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Propositions

accompanying the dissertation
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by

Cees KEYER

1. Education in three-phase electrical systems should be enhanced with power qual-
ity issues.

2. The delay between power electronics and appropriate standards is approximately
12 years.

3. Solar power inverters are, according to the declaration of conformity, computers
with special functions.

4. The use of power electronics in modern equipment and the influence on the dy-
namic behaviour of the distribution system is largely unknown.

5. Power quality is a part of Electromagnetic Compatibility.

6. Modern static electrical energy meters should be improved.

7. Clean earth is only for sale in a garden centre.

8. The introduction of the Bachelor Master system in the Netherlands has made the
distinction between engineering education and leisure sciences, arts etcetera in-
visible.

9. Mathematics education in secondary schools leaves much to be desired.

10. Drinking of barley smoothies, with your colleagues, is an, or even be the most,
important part of going to symposia.

These propositions are regarded as opposable and defendable, and have been approved
as such by the promotor prof. dr. ir. F.B.J. Leferink.



Stellingen

behorende bij het proefschrift

FROM THE THYRATRON TO A MESS

door

Cees KEYER

1. Onderwijs in elektrische drie fase systemen voor distributie moet gelardeerd wor-
den met netvervuilingsproblemen.

2. De vertraging tussen toepassingen van vermogenselektronica en de bijbehorende
normering is ca 12 jaar.

3. Inverters voor zonnepanelen zijn, volgens de conformiteitsverklaring, computers
met speciale functies.

4. De invloed van moderne vermogenselektronica op het dynamisch gedrag van het
lichtnet is grotendeels onbekend.

5. Het netvervuilingsprobleem is een onderdeel van elektromagnetische compatibi-
liteit.

6. Moderne energiemeters, voor facturering, moeten verbeterd worden.

7. Schone aarde is alleen te koop in een tuincentrum.

8. De invoering van de BaMa structuur in het hoger onderwijs maakt het onderscheid
tussen ingenieursopleidingen en vrijetijdswetenschappen, kunst etcetera onzicht-
baar.

9. Het wiskunde onderwijs op middelbare scholen laat te wensen over.

10. Het drinken van een gerst smoothie, met je collegae, is een belangrijk, of wellicht
het belangrijkste, onderdeel van het bezoek aan symposia.

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig
goedgekeurd door de promotor prof. dr. ir. F.B.J. Leferink.
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Summary

After the introduction of power control for rotating electric machines with
gas filled thyratrons and mercury rectifiers in the mid 1920s power quality
was not a problem. After WWII and the invention of the semiconducting;
transistor, diode and thyristor, it was still no big issue. Most grid
connected equipment were linear devices such as rotating machines,
incandescent lighting and heating.

The introduction of the, relatively slow, triac for lighting intensity control
and the increasing usage of VHF radio did not cause any issues with
power quality. But with the increasing usage of high di

dt switched mode
power supplies and the increasing use of wireless connections, power
quality has become a growing issue. Almost every domestic appliance
nowadays has a switched mode power supply incorporated in the device.
Even alternative energy sources such as Photovoltaic systems and wind
turbines use high di

dt inverters.

The inherent asymmetry of appliance and mains cables make these
cables effective radiators, for conducted emissions and because of the
lack of standards for 2 kHz ↔ 150 kHz, there is an increasing problem of
interference between power quality and wireless communications. These
problematic currents are even causing faulty meter readings in modern
static energy meters. This thesis contributes to the understanding of
power quality problems in several areas of renewable energy sources and
modern lighting.
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Samenvatting

Na de introductie van vermogensregeling voor roterende elektrische ma-
chines met gasgevulde thyratrons en kwikdampgelijkrichters halverwege
de jaren twintig van de vorige eeuw was de kwaliteit van de spanning en
de stroom op/in het lichtnet geen enkel probleem.

Na de tweede wereldoorlog en de uitvinding van de halfgeleiders; tran-
sistor, diode en thyristor was het nog geen groot probleem. De meeste
op het lichtnet aangesloten apparatuur was een lineair apparaat, d.w.z.
roterende machines, gloeilamp verlichting en verwarming. De introductie
van de relatief langzame triac voor regeling van de lichtsterkte en door het
toenemende gebruik van VHF-radio was er geen probleem met de stroomk-
waliteit. Maar met het toenemende gebruik van hoge di

dt geschakelde
voedingen en het toenemende gebruik van draadloze verbindingen is
de kwaliteit van de stroom een steeds groter wordend probleem. Bijna
elk huishoudelijk apparaat heeft tegenwoordig een geschakelde voed-
ing in het apparaat verwerkt. Zelfs alternatieve energiebronnen zoals
Photovoltaic (PV), windturbines gebruiken hoge di

dt omvormers.

Vanwege het feit dat apparaat- en netsnoeren en de aangesloten bekabel-
ing effectieve stralers zijn, dit vanwege de inherente asymmetrie, voor
EM-golven en het ontbreken van normen voor het gebied tussen 2 kHz↔
150 kHz. Is er een toenemend probleem met interferentie tussen stroom-
en spanningskwaliteit en draadloze communicatie. Zelfs bij het bepalen
van het energieverbruik met moderne statische energiemeters zijn de
steile stroomvormen een probleem. Dit proefschrift draagt bij aan het
begrip van problemen met de stroomkwaliteit op verschillende gebieden
van hernieuwbare energiebronnen en moderne verlichting.
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1
Introduction

Conducted interference has been observed ever since the introduction of
electric power [1]. The first conflict was between Edison and Tesla, the
so-called Direct Current (DC) versus Alternating Current (AC) war [2].
Alternating current won this war and started the electrification of the
world, as we know it. After the invention of the semiconductor in 1948,
patented in 1950, the semiconductor evolved into the modern devices as
we know them today. These modern devices are often used to control
power flow and/or voltages/frequencies for equipment.

In the early part of the twentieth century DC-DC conversion was a
problem efficiency wise. Thus AC was used for distribution and powering
equipment. The awkward thing is that most equipment used, nowadays,
works on DC hence the AC grid should be converted to a DC signal for
charging or operating equipment such as laptops, cell phones etc. This
conversion is done most efficiently with fast switching semiconductors.
Due to the fact that these semiconductors are used, electromagnetic
compatibility (EMC) problems are rising on the distribution grid and
polluting the mains, and the fast-switching currents cause connected
cables to radiate electromagnetic fields.
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1.0.1 The dawn of the semiconductor

The usage of thyratrons, ignitrons and mercury rectifiers for controlling
motors became obsolete after the invention of the thyristor (1957) [3]
and the introduction of electronic thyristor-based speed drives.

After the invention of the thyristor light control became easy. The
double anti parallel thyristor for alternating current, known as triode for
alternating current (triac), was used to cut into the current for resistive
loads, hence, controlling the energy dissipation in the load. Another
example is incandescent lamp intensity control. Figure 1.1 shows a 10
Amp 230 V dimmer. This dimmer was also used during the static meter
measurements described in Chapter 6.

Figure 1.1: Phase cutting light dimmer
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Chapter 1. Introduction

Two measurements were performed with a dimmer controlling the power
in a resistive electric heater load. The measured voltage and current,
between the dimmer and the load, is shown in Figure 1.2 and Figure 1.3.
The voltage is measured by a resistive divider and the current probe is a
current clamp, TA189 30 A, supplied by Pico Tech.
A closer look at the current (in red), in Figure 1.2 shows that the rise-time
is very short and the overshoot on the leading edge is quite significant.
This is an example of fast switching electronics producing interference on
the grid. In Figure 1.3 a dip in the grid voltage (blue line) is observed,
which is caused by the fast switching ("inrush") current combined with
the relative high impedance, resistive plus inductance, of the power
supply.

Figure 1.2: Measurement on dimmer controlling the heater

In the past conducted interference was mains hum, then power supply
distortion due to harmonics and flicker, then single (transient) effects
causing computer interference. Now it is rather cyclical switching of all
kinds of non-linear electronic devices [4]. In [5] several conducted EMI
cases have been described.

Basic conducted, low-frequency, phenomena are shown in Figure 1.4.
These basic conducted phenomena do not include the higher frequency
effects and the radiated effects.
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Figure 1.3: Measurement number two, different phase angle of the current

Figure 1.4: Basic conducted phenomena: voltage dip (a), surge(b), fluctuations(c),
harmonic voltage distortion(d), transient voltage (e) and unbalance in three-phase
supply (f) [6]
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Chapter 1. Introduction

Higher frequency effects are the fast switching of non-linear semiconductor
devices like the triac dimmer mentioned earlier, bursts of transients
due to bouncing relays, for example, and faster switching due to faster
semiconductors. Triacs are still in use in line-commutated control systems,
and Insulated Gate Bipolar Transistor (IGBT) are the major workhorse
in power converters for AC-DC, AC-DC-AC, frequency/speed control
etc. The IGBT is often being replaced by large band-gap transistors
like power MOSFETS and Gallium Nitride (GaN), which can switch
much faster and, thus reduce thermal losses, but can cause much more
EMI. IGBT and also sometimes GaN are being used in all kinds of power
converters and also in photo-voltaic systems, converting the DC to AC
mains. The connected cables, DC and AC, act as antennas causing
radiating emissions up to several tens of MHz.

Due to a lack of sensitive electronic equipment in the civil domain, and
the lack of proper electromagnetic interference (EMI) standards, issues
with interference in the past where not recognized. But now many de-
bates are ongoing.
The Nippon Telegraph and Telephone (NTT) Customer Complaint
database shows that the majority of the complaints are between DC and
150 kHz [7]. The mains communication community is publishing techni-
cal reports via CENELEC TC205 (e.g. CLC/TR 50627 and CLC/TR
50579), showing the rapid increase of interference (causing EMC problems
with mains communication). The active infeed converter community has
published standards, in IEC/TS 62578, via TC22 (IEC) that allow an
excessively high emission level. The lighting industry is trying to limit
the emission requirements for Light Emitting Diode (LED) lighting, and
has set some requirements, via EN 55015.
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Figure 1.5: Voltage levels according to some standards, for intentional emission
(green), unintentional emission (blue), and test levels (red). This is a summary, and

not complete because the standards describe different methods.[4]

Adjustable speed electrical power drive system suppliers published the
IEC 61800 standard, which allows almost unrestricted emissions. This
standard is also known as the "worst standard" in the Electromagnetic
Compatibility (EMC) community. The proposed emission level is the
highest curve, IEC TS 62749, in Figure 1.5. This figure gives an overview
of emission levels for the frequency range
100 Hz – 150 kHz.

Some communities are even more blunt and lobby the Europe Commission
to get an exception in the Directive, such as EMC Directive 2014/32/EU.
In this Directive it states in preamble 12:

Figure 1.6: preamble 12, EMC Directive 2014/32/EU
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Chapter 1. Introduction

When the publication of the Measurement Instruments Directive was
published some standards already had to be updated because of EMI
effects, in particular the IEC 61000-4-19 standard. And they will have to
be updated again, based on the results described in this thesis. So, the
ostrich behaviour of the energy measuring community is actually rather
counter productive.

Nowadays power electronics are controlling almost all devices connected
to the grid. The reader can find power electronics in modern LED lamps
and Compact Fluorescent Lamp (CFL), which are already becoming
obsolete due to the small amount of mercury in the lamp. Inverters used
in photovoltaic systems also contain power electronics. The usage of
power electronics in our living space is continuously grows thus power
quality will be influenced. The lack of standards and the types of
interferences in lighting equipment are described in Chapter 2.

Chapter 3 describes the drawbacks of Photovoltaic PV systems. In the
Netherlands, probably also in other countries, a lot of roofs are fitted
with PV systems and inverters are used to feed the power into the grid.
This injection of power into the grid has some disadvantages grid-wise.
Since the electrification of the world the grid has been a one direction
system: from the power plant through the distribution system to the
end user. The dynamic behaviour when the end user is injecting energy
into the grid, and thus the power flow is changing continuously, is largely
unknown. Another drawback is the lack of laws and standards controlling
the PV installations.

Emission requirements are published for a small bandwidth, from 50 to
2000 Hz and above 150 kHz for the AC side. The DC side emission is
still not controlled by international standards. So a lot of interference
is emitted from the DC side of PV installations. Ham radio operators
noticed this behaviour first due to their very sensitive receivers. Late
May 2019 250 PV panels were switched off by the Dutch government due
to interference in the Terrestrial Trunked Radio (TETRA) emergency
communication systems (C2000)[4] used by the police, fire department
and ambulance services.
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The energy transmission community is still linear based, and assumes
that the main type of interference is caused by reactive loads causing
a phase shift between the supplied voltage and the consumed current.
Therefore, requirements have been laid down in a Dutch by-law such
that the reactive power drawn from the grid is maximized to 80% of the
real power used. PV systems supply power into the grid, and thanks to
very efficient Active Infeed Converters (AIC) that operate completely in
phase, only real power is delivered towards the grid. Hence, the problem
arises at the meter that the real power generated by the PV system
is subtracted from the real power drawn from the grid. Although the
amount of reactive power due to inductive motors remains the same in
absolute terms, it becomes very high relative to the net active power at
the meter. Because of this Dutch by-law, a PV system owner had to pay
a huge penalty, which is described in Chapter 4.

In Chapter 5 a mains supply monitor is described. The level of conducted
emission at frequencies above the fundamental of the mains voltage (50
or 60 Hz, 230 volt) is often in the range of millivolt or microvolt. The
dynamic range of many measuring instruments is too low to distinguish
these conducted emission levels with respect to the mains, so a high-
pass filter is needed. The conventional Artificial Mains Network (AMN)
or Line Impedance Stabilisation Network (LISN) contains a high-pass
filter via a capacitor of approximately 220 nF in series with the input
impedance of 50 ohm, resulting in a cross-over frequency of roughly 15
kHz. Many modern electronic circuits switch at a frequency of around
or below 10 kHz, so there is a need for a lower cut-off frequency. To
distinguish the sources of interference, being normal mode (NM, or
non-symmetric) voltages and Differential Mode (DM, or symmetrical)
voltages and the common mode (CM, or asymmetrical) currents and DM
currents, we would need mode separation.
And it has to be safe to operate. A filter Insulator Module, developed by
Frits Buesink, has been implemented creating a high-pass filter as well as
galvanic isolation, which enables measurements to be carried out on live
mains in a safe way, even by students, both in the field and in the lab.
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Chapter 1. Introduction

Chapter 6 describes EMI in static energy meters. Static, or electronic,
energy meters are replacing the conventional electromechanical meters.
Consumers are sometimes complaining about higher energy readings and
billing after the change to a static meter, but there is not a clear common
or root cause at present. Electromagnetic interference has been observed
between active infeed converters as used in photovoltaic systems and
static meters. Reducing the interference levels eliminated inaccurate read-
ing in static meters. Several field investigations failed to identify a clear
root cause of inaccurate readings of static energy meters. Experiments
were performed in a controlled lab environment. Three-phase meters
showed large deviations, even when supplied with an ideal sinusoidal
voltage from a four-quadrant power amplifier. Large variations could be
observed when non-linear, fast switching, loads were connected.

1.1 Research questions

The usage of high speed switching power supplies in lamps, adapters
etc gives rise to more Electromagnetic Interference (EMI) or at least
conducted emissions. The overall research question is:

• What is the influence of the conducted emissions on other equip-
ment?

– Which equipment produces these conduced emissions?
– Is there any influence of these emissions on other equipment?
– If there is a problem how can it be solved?

• What can be done in general to solve the conducted emissions?

This thesis ends with a conclusion in Chapter 7.
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1.1. Research questions
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2
Modern lighting and

old lighting, power quality wise

This chapter is based on a paper published at EMC Europe 2013 Bruges
Belgium.

In early 2007 a Dutch minister banned the incandescent lamp, due to
European legislation. These lamps had to replaced by CFL. All of these
CFL lamps contain a switched mode power supply. Furthermore, the
CFL lamps are now being replaced by LED lamps. The replacement
of the old fashioned incandescent lighting with modern lighting is an
example of the transition towards modern integrated switched mode
power supplies in appliances, thus from a linear load to a non-linear load.

13



2.1. Introduction

2.1 Introduction

Modern energy-efficient lighting is polluting our distribution grid and
causing problems in the distribution transformers, as described in [8]–
[10]. In these papers AC harmonics and other AC components have been
investigated. DC components on the other hand are more destructive
to the grid because they cause a net magnetic field in the transformer
core. This net field will cause a degradation of distribution transformer
efficiency. The economical aspect of cheap LED lamps combined with a
growing concern about mercury in CFL lamps will probably boost LED
lamp replacement in households. Due to the design of the electronics
inside, Light Emitting Diode (LED) lamps might induce a DC current
in the grid [11].
They might even cause problems in the safety systems in our homes due
to the net magnetic field in residual current switches [12].

Power quality measurements have been performed on an LED lamp, type
1, like the one shown in Figure 2.1. During the measurements of the
LED lamps, a cheaper version became available, type 2, at a discount
supermarket and was therefore also measured.

2.2 Trends in modern lighting.

The old fashioned incandescent light bulb was a real resistive load on the
power grid, with a more or less sinusoidal current, exactly following the
voltage. One of the measured LED lamps1 had a single sided rectifier, so
a net DC current was generated by the LED.

Most modern compact fluorescent lamps and LED lamps are non-linear
loads on the grid [8]. The E27 and E14 sockets are used for mains powered
lamps in Europe. In most European countries, for safety reasons, the
central conductors of these sockets are connected to the phase (line) and
the threaded outer one to neutral. Figure 2.2 shows this for an E27 socket.

1 We bought two LED lamps from two manufacturers. In this research study they
are named type 1 and type 2 to avoid naming and shaming

14



Chapter 2. Modern lighting and old lighting, power quality wise

Figure 2.1: Modern LED lamp, causing DC current.
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2.3. LED lamps

The effect is that many lamps are connected in a similar way, which in the
case of the single sided rectification will result in a drastically increased
DC current. The oscilloscope measurement shown in Figure 2.3 shows
the measured current in yellow. This is an average DC current. Most
European countries use directional power plugs and wall sockets. If the
power plugs are omnidirectional, then the phase and neutral connection
can be swapped, and lamps connected by a plug and flexible power cord,
such as floor and table lamps, will be randomly connected to the grid,
resulting in the cancelling out of the DC component.

Figure 2.2: E14 and E27 bulb socket

2.3 LED lamps

To simulate the effect of single sided rectified LED lights in use in a
row of houses, or in a large building, a string of 50 type 1 LED lamps
have been measured. Figure 2.3 shows a snapshot of supply voltage in
the blue line and the current in yellow. Figure 2.4 shows the PCB of
the LED lamp. The electronics consists of a few diodes and a constant
current converter.

16



Chapter 2. Modern lighting and old lighting, power quality wise

The interface with the mains supply consists of a half wave rectifier
bridge with inductor and buffer capacitor. The diodes in the bridge,
shown in Figure 2.5, will conduct when the voltage on the capacitor drops
below the grid voltage. Without an inductor, this will be before the peak
voltage of the grid. The inductor results in a delay and smoothing of
current peak. Regardless of current smoothing, current is only drawn
in the positive (or negative) part of voltage waveform. For 50 lamps in
parallel, the resulting DC component in the current is about 300 mA.
Such a high current saturates the current monitor of residual current
devices and might result in the malfunctioning of this safety device.

Figure 2.3: Oscilloscope measurement on the LED lamp, Blue is mains voltage, and
yellow current drawn.
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2.3. LED lamps

Figure 2.4: Power supply LED lamp

Figure 2.5: Partial schematic of the power supply
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Chapter 2. Modern lighting and old lighting, power quality wise

2.4 Current analyses

The frequency spectrum of the current waveform has been calculated
using Matlab®. The current was sampled over four periods resulting in
approximately 13 k samples. The sample rate was 1,3 MS/sec.
The FFT analysis of the current for 50 lamps, Figure 2.3, in parallel is
shown in Figure 2.6. The peak current is 3.51 A and the average DC
current is 0.3 A.

Figure 2.6: Single sided spectrum 50 LED lamps, without clearly showing switching
frequency

2.4.1 Comparison with a different LED lamp

For a comparison, a second LED lamp was bought, type 2, at a local
discount supermarket, specified at 5 Watt and 230 V see, Figure 2.11.
This type 2 LED did not produce a net DC current so the measurements
were carried out on a single lamp. This lamp was producing interference
on the medium- and high frequency, i.e. short wave, bands from 500
kHz to 30 MHz, which is audible with a short-wave radio. The current
waveform and its FFT (kHz range) are shown in Figures 2.7 and 2.8,
respectively.

The two peaks around 1.5 kHz (left arrow) and 14 kHz (right arrow),
shown in Figure 2.8 are probably related to the switching frequency.
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2.4. Current analyses
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Figure 2.7: Current of a single LED lamp, type 2

An advantage of this lamp is that the current drawn is more or less
symmetrical around 0 A, but if we compare Figures 2.6 and 2.8 the
observation can be made that the higher frequency components of the
current drop slower than those of the first LED lamp, resulting in more
conducted emissions on the mains wiring. The higher frequencies > 100
kHz in Figure 2.8 are cut for comparison reasons.

Figure 2.8: Spectrum of LED lamp 2, showing switching frequencies
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The results of measurements with a spectrum analyser, of the conducted
emissions, are shown in Figures 2.9 and 2.10. The voltage measurements
were carried out with a spectrum analyser and a LISN, to show the
measured spectrum from 10 kHz to 30 MHz. Figure 2.9 shows the
spectrum without the lamp, and in Figure 2.10 lamp number 2 was
switched on.

2.5 Compact fluorescent lamp comparison

The CFL was studied as well. The measurement setup was similar to
the first LED lamps except a total number measured was 20 lamps, 11
Watts each. All connected with the same orientation, line voltage on the
central connector, and in parallel. The phase connection was therefore on
the central connector. A similar picture of the LED measurement setup
is shown in Figure 2.12. We looked at the current and the spectrum
here too. These lamps were bought at a local DIY store. The measured
current waveform and its FFT are shown in Figures 2.13 and 2.14.

The measured currents of these CFL lamps were also symmetrical around
0 A. The net DC current is approximately 0 A, and the conducted
emissions on the mains wiring are also less than with the cheap LED
lamp shown in Figure 2.11.
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2.5. Compact fluorescent lamp comparison

Figure 2.9: Background noise 10 kHz to 30 MHz

Figure 2.10: The spectrum with the lamp switched on
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Figure 2.11: The second LED lamp
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2.5. Compact fluorescent lamp comparison

Figure 2.12: Measurement setup 50 LED lamps

Figure 2.13: Current of 20 CFL lamps in parallel
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Figure 2.14: The spectrum of a CFL lamp.

2.6 Discussion

The measurements carried out are, more or less, realistic for a normal
household situation. The number of 50 LED lamps used is not realistic
for a single household they might use different types. But we needed 50
LED lamps to get an idea what a few households, or an area in a building,
might do on a single phase. Measurements should be carried out in a
CISPR 15 context with a nice sinusoidal power supply. Furthermore
the fields emitted from these lamps, are negligible on their own, except
when wires of the power installation are connected. These wires are great
antennae, for converting the conducted emissions into radio waves, and
cause a lot of short wave radio interference, which was made audible
with a short-wave radio.

2.7 Conclusion

Modern lighting is energy efficient. One LED lamp measured caused
a net DC current in the grid which can have a negative impact on the
performance of safety devices and can result in a degradation of the
power distribution transformers. Modern cheap discount LED lamps
are interfering with short-wave radio stations so listening to short-wave
world radio is impaired, except during a black out or with all lighting
switched off in the neighbourhood.
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2.7. Conclusion
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3
In-Situ Measurement of High Frequency

Emission Caused by Photovoltaic
Inverters

This chapter is based on a paper published at EMC Europe 2014 in
Gothenburg Sweden.

3.1 Introduction

The number of complaints [13] about unwanted emissions from PV
installations causing interference in radio reception is increasing rapidly.
Alternative energy sources are heavily subsidized and growing in numbers.
Grid connected inverters have to comply with international, harmonized,
standards in the European Union. From an initial survey, it appeared that
some suppliers use a creative way to select the simplest EMC requirements.
This approach and the impact on EMI has been investigated and described
in this chapter.
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3.2. European EMC Directive

A grid connected PV system classified as a fixed installation was in-
vestigated in the paper by Hamza et al. [14]. The conducted EMI
measurement results show significant emissions generated by the inverter
module propagating on the DC side of the PV system. Large PV in-
stallations were investigated in the paper published by Areneo et al.
[15]. Experimental results show that the DC cabling forms conductive
coupling paths and may also act as an antenna if the cables are long
enough. In the paper by Piazza [16] et al it is shown that DC cables
can act as perfect antennas. RF interaction and unwanted emission
measurement results are described in this thesis. High power [> 10 kW]
PV installations are studied in papers [14], [15], and in [16] a low power
[< 3kW] is studied. In-situ measurements were carried out to investigate
interference caused by three different inverters for low power energy
conversion, < 3 kW, in residential environments, and the declarations of
conformity from the three suppliers were compared.

3.2 European EMC Directive

Preamble 2 of the European EMC Directive [17] states: Member States
are responsible for ensuring that radio- communications, including radio
broadcast reception and the amateur radio service operating in accordance
with International Telecommunication Union (ITU) radio regulations,
electrical supply networks and telecommunications networks, as well
as equipment connected thereto, are protected against electromagnetic
disturbance.

Preamble 13 of this Directive states: Once the reference to such a
standard has been published in the Official Journal of the European Union,
compliance with it should raise a presumption of conformity with the
relevant essential requirements, although other means of demonstrating
such conformity should be permitted.

This means that national agencies are responsible for controlling and
checking that products fulfil the essential requirements (Article 5), and
if they do not fulfil such, take them of the market1.

1 The previous Directive was used, due to the fact that the 2014 version was not
applicable in 2013
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However, the Dutch regulatory authorithy, Agentschap Telecom, focuses
on checking if apparatus are fulfilling harmonized standards, and does
not look at violations of the essential requirements of the Directive. In
practice the national agencies, responsible for enforcing compliance with
the law in nearly all European countries are not able to stop violations
of the essential requirements and immoral suppliers due to budgetary
constraints. A case where Article 5 (essential requirements) and Article
6 (presumption of conformity based on harmonized standards) of the
European EMC Directive have been applied in a proper way has been
published on television by the German West Deutsches Rundfunk [18]. In
the Netherlands due to the lack of standards, the television set wouldn’t
be switched off.

Problems with market supervision are known, [19] and [20] and there
are the differences between the Member States in the EU. Some Member
States are stricter than others.

3.3 PV installation and measurement setup

A PV installation consists of photovoltaic cells, connected to a DC bus.
This DC voltage is converted to a 50 Hz sinusoidal voltage, which is
fed into the grid, by means of a PV inverter. The PV inverter converts
solar power into grid power. The local Dutch rules, for grid connected
installations in the Netherlands, NEN 1010, allow a low power ≤ 600
VA, to be connected straight into a socket without special measures. PV
inverters which can supply more power > 600 VA should be connected
on a separate feeder line with a fuse. No other equipment is allowed
to be connected to that feeder line. The Dutch standard (NEN 1010)
on low voltage (230 V) grid systems requires this due to the fact that
if you deliver power back into the grid the current “flows” through the
fuse. When equipment is connected to the same fused line, with a 16 A
fuse, and the PV installation is delivering 10 A from the PV inverter,
the equipment should use a fault current of 26 A to blow the fuse, which
is undesirable.
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3.3. PV installation and measurement setup

A current probe clamp, Fischer Custom Communications F-35 and a
Rigol DSA 815 spectrum analyzer, as shown in Figures 3.1 and 3.2, were
used for the measurements. Although different measurement methods
are described for Common Mode (CM) current measurements [16], [21]
on the DC bus, in this case it was not possible to open up the DC bus
to connect an LISN.

The measurement setup, Figure 3.2, for all three inverters was the same.
The DC bus is clamped with both DC wires to prohibit DC saturation
of the clamp, and to measure the high-frequency CM current. The
measurements on the DC bus were carried out both with the inverter
switched on and switched off. This was done to check whether or not if
the inverter causes the CM current. The CM current loop is created by
the installation itself, so measurements have to be performed in-situ.

The first measurement was performed on Friday January 31st 2014 at
08:00 UTC, in Schagen, the Netherlands.

Figure 3.1: Measurement set up.

The PV installation, shown in Figure: 3.4, used approximately 30 meters
of DC cable, which acted as a good antenna for the high frequency (HF)
band [22].
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Figure 3.2: Schematic measurement setup.

Figure 3.3: Soladin 600 emissions with 30 m DC cable,
indicative measurement 10 kHz 100 MHz.
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3.3. PV installation and measurement setup

Figure 3.4: PV cells with ham radio antennas, and transmission lines close by.

This measurement was a indicative measurement on which this chapter
is based, the ham radio operator complained about a lot of interference
on HF radio.
The emissions on both the DC and the AC grid connection were measured
in 2013 to diagnose the interference problems from this installation. The
results which are a snapshot of that situation, are shown in Figure: 3.4.
We tried to find the source of the disturbance the ham operator was
complaining about. The cables were shortened to a few meters to reduce
the efficiency of the unwanted antenna (the DC cable). This reduced the
interference drastically but not enough.
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Figure 3.5: SMA Sunny Boy (red) and Soladin 600 (blue)

3.4 Interference on HF band due to DC bus
conducted emissions.

Emission measurements were performed on the DC cables. The ham
radio operator used two different inverters, two from SMA (type: Sunny
Boy), and one from Mastervolt (type Soladin 600), as shown in Figure
3.5.

Due to the interference the Mastervolt inverter had been replaced by the
SMA inverters. Measurements were performed just after sunrise, so the
power delivered to the grid was quite low. The results of both inverters
are shown in Figure ?? and Figure 3.6. Up to 5 MHz the emission from
the SMA inverter is 10 to 20 dB lower than from the Soladin inverter. For
comparison reasons, both inverters are plotted in the same figure. Above
5 MHz the emission from the SMA inverter is of the same order as that
from the Soladin inverter. For some frequencies in this range, for example
10 MHz and 50 MHz, the emission from Soladin is significantly higher.
When listening to the 10 MHz ham radio band, the noise divergence is
quite huge. The SMA Sunny boy is approximately 10 to 20 dB quieter.
Another Soladin 600 was measured at another location.
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3.4. Interference on HF band due to DC bus conducted
emissions.

The measurement was performed on a bright sunny morning, and the
power delivered to the grid was increased compared to the previous one.
The inverter was mounted on a mobile rack and was directed to the sun
as shown in Figure 3.7. A picture of the measurement results is shown in
Figure 3.8, and the scale is in dBµV. The DC cables were 2 meters long.
The measurements showed an increase in higher frequency emissions on
the DC cable compared to the first measurement that morning.

The third inverter measured is an Omnik inverter mounted in an average
family house with 12 PV panels on the roof, as shown in Figure 3.9. Two
DC bus connections were present, so six panels per bus. The Omnik
inverter was mounted in the attic. The house is not occupied, just used
for storing equipment and furniture. So any background interference
from other grid-connected equipment was minimized on the local grid.

Figure 3.6: Soladin (blue) and SMA (red) spectrum measurements.
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Figure 3.7: Movable PV array, Soladin mounted on the back.

Figure 3.8: Measurement with more sun illumination,
frequency span 10 kHz 100 MHz.
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3.4. Interference on HF band due to DC bus conducted
emissions.

Figure 3.9: 12 panels on a roof with Omnik invertor.

On the bottom of this inverter, Figure 3.10, are two black/red cables for
the DC bus, one 230 Vac cable (greyish) and an antenna for WI-FI. The
length of the DC cables is unknown. The spectrum measured is shown
in Figure 3.11, and is considerably lower, approximately 10-20 dB,lower,
than the Soladin 600.
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Figure 3.10: Omnik invertor, besides the central heating system.
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3.5. Declarations of conformity

Figure 3.11: Current spectrum of the Omnik inverter.

3.5 Declarations of conformity

The Declarations of Conformity [23] [24] [25] lists the standards used for
testing. The emission standards are listed in Table 3.1.

Table 3.1: List of emission standards

Soladin 600 Omnik 3k SMA Sunny Boy
IEC 55022 IEC 61000-6-3 IEC 61000-6-3

IEC 61000-3-2 IEC 61000-6-4 IEC 61000-6-4
IEC 61000-3-12 IEC 55022
IEC 61000-3-11

Both the SMA Sunny Boy and Omnik inverters were tested according
to the generic emission standards, IEC 61000-6-3 and IEC 61000-6-4.
Hence the DC bus was tested as well, as required by IEC 61000-6-4. The
Soladin 600, however, was tested against the IEC 61000-3-2 and IEC
55022 standards.

The IEC 61000-3-2 is for harmonic distortion on the grid, for apparatus
with a rated current up to 16 A. IEC 61000-3-12 is for harmonic distortion
on the grid for apparatus with a rated current between 16 and 75 A. IEC
61000-3-11 is for voltage fluctuations flicker and voltage changes.
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A comparison of the Declarations of conformity [23] [24] [25] show that
the Soladin 600, and the SMA Sunny Boy were tested according to
EN55022 (CISPR 22). This is the product standard for information
technology (IT) equipment. The SMA inverter contains a Wi-Fi adapter
hence EN55022. The Mastervolt Soladin is only tested against EN55022
because the manufacturer thinks it is IT equipment due to the WI-FI
adapter.

In IEC 61000-6-3 limits are described for a DC power bus. In the
definitions of this standard it states: under 3.5 "power port at which
a conductor or cable carrying the primary electrical power needed for
the operation (functioning) of an apparatus or associated apparatus is
connected to the apparatus”.

Later in the standard it states: “3.8 D.C. power network local electricity
supply network in the infrastructure of a certain site or building intended
for flexible use by one or more different types of equipment and guaran-
teeing continuous power supply independently from the conditions of the
public mains network”[13]. Hence a DC bus of a PV installation is not a
DC bus within the scope of this standard.

3.6 Misuse of Article 6 EMC Directive

All apparatus being put on the European market have to fulfil the require-
ments of the EMC Directive. A common approach is to follow Article
6 stating that presumption of conformity is raised when harmonized
standards have been used. These harmonized standards are used for
testing the equipment. If the equipment passes the test the manufacturer
has a presumption of compliance with the EMC Directive as provided
for in Article 6 of the Directive 2004/108/EC [17].

The manufacturer of the apparatus can select the applicable harmonized
standards. Due to the fact an Ethernet port has been built into this
inverter the manufacturer of the Soladin inverter states that it is a
computer with some special features. No limits on conducted emission
from the DC bus are defined for IT equipment. If the reader looks at
the other two Declarations of Conformity there is no reference to any
standard regarding the DC bus.
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3.7. Conclusion

The SMA and Omnik use the generic standards from the 61000-6-n series
to test their equipment so the DC side is tested as well. The Soladin 600
is only tested on the AC side (230 V) due to the fact that standard IEC
55022 does not mention a DC bus. This shows there is a major caveat
in the standards in respect of PV inverters, because the measurement
results show that ham radio operators suffer significant interference. This
opens up the potential for legal action against the suppliers of (all?) PV
inverters on the grounds of a violation of the essential requirements of
the EMC Directive. But who would be willing to take such legal action?

3.7 Conclusion

DC bus emissions of PV installations are, as of yet, not described in
international harmonized standards. So the manufacturer is free to do
what is best for his wallet. Even the generic standards do not apply if
the PV inverter is fitted with an Ethernet port, because then the manu-
facturer can say it is a computer with special functions. Manufacturers
try to find “creative” ways to get their product on the market while
disregarding the rights of the radio spectrum users. The currents can
cause high radiated, interference levels on the DC bus. The suppliers
are actualy violating the essential requirements of the European EMC
Directive. But due to budgetary constraints, and lack of standards, the
national authorities the PV inverter suppliers can continue their illegal
activities.
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4
Drawbacks of a medium sized, grid

connected Photovoltaic Array

This chapter is based on a paper published at the International Conference
on Renewable Energy and Power Quality Journal (ICREPQ’16) Madrid,
Spain.

4.1 Introduction

In the Netherlands more and more companies are using PV systems to
reduce their energy consumption from the public grid. This is a correct
and sensible thing to do from an ecological point of view. The inverters
are capable of delivering, in terms of Power Quality (PQ), clean power:
very low harmonic distortion and exactly in-phase, and thus real power.
The power consumption from the public grid before the installation of
the PV installation was a mix of real and reactive power, but the amount
of reactive power remained below the threshold for paying a fine.
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4.2. Installation description

However, after installing the PV inverters, the sum of consumed and
delivered real power was reduced while the amount of reactive power
remained more or less constant. This will result in a fine from the power
utility and thus higher costs for the PV owner, which reduces the return
on investment in the PV installation. This chapter describes the results
of an actual case study performed in Balkbrug in the Netherlands.

PV PV

PV

PV

PV

Distribution

grid

10 kV/ 400V

Internal grid building

Figure 4.1: Overview power grid.

4.2 Installation description

A large potato distributor has several large storage halls. The company
is connected to the public power grid via a dedicated 10 kV/400 V
transformer and the PV system injects power at several places in the
local power grid, see Figure 4.1 and Figure 4.2. The total area of PV
panels on the roof is approximately 2800 m2 and the generated power
peaks at 414 kW (DC power). The arrays of PV cells are connected to
the local power grid by several inverters of ABB type TRIO 27.6. These
inverters are connected in clusters of 2 or 3 inverters per infeed point.
The distributed clusters over the building do not communicate between
the clusters.
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Figure 4.2: A small part of the PV panels on the roof of the storage halls.

4.3 Power measurement law and bylaws

In the Netherlands, measurement of the power and reactive power is
governed by law and by-laws. The law which governs power distribution,
the Dutch "Elektriciteitswet", states in Article 95la paragraph 1 [26] that
the measurements for billing are ruled in a by-law. The advantage of
rules in by-laws is that the by-laws are not controlled by the democratic
process. Hence it is quite easy to change the bylaw and adjust the rules in
line with new developments. There are two important by-laws governing
the Dutch power market: the by-law "Netcode" which is used for the
distribution net and the by-law "Meetcode" is used for the regulation of
the measurement equipment used for the billing of the consumers and
companies who have a grid connection.
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4.3. Power measurement law and bylaws

4.3.1 Mathematical definitions used in the by-law

The mathematical definitions for power used in the by-law "Meetcode"
are respectively, for continues time on the left, and numerical on the
right:

P =
1
T
·

T∫
0

u(t)i(t)dt ↔ P =
∞∑

n=1
Un · In · cosϕn (4.1)

For a pure sine wave:

P = u · i · cosϕ (4.2)

And for reactive power:

Q = u · i · sinϕ ↔ Q =
∞∑

n=1
Un · In · sinϕn (4.3)

With:
U,u = voltage [V]
I,i = current [A]
t = time [s]
T = period [s]
n = harmonic frequency number n ∈N

P = real power [W]
ϕ Phase difference between voltage and current [rad]
Q = reactive power [VA]
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4.4 Possibility of interference

Energy generated through the PV is fed into the power grid using AIC.
The lack of proper EMI standards, especially in the 2-150 kHz range,
means it is still possible to generate high interference levels, that cause
EMI [27].
Two neighbouring farmers using the same PV system observed that on
sunny days one PV system only generated 40% of the energy generated
by the other.

It was found that the power drive systems for the fans in the barn
generated high conducted interference on the power lines and the static
energy meter failed to register the actual value. The problem could
be solved by replacing the power drive system [6]. A similar case was
observed during experimentation with PV installations in Germany. In
other cases high interference levels generated by AIC were also observed,
which caused faulty readings of the static energy meters [28]. This
observation, possibly combined with a higher number of complaints and
failures, resulted in faster publication of the TR50579 [29] technical
report and IEC 61000-4-19 standard [30].
In [31] an overview of techniques used by integrated circuit manufacturers
such as Texas Instruments, Analog Devices, ST and Maxim, it shows
that there are various options for signal processing. In case the reactive
power and energy are measured, the different metrics corresponding to
different mathematical models can provide conflicting results for non-
sinusoidal conditions [32], e.g. 90◦ shifting of the voltage by means
of an integrator, or by means of a time shift of a quarter of a period,
or digital implementation of the definition of the “non-active power”.
Measurements showed differences of up to 52% [32], and -61% to +47%
[33]. This is also stated in the IEEE 1459 standard [34]: VAR meters
that use 90◦ phase shift in fundamental time may incorrectly measure
the reactive power under sinusoidal conditions. When the voltage and
current waveforms are highly distorted, such meters yield a reading that
has questionable significance’.
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4.5. Measurement setup and results

4.5 Measurement setup and results

The measurement setup as shown in Figures 4.3 and 4.7 was used to find
anomalies in current and voltage waveforms. The 8 channel picoscope
4824 has a 20 MHz bandwidth. The current probes are switchable
between 200 and 2000 ampère. Bandwidth of the current probes is
limited to 20 kHz. The voltage measurements are performed with a
resistive voltage divider (1:1000).

L1

L2

L3

N

PE

8 channel 

Oscilloscope

VL1/1000

IL1

In

Resistive voltage

divider (4 times)

Laptop
USB3

Figure 4.3: Measurement setup at distribution transformer. The resistive divider is
1:1000 and 4 where used.

Measurements have been performed on the local grid near the distribu-
tion transformer and after the power measurement equipment used for
calculating the invoice. In the Netherlands companies are also billed on
reactive power, while normal households are only billed for real power
used.

46



Chapter 4. Drawbacks of a medium sized, grid connected
Photovoltaic Array

Figure 4.4: Current measurement on the infeed point, near the distribution
transformer.

The power meter used in this company was a static meter that used an
unknown algorithm for calculating the consumed and delivered power
and the consumed reactive power used from the grid. This measuring
device was sealed, so the measuring sensors were also unknown. The
currents measured on the public power distribution cabinet are shown in
Figure 4.4

Figure 4.4 is rather cluttered but it shows the nice sinewave voltages
and the rather distorted currents. The light blue line is the voltage on
the neutral. There are double zero crossings in every phase current. In
Figure 4.5 an extract of Figure 4.4 is shown.

As the reader might have noticed a small DC offset in the current can
be seen. This offset is caused by not “zeroing” the probe after switching
it on. This raises the question of how the reactive power is measured. Is
a small counter started at the zero crossing of the voltage and counts
how many degrees the current lags or leads? How does this work with a
double zero crossing in the current?
Some calculations of the reactive power and spectrum of the measured
voltages and currents have been performed. In Figure 4.6 the measured
current is broken down into the fundamental, reactive and harmonic
components.
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4.5. Measurement setup and results

Figure 4.5: Line 1 voltage and current.

This was carried out using a Linux open source software application
called Octave. Figure 4.6 shows that the fundamental current, scaled
by 10, peaks at approximately 300 A and the reactive current peaks at
approximately 150 A. The summation of all harmonic currents is the
pink line.

The two straight black lines are the zero crossing of the voltage wave,
which are used as reference due to the inductive load of the company.
The currents should be multiplied by two due to the fact that the main
distribution board is connected by 2 wires per phase, as shown in Figure
4.7, but these currents have been measured and are the same.
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Figure 4.6: Octave calculations on the current of one phase.

Figure 4.7: Current probes placement at the distribution transformer.

49



4.6. Reactive power consumption

4.6 Reactive power consumption

The reactive power consumed from, and sent back to, the grid is limited
under the Meetcode Elektriciteit by-law. The grid connection in this
case is an industrial one with its own 10 kV/400 V transformer. The
by-law states that the amount of reactive power is dependent on the
allowed cosϕ. In this case a cosϕ of ±0.85 is allowed, by law, which
implies that 62 % of the real power extracted from the grid is the basis
for calculating the maximum reactive power drawn from the grid.

cos (ϕ) = 0.85⇒ tan (arccos (0.85)) = 0.62 (4.4)

The implication of the by-law is explained in the example below. In
this example the energy drawn from the grid is 100000 kWh. cosϕ =

0, 85 max.

Qr,max = 0.62 · 100000 kV A = 62000 kV A (4.5)

If this amount of reactive energy is used by inductive drives etc. there is
no fine, because if the PV injects 60000 kWh, for example, into the grid
it will be consumed in the facility. Hence the real power drawn from the
grid is 40000 kWh. Hence:

Qr,max = 0.62 · 40000 kV A = 24800 kV A (4.6)

This is a lot lower than the 62000 kVA and the consumer will be fined
for the huge amount of reactive energy drawn from the grid.

Hence it boils down to:

Qr,max = tan (arccos (0.85)) · (Pmax − Psolar) (4.7)

Power and reactive power measurements are averaged over a period of 15
minutes and the results are summed over a period of 1 month, according
to [26]. The inverters used are from ABB and produce a nice clean
sine wave voltage and current. These two are in phase so no reactive
power is produced, although the inverters are capable, according to their
specifications, of producing phase-shifted current cos (ϕ)∓ 0.9 capacitive
or inductive. The inverters feed the power in from the photovoltaic
generators at several places in the grid.
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This real power is fed in, so the real power drawn from the public grid
is reduced. And in combination with the real power delivered by the
PV installation this results in a reduction of real power from the grid.
The reactive power, especially in periods of low local energy production,
stays the same and this is drawn from the distribution grid.

In August 2014 the PV arrays were installed on the roofs and the
generated energy over the last four months of 2014 was approximately
126 MWh. The amount of "green" energy produced in 2015 was 411
MWh, as shown in Figure 4.8.

Figure 4.8: The Energy converted by the PV installation in 2015.

Assuming the meters are functioning correctly and the reactive power is
measured correctly, then we can do some simple math.

The energy consumption over 2008-2013 was 626 MWh/year on average.
The allowable reactive part drawn from the grid is then, taking 62%
of 626 MWh, 388 MVArh per year, all before the installation of the
PV arrays. Assuming the reactive part was less than 33%, which is
very low considering the high number of fans and machines used by
this company. It is for cos ϕ= 0.95. This 33% is 207 kVAh. The PV
installation delivered 411 MWh, so the net consumed energy from the
grid was 626 – 411 = 215 MWh, assuming the total energy consumption
by the company was the same in all years. The power utilities, however,
compare the 207 kVAh reactive part to the 215 MWh real part, resulting
in 96%. This is much more than the allowable 62%.
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4.7. Conclusion

In another way, if 62% of the consumed 215 MWh was allowed, then
this is 21% of the total power consumption of 626 MWh which would
mean that the cos ϕ= 0.98, averaged over 1 year. So in periods of high
energy production it is actually impossible to stay below the threshold.
It can also be concluded that the cleaner the PV energy produced is,
the higher the fine can be from the utility. This is a drawback on the
financial advantage of using PV or renewable, privately owned sources
for electrical power.

4.7 Conclusion

After installation of a photovoltaic renewable energy installation the
owner had to pay a fine for producing too much reactive power. However,
the inverters produce very clean and in-phase current-voltage energy.
The consumed power from the public grid was reduced drastically, but
the reactive power remained the same. The power measurements are
however averaged over 15 minutes and aggregated for a period of 1
month. Compared to the amount of consumed real power, the amount
of reactive power increased dramatically. It is a ratio, however, and
not an absolute level. Because of the by-laws in The Netherlands, the
company now has to pay a considerable fine for using the relative high
amount of reactive energy, although the actual reactive energy did not
change, the real power did.
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5
Mains Power Synchronous Conducted

Noise Measurement in the 2 to 150 kHz
band

This chapter is based on a paper published at EMC Europe 2016 in
Wrocław Poland.

5.1 Introduction

While working in the lab it is not always possible to measure in a
safe way the Normal Mode (NM) (or non-symmetric) and Differential
Mode (DM) ( or symmetrical) voltages and the CM (or asymmetrical)
and DM currents on live mains wires.

Most Switched Mode Power Supply (SMPS) draw current around the
peak of the voltage sine wave as they use a diode capacitor configuration,
Figure 2.5. These current peaks are causing distortion of the mains due
to grid impedance as shown in Figure 5.11.
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5.1. Introduction

Commercially available inverters use switching frequencies of 20 kHz
to 150 kHz, and even CFL and LED lamps use these frequencies [35]
[36]. On the other hand measuring large equipment in the field is also a
problem because it cannot be switched off that easily to put an AMN or
LISN in the mains to measure conducted emission.

The level of conducted emission at frequencies above the fundamental
of the mains voltage (50 or 60 Hz) is often in the range of mV or even
µV. The dynamic range of many measuring instruments is too low to
distinguish those conducted emission levels with respect to the mains, so
a high-pass filter is needed.

The AMN or LISN high-pass filter is achieved via the series capacitor
of approximately 220 nF in series with the input impedance of 50 Ω,
resulting in a cross-over frequency of roughly 15 kHz. Many modern
electronic circuits switch at a frequency around or below 10 kHz, so there
is a need for a lower cut-off frequency hence we used a 44 nF capacitor
in the design for this filter. To distinguish the sources of interference,
being NM, DM and/or CM, mode separations are needed. And the
measurement equipment has to be safe to operate. Some small circuits
are therefore designed so that measurements can be carried out on live
mains in a safe way, both for use in the field and in the lab even by
students.

Alternative methods for measuring conducted emissions are described
in articles by Sen e.a. [37] [38] and Catrysse e.a.[39]. In Figure 5.1 the
designed safe DM and CM voltage monitors are shown. The black box
has three wires accessible for current measurement, using a current clamp.
The black box can be used in series with a load.
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Measurement in the 2 to 150 kHz band

Figure 5.1: Safe mains voltage (left) and current monitors (right).
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5.2 Method

A resistive mains monitor capable of measuring (only) voltage is shown in
Figure 5.2. This was a commercially available unit, but it is not available
on the market any more.

It is built around carbon composite resistors and is a 1:1000 divider. Our
goal in designing the new voltage and current monitors is for them to be
easy to use, cheap and can be used in the laboratory for EMC education.
It needs to be a plug-in design for easy measurement of CM and DM
voltages and unsymmetrical voltages for frequencies above 2 kHz, as
emissions above 2 kHz are getting more interest.

The design is inspired by an earlier design which was a high pass filter
starting from 10 kHz. It was used to measure noise on the mains for
audiophile people [40]. The design was improved for a filter starting at 2
kHz and, in our versions, usable up to 7 MHz. The output of the monitor
is galvanically separated from the mains with a transformer. Hence it
is possible to connect it directly to a spectrum analyser or oscilloscope
without damaging it. The filter module is designed around a Schaffner
common mode choke (part number RN112-1.2-02 ) which is used as a
1:1 transformer. This is a wide band transformer which is an advantage
for this design. For safety reasons the chosen capacitor is a Y capacitor
which is not likely to short if a capacitor failure occurs.

A completed monitor as shown in Figure 5.1 contains several filter
modules as shown in Figure 5.4 and is implemented as shown in Figure
5.5. Hot glue is used for mechanical stabilization of the components. The
resistive 1:1000 divider is an addition for measuring the voltages on an
oscilloscope and can be used as trigger output.
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Figure 5.2: Now obsolete Schaffner Mains Voltage Monitor.

57



5.3. Measurements and simulations

5.3 Measurements and simulations

The monitors shown in Figure 5.1 are simulated and measured respectively
with ltspice and with a digitizing oscilloscope and sweep generator. The
K1, transformer coupling factor, is tuned to 0.996 [41] to compensate for
the ferrite losses in the common mode choke. The ltspice input file is
shown in Figure 5.6, and the simulation result is shown in Figure 5.7
The measured and simulated results are a reasonable match.

K1

R
C

Vin Vout

Figure 5.3: Filter insulator implementation

Figure 5.4: Single-phase implementation, with 3 times the circuit from 5.3.
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Figure 5.5: A picture of the internals of the single-phase implementation.

Figure 5.6: Transfer-function simulation input file.

Figure 5.7: Transfer-function simulation result.
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5.3. Measurements and simulations

Figure 5.8: Measured transfer function.
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5.4 Practical results

Several measurements have been performed by students during a practical
exercise in the laboratory. Students can observe what the frequency
content is of the mains, and should observe the phase shift between the
current and voltage measured. In Figure 5.11 the 1:1000 resistive divider
output is shown on an oscilloscope.

Figure 5.9: Measured CM mains voltage spectrum.

In Figure 5.9 the CM spectrum, which is the non-symmetrical or normal
mode voltage, spectrum is shown from 10 kHz to 100 kHz using the
monitor on the left in Figure 5.1. This voltage spectrum is measured in
a house, and all lighting in this house is CFL. A lot of switched mode
supplies are also used, which can be observed in the spectrum around
40 kHz. In Figure 5.10 the spectral content of the differential mode
voltage is measured, of a HP laptop adapter while charging a laptop
using the right-hand box from Figure 5.1. The monitor on the right is a
feedthrough type. The HP laptop adapter had a switching frequency of
approximately 64 kHz.
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5.4. Practical results

Figure 5.10: Measured DM mains voltage spectrum of an adapter.

Figure 5.11: Measured Voltage.
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5.5 Conclusion

Conducted emission levels at frequencies above 2 kHz are difficult to
measure due to the limited dynamic range of measuring instruments.
The embedded high-pass filter in AMN or LISN starts at approximately
15 kHz, so the lower frequencies are missed, or need a correction factor.
The AMN or LISN only provide the NM voltage, while there is a need to
distinguish the sources of interference, being NM, DM and/or CM. By
integrating several high-pass filters via a transformer, a basic monitor
has been developed which allows safe measurements of normal mode and
differential mode voltages between 2 kHz and 7 MHz. The phase, neutral
and safety earth wire are available for measuring the common mode
and differential mode currents. Simulation and measurement results
coincide very well. Experimental results using a spectrum analyser and
an oscilloscope are presented. The use of the proposed common and
differential mode monitor is a safe way to measure voltage wave form and
spectral content of the mains voltage. Due to the high-pass filter starting
at 2 kHz and ranging up to 7 MHz, combined with the transformer the
measurement equipment has a huge chance of surviving, and collateral
damage to inexperienced students is prevented. This is a major challenge,
as the influx of electrical electronic engineering students is still too low,
so students are precious.
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6
Conducted Interference effects on Smart

Meters

This chapter is based on a paper published at 2017 IEEE International
Symposium on Electromagnetic Compatibility & Signal Power Integrity,
and the paper published in IEEE EMC Magazine 2016 [42].

6.1 Introduction

Conducted interference is a major cause of EMI. Nowadays the elec-
tromechanical energy meters based on the Ferraris principle are being
replaced by electronic, or static, energy meters. These static meters be-
come "smart" when a communication link is added to transmit measured
data. Some consumers are complaining about their energy bills after
replacement of the energy meter, because the energy registered with the
static meter is different compared to the old Ferraris meter. Energy
generated by Photovoltaic PV installations is fed into the power grid
using Active Infeed Converters (AIC).
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6.1. Introduction

The lack of proper Electromagnetic Interference (EMI) standards, espe-
cially in the 2-150 kHz range, means it is still possible to generate high
interference levels, that cause EMI [4]. For example, two neighbouring
farmers using the same PV system observed that on sunny days one
PV system apparently generated only 40% of the energy generated by
the other. After some experiments it was found that the power drive
systems for the fans in the barn generated high conducted interference
on the power lines, shown in Figure 6.1, and as a result, the static energy
meter failed to register the actual value [6], [42]. Similar effects were
observed during experiments with PV installations in Germany, and
high interference levels generated by AICs caused faulty readings of the
static energy meters [43], [44], [45]. This observation resulted in faster
publication of the TR50579 [46] technical report and IEC 61000-4-19
standard [30]. Many measurements have been performed in-situ to find
the possible cause of misreading. Many measurements have also been per-
formed in a controlled laboratory environment on single and three phase
meters. The initial results were published in 2016 [42], but the results
had already been shared with the utilities before, in 2015. New results
have recently been published [47] showing that the errors can be nearly
600% if the mains impedance is lower than the standard impedance as
described in the standards. This publication received a lot of interest in
newspapers, magazines and television news programmes, which sparked
a serious increase in customer complaints, and questions in parliament.
An overview of the technical observations is given in this chapter.
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Figure 6.1: Neutral- protective earth voltage.

6.2 Standard power supply

A single-phase ideal power supply was generated with a four-quadrant
amplifier from Spitzenberger & Spies (S&S) PAS 5000.

The internal impedance of this source is less than 0.4 + j0.25 Ω, as
defined in the standard IEC 61000-4-11 [48]. Four different three phase
static energy meters have been tested in series with an electromechanical
meter and a Dranetz PowerXplorer PX5-400, and an oscilloscope. These
were used for reference energy measurements. Measurements with ideal
sinusoidal and with distorted voltage waveforms have been performed.
The test setup is shown in Figure 6.2.

The loads used during the tests were power resistors, strings of CFL and
LED lamps, a power drive system, and a dimmer driving these lamps.
The dimmer is creating a chopped part of a sinusoidal waveform, in case
a resistive load would be used. The waveforms for a dimmer at 45° when
using the electric heater and 30 CFL and 20 LED are shown in Figure 6.3.
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6.2. Standard power supply

Figure 6.2: Test Setup (single phase).

Tests were performed during at least 24 hours, and sometimes during
a 48-hour period over the weekend. The registered energy of the static
meters was measured using an Arduino microprocessor and optical sensors
for detecting the pulses from the LED on the static meter fronts. The
readings were logged using the liquid crystal display (LCD) reading on
the meter. A recently calibrated conventional electromechanical meter
based on the Ferraris principle was used as a reference, because consumers
are also using this as reference. Most experiments have been repeated to
confirm the conclusions, and repeated again, and again, because some
of the static energy meters gave large differences. Figure 6.4 shows the
deviation with respect to the Ferraris meter, using

Deviation [%] =
Esm −Eferraris

Eferraris
· 100% (6.1)
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Figure 6.3: Voltage and current, for heater, CFL and LED as load, dimmer at 135°.

Figure 6.4: Deviation of static meter (SM) 1 to 4 referenced to an electromechanical
(Ferraris) energy meter.

69



6.3. Experiments with standard mains supply

6.3 Experiments with standard mains supply

To confirm and to further investigate the effects, a series of experiments
have been performed over a period of 6 months, with tests lasting at least
1 week, sometimes several weeks. The tests have been performed using
the standard mains supply. In this test, 10 static meters were connected
in series with one electromechanical energy meter, and a single-phase
supply was used, because some of the meters were single-phase types.
The test setup is shown in Figures 6.5 and 6.6. Measurements using
energy and power meters for lab use have also been performed. One
static meter is using a shunt, while the others are using Rogowski and
Hall sensors. The fabrication dates are 2004, 2007 (2), 2009, 2011, 2013
(2), and 2014 (2).

The meters are representative of the installed base of energy meters in
the Netherlands. The following experiments have been performed, and
the key results are noted:

Resitive load 1800 W <3%
20 LED + 30 CFL <3%
20 LED + 30 CFL + Cx <3%
Dimmer 90°, LED + CFL -28%, +64%
Dimmer 90°, LED + CFL + line chocke < 3%
Dimmer 135°, LED + CFL -32%, +575%
Dimmer 135°, LED + CFL repeated -32%, +582%

To investigate the effect of mains impedance, a series inductor and a
parallel (Cx) capacitor have been used to change the mains impedance.
The Cx has a capacitance of 20 µF between phase and neutral to create
a very low mains impedance. This did not result in extreme high inrush
current using the LED and CFL lights. The series inductance of 1.2 mH
reduced the inrush current rise time, as shown in Figure 6.7.

The rise times are
Dimmer 90°, LED+CFL and line choke 0.086 A/µs
Dimmer 90°, LED+CFL 0.67 A/µs
Dimmer 135°, LED+CFL 1.1 A/µs
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Figure 6.5: Test Setup.

Figure 6.6: Test Setup.

Figure 6.7: Current waveform LED+CFL lights, with dimmer at 90°and at 135°,
and with an additional line choke.
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6.3. Experiments with standard mains supply

The deviations for the experiment with the dimmer and LED+CFL are
shown in Table 6.1. SM8 is a meter using the shunt principle. We could
not confirm if, without breaking the seals, SM5 is also using the shunt,
but it is likely. SM1, SM2, SM6, SM7 and SM9 are using the Rogowski
coil while SM4, and we expect also SM10, are using the Hall principle.

Table 6.1: Deviation of energy meters

Meter Year of Dimmer Dimmer Dimmer
produc- 90° 135° 135°
tion repeated

SM1 2013 60% 559% 566%
SM2 2007 64% 574% 581%
SM4 2014 -28% -32% -32%
SM5 2004 0% -5% -6%
SM6 2007 60% 563% 569%
SM7 2009 61% 575% 582%
SM8 2011 1% 0% 0%
SM9 2013 28% 480% 475%
SM10 2014 -25% -31% -31%

Deviation shown in Table 6.1 is based on the calculation using Formula
6.1, if the reading would be listed, using:

Deviation1 [%] =
Esm

Eferraris
· 100% (6.2)

Then the reading of SM7 is 682% (deviation 582%), and for SM4 it is
68%.
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6.4 Discussion

Many experiments were performed to find out if static energy meters
can provide inaccurate readings. Based on our own experience the large
conducted interference caused by power drive systems or some active
infeed converters, as well as the high PLT levels, were assumed to be a
potential culprit. This interference can be solved by reducing the emission
level of the interference sources, often simply by replacing the power drive
system or the AIC. Large harmonic distortion of the mains supply could
be another source of faulty readings, but, although observed for low cost
energy monitors, this could not be confirmed for the static energy meters.
The reason for faulty readings appears to be the current sensor, and the
associated circuitry. As a Rogowski coil results in a time derivative of the
measured current, the measured voltage has to be integrated. Probably
active integration is used instead of passive integration, and the input
electronics are pushed in saturation by the high rise-time of the current.
However, the peak current level is below the maximum level stated for
the meters. As mentioned earlier, no information or documentation at
whatsoever is available from meter manufacturers.

In Figure 6.8 shows the mains voltage for the test setup with 10 smart
meters. A series of LED lights was connected. These LEDs are using a
single diode and thus are only consuming power during the positive part of
the voltage. The current through the 10 smart meters is measured using
a current probe and a Rogowski coil. The current probe gives the correct
value, while the Rogowski coil gives the time derivative. Due to the
switching power electronics the pattern contains much higher frequencies.
A standard smart meter is sampling with only a few hundred Hz and
thus can miss parts of the signal, or could overestimate the signal. It is,
deduced from the electronic circuitry that the smart meter is, obtaining
the actual current waveform via integration in the digital domain. Figure
6.8 also shows curves obtained via the internal integration function of
the oscilloscope. The sampling time is 25 ps, and is more than enough
to grasp all fast signals. The integrated signal looks very similar to the
current waveform as measured with the current probe.
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Figure 6.8: Voltage and current as measured with a current probe and a Rogowski
coil, and the integrated signal of the Rogowski coil

A smart meter with a Rogowski coil is shown in Figure 6.9 with the
conductor for the current path on the left, and two coils on the right. The
two coils are used to prevent tampering. A Hall element is shown with
its associated current flow path, is shown in Figure 6.10. The recently

Figure 6.9: Rogowski coil, left the current element, right the two coils

introduced standards [46], [30] only assume a damped sinewave current
and voltage as potential interference. These signals are actually the pulse
response of a larger system formed by the cabling. The experimental
results presented in this chapter show that static energy meters can give
faulty readings (positive and negative) if sufficiently fast pulsed currents
are drawn by the consumer. The actual response (damped sinewave) is
no longer important.
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Figure 6.10: Current sensor with Hall element.

6.5 Conclusion

It was known that conducted electromagnetic interference can cause
negative misreading of static electronic energy meters. A well known
cause of misreading is the interfering currents caused by active infeed
converters for renewable energy. New electromagnetic interference tests
have therefore been introduced so that static meters should be immune to
this type of interference. However, it has been shown that modern static
or smart meters can still give faulty readings. The negative readings
were in the meters with a Hall current sensor. It has now been shown
that positive readings are also possible. This happened in meters with a
Rogowski coil current sensor. In a standardised mains impedance test
setup deviations of +276% for the Rogowski coil meters and -46% for
the Hall element meters. Using the mains supply in the laboratory, with
nine static meters, five showed positive deviations of up to 582%, which
is a higher energy reading of 682%, and two showed deviations of around
-30%, equivalent to a reading of 68%. The higher and lower readings
can easily be prevented using either proper current sensors, or a passive
integrator instead of the currently implemented active integrator, or a
faster sampling time.
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7
Conclusions and recommendations

Electromagnetic compatibility (EMC) problems are caused by non-linear
power electronic systems polluting the mains supply as well as other
interfaces such as DC connections, combined with sensitive electronic
apparatus that have not been designed (properly) to deal with the
interference. Furthermore, the fast-switching currents cause connected
cables to radiate electromagnetic fields that cause interference to wireless
communication systems. Due to the energy transition, we can expect
even more power electronics in our living environment as means to reduce
energy consumption and to connect energy generation to the grid. To
increase efficiency, losses are minimised by using faster-switching power
electronic components, which create even more EMI.

The lack of proper standards and the types of interference in lighting
equipment is described in Chapter 2. Modern lighting is energy efficient.
The power factor of most lamps is quite difficult to measure due to the
higher harmonics and switching nature of the lamp drivers. One LED
lamp measured caused a net DC current in the grid which can have a
negative impact on the performance of safety devices. Modern cheap
discount LED lamps are interfering with short wave radio stations. Basic
EMC measures can be implemented but at a cost.
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In the way the Agentschap Telecom has dealt with complaints about
violations of the EMC Directive, combined with the high priority of
keeping costs down for the economy (the Agentschap Telecom is part of
the Ministry of Economic Affairs), the technical EMC measures have been
neglected. This approach is also caused by the budgetary constraints of
the national authorities.

The EMI issues with PV systems are very similar to the LED EMC
issues. The power electronics switching currents cause high radiated
interference levels. Instead of technical solutions, the Dutch government
prefers to order the switching off of PV systems to limit interference in
the TETRA emergency communication systems. Since standards are
not available yet, DC bus emissions of PV installations are increasing
man-made noise and manufacturers are circumventing the regulations
by classifying an AIC as a computer because it has an Ethernet plug.
The impact of the percentage of reactive power which is increased when
a PV installation is connected at the same meter connection has been
discussed in Chapter 4. Because of the Dutch by-law, which states that
the reactive power drawn from the grid must not exceed 80% of the real
power used, a PV owner had to pay a huge fine. Since this was based on
an incorrect interpretation of the regulations by the energy transmission
community, which still has a linear mindset, the proper approach should
be a better description in the by-laws. In the meantime, the PV owner
was able to negotiate with the utility company and the fine was waived.

The results of this work will be used in the definition of future smart
energy meters. The mains monitor described in Chapter 5 allows safe(r)
measurements of EMI signals between 2 kHz and 7 MHz. In light of the
need to distinguish the sources of interference, being NM, DM and/or
CM, a noise separation is needed. Measurements of normal mode and
differential mode voltages between 2 kHz and 7 MHz are possible using
several high-pass filters via a transformer. The phase, neutral and safety
earth wire are available for measuring the common mode and differential
mode currents. Simulation and measurement results coincide very well.
Experimental results using a spectrum analyser and an oscilloscope have
been presented. The phase shift in the transformer makes further signal
processing necessary.
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A new simultaneous multi-channel technique will therefore be developed
in a following research project, which will also allow noise separation in
three-phase systems. The noise separation will facilitate the first-time
right design of filters. The combination of current with the voltage
measurement allows the estimation of mains and equipment under test
impedance.

Negative misreading of static electronic energy meters was already known,
and a major cause is the interfering currents caused by active infeed
converters for renewable energy. New electromagnetic interference tests
have therefore been introduced so that static meters are immune to this
type of interference. However, it has been shown that modern static
or smart meters can still give faulty readings, especially due to triac-
controlled dimmers connected to capacitive loads. The negative energy
readings were in the meters with a Hall current sensor. However, it
has now been shown that positive readings are also possible, especially
in meters with a Rogowski coil current sensor. The higher and lower
readings can easily be prevented using either proper current sensors, or a
passive integrator instead of the currently implemented active integrator,
or a faster sampling time.

A conclusion often ends with ‘suggestions for further research’. Although
they might seem like novel ideas that were developed during the research
for the thesis, they are often a list of topics which could not be covered
due to time limitations. In this thesis, it is different. The ‘suggestions for
further research’ are actually being explored in ongoing research projects:

• EMPIRMeterEMI:http://empir.npl.co.uk/meteremi/ and https:
//www.utwente.nl/en/eemcs/pe/projects/static_electricity_
meters/

Where the results of Chapter 5 are included, with two PhD re-
searchers at the University of Twente (Bas ten Have and Tom
Hartman)

• Marie-Sklodowska Curie SCENT (Smart Cities EMC Network
for Training) project: https://www.scent-itn.org/ and https:
//www.utwente.nl/en/eemcs/pe/projects/SCENT/
With 9 PhD researchers, 3 at the University of Twente, making use
of results of Chapter 2, 3 and 5:
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– Imam Sudrajat: Parameterised macro/behavioural models for
complex platforms

– Muhamad Wibisono: In-situ measurement and monitoring,
related to PLC challenges

– Daria Nemashkalo: Large-system EMI (interaction) analysis
with EM topology

• Marie-Sklodowska Curie ETOPIA (European Training network Of
PhD researchers on Innovative EMI analysis and power Applica-
tions) project: https://www.etopia-itn.org/ and
https://www.utwente.nl/en/eemcs/pe/projects/ETOPIA/ With
12 PhD researchers, 3 at the University of Twente, making use of
results of Chapters 2 and 3:

– Alex Matthee: EM coexistence power electronic devices &
communication systems

– Denys Pokotilov: Large-system EMI analysis – T-domain
triple loop

• NWO ANRGI (Accessible, Natural, Renewable, Growing, Inter-
active/Implementation) project: https://www.utwente.nl/en/
eemcs/pe/projects/anrgi/ In collaboration with Indonesia, with
2 PhD researchers and 2 postdoc researchers at the University of
Twente, making use of results in Chapters 2, 4 and 5.

• Marie-Sklodowska Curie ETUT (European Training network in
collaboration with Ukraine for electrical Transport) project: https:
//www.etut-itn.org/ With 12 PhD researchers, 4 at the Univer-
sity of Twente (as this thesis was finalized, candidates were being
recruited for the vacant positions)
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7.1 Answers to the research questions

There is a interference problem with modern LED lamps and AIC for PV
installations on radio communications. These problems can be solved by
altering the SMPS configuration in such a way that the switching speed
is lowered and/or the di/dt less steep. On the other hand a better filter
on the AC side of the equipment could decrease the amount of conducted
emissions. For PV this should also be done for the DC side of the AIC

The problem for EMI in energy meters is also solvable by changing the
law and allowing higher sampling rates and or better filters.

In general, new conducted emission standards should be developed for the
frequency range between 2 kHz and 150 kHz, so misuse of this frequency
range for conducted EMI is prohibited.
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