2.0-10T | 3.8:1071 1.2
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Figure 6.9. Statistical overview of the pulse duration and rising slope of the surveyed equip-
ment.

were far outside the critical ranges, as the pulse had a low peak value and
charge. The pulse of the washing machine was quite significant, Figure 6.10,
and the crest factor and slope are inside the critical range related to known
static energy meter interference. The extremity of the time-domain emission of
the water pump and the resulting existence of static energy meter interference
was already shown in Chapter 3.

The waveforms generated by portable tools in Class B contain a lot of
charge compared to the other categories, and as a result consume more power.
Consequently, the median peak value is higher and the pulses are usually wider
in comparison with the other categories. Due to this higher pulse duration, the
crest factor of these waveforms is lower. Also no slopes in the critical region
were found.

The lighting equipment in Class C has slopes inside the critical range which
mostly occur in combinations with dimmers. Cases with narrow pulses with a
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Figure 6.10. Waveforms resulting from a washing machine.

peak value above 1 A and a comparable wave-shape to the waveforms resulting
in static energy meter interference in [31] were found. Furthermore, a case
occurred in which transient pulses occur in dimmed lighting equipment, these
have a very short pulse width and high slope, Figure 6.11. The peak value
and therefore also the charge however are low, making their influence on the
meter readings questionable. However, Chapter 3 has also shown the existence
of transients in dimmed lighting equipment resulting in static energy meter
interference, but those transients had a 50 times higher peak value.
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Figure 6.11. Waveforms resulting from dimmed light equipment.

For the equipment in Class D the crest factor indicates the existence of
highly non-linear waveforms. However, this equipment has a lower power con-
sumption, indicated by a low charge value, and also the max peak values are
low compared to the other categories. Furthermore, no extreme slopes in the
critical range are found.

The presented survey evidences the existence of equipment with a non-linear



6.5. DISCUSSION AND CONCLUSION 115

behavior including parameters that could be critical in relation to static energy
meter interference. Therefore, a realistic system that is combining these non-
linearities could exceed the test signals immunity standards as the IEC 61000-
4-19 [29] envisions. Such tests are only valid if the system can be considered
as LTI, however as the results show, this is clearly not the case, this issue was
already pointed out in Chapter 2.

6.5 Discussion and conclusion

The study on the emissions of (household) equipment, as presented in this chap-
ter, has shown that many of the current waveforms are non-linear and contain
time-domain parameters similar to the interference cases. First, the emissions
of three different dimmer technologies combined with lighting equipment are
analyzed. Both time- and frequency-domain analysis show the presence of
pulsed currents with extreme emissions that could cause EMI problems in low-
voltage grids. It was found that the MOSFET based falling edge dimmer has
the lowest conducted emissions. As the time-domain parameters of the drawn
waveforms were significant lower compared to rising edge dimmers that used
the TRIAC or MOSFET for switching. For the TRIAC a large overshoot was
observed with a linear halogen lamp which was not occurring with the MOS-
FET. However, for the non-linear dimmable LED similar emissions were found
for the TRIAC and MOSFET when those are set to rising edge dimming.

The emissions generated by dimming equipment could result in serious EMC
problems in residential (and also industrial) premises. As no regulations are
applicable for dimmers, as was already shown in Chapter 2, which is explicitly
true for plug-in dimmers that are sold independently from the luminaries. As
in that case it is a stand alone product to which (almost) no standards apply.
The types of luminaries to be used in conjunction with the dimmer is (mostly)
specified or advised by the manufacturer, however it is not possible to control
the situation a consumer uses the dimmer with in practice. Either due to lack
of knowledge or laziness of the consumer/seller. As the lamp might work, i.e.
gives light, but consequently creating a pulsed current that might harm other
equipment (which could be the static energy meter).

Second, the equipment survey has shown that 43% of the equipment has
parameters inside the critical range related to possible static energy meter inter-
ference. Where the critical parameters are based on the analysis of waveforms
interfering with static energy meters in Chapter 5. In the majority of cases,
that were surveyed, the equipment is non-linear. This indicates the wide vari-
ety of non-linear waveforms that are present in a residential environment where
the static energy meter is placed in. And shows the large extent of the metering
problem. Thus a realistic system that uses a static energy meter is combining
these non-linearities and could exceed the test limits immunity standards such
as the IEC 61000-4-19 poses, as were earlier mentioned in Chapter 2. Thus the
present test standards are not representative for the realistic on-site situation.

The survey showed waveforms with fast inclining slopes above 0.1 A/pns,
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which resulted from a phone charger, lighting equipment with dimmers, a wash-
ing machine and a speed controlled water pump. Both the washing machine
and speed controlled water pump showed several parameters inside the critical
range related to static energy meter interference. The power consumption of
the charger however was low, resulting in low peak values compared to the oth-
ers. For the lighting equipment both waveforms with fast rising narrow pulses
and high peak values, as well as waveforms including small transients with low
charge and peak values were observed. Equipment categorized as portable tools
in Class B consume in general more power, which results in a higher peak value
and wider pulse compared to other equipment. Monitors and computer equip-
ment in Class D on the other hand have a low power consumption, resulting in
a low charge and peak value.

In the remainder of this thesis, the study on real-world waveforms to which
the static energy meters are exposed is extended. This is done by measuring
the waveforms at the meter connection point in Chapter 7. So looking at the
complete residential system, rather than the emissions of individual household
equipment.



Chapter 7

Waveforms at the meter
connection point

A study on the current waveforms that are typically occurring at meter con-
nection points, and thus featuring an on-site situation where the static energy
meter is installed, is presented in this chapter. The content of this chapter
comprises the research that was earlier published in [107], [129].

7.1 Motivation

The extent of the interference cases involving static energy meters is unknown,
because there is limited information about the waveforms drawn in household
situations. Therefore, it is of interest to indicate the occurrence of pulsed
waveforms resulting in interference in real situations, that are similar to the
interference waveforms in Chapter 3. Which are narrow, fast rising current
pulses, where a higher crest factor, narrower pulse width, less charge, and a
higher slope, are the factors that contribute most to an increase in the inter-
ference, as was evidenced in Chapter 5. And the critical ranges of these time-
domain parameters are shown in Table 5.3. The existence of non-linearities
that are occurring in low-voltage grids was shown in [52]. It shows, among
others, short-duration spikes, oscillations related to the switching frequency of
the power electronics, and voltage distortion. In [105], the existence of current
waveforms with fast inclining slopes that occur in low-voltage customer termi-
nals are shown. Moreover, within the framework of the MeterEMI project [43]
surveys are performed in modern low-voltage networks, including networks with
EV charging stations [106], and PV installations [107]. To cover the emissions
of modern equipment that includes power electronic converters and that are in-
creasingly used in nowadays low-voltage network. It was found that the on-site
surveyed waveforms are typically a superposition of the fundamental frequency,
other frequency components including pulses and low amplitude random noise.
This makes it complex to analyze the parameters of the pulses included in such
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signals, and to correlate them to static energy meter interference.

This chapter aims to detect the critical current waveforms in relation to
interference of static energy meters that occur in a large set of on-site surveyed
data. This is achieved by comparing the on-site waveforms with a reference
data set including the parameters that were found to be critical in laboratory
experiments. For this purpose, the on-site waveforms with an unknown me-
tering error are processed to extract their relevant waveform parameters, and
then, the error is estimated using an interpolation function. This provides a
tool for objectively and automatically selecting those on-site waveforms with
similar time-domain characteristics as those from the reference data set. Con-
sidering that similar critical waveforms result in comparable mean errors, this
approach is expected to effectively identify which of such surveyed waveforms
could induce static energy meter interference.

The rest of this article is organized as follows: Section 7.2 describes the para-
metric waveform model for the characterization of pulses in on-site waveforms.
Section 7.3 describes and validates the approach to estimate the interference.
Section 7.4 describes the measurement method used to survey on-site current
waveforms. In Section 7.5, the results of the survey are presented, showing a
statistical overview of the parameters encountered at the on-site, and the es-
timated static energy meter errors of such waveforms based on the introduced
estimator. Finally, Section 7.6 discusses and concludes these findings.

7.2 Parametric waveform model for the character-
ization of pulses in on-site waveforms

The waveforms measured in on-site situations are a superposition of different
signals consisting of a combination of linear (resistive) and non-linear loads, and
noise. The aim of this model is to characterize the pulsed part of such wave-
forms in a simplified manner, as the pulsed parts are correlated to static energy
meter interference in Chapter 5. Therefore, in post-processing, the pulsed and
linear parts are separated using a mains frequency filter, after which the time-
domain characteristics are determined using the parametric waveform model
introduced in Chapter 5. The filter makes the model more robust to noise as
well as to the presence of non-impulsive current components.

7.2.1 Filtering out the mains frequency

The mains (fundamental) frequency is removed from the measured signal, be-
cause it does not cause metering errors and it simplifies the waveform by retain-
ing the pulsed part that could be correlated to the interference. Furthermore,
conventional tools for determining time-domain parameters use 10-90% state
levels [85] which will also take the fundamental frequency into account. The
spectrum of the waveform is calculated using an FF'T, after which the frequency
contents between 40 Hz and 60 Hz are removed (considering a fundamental fre-
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quency of 50 Hz), such that higher order harmonics remain unchanged. This is
important, because otherwise we might be able to extract the pulse, but then
the pulse has an amplitude offset when it is super-positioned with a highly
linear waveform. Figure 7.1 shows an example of a test wave that consists of a
harmonic distorted sine-wave super-positioned with a pulse. After applying the
mains frequency filter, the pulse is separated from the fundamental frequency.

6 T T

Original signal
4+ Filtered signal | |
= == :Residual

-4 I I I I I
0 2 4 6 8 10 12 14 16 18 20

Time (ms)

Figure 7.1. Mains frequency filter separating the pulsed part from the fundamental frequency
of a measured signal.

7.2.2 Parametric waveform model

The parametric waveform model in Chapter 5, which describes the time-domain
characteristics of a pulsed waveform, can now be applied. It indicates change-
points at the extreme points of the waveform where the statistical properties
change and fits linear piece-wise segments in between. An optimal number
of ten change-points was found in Chapter 5 that preserves the shape of the
original waveform while reducing its complexity. Consequently, noise will not
be treated as a statistical change, as the limited number of change-points makes
sure that the noise is not the most significant change of the waveform compared
to the changes of the complete waveform. So the model is robust against
low amplitude random noise present in the waveform. The filtered signal in
Figure 7.1 is modelled using this approach resulting in Figure 7.2, which forms
a fair representation of the original pulse. The use of this model is needed,
because conventional tools determine time-domain parameters based on bi-
level pulses, which is not the case for the waveforms encountered on-site. For
example, Figure 7.3 shows a pulse with more than two levels, due to oscillations
in realistic waveforms.

Then a set of scalar parameters are obtained to describe the pulsed part of
the waveform in the time-domain. Instead of using the pulse width (twidtn),
defined as the time the signal needs in-between its rise to 50% and its fall to
50% of the peak value [85], another metric is used for the duration of a pulse.
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Figure 7.2. Extracted pulse and modelled waveform resulting from a pulsed time-domain
current.

Because waveforms are encountered which are a superposition of two consecu-
tive pulses where the first pulse has a relatively large amplitude compared to
the second one, as it is exemplified in Figure 7.3. The pulse width will only
relate to the first part of the pulse, because the amplitude of the second part
is lower than the 50% reference threshold. Choosing a different threshold level
for measuring the pulse width would not work either due to the slow decaying
feature of the later part of the waveform. Therefore, pulse duration is defined
as the time between the start and end instants of the pulse, which could easily
be determined using the modelled pulse, as a change-point is provided at the
start and end of the pulse. The modelled pulse is described by the following
set of scalar parameters, that are exemplified in Figure 7.3 and explained in
more detail in Chapter 5:

e Charge (¢): the area circumferenced by the pulse and the zero current
line.

o Crest factor (CF): the ratio between the peak value (ipx) and the rms
value (iyms) of the pulse.

e Maximum slope (Ai/At): the maximum slope between two consecutive
change-points.

o Peak value (ipk): represents the peak value of the pulse.

e Pulse duration (fquration): the time between the start and end instant of
the modelled pulse.
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Figure 7.3. Parametric description of a modelled waveform.

7.3 Estimation of the static energy meter errors

An estimator is created to select critical waveforms from a large set of wave-
forms recorded on-site. The estimator is based on a reference data set of lab-
oratory experiments of which the static energy meter errors are known. The
waveforms included in the data set are characterized using the scalar param-
eters described in Section 7.2. Then for on-site recorded waveforms, of which
the static energy meter deviations are unknown, the scalar parameters are de-
termined and interpolated to this data set using an inverse distance weighting
(IDW) function resulting in an estimated error.

7.3.1 Description of the reference data set

The data set contains 138 laboratory experiments of which the static energy
meter deviations are known. It consists of 60 experiments that were presented
earlier in Chapter 3 and 24 experiments with sightly varied measurement con-
ditions. In most of these, in total 84 experiments, static energy meter errors
were observed. Furthermore, the data set comprises 54 experiments that did
not induce metering errors. These include mostly linear waveforms or pulses
with less extreme parameters. All of these 138 waveforms, p,(t), have a set
of parameters, S,,. Inter parameter dependencies are shown in Chapter 5, i.e.
different parameters show similar correlations with static energy meter errors,
therefore the peak value and charge are not included in this model to avoid
redundancy. The data set is described by,

Ay,
_ F - . . 1
Sn {C ns Atn 3 tduratlon,n} (pn (t)) (7 )

and a corresponding measured static energy meter error/deviation, e,. Here,
the errors are determined using,
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Psy — Pret
Pref

where Pgy is the power measured by the static energy meter under test and
Pt is the power of the reference power analyzer, according to the measurement
procedure explained in Chapter 3. From the ten selected specimen of static
energy meters, it was observed that not all result in the same magnitude of
errors. Therefore, the estimator will be referred to the worst case, as the
maximum error represents the most critical interference case.

en [%] = -100% (7.2)

7.3.2 Inverse distance weighting function

For the estimation of errors it is assumed that similar waveforms will result in
similar interference. In this regard, similar waveforms are those characterized
by parameters that are close to each other in terms of their euclidean distance.
Therefore, it is reasonable to assume that an unknown waveform, p, (t), having
a set of parameters, S,,

Su: {CFu7 TtU; tduration,u} (pu(t)) (73)

will result in a metering error, e,, that can be estimated through an interpola-
tion function, that is, &, = f(S,). In this regard, a suitable alternative for the
interpolation method is the IDW function [130]. Because the data set inter-
polates the parameters to the static energy meter errors, {Si,Ss,...,S13s} —
{e1, €2, ..., €138}, according to a deterministic relationship and also because the
points in the data set are scattered in the study region. And thus weights the
similarities between the parameters of the interpolated (unknown) waveforms
with the reference data set indirectly. Accordingly,

£ e f d(Sy,S,) #0 VY
= 1 us»Fn n
f(su) = % wn (Sy) (7.4)

n=1

en if 3ne€d(S,,S,) =0
where the weighting function, w,, (S,),

1

n Su = Ta o Nao
wn (Su) d(Sy,Sy)

(7.5)
d is the metric operator (in this case the euclidean distance) and « is the power
parameter. The equations above indicate that the weight decreases as distance
increases from the interpolated points. Moreover, greater values of « assign
greater influence to values closest to the interpolated point. A power parameter
value of 4 is found to provide a good fit between the reference data set and the
validation experiments provided in the next subsection. This translates into an
appropriate neighboring region for interpolating the unknown waveforms and
a reasonable importance of outliers.
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Table 7.1. Time-domain parameters, estimated (€est), and real error (eyeqa1) of the validation
measurements.

Negative error No error
Index 1 2 3 4 5 6 7 8 9 10
T133| 30| 45| 52| 55| 02114 46| 41| 26
(mC)
CF | 29| 29 19| 24| 21 4 3 3 3 3

Ai/At 90| 84| 93| 84 | 871 0.01 | 0.02 | 0.03 | 008 | 0.01
(A/ns)
Tpk
18 18| 17| 20| 20| 0.2 2 2 2 2
(A)
tauration | 9| 10| 00| 18| 18] 79| 53| 39183 | 18
(ms)
éiest
(%) 76 | 74| =36 | 28 | -9 0 0 0 0 0
€real
64 | - 210 | - - - 1 -1 -
(%) 6 30 0| -26 | -18 2 2 0

Positive error
Index 11 12 13 14 15 16 17 18 19 20
q 28 1 53| 33| 71| 64 4.1 6.2 7.2 7.1 3.8
(mC)
CF 7 7 7 6 6 8 6 6 8 11

Ai/At
03109 13| 1.1] 09 0.9 0.9 0.6 0.4 0.6

(A/ns)

Tpk
12 15 10 15 15 12 14 15 16 19

(A)
tduration 30| 08| 26| 09 09 0.7 0.9 0.9 1.0 0.4

(ms)
(e(;s; 78 | 143 | 188 | 199 | 203 | 212 | 214 | 229 | 331 | 1608

0

6(2;3)1 28 | 239 | 183 | 301 | 276 | 266 | 304 | 211 | 331 | 1087
(o)
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7.3.3 Validation of the error estimator

Twenty experiments which are not included in the reference data set are used
to validate the accuracy of the estimator. The experiments were performed
using the same methodology as the data in the reference data set. Five cases
with negative errors (index = 1-5), five cases with no error outside the limits
for electricity meters [56] (index = 6-10), and ten cases with positive errors
(index = 11-20) are included. The associated waveforms for index 1, 6, 8, 9,
and 12 are visualized in Figure 7.4, and Table 7.1 shows the parameters. These
wave-shapes repeat every mains cycle during the whole measurement period.
The waveforms resulting in a negative error all have a similar shape as the
waveform with index 1, however there is a slight difference in the parameters.
It is remarkable that all those waveforms have a sharp transient that contains
almost no charge in the positive part of the fundamental voltage (as the voltage
is in-phase with the waveform with index 9). The waveforms resulting in no
error show a chopped sinusoidal waveform (index 6 and 7), a relatively wide
pulse with low peak value (index 8 and 10) or a clear sinusoidal waveform (index
9). The waveforms resulting in a positive error all have a similar shape as index
12, but with slightly different parameters, which affects the magnitude of the
error. The estimated and real error are presented in Figure 7.5 and Table 7.1,
respectively. The estimator matches the real errors well, as for all indices it was
correctly estimated if the error was negative, non-existing, or positive. This
is thus a valuable tool for selecting critical waveforms from a large set of on-
site captured data, after which more concise and precise measurements can be
performed effectively.
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Figure 7.4. Waveforms of the validation measurements.
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Figure 7.5. Estimated and real error of the validation experiments.

7.4 Method for on-site survey

To indicate the existence of pulsed currents that could interfere with static
energy meters in on-site situations, a survey was conducted. Three different test
sites were surveyed, which consists of: an industrial plant using EV charging
stations in Viladecavalls (Barcelona), Spain (site 1), a consumer residence that
includes PV installation in Gelida (Barcelona), Spain (site 2), and an apartment
in Enschede, The Netherlands (site 3). Site 1 uses a three-phase system, while
site 2 and 3 use a single-phase system. Some preliminary results of site 1 and
2 were already published in [106], [107].

7.4.1 Measurement setup

Measurements were performed at the meter connection point, to measure the
complete low-voltage system, and thus the signals to which installed static en-
ergy meters are exposed to. During the measurement survey it was not known
which appliances were turned on. For the three-phase system (site 1) the cur-
rents on all three lines (L1, L2, L3) were measured, for the single-phase systems
(site 2 and 3) the current on the line and the neutral conductor were measured.
The current was measured using flexible current probes model TA325 from
Pico Technology, and are within 0.5dB accuracy in the frequency range up
to 20 kHz, calibrated according to Chapter 4. It was verified that the probe’s
response time was sufficient to measure fast changing pulsed currents without
major influences on the measured waveform. The transducers were connected
to a 5444B Picoscope digitizer from the same manufacturer. Time-domain EMI
measurement and processing system (TEMPS) software [131] was controlling
the digitizer via a laptop. Figure 7.6 shows the installed measurement setup
at the consumers’ meter connection point.
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Figure 7.6. Installed measurement setup at the consumer’s meter connection point.

7.4.2 Measurement settings

The on-site locations were monitored during an interval of ten days. The ac-
quired waveforms were analyzed in order to preselect and store meaningful data
only. For that purpose, specific triggering settings were used based upon the
pulsed waveforms of interest following the procedure in [107]. That are ampli-
tude probability distribution (APD) [132] and DWT [116], which have shown to
be strong indicators for pulsed waveforms. Furthermore, snapshots (instanta-
neous acquisitions) were made every ten minutes. In this way, a representative
set of waveforms (events) in the surveyed sites is gathered. The measurement
time for each triggered acquisition was ten cycles at mains frequency (50 Hz),
which is equivalent to 200 ms. The waveform sampling rate was set to 1 MS/s.

7.5 Results obtained from on-site survey

The time-domain parameters are extracted from on-site surveyed waveforms
and are presented statistically in Figure 7.7, using the Turkey’s boxplot method
[127]. Points with a value of 1.5 times the interquartile range from the median
are marked as outliers and are visible with a dot. The value of the median (Q2),
lower (Q1) and upper (Q3) quartile, and the minimum (min) and maximum
(max) are presented in the graph. The range in which parameters are found
to be critical in relation to static energy meter errors, according to Table 5.3,
is indicated in red. For the peak value no critical range is included, as this
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parameter individually does not correlate to meter readings, e.g. a large value
could relate to a large pulse but also to a linear waveform with high peak value.
The charge and peak value are not included in the estimator, but are provided
here for a complete statistical overview of the waveforms. The graph shows the
typical ranges of the parameters and their variability. In 74% of the captured
events at least one parameter was inside the critical area of static energy meter
errors. An overview of events containing at least one critical parameters, and
events where a static energy meter error is estimated, is provided in Table 7.2.
These are explained per test site hereafter.

Table 7.2. Overview of on-site survey, showing the captured events, events containing critical
parameters and events having estimated errors.

Site | Events | Critical parameters | Estimated errors
1 14295 13304 3
2 1230 404 44
3 4006 779 332

7.5.1 Test site 1

For site 1 the APD trigger captured a large number of low amplitude noisy
waveforms, which explains the considerably higher number of triggered events
compared to the other sites. Consequently, the crest factor is inside the critical
red area and explains the 13304 events with a critical parameter. However,
these pulses have a low charge, slope, and peak value, while the pulse duration
is large. Still for three events an error is estimated, which are 19%, 86%, and
333%, respectively. The corresponding waveforms are distorted sinusoidal as
shown in Figure 7.8(a). The wave-shape repeats for multiple consecutive cycles
as long as the source of interference is turned on. Where the extremity of the
waveforms’ rising slope determines the magnitude of the error. No pattern was
recognized in the occurrence of these events containing estimated errors, so
these peaks occur seemingly at random.

7.5.2 Test site 2

In site 2 1230 events are captured of which a third of them (32.8%) contain
critical parameters. The pulses contain more charge and have a higher peak
value compared to site 1. For 44 events an error is estimated, mostly because of
fast rising slopes combined with a high crest factor. Figure 7.8(b) shows an ex-
ample waveform for which an error is estimated, it shows a pulse that is present
in a distorted sinusoidal waveform, which repeats for multiple consecutive cy-
cles. The other waveforms of which errors are estimated contain similar pulses
and the extremity of the time-domain parameters, being the combination of
the crest factor, maximum slope, and pulse duration, determines the magni-
tude of the error. The estimated errors range from -29% to 464%, where the
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Figure 7.7. Statistical overview of the time-domain parameters that occurred in the three
surveyed test sites.
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Figure 7.8. Waveforms with an estimated static energy meter error surveyed in the sites.
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highest estimated interference corresponds to the most extreme combination of
the time-domain parameters. Similar to site 1 these pulses occur seemingly at
random, as there is no pattern observed in its occurrence.

7.5.3 Test site 3

For site 3 a total of 4006 events was captured of which 779 contain critical
parameters, and for 332 an error was estimated. This is mostly because of the
high crest factor and high rising slope found in these waveforms. A waveform
for which an error was estimated is exemplified in Figure 7.8(c), the interference
repeats during multiple consecutive cycles. It shows a pulsed current waveform
without a clear sinusoidal component present, this represents a similar situa-
tion as the pulses causing static energy meter interference in lab experiments.
During the ten day survey in site 3, similar pulses were identified five times
during intervals of 1.5 to 3 hours. This indicates the pulse is resulting from
equipment which is not running continuously, however the pulses occurred dur-
ing different times of the day. The estimated errors for site 3 range from -35%
t0 925%. The variation of the estimated error occurs mainly due to a difference
in crest factor and rising slope between the different occurrences of the event.

7.6 Discussion and conclusion

In this chapter, waveforms likely to be critical in relation with static energy
meter interference are detected in on-site surveyed waveforms. This is done
using a parametric waveform model for the characterization of pulses in on-site
scenarios. That separates the pulsed part from the linear part of the waveform,
as the pulsed part was correlated to the interference on static energy meters
in Chapter 5 and is therefore of interest to analyze. Consecutively, the time-
domain parameters of interest are determined, which are: charge, crest factor,
maximum slope, peak value, and pulse duration. Then, a data set of labora-
tory experiments of which static energy meter errors are known is interpolated
to the unknown surveyed waveforms using an IDW function to estimate the
interference. As a result, surveyed waveform data with similar characteristics
is detected. During the on-site survey, at three sites the waveforms occurring
at the meter connection points are measured. These sites cover an EV charg-
ing station, a consumer’s residence that includes a PV installation, and an
apartment premise. From this data the waveforms that contain time-domain
parameters of interest considering the interference of static energy meters are
detected. These detected waveforms show the existence of several waveforms
in on-site situations that have similar characteristics as the waveforms proven
to result in static energy meter interference. For example, waveforms with a
slope larger than 0.1 A/ps and crest factors way above 5, even reaching 27.8,
are found. In 74% of the surveyed waveforms parameters in the critical range
were found. The estimated errors range from -35% to 925% depending on
the extremity of the time-domain parameters of the pulse. Furthermore, the
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presented parameters in the on-site data show that, in general, a variety of non-
linear waveforms are present in low-voltage networks and are thus encountered
by the static energy meters. These non-linearities are outside the requirements
as included in immunity standards such as the IEC 61000-4-19 [29]. This can
become problematic as equipment inside such systems, e.g. the static energy
meter, is characterized using frequency-domain tests. As these tests assume a
LTT system, which the low-voltage grid is clearly not, according to the results
in this chapter. And as was already identified to be critical when looking at
the applicable standards for static energy meters in Chapter 2.



Chapter 8

Conclusion

This chapter outlines the conclusions that can be drawn from the research
presented in this thesis. Moreover some directions for future work are provided.

8.1 Conclusions

In this thesis it was shown that EMI on static energy meters occurs due to
non-linear pulsed currents. These non-linear waveforms have significant differ-
ences with the waveforms included in the test standards, which covers linear
waveforms that are swept over the frequency range of interest. Furthermore,
similar waveforms are found to exist in realistic on-site measurements. This
is important as the MID describes that the measurement instrument shall not
exceed any permissible errors in its “normal working conditions”. That is, the
static energy meter should be able to measure realistic waveforms without any
problem. In particular, waveforms found to interfere static energy meters are
pulsed current waveforms that are narrow and have a fast rising slope. The
existence of similar waveforms in a realistic on-site environment was shown by
a broad survey of the waveforms from individual appliances present in a typi-
cal residential system, with a special focus on the emissions of (modern) light
equipment. Additionally, waveforms were surveyed at the metering connection
point of three representative (modern) systems. These realistic on-site wave-
forms are comparable with the waveforms the result in interference on static
energy meters. That is, the parameters of the waveforms as surveyed in a real-
istic on-site situation are similar to the waveforms resulting in metering errors.
In that sense, realistic waveforms that result in EMI on static energy meters
have a non-linear behavior and do not represent the sinusoidal CW signals
that are swept over the frequency range of interest as used in the harmonized
standards.

Next, the conclusions of the individual chapters are presented one-by-one.
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8.1.1 Chapter 2

In Chapter 2, the lack in standardization for the immunity of the static en-
ergy meter and the emissions generated in the electrical environment where
the meter is placed in is shown. First, the EMC directive is not applicable
to measurement instruments, including the static energy meter. Besides, the
MID states that the measurement instrument shall not exceed any permissible
errors in its “normal working conditions”. Thus the signals that are present
in the low-voltage grid should be measured by the static energy meter without
any problems. Second, for the relevant standards that consider the immunity
of static energy meters, and the emissions of the connected equipment and the
low-voltage grid, a lack of standardization is observed, especially from 2 kHz till
150 kHz. Which is an important frequency range as many power electronic de-
vices switch at these frequencies. In the current standards only ideal conditions
are covered, which are represented by sinusoidal voltages and currents. These
test conditions are not representative for today’s realistic situation which com-
bines many non-linearities. Also, due to the adoption of many power electronic
devices, the low-voltage grid is typically more low impedant than considered
in standardization.

8.1.2 Chapter 3

In Chapter 3, several cases of EMI on static energy meters are presented. Which
are due to modern appliances, that are: dimmed lighting equipment of LED and
CFL technology, a speed controlled water pump, and multimedia equipment.
As a result several under- or over-estimations of the energy consumption as
measured by the static energy meter are found, that could result in incorrect
billing of consumers. The currents that cause the interference are non-linear
pulses, that have fast rise times in the range between 2ps and 150ps, and
current slopes higher than 0.1 A/ps. In that sense, higher slopes contribute
to higher static energy meter errors. Furthermore, the impedance of the grid
affects the interference, i.e. a capacitive grid result in higher errors, as high
frequency currents are drawn easier as the grid has a lower impedance for higher
frequencies. Additionally, for meters using the Rogowski coil as their current
sensing element, the phase firing angle between the current and voltage alters
the interference. That is, for a phase firing angle above 90° positive errors (over-
estimation) are found and for a phase firing angle below 90° negative errors
(under-estimation) are found. Consequently, even an incorrect power delivery
back to the grid is found when no power delivery equipment is connected. This
occurs when the under-estimation is so large that the negative error is higher
than the actual consumption.

Next to this, incorrect energy measurements are found due to an unbal-
ance between the line and neutral conductor, while the static energy meter is
working according to its specification. As energy measurements are performed
according to the Blondel theorem, which states that for a system containing
N conductors, only N-1 current measuring elements are needed. And as the



8.1. CONCLUSIONS 135

residential system is earthed, no current can flow through the protective-earth
conductor. Consequently, only N-2 current elements are used, i.e. in a one-
phase system only the line current is measured. However, two cases are shown
where a protective-earth current was flowing, creating an unbalance between
the line and neutral conductor, and incorrect energy measurements. In the first
case, a current could flow through the protective-earth due to a broken RCD.
Creating a very unsafe situation and a difference in the energy measurement
dependent on whether the line or neutral is measured, which are both true
considering the Blondel theorem with the assumption that no current flows
through the protective-earth conductor. In the second case, leakage currents
are found when using non-linear appliances. For example, due to the filter
capacitors (Y-capacitors) in modern appliances. Which could cause malfunc-
tion of different components within the system. Again, a difference in energy
measurement is observed dependent on whether a current element on the line
or neutral is used. To overcome these problems, both the line and neutral
conductor should be measured.

8.1.3 Chapter 4

In Chapter 4, an impulsive test method for the characterization of CTs shows a
good alternative compared to conventional CW testing. In particular, square-
wave signals are generated using a half bridge, and thus cover a wide frequency
range. Hence, for two square-wave signals only 35% measurement points are
found compared to the CW test in the bandwidth up to 1 MHz. The chosen
square-wave signals have a repetition frequency of 50 Hz to resemble currents
at mains frequency, and of 10kHz to resemble critical currents in relation to
EMI on static energy meters, respectively. A fairly good spread of frequency
points could be achieved by increasing the number of square-wave signals. Fur-
thermore, the impulsive test method allows to generate test signals up to 30 A
with a bandwidth of 10 MHz without using a high power wide-band amplifier,
and thus the novel impulsive test method is more cost effective.

Additional tests using realistic on-site pulsed currents show discrepancies
with the current response of several CTs. More specifically, when no pulse is
present, i.e. the signal value is zero, a saw-tooth is present due to droop of
the CTs. The product of the voltage with this discrepant saw-tooth pattern
in the current, results in an additional energy that is measured. Which results
in the occurrence of energy errors outside the permissible limits for electricity
meters. While linear sinusoidal currents, of different frequencies inside the same
frequency band, form no problems for the CTs under test. This shows that the
energy errors are only observed when using pulsed test signals. And thus, the
sinusoidal signals as included in the immunity test standards do not indicate
these problems.
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8.1.4 Chapter 5

In Chapter 5, a simplified description of the interfering non-linear waveforms
is made using a parametric waveform model. The interference waveform is
described by a limited amount of data-points, rather than a highly sampled
complex waveform. Using the parametric waveform model the critical parame-
ters are identified. An increase in metering errors is shown due to a higher crest
factor, narrower pulse width, higher peak amplitude, less charge, and higher
slopes. However, no parameter could be individually correlated to the interfer-
ence, a combination of those critical parameters will determine the extend of
the error. Also it is found that static energy meters utilizing a Rogowski coil as
their current sensing element will contribute to the highest interference cases.
Followed by the current transformer, and the shunt resistor and Hall effect
sensor have lower errors. Furthermore, the simplified modelled waveform pro-
vides a proper candidate for arbitrary test signals for future standardization,
as the modelled waveform had similar errors as the original on-site waveform.
And thus, the modelled waveform correctly describes the critical features of
the original interference waveform in a simplified manner.

8.1.5 Chapter 6

In Chapter 6, the survey of emissions of typical (household) equipment shows
many similar parameters as the waveforms found to interfere with static energy
meters. First, the emissions of different dimmer technologies combined with
lighting equipment of LED technology is analyzed. For the rising edge dim-
mers that use the TRIAC or MOSFET for dimming the emissions are larger
compared to the falling edge dimming of a MOSFET dimmer. These emis-
sions contain many similar parameters as the waveforms causing interference
on static energy meters. Furthermore, there is a general lack of standardization
for dimmers observed. Besides, due to a lack of knowledge of consumers non-
advised combinations of dimmers and luminaries can occur. In those cases the
luminary still works, however it is creating an unwanted pulsed current that
can harm other equipment (e.g. the static energy meter).

Second, an extensive survey of typical equipment that is present in a realistic
situation, shows that 43% of the equipment has parameters inside the critical
range related to the EMI on static energy meters. And the majority of surveyed
equipment is non-linear and time-varying. Consequently, a realistic system
combines those non-linearities and emissions are created that are not covered
by the current standards, for example the IEC 61000-4-19 for the immunity of
static energy meters.

8.1.6 Chapter 7

In Chapter 7, many non-linearities and current waveforms with similar pa-
rameters as the earlier interference cases, are found during a survey of typical
waveforms that occur at the meter connection point. Those similarities were
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identified by comparing the on-site waveforms with the waveforms that are
causing interference on static energy meters as measured in the lab. The survey
of typical waveforms at the meter connection point includes modern installa-
tions such as an EV charging station and a PV installation, but also a more
conventional apartment without energy generating equipment was included.
Using the parametric waveform model the similarities with the lab study are
identified. Similar waveforms are found that have a slope larger than 0.1 A/ps
and a crest factor above 5, which were found to be critical to interference on
static energy meters in Chapter 5. In 74% of the waveforms critical parameters
are found. Based on the lab study, i.e. which combination of parameters result
in the largest interference, the criticalness of the on-site waveforms is deter-
mined. Errors between -35% and 925% were estimated, so critical waveforms
are present in a real-world situation. Hence, the survey shows that the realistic
on-site waveforms contain many EMI that is not covered in the standards, as
those focus on frequency-domain tests and do not cover pulsed waveforms.

8.2 Recommendations

Research on the EMI on static energy meters will continue in the future. Based
on the work as presented in this thesis, directions for future work are provided
as:

e Explore testing of the immunity of static energy meters with practical
pulsed currents in future standardization. As the present immunity stan-
dards focus on frequency-domain test, and do not cover waveforms with
a pulsed behavior that are found to interfere the energy readings of the
static energy meter. In that sense, the test standards do not match the
electromagnetic environment. Therefore, the improved standardization
should focus on time-domain testing of pulses that include a wide-spread
of frequency components.

e Further explore the root cause of the interference problems with the static
energy meters. The problems with meters utilizing a Rogowski coil were
analyzed in [82], and it was found that the pulsed currents create a di/dt
at the output of the Rogowski coil that is so high that the signal will clip at
the amplifier. However, the root cause for other current sensing elements,
e.g. the current transformer, Hall effect sensor, and shunt resistor, should
be explored. Especially the current transformer is of interest as meters
utilizing this element also show significant metering errors. Furthermore,
measurements on the response of CTs using practical pulsed currents,
show droop problems resulting in incorrect energy measurements.

e The suitability of the Hall effect sensor as a current sensing element for
energy measurements should be further explored. As in Chapter 4 no
problems were found when using a Hall effect sensor for energy measure-
ments, in contrast to the current transformer and Rogowski coil. In that
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sense, the Hall effect sensor could be a suitable choice to be implemented
in a static energy meter or a low-cost energy monitor (used as reference
instrument in cases of consumer disputes). However, also static energy
meters with a Hall effect sensor can be prone to EMI, so the drawbacks
of this sensor should also be explored.
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