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ABSTRACT
The use of electric power has become a backbone of the modern
society. Together with the growth in possible applications of electric
power, we also see a growth in the number of devices and the interest
of using electrical energy as an environmentally-friendly alternative to
other sources of energy.
Electrical equipment and the use of electricity develops towards
more energy-efficient and high-technology products, This implies at
the same time that the power quality is impacted as well. The
accelerated use of power electronics, harmonics (LF harmonics, up to
about 2 kHz) became an important subject for both engineers and
researchers. This included origin, impact and propagation of
harmonics.
The existing situation is that HF harmonics (above 2 kHz) are
taking over the role of LF harmonics as an area of concern in the
power system as well as for end-user equipment. The driving forces
behind the increasing levels of HF harmonics are the increased
introduction of energy-efficient and high-technology products and,
ironically enough, the limitation of LF harmonics among others using
active converters.
The research group at Luleå University of Technology, to which the
author of this thesis belongs, is one of the few groups in the world that
has studied different aspects of HF harmonics. A number of reasons
have been identified for the lack of research on this subject: the fast
development in technology; the lack of suitable measurement
equipment; but most importantly the fact that this subject requires
input from different engineering disciplines: electronics;
electromagnetic compatibility (EMC); and power engineering. The
last few years have however seen a fast growth in interest in the area,
with several companies and universities contacting our group.
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The resonance phenomena, one of the main areas of concern for LF
harmonics, are also a concern of HF harmonics but obviously at
higher frequencies where experience and suitable measurement
equipment was missing. Resonance phenomena in this frequency
range have been identified by other researchers, but in relation to dc
distribution or in relation to the testing of equipment. Common-mode
resonance phenomena in the (ac) low-voltage distribution are treated
in this thesis, whereas differential-mode resonances are studied in a
parallel project.
The aim of this thesis is to show the origin, propagation, impact and
treatment of HF harmonics when modern equipment is connected to
the low-voltage power distribution. The description is based on the
existing knowledge on LF harmonics and the ongoing work, globally,
on EMC, end-user equipment and power distribution.
The title of the thesis “The zone concept - Design of low-voltage
installations considering the spread of High- frequency harmonics”
has been chosen to emphasize the need for electromagnetic
compatibility and high power quality. This can only be achieved
through interplay between end-user equipment and the electrical
installation.
An essential part in the zone concept is the limitation of the spread
of HF harmonics through series filters, which may be power
transformers, and through shunt elements to prevent high levels of
disturbance especially due to resonances. Such shunt elements close
the current path by lowering the impedance in the HF harmonic
frequency range and can help in preventing resonance phenomena by
introducing active losses.
It is further shown in this thesis that many of the means to limit HF
harmonics, e.g. transformers, can also be used to limit LF harmonics.
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PREFACE
This thesis is a summary of the research that I have been
participating in since 1982, when I was employed as a laboratory
engineer in a department, which later would be named ABB Corporate
Research, in Västerås
In 1992 Luleå University of Technology just had started up a three
year’s education in Power Engineering. It was an education that had
not previously been at the university before. Then I was privileged to
start up the education from the ground, together with a now retired
colleague Jan-Olof Hagelberg.
The first years we were working with the course and laboratory
development for all the power engineering courses, and the following
years as teachers in those courses.
For some reason the interest and admissions were low for the threeyears education in Power Engineering, that was started in Skellefteå
and a dozen other places in Sweden, so all programs except a few
were closed after a few years.
But the demand for skills in the power-engineering field was
maintained for both the university and in wider society. Without an
established research and education, I and my partner continued to
work with individual courses and development projects in the powerengineering sector at the university.
In 1997 I published, together with some colleges, a paper
"Increased pollution in the protective earth". This paper, based on my
earlier experiences, mainly at ABB, and material I had collected in
many years in a number of binders on my room, was my start of
publications.
Somewhere in the late 1990’s I first met Professor Math Bollen
during a meeting organized by Elforsk. Shortly after he joined STRI in
2003, Math Bollen also became a guest professor at Luleå University
of Technology funded by Skellefteå Kraft Elnät AB.
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Funded by the Elektra program I started as a PhD student in 2004
and today we are a group of students studying a new power quality
subject, HF Harmonics in power distribution.
This subject is covered neither by those that work with electronics
and EMC nor by those that work with power engineering. Therefore,
we have often described our research as “EMC on Site”, the EMC
subject when the equipment is tested according to EMC at laboratory
and placed on site, in the power distribution system.
Looking back, I wonder if my interest of research started earlier
than I described. It maybe started when I was 6 or 7 years old and first
got a 6 cylinder engine from an old car from my father that I screwed
apart and then, with more interest started in picking apart old
telephones, radios and electric motors. Or did the interest start the
following years, when I tried to build intercoms, radio transmitters and
battery chargers from the parts that were left over when I picked apart
other devices. It is not easy to know….
I want to thank my supervisors, Professor Math Bollen and
Professor Jan Dahl for their guidance and kind support. I want to
thank all my friends and colleagues at Luleå University of Technology
and especially Jan-Olof, Anders, Mats and Sarah for all their positive
support in all this years, for assisting me and sharing their
experiences.
Last but not least I want to thank my wife, Barbro, for her patience
and support, my children Elin and Erik, hopefully waiting for their
father to finish his education before them, and my family for all their
support.
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CHAPTER 1
1. Introduction
1. 1. Aim of the work
Waveform distortion has been important and studied for many years
now. Introduction of equipment like HVDC and diode rectifiers has
triggered a lot of work. The main interest in waveform distortion went
on up to about 1 kHz and the standards up to 2 kHz.
Emission by individual devices, connected to a power grid, has
primary been a concern because of its influence on analog radio
broadcasting, not on the influence on other devices. This concern on
broadcasting has had influence on the chosen frequency bands,
allowed emission levels and the measurements methods.
As a consequence the frequency band above 2 kHz and below 150
kHz has been of limited or no interest. We will refer to distortion of
voltage or current in this frequency band as “HF harmonics” contrary
to “LF harmonics” for waveform distortion below 2 kHz. We are
aware that mathematically speaking the term “harmonics” is incorrect,
but we will use that term to simplify communication with the powerengineering community.
An unintended consequence of limiting emission below 2 kHz and
above 150 kHz, in the design of modern power electronics equipment,
has resulted in an increased emission in the frequency band 2 – 150
kHz. Although some consequences of this emission has been
highlighted in some papers still there remains a lack of knowledge
according to the today status of HF harmonics levels, and way behind
the existing knowledge about LF harmonics.
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The absence of proper measurement techniques could be an
important reason behind this lack of knowledge, but also an absence
of comprehensive research. Equipment manufacturers have to ensure
that their equipment complies with a number of EMC / power quality
standards and their focus is to fulfill that. What happens when the
devices are connected to other devices in increasing numbers on the
power grid has not been given the same interest. Still this last part is
the basic goal with the EMC / power quality standards: to ensure
electromagnetic compatibility, i.e. to prevent interference.
The licentiate thesis1 presented besides some background about the
power distribution system, grounding, communication techniques and
disturbances also a measurement technique for HF harmonics and
some examples of measurements.
The aims of this thesis are to fill in a number of gaps in the
knowledge on HF harmonics, by giving a description of the existing
standards and the lack of standards, to give a description of the HF
harmonics in the light of the knowledge of LF harmonics, according to
propagation in the neutral conductor and in form of stray currents, and
to show how to treat both LF harmonics and HF harmonics by using a
proper installation technique.
This thesis is the first of a number of PhD theses aimed at
understanding HF harmonics. Whereas other theses will go into more
detail, this first thesis will present a number of overall considerations.

1

High-frequency noise in power grids, neutral and protective earth. / Licentiate thesis /
2006:64 / Martin Lundmark / 112 s. / Luleå university of technology
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1.2. Main contributions from this work
a) Overall understanding of HF harmonics. Three new PhD projects
and a number of MSc projects were started already based on this
understanding. The IEC working group responsible for emission limits
of equipment is discussing the need for standards on HF harmonics.
CIGRE aims to start a working group on this subject as well. Several
other universities and manufacturers are willing to cooperate with us
to learn about this new frequency range.
Interestingly, the work on HF harmonics has also resulted in a new
look at LF harmonics. It among others has contributed significantly to
the discussion on the need for new emission standards for compact
fluorescent lamps and LED lamps.
b) A new look at design of installations taking LF harmonics into
consideration and extending this to HF harmonics.
c) Models for the neutral current and stray currents due to HF
harmonics from single-phase equipment in a three-phase low-voltage
network.
d) The risk of common-mode resonances in low-voltage networks
due to EMC filters.
e) An understanding how the absence of standards between 2 to 150
kHz has result in a further growth in disturbance levels for HF
harmonics (i.e. 2 to 150 kHz).
f) General guidance on the development of standards in the
frequency range 2 to 150 kHz, as well the understanding of how the
presence and absence of standards, through its control, may have
positive and negative impacts to the overall achievement.
An overly strong emphasis on a single standards positive role may,
through other standards absence, mean that the overall achievement
becomes poorer.
13

1.3) structure of this work
Chapter 2 gives a short description of what is known about HF
harmonics in the light of the knowledge on LF harmonics. This
chapter gives a review of origin and propagation of LF and HF
harmonics in power grids and points out specifically what is different
between these. This is followed up in Chapter 3 with a short overview
of the relevant existing standard, where the shortcomings of the
overall standards framework are highlighted.
In Chapter 4 the possibility is shown to design low-voltage
installations to treat both LF and HF harmonics.
In Chapter 5 the focus is set on the HF harmonics in the neutral
conductor, the similarity with zero sequence LF harmonics and the
possibility of stray currents. Chapter 6 describes the risk of common
mode resonances in low-voltage installations due to a combination of
lack of damping, the influence of the installation and the presence of
HF harmonic sources.
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1.4) publications
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CHAPTER 2
2.LowFrequencyandHighFrequencydistortion

A. Bakgrund

Low-frequency (LF) harmonics and their properties have been
known since early in the 20th century. Even harmonics where for
example already mentioned in 1910 [1] and the blocking of zerosequence harmonics by transformers in 1914 [2]. Early papers about
harmonics addressed transformers as the source of emission. Already
in 1944 it was written “it is well known that mercury-arc power
rectifiers produce harmonics in the ac and dc systems” [3]. The
introduction of HVDC, television and, more recently, computers and
other types of consumer electronics, has resulted in a broader interest
for harmonics. Several overview books on harmonics are available,
including [4], describing the origin, propagation and mitigation of
harmonic distortion. Through the years a rather complete set of
harmonic standards (both IEC and IEEE) has appeared making that LF
harmonics are generally viewed as a phenomenon that is under
control.
The need for reduced weight, volume and losses in powerelectronic equipment has resulted in the development of converters
using active switching because of their advantageous component
properties and costs. The harmonic emission limits, in standard
documents like IEC 61000-3-2, have also contributed to the use of
active switching. The lack of emission limits at higher frequencies, as
will be discussed in more detail in Chapter 3, has further contributed
to the attractiveness of active switching. The requirements on filtering
of the remains from the switching are limited. The lack of standards,
especially in the frequency range between 2 and 150 kHz, has allowed
the rest products from the active switching to grow uncontrolled. The
presence of these HF harmonics has not been unknown; in fact many
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publications on converters using active switching show and describe a
“current ripple”, which corresponds to what we refer to as HF
harmonics. This current ripple has however been generally considered
as harmless and has therefore become accepted and neglected.
It should be emphasized however that the group with the mist
knowledge on HF harmonics, the designers of the converters, in no
way should be blamed for this development. The design of new
products containing power-electronic converters is only driven by the
existing standards and by the production costs. Independent of the
insight of the designer about the consequences of the current ripple is
there no space to develop alternative designs as long as they are not
cheaper and still within existing standards.
Limitation of emission for LF harmonics, which initially was done
using passive circuits and filters, received a big technical advance
when active switching was introduced. Especially through the
introduction of the Active Power Factor Corrector (APFC) received
active filtering additional application areas. It now became possible to
create a current waveform that followed the voltage waveform, thus
emulating a resistive load. A number of disadvantages of active
switching were neglected however. Active filtering not only results in
increased levels of HF harmonics, it can also result in certain
instabilities [5] related to the control algorithms used by the APFC.
The absence of power-engineering tools for measurements in the
frequency range above 2 kHz has been another contributing factor that
has resulted in the lack of interest for HF harmonics. The absence of
such tools is not only due to the lack of any measurement standards
but also because the signals to be measured deviate a lot from the
normal power-system waveforms in terms of frequency and
amplitude. This requires special measurement transducers and filters
to remove the power-system component.
The gap between those that work with electronics and EMC and
those that work with power engineering is another contributing factor
that has contributed to the lack of knowledge on HF harmonics in the
distribution network. The knowledge, education and instruments that
have been available for the design, construction and testing of powerelectronic converters did not leave the plants or the testing laboratory.
20

Similar gaps in knowledge between equipment manufacturers and
power-system engineers will likely have been present when the first
transformers where build before 1900 and when the first converters
and HVDC installations were build in the 1960’s.
B. Origin and propagation of LF harmonics
The origin of LF harmonics is in most studies represented as a
current source [4], [6] and [7] located in emitting equipment, see
Fig.1. LF Harmonics are mainly generated in power-electronics
equipment, but they are also generated in distribution transformers and
in rotating machines.

Fig. 1. The harmonic current propagation, the circles show the point of harmonic current measurement.

At any moment in time, the total emission from a number of
devices is less than the sum of the emission from each of the
individual devices. There are two phenomena causing this.
Each LF harmonic current component has amplitude and a phase
angle. When adding the LF harmonic currents from individual sources
the amplitude of the sum is less than the sum of the amplitudes
because the harmonic phase angles are different. The effect is smallest
21

for low order harmonics (3, 5 and 7) and increases for higher order
harmonics. Several aggregation models assume a random variation in
phase angle which results in the amplitude of the LF harmonic current
increasing with the square root of the number of devices.
Adding more emitting devices increases the LF harmonic voltage
distortion which in almost all cases results in a reduction in LF
harmonic current emission. The impact is not very big but cannot be
completely neglected.
The LF harmonics in the current are flowing from the equipment
(A, B C in Fig. 1) towards the points giving the lowest impedance at
LF harmonic frequency. The impedance these LF harmonics
frequencies meet in the grid could, to be simple, be divided into tree
parts. The power feeding system (the distribution transformer), the
impedance in cables and wires, and the impedance of the equipment
connected to the grid.
At the power system frequency and at LF harmonic frequencies the
distribution transformer has low impedance, compared to the loads
and to the cables and wires. As a consequence, the LF harmonics in
the current generated in the equipments are normally visible
“upstream” in the grid, even close to the points of power generation or
voltage transformation (the transformer in Fig. 1).
Depending on the impedance at LF harmonic frequency at other
places in grid, and in the equipment, not all of the harmonic current
from the equipment is shown “upstream”.
In the point M in Fig. 1 the sum of the LF harmonic current, Ih total,
could be measured, normally this current is approximately the sum of
each LF harmonic in the equipment current. LF Harmonic current
from the grid and harmonic current flowing between the equipment
are two reasons for divergence.
C. Origin of HF-harmonics
Often power electronic based equipment emits both LF harmonics
and HF harmonics. Passive power-electronic converters (based on
diodes) and grid-commutated converters (based on thyristors) mainly
emit LF harmonics. The origin of the HF harmonics current (Fig. 2) is
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mainly from active power electronic converters like the ones used for
Active Power Factor Correction (APFC).

Fig. 2 The HF-harmonic current propagation, the circles show the point of HF-harmonic current
measurement.

When the LF harmonics are reduced by active PFC technology
often, as a backlash, the levels of HF harmonics are increased. The HF
harmonics can be seen as an unintended consequence of the reduction
of the LF harmonics.
Measurements made by Larsson et al. [8] show that two types of
HF harmonics can be distinguished: “synchronized” behavior and
“random” behavior.
The “synchronized” behavior is present in the current as a “zero
crossing distortion” or “crossover distortion” close to the current zero
crossing [8].
The “random” behavior is a “nondamped oscillation” present in
between the zero-crossing oscillations (i.e., with current maximum or
minimum) [8]. This oscillation is associated with the power-electronic
switching used in the active PFC circuits.
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D. Propagation of HF harmonics
The lack of synchronization between different HF harmonic current
sources, together with the difference in impedance at higher
frequencies between the grid and neighboring end-user equipment,
make a clear difference in the propagation of HF harmonics compared
to LF harmonics. This in turn impacts the way in which they should be
assessed and treated.
It has been shown by Rönnberg et al. [9] that the HF-harmonic
current meanly flows between the different electronic equipment
instead of upstream to the transformer. The explanation for this is that
the lowest impedance path seen by the HF- harmonic current is into
the equipment instead of into the grid. Measurements on an
installation consisting of up to 48 fluorescent lamps with highfrequency ballast confirm that the HF harmonics directly due to the
switching frequency are reduced quickly with increasing number of
lamps [10].
As a consequence, the current component flowing into the grid is
not as an indication of the HF- harmonic current “disturbances level”
downstream of the measurement point. The other way around: high
levels of HF harmonics emitted by individual devices are not a
concern for the grid in the same way as emission of LF harmonics.
The measurements shown in [10] also confirm a preliminary
conclusion drawn in [8] that the “zero crossing distortion” increases
almost linearly with the number of devices, since its occurrence is
synchronized with the voltage zero crossing, which is the same for all
devices.
Once multiple devices of different character are located close to
each other, they could together result in completely different emission
patterns that each one of them individually.
It has been shown for example [9] that the pulsating character of the
current to an SMPS (the on and off behavior of rectifier diodes in
combination with the bulk capacitor) could spread a narrowband
signal over a wider frequency band. In [9] it is shown how a single
12.5 kHz component in the current, gives, in combination with a
compact fluorescent lamp, both 25-kHz ”second harmonic” and 37.5
kHz ”third harmonic”.
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This introduction of new frequency components complicates efforts
to keep HF harmonics inside an allowed frequency band and it
multiplies the number of discrete signals thus resulting in a more
continuous spectrum.
E. HF harmonic Interaction between Devices
As mentioned above, HF harmonics flow mainly between
individual devices instead of into the grid. An immediate consequence
from this is that the properties of individual devices have a much
bigger influence on HF harmonics than on LF harmonics. This makes
it much more difficult to predict the HF harmonic disturbance levels
in an installation. Unexpectedly-high levels could occur without any
pre notice.
A specific case of concern is when large and small devices are
connected close together; a small level of HF-harmonic current (as a
percentage of the rated current) from the large device could form a
high level (as a percentage of the rated current of this small device)
flowing into the small device.
Measurements and simulations have shown [11] the possibility that
high common mode (CM) voltages may occur in low-voltage
distribution due to oscillations between parallel connected EMCfilters in the frequency range between 2 kHz to 150 kHz.
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CHAPTER 3
3.Theneedfornewstandards
The existing framework of harmonic standards in Europe is part of
the IEC set of standards on Electromagnetic Compatibility. It is based
on the choice of a compatibility level which in turn is used to set
emission and immunity limits. A complete set of standards exists
below 2 kHz, but above 2 kHz almost no standards exist [12].
The different limits in existing standards are for a large part based
on technology and distortion levels that were present many years ago.
For example the compatibility limits for harmonics are based on
measurements published in 1981 [13]. All emission and immunity
limits for harmonics, as well as limits posed by national regulators on
network operators, are based on these compatibility levels.
The amount of equipment connected to the low-voltage grid has
increased, the amount of equipment with a non-sinusoidal current has
increased, and the character of the emission has changed a lot since
the compatibility levels where chosen about 30 years ago. At the same
time the requirements on interference-free operation have increased a
lot. All this together makes that there is a need for a new look at
harmonic standards and possible changes in the standard framework.
Conducted disturbances from 50 Hz through 30 MHz
Existing emission limits for conducted disturbances in standards
cover the range from 50 Hz to 2 kHz (LF harmonics) and from 150
kHz through 30 MHz. Different standards use somewhat different
upper limits for LF harmonics, ranging from 2 to 3 kHz. For
simplicity we will use the value of 2 kHz throughout this thesis. In
some cases emission limits also exist between 9 kHz and 30 MHz, for
example for lighting equipment. But between 2 and 9 kHz there are no
emission limits at all for conducted disturbances.
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When the standards for conducted disturbances were set, the aim
was to protect radio communication in the frequency range 150 kHz
through 30 MHz against interference from currents in this frequency
range in the power grid due to equipment connected to the grid. When
studying the structure and wording of the existing standards, it is still
difficult to find any focus on preventing interference between devices.
QuasiͲpeakdetector
A clear example of this is the measurement of the severity of
conducted disturbances by means of a so-called ”quasi-peak detector”.
The aim of this measurement was, once upon a time, to protect
analogue communication from interference. The quasi-peak detector
emulates the ability of the human ear and brain to interpret human
speech in an amplitude-modulated signal embedded in noise.
Modern communication is to a large extent digital but the standard
method for testing emission remains the same. Stenumgaard [14] has
shown that other methods, for example based on rms values, would be
preferred when the aim would be to protect digital communication
against interference. But even that method would not protect
equipment against interference by other equipment.

SpreadingtheDisturbanceSpectrum
Because the quasi-peak detector remains in use as a method for
quantifying conducted emission, the method of spreading the
disturbance spectrum has developed as an effective method for
complying with the emission standards without actually reducing the
emission. By varying the frequency of the switching frequency, either
intentionally or as a consequence of a control algorithm used, the
result is achieved that the quasi-peak detector shows lower emission
levels than if the frequency would have been kept constant.
An interesting aspect is that the same spreading in frequency (but
now of the communication signal) is used to make digital
communication less prone to interference. An example of this is in the
protected 2.45 GHz band containing both the operating frequency of
microwave ovens and Bluetooth communication. Bluetooth
communications uses 79 different frequencies within the 2.45 GHz
band and jumps between these in a random pattern.
28

It has been shown by Rönnberg et al. [9] that harmonics of HF
voltage signals occur in the current due to the on and off behaviour of
rectifier diodes in combination with the bulk capacitor in a diode
rectifier. This results in a spread of the disturbance spectrum not only
in the frequency band up to 150 kHz but also above 150 kHz. In other
words: when a device complies with the emission limits for conducted
emission in the frequency range 150 kHz to 30 MHz this does not
mean that the emission in the real world will be below the limits set in
the standard. The standardized tests are performed against an idealized
supply, whereas in reality the background voltage contains voltage
disturbances that can result in higher emission than under the test
conditions, both below and above 150 kHz.
Taken together the spreading of the disturbance spectrum, this
implies that the frequency band between 2 kHz and 150 kHz is filled
up more and more. How this impacts the performance and life length
of equipment has never been investigated, but it is obvious that there
is an upper limit somewhere to what is acceptable before interference
becomes widespread.
SwitchingFrequenciesbelow150kHz
Because most standards do not pose emission limits between 2 and
150 kHz, choosing the switching frequency in this range has been an
effective way of making it easier to pass the tests. In many cases the
switching frequency is actually chosen just below 50 kHz so as to put
the third harmonic of the switching frequency just below 150 kHz.
The result is a further growth in disturbance levels for HF
harmonics (i.e. 2 to 150 kHz), where there either were no means of
looking in the past or no interest of looking. The only clear interest in
keeping at least parts of this frequency range free from disturbances,
comes from power-line communication.
Since 1991 very-low-speed power-line communication (PLC) is
available in Europe according to CENELEC standard EN 50065-1
(2001) [15] in a frequency range between 3 to 148.5 kHz. Outside of
Europe the standard IEC 61000-3-8 (2002) [16] allows frequencies up
to 525 kHz.
The interest in power-line communication has, despite the existence
of maximum signal levels for communication, not yet resulted in
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standardization work towards limiting disturbance levels in the
frequency band used for communication. When there are areas where
no standard exist at the same time that other areas are clearly
regulated, the risk occurs that disturbances are only moved to another
frequency band. What has happened with harmonics is an example of
this: from LF harmonics to HF harmonics.
Because it has been decided to accept emission of HF harmonics
from equipment it will be difficult to retroactively reduce the
emission. Even the development of new standards will take several
years, plus another few years before the new limits come into effect.
The only way to prevent the emission from spreading and causing
interference with other equipment is to apply good engineering
practice in the design of low-voltage installations [17], [18].
Putting increased requirements (i.e. lower emission limits) on
equipment in the frequency range below 2 kHz (LF harmonics) could
result in a further proliferation of converters with active switching and
thus of a further increase of disturbance levels above 2 kHz (HF
harmonics). This should be taken into consideration when discussing
the need for new or stricter limits on LF harmonics.
To be able to pay attention on what the consequences could be
when moving the disturbances, additional research is obviously
needed. But it even requires a total overview covering the properties
of the power system and of the different types of equipment connected
to it. It further requires cooperation between standard developers,
power-system engineers and equipment designers.
Onebyone
Testing standards should ensure that the results from equipment
tests are reproducible at different locations and at different moments
in time. Therefore equipment is tested, one by one, against an
idealized power grid obtained by using a Line Impedance Stabilization
Network (LISN). The aims of an LISN are the following:
x It provides the supply voltage from the power grid to the
terminals of the equipment under test.
x It filters disturbances present in the supply voltage so that they
are not present at the terminals of the equipment under test.
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x It provides 50-Ohm source impedance at the terminals of the
equipment under test.
x It provides a connection point for the measurement device
using the quasi-peak detector.
When the equipment, after having passed the test, is connected to
the power grid to perform its function, the equipment is no longer
alone and no longer connected against an ideal supply with 50-Ohm
source impedance. It is not uncommon that 1000 lamps are present in
the same installation. And in the near future a situation will certainly
occur where a 3-kW charger for an electric car is connected to the
same fuse as a 3-W LED lamp. The consequences of this cannot be
estimated without more research but it is obvious that the conditions
assumed during the test are not fulfilled in real life.
Defined,50ɏ,lineimpedance
Equipment containing a converter with active switching often also
contains an EMC filter, mainly to limit the emission in the frequency
range above 150 kHz. As the emission is tested against standards for
50-Ohm source impedance it is obvious that the filter will be designed
to work optimally for such a source impedance. In reality the
impedance deviates, sometimes significantly, from 50 Ohm. The
consequences of this have been studied in a number of publications
[19], [20], [21], [22], and the question is especially relevant where it
concerns common-mode resonances [11].
It is again important in this context that we understand and know
how to handle the fact that the real-life conditions to which a device is
exposed are different from the ones during the standard test. There are
different ways to address this: standard tests could be further
developed to cover a wider range of circumstances. The economic
consequences of this could be rather big and it seems reasonable to
first start research activities towards further understanding the
consequences of the differences between standardized tests and the
reality to which equipment is exposed.
Resonance phenomena between EMC filters and dc networks have
been studied in detail by among others Suntio et al. [23] and
Hankaniemi et al. [24]. The dc networks subject of the studies were
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used to power telecommunication equipment in a reliable way. In their
work the importance is emphasized of the impedance properties of the
grid as well as of the filter. Suntio especially emphasizes the need of a
proper damping.
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CHAPTER 4
4.DesignoflowͲvoltageinstallations
From the description given earlier it follows that the low-voltage
network is an often neglected but not unimportant component in the
possibilities to impact disturbance levels above 2 kHz in an
installation. A long tradition exits in mitigating LF harmonics in an
installation by using filters but also by a suitable choice of transformer
solutions.

Fig 3. ”Computer floor” showing two levels of transformer isolated power distribution

Because modern equipment often emits distortion both below and
above 2 kHz, it is appropriate that the mitigation methods used are
valid both for LF harmonics and for HF harmonics. In the work where
one part describes the installation [17] and the other the performed
measurements [18], methods have been developed for limiting the
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amplitude and propagation of HF harmonics in an electrical
installation. The installation covers 8 classrooms on the first floor in
building D in Fig. 3. The building consists of three floors: a basement;
an entrance floor and the first floor containing the class rooms.
The first floor has approximately 140 computers and corresponding
LCD/CRT screens, approximately 15 printers/scanners/duplicators
and power converters for the LAN network. The 10-kW lighting in the
office room/corridor is a combination of incandescent light bulbs,
energy saving lamps and fluorescent lamps using magnetic or
electronic ballasts.
The second floor is supplied by two 35 kVA 400/400 V
transformers, in parallel connected on the grid side. One transformer is
connected ZNzn; the other is connected YNzn. The benefits with
introducing these transformers are, among others:
x At the transformers secondary side of the transformer there is a
direct connection (low impedance) between N and PE
conductor. This significantly reduces the risk of common mode
resonance between the power-inlet filters and the rest of the
installation [11]. See also Chapter 6.
x The transformers introduce a new natural location for
introducing shunt filters between L- and N- conductor to further
reduce the harmonic levels and to prevent high distortion levels
due to resonances.
x The limited distance between the transformer and the equipment
reduces the cable length and thereby the capacitance between Lconductor and screen as well as between N-conductor and
screen. This capacitance causes leakage currents, which have
resulted in unwanted operations of the residual current relay
protecting against electric shock. A reduced cable length also
decreases the loop impedance [11]. Also see in chapter 6.
x The transformer winding connections make that zero-sequence
harmonics (mainly third harmonic) are blocked by the
transformer. The combination of two transformers with different
winding connections makes that the fifth and seventh harmonic
currents are cancelled. The combination of two transformers
thus acts like a barrier for harmonics 3, 5 and 7.
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%
Fig 4. The power quality measurements made on the grid side and on the load side of the two
35-kVA transformers. The measurements period was 7.5 minutes.

An important part of the work consisting of making a description of
the properties of HF harmonics starting from the way in which LF
harmonics are described. That has made it easier to obtain an
understanding for the origin, propagation and treatment of HF
harmonics.
Another important part of the work is to show how individual
components in an installation and the equipment connected to it
should be treated as part of the total system. The system view is
necessary to prevent high levels of LF or HF harmonics, for example
due to resonances.
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Measurements
The measurements, of the total LF harmonic distortion, see Fig. 4,
showed a reduction in the current distortion (Ithd) from Ithd = 39-74 %
on the on load side to Ithd = 13-15% on the grid side. This reduction is
obtained by the filtering of the third harmonic current in the zn
winding and by the cancellation of the fifth and seventh harmonic
current between the primary sides of the two transformers.´
The results for HF harmonics are shown in the licentiate report1
where also the measurement techniques used and measurements at
different places are presented.
In Fig. 5, 6 and 7 measurements at 3 different locations are
compared. The measurements shown in Fig. 5 were made in the office
part of the LTU Skellefteå Campus, in the A building (outside zone 3)
in Fig. 3). The rooms/corridors contain about 40 computers and
LCD/CRTs, 7 printers/scanners, 3 duplicators and power converters to
the LAN network. The lighting in the office rooms/corridors is a
combination of incandescent light bulbs and fluorescent lamps using
magnetic or electronic ballasts. It is also known that the ventilation
system includes at least two frequency converters
The low-frequency amplitude shown on the left in Fig. 5 is the
remainder after the low-pass filter has limited the 50/60 Hz
fundamental frequency to about 2 V peak. The HF harmonics are
added to the fundamental frequency and make it look like a broad
band including some peaks.
On the right in Fig. 5, the results of a Discrete Fourier transform
(DFT) applied to the 200-ms phase-voltage measurement is shown.
The noise hump around 180 kHz is due to emission from the
frequency converters; this component disappears when the converters
are turned off.

1

High-frequency noise in power grids, neutral and protective earth. / Licentiate thesis /
2006:64 / Martin Lundmark / 112 s. / Luleå university of technology
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Fig. 5: Measurement in A building, first floor, in the office part of the LTU Skellefteå Campus. Phase
voltage shown on the left and spectrum to the right.

Fig. 6: Measurement in D building, ground floor, adjacent to room 2045.

Fig. 7: Measurement in D building, first floor, adjacent to room 3045.

The ground floor of D building consists mainly of classrooms, as
well as 7 offices containing computers and LCD/CRTs 2
printers/scanners and a duplicator. The lighting is a combination of
incandescent light bulbs and fluorescent lamps using mainly magnetic
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ballasts. The measurement, shown in Fig. 6, shows a few peaks, the
highest at approximately 35 kHz.
Measurements in the D building first floor, where the zone has been
created, are shown in Fig. 7. The spectrum on the right in Fig. 7 shows
low levels of high frequency harmonics, although there are lots of
devices using active switching (like switched mode power supplies, or
SMPS). The 35-kHz signal found on the ground floor in the D
building is not visible here.
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CHAPTER 5
5.HFharmonicsintheneutralconductor

A lot of the attention concerning LF harmonics has been directed
towards avoiding a high current through the neutral conductor
because of harmonics with a zero-sequence character. Even if the
load is symmetrical (identical current amplitude and waveform in
each of the three phases) the zero-sequence character of certain
harmonic orders (3, 9, 15, etc) results in an addition of those
harmonics in the neutral conductor [6], [25].

Fig. 8. The common-mode current shows up as three different types of electromagnetic emission: Aradiated emission, B-conducted emission in the form of stray currents, C-conducted emission through the
protective earth

High current through the neutral conductor due to LF harmonics
can result in thermal overloading of the conductor, but also in touch
voltages and in stray currents. Thermal overload of the neutral
conductor due to HF harmonics is not an issue; the currents are too
low for that. The same holds for touch voltages. Conducted emission
in the form of stray currents has the potential of becoming a bigger
issue with HF harmonics than with LF harmonics.
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The origin of stray currents due to HF harmonics is explained in
Fig. 8. The location of the connection point between the neutral
conductor N and the protective earth PE is of importance here. The
neutral current causes a voltage drop over the impedance Z of the
common PEN conductor. This voltage drop in turn results in currents
through the PE conductor which close as stray currents (B in the
figure) towards the neutral earthing of the transformer. These stray
currents, flowing outside of the PE conductor, can cause interference,
for example in wire-based communication. The stray currents flow
through metallic parts of the building frame, through metallic pipes
used for water or heat, etc.
The impedance of the common PEN conductor is partly inductive,
partly resistive; especially the resistive part increases with frequency.
Capacitive coupling between the neutral and the protective earth, for
example inside of equipment, can further result in stray currents. Also
the capacitive coupling is stronger for HF harmonics than for LF
harmonics.
The extended earth plane (as described in [17] and Chapter 4),
including the metallic alternative paths mentioned above, can be used
to offer a low-impedance return path for HF harmonics. This is an
effective way of limiting stray currents. This implies at the same time
that the transformer, which is located close to the equipment, should
have its neutral point connected to the same extended earth plane. This
closes the path for stray currents at the same time as the transformer
forms a barrier against the spread of stray currents to other parts of the
system.
Fig. 9 shows a measurement of the phase current and the current
through the neutral conductor due to fluorescent lamps with highfrequency ballasts. These lamps were equipped with APFC and emit a
significant amount of HF harmonics. The graph on the left shows the
unfiltered phase current for one lamp. The current is close to
sinusoidal but with a “high-frequency ripple”, being referred to here
as “HF harmonics”. The three graphs on the right show the measured
HF harmonics through the neutral conductor in installations with
three, six and nine lamps equally spread over the three phases. The
increase of the HF harmonic current through the neutral conductor,
with increasing number of lamps, is clearly visible.
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Fig. 9. The measured phase current for a HF -fluorescent lamp with active PFC to the left. Measured
neutral current with one (top middle) two (top right)) and three (bottom middle) HF fluorescent lamps
per phase.

The addition of LF harmonics can also be understood by
considering the time-domain waveform. When the waveform
distortion in the current is present in one phase at a time, the current
can only close through the neutral conductor. This is the case with a
diode rectifier, emitting short current pulses, but also with a large part
of the HF harmonics from modern fluorescent lamps.
The two types of HF harmonic components emitted by these lamps,
as described in detail in the work by Larsson et al. [5], are only
present during a short part of the power-system-frequency cycle. This
holds both for the “zero-crossing distortion” and for the “remains of
the switching frequency”. The result is that both add in the neutral
conductor so that the level of HF harmonics in the neutral is up to
three times as high as in the phase conductors.
Zero-crossing distortion is present around the zero crossing of the
current waveform and it can be described as an oscillation when no
power is transferred to a device than contains an APFC. To further
study the HF harmonic currents through the neutral conductor, one to
nine HF fluorescent lamps have been connected to the same phase and
the phase currents measured. The currents in the other two phases
have been simulated by assuming a time shift of one third of a cycle of
the power-system frequency. The current through the neutral
conductor is next obtained by adding the three phase currents. In this
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way an installation with up to 27 lamps, equally divided over the three
phases, can be studied.
The left-hand graph in Fig. 10 shows how the currents in the three
phases are obtained by shifting the measured phase current (the “red”
phase in this case) in time by one third of 20 ms. The black curve is
the sum of the three phase currents (“red”, “green” and “blue”) and
represents the current through the neutral conductor for ideally
balanced load.

Fig. 10. The phase and neutral currents in the three-phase distribution system created from a single-phase
current in Figure 9 (the red curve) (left). Three HF-fluorescent lamps in each phase simulated (top
middle), five (upper right), seven (lower middle) and nine HF fluorescent lamps, in each phase (lower
right).

A high-pass filter with a cut-off frequency of 2 kHz has been
applied to the calculated neutral currents to show the HF harmonics
part of the neutral currents. The results are show in the right-hand
graphs in Fig. 10 for increasing numbers of HF fluorescent lamps.
Note the difference in vertical scales.
From the measurements and simulations concerning neutral
currents, we conclude that there is a risk for stray currents due to HF
harmonics in the same way as due to LF harmonics.
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CHAPTER 6
6.CommonͲmoderesonanses

It is important for the properties of passive filters that they are
connected with the correct impedance (50 Ohm) during the standard
test. This is to prevent deviations in the performance of the filter [19]
among others due to resonances. This holds both for the connection of
the filter to the power grid [20] and for the connection of the filter to
the equipment under test (EUT) [21]. During the test of equipment with
a filter, the LISN ensures that the impedance will be the right one. But
it has been shown that even a small detail like the length of the cable
between the LISN and the EUT impacts the results of the test [22].
Input-filter interactions on the stability and performance in
combination with switched-mode converters have been analyzed by
Suntio et al. [23] and Hankaniemi et al. [24] mainly for DC systems
and for the differential mode (DM).
Suntio et al. [23] have shown how “The input filter can cause
instability and degradation of input and output dynamics if not
properly designed.” and emphasized the need for a proper damping.
Hankaniemi et al. [24] have studied the load and supply
interactions, and claimed “The origin of the interactions is the system
impedances such as EMI-filters, cabling inductances, additional
capacitors and input and output impedances of regulated converters.”
High common mode voltage in server room
Measurements have been performed in the electrical installation of
a server room. High-amplitude oscillations between the L conductor
and PE conductor as well as between N conductor and PE conductor
were observed on the load-side of a 50 kVA uninterruptible power
supply (UPS) feeding servers and modems.
The measurements shown in Fig. 1 were made with a HIOKI 8855
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MEMORY HiCORDER and a HIOKI 9322 differential probe. The
fundamental-frequency voltage is attenuated 26 dB (20 times) in all
cases.
A comparison of the two upper graphs in Fig. 11 shows a difference
in HF harmonics amplitude. The highest L-N ”peaks” to the left are
about 6 V, while the highest L-PE ”peaks” are approximately 20 V,
three times as high. The right graph shows 6 peaks in one period
(20ms), while the peaks are more ”hidden” and difficult to count in
the L-N voltage to the upper left.

Fig. 11. Voltage differences in a server room. The differential (L-N) voltage on the upper left, L-PE
voltage on the upper right and the N-PE voltage lower right. The CM voltage, bottom left, is calculated
from the measured L-N and L-PE voltage. The fundamental frequency voltage is attenuated 20 times in
all cases.

The common-mode (CM) voltage, calculated from the measured LN and L-PE voltage, bottom left in Fig. 11, shows several 10 V
”spikes”, and some of them reach 15 V. Comparing the CM voltage
(down left) with the L-PE voltage (upper right) shows almost the same
HF harmonics amplitude, L and N are together moving in amplitude
with respect to PE.
In Fig. 12, showing the server room electrical installation, the
ungrounded modem (red square in the middle) is, together with the
communication cable, exposed to the CM voltage.
When the modem was powered through an extra (small) UPS
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connected in series with the 50 kVA UPS, no interruption in the
communication was observed. The same if the modem was powered
through a normal power outlet in the server room (without UPS).
Measurements of L-N and L-PE voltage, in these two cases the
amplitude of the HF harmonics was significantly lower (not shown
here), resulting in a low CM voltage.
All equipment in the server room (essentially servers and modems)
was powered from the 50 kVA UPS and exposed to the high CM
voltage. Only one communication line had an ungrounded modem and
interruption in the communication. Other ungrounded modems of the
same type, when connected in the same place, showed the same
communication interruption.

Fig. 12. CM voltage and DM voltage in the server room electrical installation.

The assessment is that particularly three factors, besides the absence
of grounding, increase the risk of high CM voltage. The generation of
HF switching frequencies in the 50 kVA UPS (1) and the impedance
level in the server room installation (2) in combination with the power
inlet filters (3).
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Power inlet filter
Typical power inlet filters shown in Fig. 13, consists of a commonmode choke (2xL) (connected in both L and N) and three capacitors.
One capacitor (CX) is connected between L and N and two capacitors
(CY) between L and PE as well as between N and PE.
The common- mode chokes (2xL) and the two capacitors (CY)
between L and PE as well as between N and PE creating together two
series, RLC, resonance circuits, including the resistive core losses in
the chokes. These two resonance circuits could be supplied with
common mode signals from the load side, from the line side or from
both sides.

Fig. 13. Power inlet filters are connected in parallel with the power distribution network creating a sum
of filter impedance different from 50-:.

A common mode emission source (current or voltage) on the load
side, on the filter to the right, in Fig. 13 will apply a signal in the
connecting point between the choke and the capacitor (A and A’) in
the two series resonance circuits. Similarly, a common mode emission
source on the line side will apply a signal at the choke end of two
series resonance circuits (B and B’).
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Fig. 14. Power inlet filters connected to the power distribution network. The upstream wiring impedance
(loop impedance) is different from 50-:.

The source to the common mode emission on the load side, shown
as a current ICM(f) in Fig. 14, is mainly a leakage of the switching
frequency from the equipment connected to the grid.
When a power inlet filter is connected between the equipment and
the grid as shown in Fig. 14, the ICM(f) is shunted back to the
equipment. At higher frequencies the (2xL) impedance increases and
the CY impedances decrease.
There will, of course be ICM(f) on both sides of the filter, because no
filter is ideal. ICM(f) on the grid side of filter, is also a consequence if
the grid is powered by an uninterruptible power supply (UPS).
The loop impedance
The loop impedance is the upstream wiring impedance seen from
the outlet to the feeding transformer. There are two loops in a
grounded single phase outlet. One is the impedance loop between L
and PE (L- loop), (from B to C), in Fig. 14; the other is the impedance
loop between N and PE (N- loop), (from B’ to C).
This loop impedance is of great importance for the risk of CM
resonance in the power inlet filter. If the loop impedance is low
enough at the resonance frequency no amplitude amplification will
occur [11].
Comparing the L loop (from B to C) and the N loop (from B’ to C)
in Fig. 14, the L loop contains a transformer winding as well as fuses
and extra wiring. The result is that the L loop will have higher
impedance.
The L- and N- loop impedance is, for the chance of common mode
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resonance, operating in parallel. The use of PEN- conductor, a
common conductor for the PE and the N, gives further lower N loop
impedance in comparing to the use of separate conductor for the PE
and the N
In Chapter 4 (Design of low-voltage installations) a special interest
was given to reduce the L- and N- loop impedance by introducing a
transformer close to the equipment.
This gives a possibility to reduce the risk of CM-resonance by:
x At the secondary side of the transformer there is a direct
connection (low impedance) between N and PE conductor.
x The limited distance between the transformer and the
equipment reduces the cable length and thereby reduce this
L- and N- loop impedance.
x The transformers introduce a new natural location for
introducing shunt filters between L- and N- conductor to
further reduce the HF harmonic levels and to further prevent
high distortion levels due to resonances.
Simulations
Simulations have been performed, using the System EMC
Simulator (EMEC) [26], to show the occurrence of CM resonances
and to study the impact of the filter and grid parameters, on the
resonances.
The simulation model used to show the interaction between
different filters is shown in Fig. 15. Two power inlet filters are
connected in parallel and connected into a power outlet strip, without
a connection of the outlet strip to the power grid. The example shown
corresponds to the power inlet filters in the upper row in Table II and
in Fig. 16 below.
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Fig. 15 The simulation of the common mode resonance is made by connecting two power inlet filters in
parallel with the power distribution network and measuring the common mode voltage UCM(f) between
N-PE. In figure the PE is used as reference node.

The absence of a connection of the outlet strip to the power grid
means that the wiring loop impedance is infinite, in L loop as well as
in N loop. The CM resonance sensitivity, for the loop impedance, is
studied by introducing variable impedance between L and PE as well
as between N and PE. The point of CM voltage UCM(f) (L and N with
respect to PE), is shown in Fig. 15.
The series resonance circuit, consisting of capacitor CY in series
with the (2xL) impedance, as seen in Fig. 14, also includes resistive
losses in the inductor core and windings. This loss is seen as added
resistors (2x225 ȍ) and (2x190 ȍ) in Fig. 15, where the resonance is
damped.
The equivalent scheme shown in Fig. 15 has been used to perform
simulations for multiple filters. The resistance in the filter at the
resonance frequency, obtained from the measurements, has been
included as a frequency-independent resistance in the simulations. The
impact of the resistance in a resonance circuit is small, beyond
frequency close to the resonance frequency. The two 440-: resistors
in series connected between L and N on the load side of the two power
inlet filters represent a 60-W resistive load at 230V.
The oscillator connected to the left in Fig. 15 represents the
common mode voltage generated internally in the device. The
amplitude of this voltage is kept at 1 Volt so that the common-mode
voltage on grid side of the filter, UCM(f) gives the transfer function of
the common-mode voltage through the filter. For an ideal filter, the
transfer is zero.
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The common mode voltage at varying frequencies UCM(f) consists
of two (identical) parts, the voltage L-PE and the voltage N-PE. By
using a voltage source, it is possible to study the amplitude
amplification at various frequencies.

Fig. 16. Transfer function of the common-mode voltage over the power inlet filter, on the top row in Table II and
in Fig. 15, for different values of the loop impedance. The same loop impedance has been assumed in the lineearth and neutral-earth circuits.

Furthermore, by varying the loop impedance between L-PE
respective N-PE the influence of the impedance on the amplitude
amplification at resonance has been studied. This impedance has in
this simulation been made frequency independent by using two
resistors R5 respective R15.
The transfer function from the CM voltage generated internally in
the equipment to the line-earth and line-neutral voltages is shown in
Fig. 16; the two transfers are the same.
The resonance frequency when two filters (1A and 3A) are
connected in parallel, with the two resistors representing the loop
impedance (R5 and R15) infinite, is 20 kHz. The simulation also
shows how the amplitude of the oscillations is strongly dependent on
the loop impedance between L-PE (R5) respective N-PE (R15).
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Laboratory measurements
As a next step, two types of measurements were performed in the
Pehr Högström laboratory of Luleå University of Technology. The
first set of measurements aimed at confirming the power inlet filter
models and the simulations is shown in Fig. 15.
The measured resonance amplification and resonance frequency for
four different combinations of power inlet filters is given in Table II.
The measurements on the top row (1A/3A) correspond to the
simulations in Fig. 16.
The resonance frequency found from the simulations was 20 kHz
when the two resistors (R5) and (R15) were infinite; the measured
value was 16 kHz. The resonance frequency in the simulations is
slowly decreased when the resistance is reduced and the amplitude
peak disappears for impedance below 2 k:.
Note that the measurements show an amplification of 9.6 times,
compared to 5.7 times in the simulation, 1.6 times higher in the
measurements. (When the relative amplitude is 1, the amplitude on the
line side (U2) is the same as on the load side (U1)).
TABLE II
POWER INLET FILTERS COMMON MODE VOLTAGE
Combinations of
@ Frequency (kHz)
Resonance
Schaffner FN9221-X
amplification
filter
U 2 / U1
1A/3A
9.6
16.0
3A/1A
10.7
18.6
3A/6A
6.0
33.1
3A/10A
5.4
33.9

The second type of measurements performed in the laboratory
investigated the magnitude of the impedance in the power grid in Lloop respective N- loop, and compared this to the resistance values
used in the simulations. The aim of these measurements was to assess
if the resistance values used in the simulations could occur in practice.
The measurements were made, using cables not connected to the
grid, having reasonable dimensions and lengths corresponding to low
voltage distribution. The connection between the cables was kept short
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giving lowest possible inductance.
The expectation is that this will give lowest possible value of the Nloop impedance. In other words, the N-loop impedance in an
installation should always be higher than the measured value in these
measurements.
The result of some of those measurements including three
combinations of cables is shown in Fig. 17 having impedance
exceeding 100 : beyond 90 kHz and having peaks above 350 : at a
cable length of 310 m (a loop length of 620 m).
In most cases, the N-loop impedance value in an installation, due to
branching and numbers of parallel cables and power outlets, will be
noticeable higher.

Fig. 17. Measured cable loop impedance between N-PE for three combinations of cables: Yellow
(triangels) 97 m N1XE-U 5G16 Magenta (squers) 213 m N1XE-U 5G10 Blue (stars) 50 m EKLK 3G1.5 +
213 m N1XE-U 5G10 + 97 m N1XE-U 5G16.
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CHAPTER 7
7.Conclusions


The proliferation of equipment containing converters using active
switching has resulted in an increase of the levels of HF harmonics
(distortion in the frequency range 2 to 150 kHz) in low-voltage
distribution networks. To prevent interference due to HF harmonics,
the design of low-voltage installations should be adjusted. The zoneconcept introduced in this thesis is a systematic approach to limit the
impact of HF harmonics.
An important part of the approach is the combination of LF and HF
harmonics treatment and an understanding of how the different parts
in the installation influence each other.
The difference between LF and HF harmonics is not just a legal one
due to the 2-kHz border in international standards; there is also a
difference in character and propagation between LF and HF
harmonics. The difference in character has been described in a number
of other papers [5], [9]. The difference in propagation is the most
important basis for the design of installations and has as such been the
basis for this thesis. The two most important differences in
propagation are that capacitances play a dominating role for HF
harmonics; and that HF harmonics more easily than LF harmonics,
result in stray currents.
The dominance of capacitances on the propagation makes that the
spread of HF harmonics is often limited to neighboring equipment.
The impact on the public grid is in general limited and adverse impact
is mainly expected for equipment or communication channels close to
the emitting equipment.
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The distribution transformer together with the grounding plane play
an essential role in further limiting the spread of HF harmonics and
especially in limiting the impact of stray currents. Measurements
shown in this thesis proof the effectiveness of the zone concept.
It should be noted that strict emission limits for end-user equipment
are not in place in all countries. Most notably, the IEC standards
setting emission limits do not apply in North-America. Whereas the
harmonic voltage distortion (where it concerns LF harmonics) has
remained constant in Europe during at least the last 10 years [27],
[28], there are indications that the distortion levels are increasing in
North America [29] The latter has however not been confirmed by any
systematic measurement campaign. The soon-to-start DPQ-III survey
may allow an estimation of the increase in distortion levels in North
America [30]
Specifically highlighted in the description of HF harmonics in this
thesis are:
x

No unnecessary limits for LF harmonics should be introduced.
This only results in increased levels of HF harmonics.

x

For HF harmonics emission limits should be based on the
interaction between devices, not on the impact on the grid or
on potential radio disturbances. The interaction between
devices should be considered during the development of
emission and immunity tests for HF harmonics.

x

In the design of installations for HF harmonics, capacitance
should be considered.

x

The size of the distribution grid and the impedance at HF
harmonic frequencies should be considered to avoid CM
resonances
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Abstract: This paper discusses some recent developments that make that the
existing standards on emission of high-frequency noise in power systems need
to be reconsidered. It is shown that it is possible for equipment to remain below
the emission limits while at the same time the disturbance level increases
beyond what was intended by the standard document. Further, the change from
analogue to digital communication and the use of communication via the power
system, make that the permitted disturbance levels need to be reconsidered. The
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Introduction
The use of power electronics in domestic, commercial and industrial equipment has
increased rapidly. There are several advantages with these power converters such as high
power density, small losses and low weight. A disadvantage of this type of load is
Copyright © 200x Inderscience Enterprises Ltd.
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however that it often creates high levels of harmonics. The use of fast switching
techniques also creates high-frequency disturbances on the low-voltage grid.
A simple two-pulse diode rectifier forms the interface to the vast majority of
computing and consumer-electronics equipment . The resulting current taken from the
supply consists of all odd harmonics up to order 9 to 15 (Arrillaga and Watson, 2003).
Third-harmonic currents may be as high as 80% of the fundamental component.
International standards have been introduced to limit the harmonic currents produced by
small and large equipment. Other equipment, noticeable energy-saving lamps and some
advanced power-electronic driven electrical machines, are equipped with a so-called
"controlled rectifier" or "active front-end" as interface. These interfaces produce
significantly less distortion in the frequency band up to about 1 kHz. However they
produce instead waveform distortion at higher frequencies, typically at the switching
frequency and at harmonics of the switching frequency. These so-called "high-frequency
harmonics" may cause new problems and therefore need to be limited.
This paper will give a brief overview of standards that are currently available to limit
emission by power-electronic equipment. The main emphasis of this paper will be on the
shortcomings of the existing standard documents. A distinction will be made between
two types of shortcomings: differences between emission levels under test circumstances
and those in reality; changed circumstances making that the assumptions under which the
emission limits were derived no longer hold. The paper will conclude with a
measurement example of high-frequency disturbances and a framework for the
development of a new set of standards on equipment emission.

Standards on high-frequency disturbances
Electromagnetic Compatibility
A number of standard documents have been published to prevent damage, incorrect
operation, reduced performance, etc. of equipment due to electromagnetic disturbances.
The term "electromagnetic interference" is used to describe any such unwanted degrading
impact of electromagnetic disturbances on equipment (e.g. Bollen 2000).
The standard framework on "electromagnetic compatibility" as set up by the IEC
consists of a rather complex set of standards and regulations. However most of the
requirements can be reduced to the simplified scheme shown in Figure 1. For each type
of disturbance a so-called "compatibility level" is defined. Based on this level an
"emission limit" and an "immunity limit" are defined. Every device that emits this type of
disturbance is tested against the emission limit: the measured emission level should be
less than the emission limit. In the same way, the measured immunity level should be
higher than the immunity limit for each device that may be adversely affected by this
type of disturbance. In this way a limited number of tests ensures electromagnetic
compatibility between every combination of two devices. The limitations of this method
will be discussed later.
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Figure 1. Levels and limits as defined in the IEC standards on electromagnetic
compatibility
The remainder of this paper mainly discusses emission levels and limits. But the
reader should keep in mind that the emission limits are not an aim by itself but only a
means to achieve electromagnetic compatibility between equipment.
A device connected to the power system emits different types of electromagnetic
disturbances, as shown in Figure 2. In this figure, the circle encloses the three phases (L1,
L2, L3) and the neutral (N) conductor. These four conductors are necessary for the power
delivery to the load and the sum of these four currents is supposed to be zero. For threephase loads even the current through the neutral conductor is supposed to be zero.
The power system is designed for operation at the power-system frequency. The
transport of energy (P in Figure 2) takes place at this frequency: 50 or 60 Hz in public
grids, dc, 16 2/3 or 400 Hz in some special applications. Any other frequency component
in the current is a form of conduced electromagnetic emission. Even fast and slow
variations in the currents and unbalance between the currents in the three phases are
forms of emission. The lower-frequency disturbances like harmonics, current fluctuations
and unbalance have been extensively studied in the power-quality literature (e.g.
Arrillaga 2003; Bollen 2000). Higher-frequency emission is much less understood.
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Figure 2. Different types of emission in a three-phase grid.
If the sum of the currents enclosed in the circle is not zero, some kind of leakage
current exists. This leakage shows up as three different types of electromagnetic
emission:
x

Radiated emission (A in Figure 2). Radiated emission may interfere with radio
communication or induce currents in neighboring equipment that interfere with the
correct operation of that equipment.

x

Conducted emission in the form of stray currents (B in Figure 2). The term stray
currents refers to the part of the current that does not return through any of the metal
conductors but instead finds it way through water pipes, communications network,
the armoring of the building, etc. The principle concern with stray currents is that
there should be no currents flowing outside of the electricity wires. Further concerns
are related to the unpredictability of stray currents and their effects and more recently
the magnetic fields due to the large return loops.

x

Conducted emission through the protective earth (C in Figure 2). Currents through
the protective earth may find a galvanic path to other devices connected to the same
protective earth.

A number of standards sets limits on the leakage current or common mode current
Different standards consider different frequency bands, for example:
x

Leakage currents should not lead to erroneous tripping of residual current circuit
breakers (RCCBs) and ground fault protectors (GFPs). The standard document
emphasizes on the power-system frequency part of the leakage current. But also a
short-duration transient current should not lead to operation.

x

For medical instruments connected to the body, the frequency bandwidth considered
ranges from below power-system frequency to several megahertz

x

For conducted emission in EMC tests, the frequency of interest is often between 150
kHz and 30 MHz.
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This difference in definition is no problem when testing devices according to a
standard. Problems occur however during the practical applications of the devices when it
is no longer possible to consider one frequency component at a time (Liew 1990).
As will be shown later, single-phase or three-phase equipment under test is connected
to a balanced supply, with respect to the system grounding point and protective earth. For
testing of single-phase equipment the supply is not balance (see Figure 3). A three-phase
EMC filter (having a Y-connected capacitor connected between the phases and the
protective earth) gives no leakage current at power-system frequency while a singlephase EMC filter (having a capacitor connected between the phase and the protective
earth) does result in a leakage current.

Figure 3. Source impedance in single-phase systems (a) and in three-phase systems (b),
(reference impedance according to IEC 60725, 1984), and the system grounding point.
The system grounding point is the origin for the protective earth.
In some cases it is possible to connect single-phase devices to the power delivery
system in the same way as when tested in the laboratory according to the standard. The
European Standard EN 50144 (1999) describes a system providing reasonable safety for
electrically driven hand tools using the 110-V centre-tapped to earth system (CTE), see
Figure 4, which limits voltage to earth to 55 V. This is in fact a balanced system, or a two
phase system, giving no leakage current when connecting an EMC filter (having a
capacitor connected between each of the phase conductors and the PE conductor). The
same principle is found in the (US) National Electrical Code (NEC) Article 647, used in
recording studios with audio or video products and in other areas with highly-sensitive
electronics (NEC 647 2002).

Figure 4.
The principle for power delivery in according to European Standard EN
50144 and National Electrical Code (NEC) Article 647; (a); principle; (b); practical
implementation.
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The conducted emission from a device is normally assumed to be a current and
divided into two parts, the differential mode current (DM) and the common mode (CM)
current. For single-phase equipment, such a distinction is straightforward, but for threephase equipment there are strictly speaking three different differential-mode components.
A symmetrical component transformation will be needed, but such is no longer trivial for
non-power-system frequencies.

Existing standards limiting High-Frequency Emission
Electromagnetic radiation disturbance limits are developed for the purpose of
protecting radio communication services. The relevant standards have been developed by
taking frequency bands, signal levels, separation distances between the interfering and
interfered equipment, desired signal ratio, etc. into account. (EN55011, 1998).
The radiated emission of electronic equipment is limited with respect to analog radio
communications services (CISPR 16-1, 1993), covering the frequency range from the
lower limit of the long-wave band (150 kHz) up to the upper limit of the short-wave band
(30 MHz). The upper limit of 30 MHz also represents the limit for radio communication
over the horizon. The quasi-peak detector and the measurement bandwidth (220 Hz
bandwidth up to 150 kHz, 9 kHz above 150 kHz) are chosen with respect to the human
hearing, in analog radio communications services.
Besides radio communications services the interest for communication using power
lines has increased. Since 1991 very-low-speed power-line communication (PLC) is
available in Europe according to CENELEC standard EN 50065-1 (2001) in a frequency
range between 3 to 148.5 kHz. Outside of Europe the standard IEC 61000-3-8 (2002)
allows frequencies up to 525 kHz. Further interest for power-line communication exists
in the frequency range above 1 MHz for broadband over power line (BPL).
The standard document EN 61800-3 (1996) defines the limits for conducted
disturbance in the range from 50 Hz to 2.5 kHz (mains harmonics) and from 150 kHz to
30 MHz (conducted emission) for adjustable-speed drives. EN 55011 (1998) defines the
main terminal disturbance voltage, measured using a voltage probe or line impedance
stabilizing network (LISN) in the range from 9 to 150 kHz for certain types of equipment.
Product standards for other devices are under consideration or under preparation. The
remaining range from 2.5 to 9 kHz is currently not covered.
The limits and methods of measurement laid down in EN 55011 (1998) apply to
industrial, scientific and medical (ISM) equipment, and to electro-discharge machining
(EDM) and arc welding equipment. Procedures are given for the measurement of radiofrequency disturbances and limits between 9 kHz and 400 GHz. Requirements for ISM
lighting apparatus operating in the ISM frequency bands of 915 MHz (only allowed in
region 2 as defined by the ITU Radio Regulations), 2.45 GHz and 5.8 GHz are contained
in this standard. Requirements for other types of lighting apparatus are covered in CISPR
15. (EN 55011, 2004).

Measuring conducted emission
The conducted emission limits in existing standards are specified for two separate
categories of devices: class A for industrial use and class B for residential use. Figure 5
shows the corresponding emission limits as defined in EN 55011 (1998). If the RMS
value or the noise power density were used instead of the output of a quasi-peak detector,
the conducted emission level resulting from the addition of separate sources would be

Emission standards for high-frequency noise
more easily obtained. It also would have been easier to choose between a small amount of
high-noise equipment and a large amount of low-noise equipment.

Figure 5. EN-55011 limits for class A and class B equipment: emission limit as a function
of frequency.
The conducted emission (CE) test is carried out by placing a so-called "line
impedance stabilizing network" (LISN) between the utility grid and the equipment under
test (EUT). The LISN performs four functions: it allows ac power to supply the
equipment; it suppresses incoming noise on the utility grid; it provides a defined line
impedance (50 :) within the measurement range (as defined in standard documents); and
it provides a point for measuring the noise current across a 50 : resistor placed between
phase or neutral and protective earth. The LISN in three-phase or single-phase version
provides a balanced connection within the measurement range of the EUT, even if the
supply itself is unbalanced.
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Figure 6. Measurement of conducted emission using line impedance stabilizing network (LISN)

As the LISN creates a balanced supply and a new current path through the 50-:
resistors (Figure 6), it is no longer possible to distinguish between common mode (CM)
and differential mode (DM) currents. The current value resulting from the test is the sum
of CM and DM current. Efforts have been made to perform separation of the CM and the
DM conducted noise (Paul and Hardin, 1988; Nave, 1989). Such a separation would
make it easier to obtain emission below the limits by adjusting the EMC filter
components.
Note that the single-phase device will typically be unbalanced connected during its
practical application. The standardized way for measuring emission does thus not
necessarily predict the high-frequency currents as they will occur in practice. Further, the
impact of common-mode and differential-mode currents may be different.

Uncertainties in emission levels
An important aspect of the standards on electromagnetic compatibility is their
reproducibility: i.e. two independent testing laboratories should find exactly the same
result for the same piece of equipment. The emission levels therefore have to be
measured under very precisely defined conditions. A direct consequence of this is that
there will always be a discrepancy between the emission level from the test and the actual
emission level during the practical application of the device. This deviation is often
stochastic in nature and merely requires a certain margin between emission and immunity
limits (the so-called "compatibility margin" in Figure 1). The “compatibility margin” also
handles the summations of emission from several devices. However when the deviation
becomes too large a need arises to change the standard, depending on the type of
deviation and on the kind of equipment involved. For example, if the deviation were
much larger for certain types of equipment than for others, the large compatibility margin
would pose an unfair requirement on equipment with a smaller actual emission.
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Impedance Mismatch and Resonance
The insertion loss performance for EMC filters is assuming 50-: system impedance
(50-: source impedance, 50-: load impedance). The impedance of the power supply is
however rarely exactly equal to 50 : and further varies with frequency and operating
condition of the system. If the impedance of the ac-mains or the impedance of the
equipment under test (EUT) differs from 50 : the performance of the EMC filter will
differ from its expected perforamance. (Garry and Nelson, 1998).
Another change in filter response occurs due to resonance phenomena associated with
impedance mismatch between filter and supply (Nitta and Shimayama, 1990) or between
filter and EUT (Spiazzi and Pomilio, 1999).
Normally the mains cable between LISN and EUT, during conducted emission (CE)
test, has a maximum length of 1 to 2 meters, depending on the particular standard
documents. Experiments using an extra 2.5 m extension cord between LISN and EUT
show that this extension cord has a 50 : impedance at low frequency, while at higher
frequencies the impedance reaches almost 300 : (Tsaliovich and Moongilan, 1990).
Simulations have shown that a longer distance between the CE at the LISN may impact
the conducted emission by more than 10 dB. (Pignari and Orlandi, 2003).

Changing circumstances
In some cases the assumption under which the emission limits were obtained are no
longer valid. As mentioned before the underlying aim of the standards is to prevent
electromagnetic interference. Setting of an emission limit is just a means for achieving
this aim. Due to changing circumstances a situation may arise under which interference
occurs despite equipment meeting its emission requirements. In that case, a change in the
emission standard is urgently needed. Such a change may involve a reduction of the
emission limit, an increase of the immunity limit, or a complete redevelopment of the
methods.

Introduction of Digital Communication Techniques
The emission levels for radiated disturbances are based on their potential impact on
analog communication systems. When the existing analog technologies are substituted
with digital technologies and the number of emitting devices increases, interference could
occur even though all equipment complies with the standards.
There is normally no problem when testing the device in the laboratory according to
the product standard. But if equipment from different technical areas, i.e. products that
have to comply with different product standards, meets in the same power grid, problems
can occur especially for higher frequencies. The problems can further increase when
different equipment is connected to the same grid and at the same time also connected by
communication networks using analogue or digital communications technologies.
Electromagnetic interference will become obvious during the application of the
device. A complex problem arises if interference occurs despite that all equipment and
installations comply with the standards. If the technology changes faster than the
adjustment of standards we could lose the control over electromagnetic interference.
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Switching Frequencies below 150 kHz
As mentioned before, the frequency ranges below and above 150 kHz are treated
differently in standard documents. The emission requirements above 150 kHz are
generally speaking stricter than below 150 kHz. This allows for optimising the selection
of the switching frequency together with the filter sizing: “the switching frequency has
been selected so as to have the first and second harmonic component of the ripple below
the lower frequency considered by the standards; thus reducing the filter requirements.”
(Rossetto et al. 2000).
The result is that those devices produce a significant amount of conducted
disturbances just below the 75 kHz and 150 kHz mark. Further penetration of these
devices will not only lead to higher conducted disturbances below 150 kHz. It may also
cause interference above 150 kHz. Consider for example that a large fraction of devices
has a switching frequency just below 75 kHz, so that the second harmonic falls just
outside of the frequency range with stricter limits (i.e. just below 150 kHz). Their filters
will be designed such that the third harmonic of the switching frequency, in this case
slightly below 225 kHz, falls within the limits. With many such devices installed the
result is almost certainly a high level of disturbance in the frequency range 200-225 kHz
with potential risk of interference.

Spreading the Disturbance Spectrum
As mentioned before, the radiated emission of electronic equipment is limited for
each frequency band with respect to analogue radio communications services (220 Hz
bandwidth up to 150 kHz, 9 kHz above 150 kHz). A fixed switching frequency will result
in high distortion levels in a limited number of bands, typically the ones corresponding to
the switching frequency and its harmonics.
By modulating the switching frequency the disturbance energy is spread over a broad
frequency band making it easier to meet the emission requirements (Stone et al. 1996;
Trzynadlowski et al. 1998). The power density is lower but not the total power. Filtering
a part of this spread disturbance energy, the total power will be lower, but EMC filtering
is only necessarily if the quasi-peak value is too high according to the standard.
Improvements between 6 and 9 dBμV measured in quasi-peak have been obtained by
modulating the switching frequency (Stone et al. 1996; Trzynadlowski et al. 1998). If two
devices were to be compared, one with fixed and one with modulated switching
frequency, as in Figure 7, they would produce the same amount of conducted distortion
energy (Kuisma 2003). However the benefit of modulated switching frequency is that the
device can be equipped with a smaller EMC filter, which will reduce the cost. The result
is that both devices produce the same maximum conducted energy per band, but that the
total conducted energy for the device with modulated switching frequency may be
significantly because of the smaller EMC filter. The impact on narrowband
communication is probably the same, but broadband communication will experience a
higher noise level. How this change impacts summation rules and conducted emission is
unclear. Note that a varying switching frequency is also obtained by using so-called
"hysteresis control", but an even bigger spread may be obtained by using PWM with a
modulated switching frequency.
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Figure 7. Spectrum due to PWM with fixed switching frequency (top) and with modulated
switching frequency (bottom). Both figures have the same horizontal and vertical scale.

Immunity against Conducted Disturbances
The standards limiting high-frequency emission are mainly aimed at limiting radiated
emission so at to prevent interference with radio communication. Even though limits are
posed on conducted disturbances as well, the impact of these conducted disturbances on
the system and on other equipment has not been viewed as a serious problem during the
development of the standards.
This underlying assumption may however no longer hold due to a number of parallel
developments. The last several years have seen an incredible increase in the number of
devices with a power-electronic interface connected to the grid. At the same time almost
every function in our society (ranging from financial transactions and communication, to
healthcare and climate control) is based on or controlled by such devices. Note that all
digital and computer-based devices fall in this class. Also more and more of safety–
related applications depend on such technologies.
The consequences of this for electromagnetic disturbances is that the number of
emission sources has increased and at the same time that more devices are potentially
impacted by the disturbances and that the potential consequences of interference is much
bigger than before. The situation becomes even more complicated as many devices are
not only connected to the same grid but also connected to a communication network.
The increase in the number of devices will make it difficult to find the disturbing
object when experiencing interference on site. Laboratory tests are especially difficult for
communication networks with a large number of devices that can be combined in many
different ways. Laboratory tests related to EMC often concentrate on one disturbance at a
time and often only one or a few inputs on the device at a time. To test all inputs and all
combinations of disturbance at the same time is rather complicated. But still the tests and
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instructions for installations have to provide freedom from interference, when the devices
are in their practical application.
Digital communication services use redundancies and coding technologies to obtain
communications without disturbance besides the tests for EMC. Together, these
redundancies, coding technologies and EMC tests, provide a high immunity against
disturbances for digital communications. But at the same time, the redundancies and the
coding technologies hide if the system is close to interference due to conducted
disturbances.

EMC Standards and Communication Services
The mentioned standards on radiated disturbances have been developed to protect analog
communication services. The shift to digital communication services makes that the basic
assumptions no longer hold. In this case it is not the emission level that is affected but the
immunity of other equipment against the disturbance.
The design of the switched-mode power supply is made complying with the EMC
standards for conducted Electromagnetic disturbances (conducted EMI) in the 150-kHz–
30-MHz range (CISPR 16-1 1993). This standard is developed to protect analog and not
digital communications services and uses for that reason the quasi-peak detector, which
simulates the human perception of electromagnetic disturbances on analog radio
receivers. Efforts to create a new type of weighted detector representing the disturbance
effect on digital radio receivers have been done (Stecher 1998) but the progress in this
work has been slow.

Measurement of Conducted Disturbances
A measurement of conducted disturbances was performed in the three-phase supply to a
newly built warehouse. The load consisted of fluorescent tubes powered by a 0.49 A at
230V HF-ballast with a power factor at 0.99. Each fitting contains two 49 W, T5
fluorescent tubes. There were in total 16 fittings connected to phase A; 12 fittings
connected to phase B and 10 fittings connected to phase C.
The current in the three phases and in the neutral were measured simultaneously with
an oscilloscope; the results are shown in Figure 8. The measurement reveals that the load
is drawing nearly sinusoidal current with high-frequency signals superimposed. The
fundamental (50-Hz) currents in phases A, B and C were about 8.1 A, 5.6 A and 4.5 A,
respectively.
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Figure 8. Measured currents containing high-frequency noise: three phase currents and
the neutral current.
Figure 9 shows the spectrum of the currents, obtained by applying a discrete Fourier
transform (DFT) to the 20-ms window shown in Figure 8. The frequency spectrum of the
current shows a peak around 43kHz. The amplitude of the current is about 16 to 24mA,
which is about 0.28 to 0.43% of the fundamental current in each phase. This is a relative
small amount compared with part of the low-frequency harmonics but as the frequency is
much higher they cannot be directly compared.
At this point it is not clear were the high-frequency signal is generated: It could either
be generated by the HF-ballast in the warehouse or it could be generated at some other
equipment connected at the same low-voltage grid and the current is drawn by the HFballast. The high-frequency current taken by an electronic device is in many cases
strongly dependent on the background distortion in the voltage. This makes it difficult to
define emission during on-site measurements.

Figure 9. The spectrum of the currents shown in Figure 8
The signal shown in Figure 8 is not a stationary signal; it fluctuates in time. In Figure
10 the signal is filtered with a digital high pass filter. The high-frequency component of
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the currents reaches a value 1.1 to 1.2A peak-to-peak, or up to almost 10% of the
fundamental peak-to-peak current.

Figure 10. The high-pass filtered current shown in Figure 8.
The aim of this measurement example is to show some of the complexities in
assessing conducted emission on site. It is not straightforward to determine if a large
high-frequency current with a device is due to this device of due to a source elsewhere.
The disturbance or emission level depends on the data processing applied (i.e. on the
"power-quality index" used) especially when the level varies strongly with time.
All this requires a more thorough understanding of high-frequency conducted
disturbances during the practical application of devices, i.e. outside of the controlled
environment of the testing laboratory.

Framework for future standard design
Emission and Immunity
In the previous sections of this paper a number of shortcomings have been presented of
the standards regulating the emission of high frequency conducted and radiated
disturbances. This does not necessarily imply that the emission limits need to be changed.
But it does imply that a thorough reassessment of the standards is needed, to point out
exactly where they could be improved and to quantify the impact of the change in
circumstances.
To set up a framework for the design and evaluation of electromagnetic-compatibility
standards, consider the common way to describe measurements of conducted emission to
obtain EMC, as shown before in Figure 1. Although this way of representing the various
levels is commonly used, it does not give the whole picture. This way of representing is
in fact only correct when there is only one emitter. For multiple emitters a more correct
way of representation is to split the diagram in two separate parts: one for the emission
side, one for the immunity side, as shown in Figure 11. Somewhat oversimplified we
assume here that emission is expressed in Ampere and immunity in Volt.
To ensure electromagnetic compatibility, the emission and immunity sides of the
figures have to be linked. This is done by means of the (electromagnetic) compatibility
level or EMC level, but this level is expressed in Volt in one case and expressed in
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Ampere in the other case. In the figure on the left the compatibility level is related to the
emission of one emitter; whereas on the right it is related to the electromagnetic
environment as experienced by a susceptor. In order to relate these two, a model is
needed for the propagation and addition of the emission from individual sources. With
high-frequency conducted disturbances, a high-frequency model of the power grid is
needed.
Having linked the EMC levels, suitable emission and immunity margins are needed to
incorporate the uncertainties in emission between the test and the actual application.
Many of the above-mentioned uncertainties still need to be covered, but the joined
emission of multiple sources is now covered by the choice of different EMC levels for
emission and immunity.

Figure 11. A more detailed description of emission and immunity levels, with the
compatibility level (EMC level) linking emission standards (left) and immunity standards
(right).

Linking Emission and Immunity
The immunity level on site is a very complex situation depending on the number of
emitting devices, properties of the power grid, communication network etc. The
conducted-disturbance part of the electromagnetic environment experienced by a device
is not only depending on the connection to the power grid, but rather on the complex
network connection to other equipment connected to the power grid. This includes
connections via the phase wires, via the neutral, via the protective earth, through stray
currents and even via communication links.
To describe the relation between emission and immunity levels, the hosting-capacity
concept may be applied. This concept has been introduced to quantify the impact of
distributed generation on the power grid (Bollen and Häger 2004). The concept can be
explained with the help of Figure 12. The disturbance level (electromagnetic
environment) is determined for an increasing number of emitters. The hosting capacity of
the system is reached when the disturbance level becomes equal to the EMC level for
immunity.
The emission and immunity standards have to be such that the probability of the
hosting capacity being exceeded is sufficiently small.
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Figure 12. Definition of the hosting capacity for conducted emission in the power grid.

Conclusions
High power-density, power electronic equipment, on domestic, commercial and
industrial sites, produce waveform distortion at high frequencies, typically at the
switching frequency and at harmonics of the switching frequency. These so-called "highfrequency harmonics" may cause new types of interference and therefore need to be
limited.
The underlying aim of the EMC standards is to prevent electromagnetic interference.
Setting of an emission standard is just a means for achieving this aim. Due to changing
circumstances, a situation may arise under which interference occurs despite equipment
meeting its emission requirements. In that case, a change in the emission standard is
urgently needed. Such a change may involve a reduction of the emission limit, an
increase of the immunity limit, or a complete redevelopment of the methods.
A distinction is made between two types of shortcomings: differences between
emission levels under test circumstances and those in reality; changed circumstances
making that the assumptions under which the emission limits were derived no longer
hold.
The existing standards for emission of radiated electromagnetic disturbance are
developed for the purpose of protecting analog radio communication services using the
quasi-peak detector chosen with respect to the human hearing. When the existing analog
technologies are substituted with digital technologies and the number of emitting devices
increases, interference could occur even though all equipment complies with the
standards.
The emission requirements above 150 kHz are generally speaking stricter than below
150 kHz. This allows for optimizing the selection of switching frequency together with
the filter sizing resulting in high levels of "high-frequency harmonics" being a problem
for residual current circuit breakers, ground fault protectors and power line
communications. In the same way, by modulating the switching frequency the
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disturbance energy is spread over a broad frequency band making it easier to meet the
emission requirements. The power density is lower but not the total power.
A measurement example of high-frequency disturbances is shown. The conclusions
from this measurement are that new characterization methods are needed and that a
distinction is needed between high-frequency emission due to the piece of equipment
being measured and emission by a piece of equipment but due to another piece of
equipment.
A framework is proposed for the development of a new set of standards on equipment
emission. The framework is based on a separation of the compatibility level for emission
and the compatibility level for immunity. These two compatibility levels are linked by the
so-called hosting-capacity approach.
If there is a problem with electromagnetic interference it will be obvious during the
application of the device, either immediately or after a while. But solving such a problem
is complex if all equipment complies with the standards and the installation is made
according to instructions, and there still is an interference problem. If the technology
changes faster than the adjustment of standards we could loose control over
electromagnetic compatibility.
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Abstract-- This paper discusses some consequences of
developments in technologies that may impact the risk of
electromagnetic interference and equipment damage despite the
equipment complying with the tests according to the product
standards. Examples of such technologies are: the change from
analogue to digital communication, the fast increase in numbers
of power converters having smart switching technology and the
use of communication via the power system. The paper discusses
upcoming sources of emission, uncertainties in emission level,
and changing circumstances. It is shown that it is possible for
equipment to remain below the emission limits while at the same
time the disturbance level increases beyond what was intended
by the standard document. The paper also proposes a framework
for addressing the problems due to massive penetration of
equipment injecting high-frequency harmonics.

Index Terms--Electromagnetic compatibility; power quality;
conducted disturbances; power-quality and EMC standards.
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I. INTRODUCTION

HE use of power electronics in domestic, commercial and
industrial equipment has increased rapidly. There are
several advantages with these power converters such as high
power density, small losses and low weight. A disadvantage
of this type of load is however that it often creates high levels
of harmonics. The use of fast switching techniques also
creates high-frequency disturbances on the low-voltage grid.
A simple two-pulse diode rectifier forms the interface to
the vast majority of computing and consumer-electronics
equipment. The resulting current taken from the supply
consists of all odd harmonics up to order 9 to 15 [1]. Thirdharmonic currents may be as high as 80% of the fundamental
component. International standards have been introduced to
limit the harmonic currents produced by small and large
equipment. Other equipment, noticeable energy-saving lamps
and some advanced power-electronic driven electrical
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machines, are equipped with a so-called "controlled rectifier"
or "active front-end" as interface. These interfaces produce
significantly less distortion in the frequency band up to about
1 kHz. However they produce instead waveform distortion at
higher frequencies, typically at the switching frequency and at
harmonics of the switching frequency.
These so-called "high-frequency harmonics" causes new
problems. Distribution transformer failure due to high energy
spikes and switching transients [2] and disturbances from
PWM converters has been reported [3] giving ”malfunction of
electronic office equipment, blown power supply units,
malfunction of electronic controls or unacceptable noise.”
This paper will give a brief overview of standards that are
currently available to limit emission by power-electronic
equipment. The main emphasis of this paper will be, to
address the consequences of large-scale penetration of such
equipment. Each device itself has been designed to fulfill the
standard requirements against minimum costs. The design of
equipment has not been aimed at limiting the overall distortion
level.
II. SOURCES OF EMISSION
A. Harmonics and high-frequency harmonics
The interest of low weight together with high power
density and small losses has resulted in a basic change in
power converter construction. Instead of a 50/60 Hz
transformer followed of a diode bridge, a storage capacitor
and a voltage regulator, the diode bridge is first, followed by a
storage capacitor, a dc/ac converter feeding the transformer
with a frequency of tens of kilohertz and a voltage step down
dc/dc converter and regulator.
This solution has besides a number of benefits two basic
drawbacks: the fundamental frequency harmonic generation in
the input diode rectifier and so called "high-frequency
harmonics” from the switching units.
The origin and spread fundamental frequency harmonics
and its disadvantages are well known, also some of the
solutions like passive and active filters. One of these
solutions, power factor correction (PFC), giving opportunity
to a wide input voltage range, a displacement power factor
close to 1.0 in combination with almost sinusoidal input
current.
A passive PFC is often an inductor before the storage
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capacitor smoothing the capacitor charging current. An active
PFC uses a switching element together with an inductor, a
switched-mode boost converter, before the storage capacitor
to force the current, like in a resistor, to follow the shape of
the voltage.
The switching frequency and its harmonics in the PFC are
generated independently, i.e. uncorrelated, to the frequencies
and its harmonics generated in other switching unit’s like
dc/ac converters, dc/dc converters or other PFC, connected to
the same power grid. The origin for the PFC switching
frequency is also generated independent to the 50/60 Hz
fundamental frequency and its harmonic. But, as long as the
frequency origin is not the same, two identical converters will
differ in switching frequency. These harmonics of the
switching frequency are called high-frequency harmonics (HF
- harmonics), in distinction from the fundamental frequency
harmonics. In the case there is a summation of lots of
switching frequencies and their harmonics the expression,
high-frequency noise, HF- noise, is also used.
Depending on the construction, the switching frequency in
a PFC is rarely absolutely constant but changes continuously
depending on variations in input voltage, temperature or
loading. In hysteretic control, one of the principles used in
SMPS, a hysteretic band around the input voltage is used as a
reference. When the instantaneous current reaches the upper
or lower limit of the hysteretic band, the current direction is
changes by switching. When using hysteretic control, the
switching frequency varies during each half period of the ac
line voltage. The lowest frequency occurs at the peak of the
AC line and the highest frequency at the zero crossing [4].
In three phase converters used for motor drives it is
possible, using PWM techniques, to eliminate harmonics, on
the motor side and, in self-commutated converters, also at the
line side. The ratio between the PWM modulation frequency
and the motor or the grid fundamental frequency, called the
frequency ratio, determines the harmonic spectrum for a given
pattern of modulation and for a certain degree of control [4].
When the motor speed changes, by changing the motor
fundamental frequency, the PWM modulation frequency also
changes. “Frequencies generated by self-commutated
converters with an operating pulse frequency of several kHz”
have been reported [3] as a source of disturbances in power
systems.
The difference in frequency origin, between 50/60 Hz
fundamental frequencies and the switching frequency, is an
important piece of knowledge in understanding the behavior
and the treatments of this switching frequency and its
harmonics, to achieve electromagnetic compatibility EMC.
The treatment of the fundamental frequency harmonics is
often based on their steady state behavior and the “phase
locking” between the three phases and between the harmonics.
This makes it possible to create tuned filters at a certain
harmonic frequency and to create phase-shift filters using
transformer windings.
If the switching, in different sources, takes place at the
same frequency but with independent phase angle, tuned

filters can still be used to eliminate the switching frequency
and at its harmonics. However if the switching frequency
varies broadband filters have to be used.
The independent phase angle makes that phase-shift filters
can no longer be used. Switching sources generated at the
same frequency may add or cancel depending on the phase
angle. Different frequencies and independent phase angles
results in varying amplitude of the sum signal. This makes
characterization, and thus setting of limits, much more
complicated.
B. Current disturbances due to multiple devices
Connecting two or more identical devices using switching
techniques to the same supply results in an addition of the
conducted disturbances. Fig. 1 shows measurements of the
current in the protected earth (PE) wire when one and when
two fluorescent tubes using high frequency (HF) ballast are
connected.

Fig 1. The current in the PE-wire when one, (lower curve) and two (upper
curve), HF ballasts are connected to the same supply.

When one HF ballast is connected, lower curve in Fig.1,
the high-frequency current is almost stable in amplitude. Note
the small 50 Hz modulation. When two HF- ballasts are
connected the small difference in switching frequency gives
an amplitude modulation. The amplitude of the highfrequency current varies between zero, when the currents have
opposite phase and therefore cancel, and twice the peak to
peak value for one ballast, when the two currents are in phase
and add.
Mathematically the two switching currents in Fig. 1 could
be expressed as an addition of two sinusoidal signals.
Assume the two switching currents (i1 ,i2) with the same
peak amplitude (I), but with different frequency (f1 ,f2)

i1 (t ) I cos(2Sf1t )
i2 (t ) I cos(2Sf 2t )

where time zero has been chosen such that the two signals
have the same initial phase. The sum current equals:

itotal (t )

I ^cos(2Sf1t )  cos 2Sf 2t

`

Using a number of standard trigonometric formulas results
in the following expression for the amplitude-modulated
signal:

itotal (t )

2 I cos 2S'f cos 2Sf av
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Where the frequency difference is: 'f
average frequency: f av

1
2

f1  f 2 and the

f1  f 2 .

The difference ¨f between the two switching frequencies
appears as a modulation frequency in the upper curve in Fig.
1. The average frequency fav is not easy to identify in the
figure.
When 24 fluorescent tubes using HF ballast are connected
to the same supply, as seen in Fig. 2, the modulation becomes
stochastic. The worst-case amplitude of the current is, in
theory, 24 times the single ballast values. The long-term RMS
value is only
ballast.

24

4.9 times the value for a single HF

Fig. 2. The current in the PE- wire when 24 HF- ballasts are connected.

The individual switching frequencies in Fig. 1 and Fig. 2
are of almost constant frequency and amplitude with a low
level of distortion. If the switching frequencies would be
distorted and vary in amplitude and/or frequency the result
from 24 switching sources would have been even more
complicated to predict.
III. EXISTING STANDARDS LIMITING HF EMISSION
Electromagnetic radiation disturbance limits are developed
for the purpose of protecting radio communication services.
The relevant standards have been developed by taking into
account, among others, frequency bands, signal levels,
separation distances between the interfering and interfered
equipment, desired signal ratio [6].
The radiated emission of electronic equipment is limited
with respect to analog radio communication [7], covering the
frequency range from the lower limit of the long-wave band
(150 kHz) up to the upper limit of the short-wave band (30
MHz). The upper limit of 30 MHz also represents the limit for
radio communication over the horizon. The quasi-peak
detector and the measurement bandwidth (220 Hz bandwidth
up to 150 kHz, 9 kHz above 150 kHz) are chosen with respect
to the human hearing, in combination with analog radio
communication. The measurement protocol below 150 kHz in
CISPR 16-1 is used in military standards covering those
frequencies.

Besides radio communication the interest for
communication using power lines has increased. Since 1991
very-low-speed power-line communication (PLC) is available
in Europe according to a CENELEC standard EN 50065 [8] in
a frequency range between 3 to 148.5 kHz. Outside of Europe
standard IEC 61000-3-8 [9] allows frequencies up to 525 kHz.
Further interest for power-line communication exists in the
frequency range above 1 MHz for broadband over power line
(BPL).
Standard document IEC 61800-3 [10] defines the limits for
conducted disturbance in the range from 50 Hz to 2.5 kHz
(mains harmonics) and from 150 kHz to 30 MHz (conducted
emission) for adjustable-speed drives. European standard EN
55011 [11] defines the main terminal disturbance voltage,
measured using a voltage probe or line impedance stabilizing
network (LISN) in the range from 9 to 150 kHz for certain
types of equipment. Product standards for other devices are
under consideration or under preparation. The remaining
range from 2.5 to 9 kHz is currently not covered.
The limits and methods of measurement laid down in EN
55011 [11] apply to industrial, scientific and medical (ISM)
equipment, and to electro-discharge machining (EDM) and arc
welding equipment. Procedures are given for the measurement
of radio-frequency disturbances and limits between 9 kHz and
400 GHz. Requirements for ISM lighting apparatus operating
in the ISM frequency bands of 915 MHz (only allowed in
region 2 as defined by the ITU Radio Regulations), 2.45 GHz
and 5.8 GHz are contained in this standard. Requirements for
other types of lighting apparatus are covered in CISPR 15.
[12].
IV. UNCERTAINTIES IN EMISSION LEVELS
An important aspect of the standards on electromagnetic
compatibility is their reproducibility: i.e. two independent
testing laboratories should find exactly the same result for the
same piece of equipment. The emission levels therefore have
to be measured under very precisely defined conditions. A
direct consequence of this is that there will always be a
discrepancy between the emission level from the test and the
actual emission level during the practical application of the
device. This deviation is often stochastic in nature and merely
requires an additional safety margin between emission and
immunity limits (the so-called "compatibility margin"). The
“compatibility margin” also handles the summation of
emission from several devices.
A. Emission from several devices
Normally devices are tested, one by one in the laboratory
according to the product standard. Tests often concentrate on
one disturbance at a time and often only one or a few inputs
on the device at a time. To test all inputs and all combinations
of disturbance at the same time is rather complicated. It is also
complicated to test several units together.
When the tested devices are applied together with other
devices, as a source of disturbance, a parallel impedance and
as a recipient of disturbance, the disturbance situation
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becomes more complicated. The installation also affects the
result; the value of the source impedance is rarely equal to the
50-: value used for the standardized test.
Besides the summation of disturbance sources, there is also
an apparent risk of impedance mismatch and resonance. This
last increases not only the risk for interference, but also for
equipment damage.
B. Impedance Mismatch and Resonance
The insertion loss performance for EMC filters is assuming
50-: system impedance (50-: source impedance, 50-: load
impedance). The impedance of the power supply is however
rarely exactly equal to 50 : and further varies with frequency
and operating condition of the system. If the impedance of the
ac-mains or the impedance of the equipment under test (EUT)
differs from 50 : the performance of the EMC filter will
differ from its expected performance [13].
Another change in filter response occurs due to resonance
phenomena associated with impedance mismatch between
filter and supply [14] or between filter and EUT [15].
Normally the mains cable between LISN and EUT, during
conducted emission (CE) test, has a maximum length of 1 to 2
meters, depending on the particular standard documents.
Experiments using an extra 2.5 m extension cord between
LISN and EUT show that this extension cord has a 50 :
impedance at low frequency, while at higher frequencies the
impedance reaches almost 300 : [16]. Simulations have
shown that a longer distance between the CE at the LISN may
impact the conducted emission by more than 10 dB [17].
V. CHANGING CIRCUMSTANCES
In some cases the assumption under which the emission
limits were obtained are no longer valid. As mentioned before
the underlying aim of the standards is to prevent
electromagnetic interference. Setting of an emission limit is
just a means for achieving this aim. Due to changing
circumstances a situation may arise under which interference
occurs despite equipment meeting its emission requirements.
In that case, a change in the emission standard is urgently
needed. Such a change may involve a reduction of the
emission limit, an increase of the immunity limit, or a
complete redevelopment of the methods.
A. Introduction of Digital Communication Techniques
The emission levels for radiated disturbances are based on
their potential impact on analog communication systems.
When the existing analog technologies are substituted with
digital technologies and the number of emitting devices
increases, interference could occur even though all equipment
complies with the standards.
There is normally no problem when testing the device in
the laboratory according to the product standard. But if
equipment from different technical areas, i.e. products that
have to comply with different product standards, is used in the
same power grid, problems can occur especially for higher

frequencies. The problems can further increase when different
equipment is connected to the same grid and at the same time
also connected by communication networks using analogue or
digital communications technologies.
There is an increasing interest of communication in the
power grid. Dostert [18] shows how spread spectrum
techniques has benefit as “special transmission techniques to
overcome high and varying levels of interference as well as
varying values of impedance and attenuation. “ The same
spread spectrum techniques are also used in electronic
equipment in order to comply with the standard. (See also
Section V. C. “Spreading the Disturbance Spectrum”)
It is unclear what happens if an increasing part of receiving
communication equipment uses spread spectrum techniques to
avoid interference at the same time an increasing part of
emitting electronic equipment uses spread spectrum
techniques to fulfill standard.
B. Switching Frequencies below 150 kHz
The frequency ranges below and above 150 kHz are treated
differently in standard documents. The emission requirements
above 150 kHz are generally speaking stricter than below 150
kHz. This allows for optimizing the selection of the switching
frequency together with the filter sizing: “the switching
frequency has been selected so as to have the first and second
harmonic component of the ripple below the lower frequency
considered by the standards; thus reducing the filter
requirements.” [19].
The result is that those devices produce a significant
amount of conducted disturbances just below the 75 kHz and
150 kHz mark. Further penetration of these devices will not
only lead to higher conducted disturbances below 150 kHz. It
may also cause interference above 150 kHz. Consider for
example that a large fraction of devices has a switching
frequency just below 75 kHz, so that the second harmonic
falls just outside of the frequency range with stricter limits
(i.e. just below 150 kHz). Their filters will be designed such
that the third harmonic of the switching frequency, in this case
slightly below 225 kHz, falls within the limits. With many
such devices installed the result is almost certainly a high
level of disturbance in the frequency range 200-225 kHz with
potential risk of interference.
C. Spreading the Disturbance Spectrum
When electronic equipment is tested in a laboratory
according to product standards, the quasi-peak detector [7], is
used to measured the conductive and the radiated emission.
The disadvantage in using a fixed switching frequency
while using quasi-peak detector in measuring is well known.
“...as the period of the signal is fixed, there will always be
some energy present at the harmonic frequencies, giving rise
in corresponding peaks in the power density spectrum which
may lie above the limits set in the EMC standards relevant to
the equipment under test.” [20].
A common solution is to use a variation of the switching
frequency. “Spread spectrum is a well known communications
system technique, which may be applied to switched mode
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power converters to reduce the amplitude of the peak
unwanted spectral energy present in high order harmonics of a
PWM waveform, whilst distributing the energy to additional
harmonics” [20].
Random pulse with modulation (RPWM) gives, in motor
drives, beside other benefits a “significant reduction of the
noise, especially with regard to the quasi-peak values is
shown, demonstrating an important advantage of random
modulation.” [21].
By using spread spectrum, improvements between 6 and 9
dB measured in quasi-peak have been obtained [20]. If two
devices were to be compared, one with fixed and one with
spread spectrum, they would produce the same amount of
conducted distortion energy. “The total power is the same in
the both cases, though the peak level has been reduced” [22].
The power density is lower but not the total power.
Filtering a part of this spread disturbance energy, the total
power will be lower, but EMC filtering is only necessarily if
the quasi-peak value is too high according to the standard.
However the benefit for the manufacturer of modulated
switching frequency is that the device can be equipped with a
smaller EMC filter, which will reduce the cost. The result is
that both devices produce the same maximum conducted
energy per band, but that the total conducted energy for the
device with modulated switching frequency may be
significantly because of the smaller EMC filter.
The impact on narrowband communication is probably the
same, but broadband communication will experience a higher
noise level. How this change impacts summation rules and
conducted emission is unclear. Note that a varying switching
frequency is also obtained by using so-called "hysteretic
control" [5].

VI. PROPOSED METHOD TO HANDLED SWITCHING FREQUENCIES
BELOW 150 KHZ
The last several years the interest for HF harmonics and
noise in power systems has increased. One reason is the
possibility of communication via the power grid, for internet
connection using frequencies between 1and 30 MHz and for
communication to energy meters using frequencies between 9
and 95 kHz. For both cases increasing levels of HF
harmonics could pose a problem.
The power grid is build and optimised for 50/60 Hz
fundamental frequencies. The possibility to carry other
frequencies differs depending on the grid and on the devices
that are connected.
The number of electronic equipment producing HFharmonics has increased at the same time and together with
that the number of filters connected to the power grid. These
filters are found on the grid-side of every piece of equipment
and optimized to fulfill the product standard. The possibility
to use the power grid for communication purpose is not
considered in those product standards.
The combination of HF-harmonics, often wide spread
using different types of modulation, and filters having

unknown influence on the power grid transfer impedance,
makes an uncertain future for communication using the power
grid, particular if with a further increase in the amount of
electronic equipment. This problem cannot be solved using
better coding techniques only, if communication speed is of
interest as well.
If the power grid is to be used as a communication channel
this should be taken into considerations in the specification for
all equipment connect to the power grid. In other words: it
should be considered during the development of product
standards.
For example, these specifications could include that only a
small number of fixed switching frequencies are allowed and
that filter specifications include a low damping for frequencies
used for communication versus a high damping for the
switching frequencies.
This would not solve the complete problem but it would
significantly reduce the complexity of the problem.
VII. CONCLUSIONS
A fast growing penetration of equipment injecting highfrequency harmonics may lead to incorrect equipment
operation or even to damage.
The underlying aim of the EMC standards is to prevent
such electromagnetic interference. This underlying aim is
implemented by means of a large number of basic EMC
standards and product standards. The rarely explicitly written
but nevertheless very important assumption is that
electromagnetic compatibility is achieved with a high
probability when all equipment complies with the product
standards.
Most of the emission and immunity tests are made on the
device, one by one, in a well-controlled laboratory
environment according to the appropriate product standard.
Electromagnetic interference occurs during the application
of the device, in a non-controlled environment, often together
with hundred or more of other devices, all tested according to
their specific product standard. The difference between the
controlled laboratory environment and the non-controlled
reality makes that interference may occur despite that all
equipment and installations comply with the appropriate
standards. This is acceptable as long as it is limited to a small
number of cases. However changing circumstances make that
the probability of interference occurring may increase beyond
what is acceptable.
The existing standards for emission of radiated
electromagnetic disturbance are developed for the purpose of
protecting analog radio communication services using the
quasi-peak detector chosen with respect to the human hearing.
The emission requirements above 150 kHz are generally
speaking stricter than below 150 kHz. This allows for
optimizing the selection of switching frequency together with
the filter sizing resulting in high levels of "high-frequency
harmonics" In the same way, by modulating the switching
frequency the disturbance energy is spread over a broad
frequency band making it easier to meet the emission
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requirements. The power density is lower but not the total
power.
Besides the risk of interference there is a risk for
equipment damage. If the amplitudes in HF harmonic current
and voltage show a high variation it is possible to have high
peak amplitudes, especially with resonances in power grid.
When digital technologies are added to the existing analog
technologies and the number of power converters having
smart switching technology and other emitting devices
increases fast, an interference situation could occur suddenly,
especially if the focus of equipment manufacturers is to fulfill
the product standard in laboratory.
When the manufacturer optimizes the technical solution
according to quality and cost for a device, developing new and
smart solutions and still fulfilling the product standard, the
interference risk could be higher than intended during the
development of the product standard.
It is especially the combinations of all factors, continuously
chancing, that could create interference problems. If the
technology changes faster than the adjustment of standards the
control over electromagnetic interference could be lost.
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Abstract-- This paper discusses different treatments of
harmonics in three phase systems, especially passive and active
power factor correction (PFC). The change from harmonics
below 2 kHz to above 2 kHz is described. Measurements have
been carried out with two types of computer load together with
LCD and florescent light driven by electronic ballast: on a large
number of devices during a LAN party and on individual devices
in the laboratory. Also some aspects of increasing numbers of
equipment are illustrated.
Index Terms--Electromagnetic compatibility; power quality;
conducted disturbances; power-quality and EMC standards.
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I. INTRODUCTION

IGH power density, small losses and low weight are
some of the advantages in using power electronics. A
disadvantage of this type of load is however that it often
creates high levels of harmonics. The use of fast switching
techniques also creates high-frequency disturbances on the
low-voltage grid.
A simple two-pulse diode rectifier forms the interface to
the vast majority of computing and consumer-electronics
equipment. The resulting current taken from the supply
consists of all odd harmonics up to order 9 to 15 [1]. Thirdharmonic currents may be as high as 80% of the fundamental
component.
International standards have been introduced to limit the
harmonic currents produced by small and large equipment.
Before use, the equipment has to fulfill the product standard,
tested one by one, in a controlled laboratory environment.
Other equipment, noticeable energy-saving lamps and
some advanced power-electronic driven electrical machines,
are equipped with a so-called "controlled rectifier" or "active
front-end" as interface. These produce significantly less
distortion in the frequency band up to about 1 kHz. However
they produce instead waveform distortion at higher
frequencies, typically at the switching frequency and at
harmonics of the switching frequency.
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II. POWER SUPPLIES
A. Harmonics and high-frequency harmonics
The interest of low weight together with high power
density and small losses has resulted in a basic change in
power converter construction. Instead of a 50/60 Hz
transformer followed of a diode bridge, a storage capacitor
and a voltage regulator, the diode bridge is first, followed by a
storage capacitor, a dc/ac converter feeding the transformer
with a frequency of tens of kilohertz and a voltage step down
dc/dc converter and regulator.
This solution, named switch mode power supply (SMPS),
has besides a number of benefits two basic drawbacks: the
fundamental frequency harmonic generation in the input
diode rectifier and so called "high-frequency harmonics” from
the switching units.
B. Power factor corrector
The origin and spread of fundamental frequency harmonics
and its disadvantages are well known, also some of the
solutions like passive and active filters [2]. One of these
solutions, power factor correction (PFC), allows for a wide
input voltage range, a displacement power factor close to 1.0
in combination with almost sinusoidal input current.
A passive PFC is often an inductor before the storage
capacitor smoothing the capacitor charging current, often
enough for computers [2]. An active PFC uses a switching
element together with an inductor, a switched-mode boost
converter, before the storage capacitor to force the current,
like in a resistor, to follow the shape of the voltage.
The switching frequency and its harmonics in the PFC are
generated independently, i.e. uncorrelated, to the frequencies
and its harmonics generated in other switching unit’s like
dc/ac converters, dc/dc converters or other PFC, connected to
the same power grid.
The origin for the PFC switching frequency is also
generated independent to the 50/60 Hz fundamental frequency
and its harmonic. But, as long as the frequency origin is not
the same, two identical converters will differ in switching
frequency. These harmonics of the switching frequency are
called high-frequency harmonics (HF-harmonics), in
distinction from the fundamental frequency harmonics. In the
case there is a summation of lots of switching frequencies and
their harmonics the expression, high-frequency noise, HFnoise, is also used.
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The treatment of the fundamental frequency harmonics is
often based on their steady state behavior and the “phase
locking” between the three phases and between the
harmonics. This makes it possible to create tuned filters at a
certain harmonic frequency and to create phase-shift filters
using transformer windings.
The difference in frequency origin, between 50/60 Hz
fundamental frequencies and the switching frequency, is an
important piece of knowledge in understanding the behavior
and the treatments of this switching frequency and its
harmonics, to achieve electromagnetic compatibility EMC.
C. Instability
It has been reported that high-frequency harmonics causes
new problems. Distribution transformer failure due to high
energy spikes and switching transients [3] and disturbances
from PWM converters have been reported [4] giving
”malfunction of electronic office equipment, blown power
supply units, malfunction of electronic controls or
unacceptable noise.”
Since more than 10 years it is also known that the
connection of PFC to certain ac sources and line conditioners
can cause system instability. [5]. This early study pointed out
that “PFC supplies on the other hand can be unstable below
60Hz when powered by an AC source that exhibits high
output impedance characteristics in that frequency range.”
Later research has pointed out switching frequency instability
“near the zero crossing of the PFC input current” [6], [7], [8].
The construction of the PFC can vary depending on
relative cost, volume, weight and applicable power range [2].
It makes it possible to have all kind of combinations of
solutions according to the power electronic and to the
regulator circuit. This regulator circuit is tested according to
stability but normally only connected to a passive AC sources
and seldom in parallel with other equipment.

i (t ) is:
T

1 2
i (t )
T ³0

overlap (see figure3 and text below), is the arithmetic sum of
the contribution from each phase I A , I B , I C :

I A2  I B2  I C2

IN

[2]

Calculation on a per unit basis results for the maximum
neutral current:

I N max

12  12  12

3 | 1,73

[3]

When the current pulses show overlap in time, the RMS of
the neutral current becomes less and requires a time-domain
or frequency-domain calculation to be quantified.
The ratio, N between the neutral current and the mean
phase current is:

N

I N /(( I A  I B  I C ) / 3)

[4]

The maximum ratio, N max is:

N max

I N max /(( I A  I B  I C ) / 3)

[5]

Calculation for the maximum neutral current and no
overlap in the per unit basis gives:

N max

3 /((1  1  1) / 3)

3 | 1,73

[6]

The factor 3 is the maximum possible ratio, between the
neutral current and the phase current in a three-phase system.
IV. IEC 61000-3-2 STANDARD

III. NEUTRAL CURRENTS
The total resulting current in the neutral conductor in a
balanced three-phase system without harmonics is, as known,
zero.
In the presence of zero-sequence harmonics (odd triplen
harmonics, 3rd, 9th, 15th, and so on) in a balanced threephase system, there will be a current in the neutral.
In time domain: the current pulses in the three phases do
not overlap at all or overlap only partly so that the return
current has to close via the neutral.
The root-mean-square (RMS) value, I rms of a current,

I rms

The total resulting RMS value of the current in the neutral
conductor, I N in a balanced three-phase system with no

[1]

International standards have been introduced to limit the
harmonic currents produced by small and large equipment.
Each device itself has been designed to fulfill the standard
requirements against minimum costs. The design of
equipment has not been aimed at limiting the overall
distortion level.
Only when the equipment is installed and in use, will the
result of the standard and the tests become clear. It will also
become clear only then if the increasing numbers of similar
and non similar equipment together creates new
electromagnetic compatibility (EMC) problems like spurious
trips, reduced lifetime and ageing [9]
IEC 61000-3-2 [10] sets limits for common equipment in
domestic, commercial and industrial buildings, like
computers, CRT, LCD, fluorescent lamps, etc.
The standard categorizes equipment in four classes A, B, C
and D. The limits for Class C (lighting equipment having an
active input greater than 25 W) are summarized in Table I.
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TABLE I
LIMITS FOR CLASS C EQUIPMENT
Harmonic order
Maximum permissible harmonic current expressed
(n)
as a percentage of the input current at the
fundamental frequency
%
2
2
3
30×Ȝ*
5
10
7
7
9
5
13n39
3
(odd harmonics only)
* Ȝ is the circuit power factor

Class D, valid for all applications having an active power
between 75 and 600 W, and includes personal computers,
personal computers monitors and televisions receivers. The
relevant limits are shown in Table II.
TABLE II
LIMITS FOR CLASS D EQUIPMENT
Harmonic order
Maximum
Maximum
(n)
permissible
permissible
harmonic current
harmonic current
per watt (mA/W)
(A)
3
3,4
2,30
5
1,9
1,14
7
1,0
0,77
9
0,5
0,40
11
0,35
0,33
13n39
3,85/n
See table-I
(odd harmonics only)
IEC 610000-3-2

V. MEASUREMENTS
A. Computers
1) Measurements on computers in LAN-parties
Measurements have been carried out at four LAN-parties
held in Skellefteå, Sweden, in the years 2002, 2003, 2004, and
2006. During such a LAN-party, people interested in playing
computer games get together and connect their computers and
LCD/CRT to a dedicate three-phase power distribution
system and a wired LAN system.
The phase and neutral currents measured during LAN
2002 are shown in Figure 1. The figure 1 also shows a
summation of all three phases, giving a better oversight on the
activity despite the unbalance between the phases. The
currents harmonics in one phase are shown in figure 2. The
lowest activity was around eight o'clock on Saturday
morning, with half the maximum current.
The maximum total active power in the three phases
during the LAN-party 2002 was about 21kW, and the
corresponding neutral current was 66A. The maximum
allowed neutral current of harmonic order 3 and 9 according
to IEC 610000-3-2 standard [10], table I, is 72.2 A.
Corresponding neutral current for only 3:rd harmonic order, is
71.4 A. The measured neutral current during the LAN-party
2002 is lower than what is allowed according to IEC 6100003-2 standard [10].
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Figure 1. The three phase and the neutral currents during LAN 2002

The ratio in this case between the actual neutral current
and the allowed neutral current, according to IEC 610000-3-2
standard [10] is 1.08.
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Figure 2. The phase currents harmonics during LAN 2002

A calculation according the ratio, N, between the neutral
currents and the mean phase currents using the formula [4]
had been made from the measured values during the LANparty 2002 and the result is shown in figure 3.
In/(Ir+Is+It)/3
ggr
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Figure 3. The three phase and the neutral currents during LAN 2002

The ratio is almost constant, around 1.65 although the
phase currents vary, and close to the maximum value:

N max

1,73 calculated in [6]
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The quotient between the maximum value N max in
formula 6 and the value N 2002 in the LAN-party 2002 is:
[7]

300
200

A comparison between formula 7 and 8 shown, that in this
case, measuring on more than hundred computers and screens
in a LAN-party installation, it seems that the IEC 610000-3-2
standard [10] has no consequence, in limiting the neutral
current. However the IEC 610000-3-2 standard [10] is made
to apply on single equipment and not in installations.
When the current in the neutral is higher than in the phase
conductor, overload protection becomes difficult. The factor
N should be as low as possible to prevent neutral overload and
allow for effective overload protection.
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The combination of two types of loads is, as in this case
positive, to reduce the neutral current, by increasing the
overlap between the phase currents.
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FOUR LAN PARTIES
Players + crew
120+30
440+30
140+30
120+30

Ratio N (se text)
1,65
1,48
1,49
1,25

0.25
0.00
-0.25
-0.50
-0.75
CI
0.75
0.50

Amps

Year
2002
2003
2004
2006

0.50

0.25
0.00
-0.25
-0.50

15:34:55,360

15:34:55,365

300
200
Volts

100
0
-100
-200
-300
AV
1.0

Amps

0.5
0.0
-0.5
-1.0
AI
1.0
0.5
Amps

Measurements made on three computers and three LCDs
connected to three phases system in the laboratory are shown
in figures 3-5
In figure 4 measurements made on three LCDs connected
to three phases. The result is typical for a two-pulse diode
rectifier charging a capacitor, the interface to the vast
majority of computing and consumer-electronics equipment.
Comparing the phase voltage, in the top graph, and the
corresponding phase current, in the second graph from top,
shows the capacitor-charging event. The phase current flows
only when the voltage is close to its peak value.
The shape of the current in the three other phases is the
same but with a difference of 120° or 6,67 ms in a 50 Hz
system. This current “pulse” is short (less than 60° or 3,33
ms, a 50 Hz system) in all three phases, so that there is no
overlap and all the current is passing the neutral conductor.
In figure 5 measurements on three computers connected to
three phases are shown. Comparing the current shape in
figure 5 to the current shape in figure 4 shows a slower risetime, longer pulse-time and a delay. The easiest way to create
this delay is by introducing an inductor in front of the storage
capacitor, a way to create passive PFC. The neutral current in
figure 5 is continuous.
A combination of three LCDs and three computers
connected to three phases is shown in figure 6. The phase
current shows two peaks and the neutral current is continuous.

15:34:55,355

Figure 4. Measurements made on three LCD:s connected to three phases.
The two top graphs showing a phase voltage and the corresponding phase
current, next the two remaining phase currents and the neutral current.
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2) Measurements on computers and LCDs in lab
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Similar measurements were made during the three
following LAN-party’s, and together shown in Table II, the
ratio N has slowly decreased from, N2002=1,65, until N2006
=1,25.
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Figure 5. Measurements made on three computers connected to three
phases. The two top graphs showing a phase voltage and the corresponding
phase current, next the two remaining phase currents and the neutral current.

5

The measurements shown in figures 1-5 are an example
when increasing number of equipment having a difference in
construction results in a decreased neutral current. Connecting
a increasing number of identical LCDs alone, as in figure 3, to
an three phase system gives no reduction on neutral current,
even if they comply with IEC 610000-3-2 [10].
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The phase voltages are measured using filters having a
high attenuation for the fundamental frequency. The filter has
4-dB attenuation in the pass band, shown in figure 8, so that
the measured voltage has to be multiplied by 1.5 to get the
actual amplitude.
All three phases in figure 7 show “peaks” in the voltages.
The peak voltage is higher in phase L1 and L2, (after
adjusting for filter loss) approximately 9 V, see figure 9,
compared to 2-3V in phase L3. The same time phases L1 and
L2 supply six times more lamps.
Similar measurements’ at other locations having tens of
fluorescent lamps per phase, show the same sort of “peaks”,
near the zero crossing of the fundamental current. In all these
locations, problems with short lifetime of the HF-ballast have
been reported.
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Figure 6. Measurements made on three LCD:s and three computers
together connected to three phases. The two top graphs showing a phase
voltage and the corresponding phase current, next the two remaining phase
currents and the neutral current.
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Figure 8. Frequency response in filter used for voltage measurements. The
amplitude loss in the pass band is 4 dB

B. Fluorescent lighting
A measurement made on totally 120 fluorescent lamps
connected to three phases in a storage depot is shown in
figure 6. This lamps follows Class C, Table 1, in the IEC
610000-3-2 standard [10]. Phase L1 (on top) has 55 fittings
connected, phase L2 (in the mid) has 56 fittings connected
and phase L3 (at the bottom) has 9 fittings connected.
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Figure 9. Detail of figure7, measurements made on fluorescent lamps.
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Figure 7. Measurements made on three phases of fluorescent lamps. Phase
L1 (on top) has 55 fittings connected, phase L2 (in the mid) has 56 fittings
connected and phase L3 (at the bottom) has 9 fittings connected.

Measurements on individual lamps and the relation
between the number of fluorescent lamps and the peak
voltage are studied in [9].
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VI. CONCLUSIONS
The interest of low weight together with high power
density and small losses in power converters has resulted in
the use of diode rectifiers and fast switching techniques. This
solution has besides a number of benefits two basic
drawbacks: the fundamental frequency harmonic generation
in the input diode rectifier and high-frequency harmonics
from the switching units in the DC-DC converter.
IEC 61000-3-2 [10] sets limits, for the first drawback,
current harmonics up to order 40, i.e. 2 kHz in a 50-Hz
system or 2.4 kHz in a 60-Hz system. The use of an inductor
[2], passive PFC, is often enough for computers, while the
HF-ballast in fluorescent lamps often needs an active PFC.
Measurements and calculations are made on more than
hundred computers and LCD/CRT in a dedicated three phase
grid, and on three computers and LCDs in laboratory. It
shows a ratio, between the neutral currents and the mean
phase currents, being between 1.65 and 1.25. This result is
close to maximum possible rate, 1.73, and the result is
possible even though the equipment fulfill the IEC 61000-3-2
[10].
An active PFC allows a wide input voltage range, a
displacement power factor close to 1.0 in combination with
almost sinusoidal input current, but adds even more of the
high-frequency harmonics. Besides the risk of interference
there is a risk for equipment damage, especially with
resonances.
Normally, resonances in the power grid are between
passive components like inductors and capacitors at harmonic
of the power-system frequency. Instability in active PFC
circuits may also occur at other frequencies, and has been
described as a switching-frequency instability “near the zero
crossing of the input current” [6], [7], [8]. One fundamental
reason to this “electronic instability” is a combination of the
active PFC converters nonlinear behaviour and the choices of
parameter values in the regulator [8].
The ac source influence on the stability has been shown for
frequencies below 60 Hz [5]. Studies after the ac source
influence near the switch frequency and the influence on
numbers of parallel active PFC converters connected together
are difficult to find. Although it is common to use SMPS and
active PFC together in increasing numbers.
Measurement made on totally 120 fluorescent lamps
connected to three phases in a storage depot, show “peaks” in
the voltages near the zero crossing of the fundamental current.
In these locations, and in others, problems with reduced
lifetime of the HF-ballast have been reported. The amplitude
of the “peaks” shows the tendency to increase with increasing
number of fluorescent lamps [9].
If problems should occur, like equipment mal-functioning,
damage, or reduced lifetime, when the number of units on a
network increases, some sort of adjustment is needed.
This adjustment could be part of the product standards (for
the emitting source, for the equipment showing problems, or
for both), limiting the numbers of devices connected close
together [11], or both.
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Abstract—In this paper a description of origin, extension and
treatments of voltage and current distortion below 2 kHz is
compared to methods above 2 kHz.
A description of the zone concept is introduced. The essential
part in that description is the presence of barriers, both natural
and artificial, that limit or prevent the spread of harmonics, both
low-frequency and high-frequency harmonics.
The description shows that there the same principles can be
used for treating HF harmonics as for treating LF harmonics.
By combine the knowledge it is also sometimes possible to use
the same equipment for treating HF-harmonics and LF
harmonics, for example by using transformers.

Index Terms— electric power distribution, electromagnetic
interference; power quality; harmonics; isolation transformer;
passive filters; power filters; power distribution.
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I. INTRODUCTION

he introduction of new types of equipment, resulting in
distortion at new frequencies, has put harmonic distortion
back in the picture again. Examples of this are interharmonics,
even harmonics and distortion above 2 kHz, in photovoltaic
(PV) systems [1], [2], [3], non-linear customer loads [4], [5],
plug-in hybrid electric vehicles [6], and windparks [7], [8].
This makes that methods for limiting the harmonics voltage
and current levels should get more attention as well.
The new type of equipment includes devices and
technologies replacing old ones. At the same time the number
of devices increases and the different technologies [9] now
meet both in new and old installations.
Traditional "industrial equipment", which may be variable
speed motor drives (in e.g. an elevator), may experience a
"multimedia installation" (in the form of a home theater), a
"medical equipment" (a dialysis machine) and lots of small
"energy-efficient appliances" with switch mode power supply
(SMPS) (e.g. lighting), in a building that can be more than 30
years old.
Although the devices have been developed for different
electrical environments, they are now expected to work
together without interference or harm to each other and
without the electrical wiring in the building being adjusted to
This work was supported by The Swedish Energy Administration, Elforsk
and Banverket under the ELEKTRA program and by Skellefteå Kraft.
C.M. Lundmark and M.H.J. Bollen are with the Electric Power Engineering
Group at Luleå University of Technology, 931 87 Skellefteå, Sweden (e-mail:
martin.lundmark@ltu.se).
M.H.J. Bollen is also with STRI AB, 421 31 Göteborg, Sweden.

the new technologies.
To prevent high levels of harmonic voltage or current
distortion in the power system, two basic approaches are
mentioned in the vast majority of publications: limiting the
emission from equipment [10]; and measures in the grid [5].
The latter can involve increasing the fault level by building
additional lines, cables or transformers [11], [12], and the
installation of filters in the grid [13].
There are a number of reasons for this distinction. The first
reason is in the IEC standards on electromagnetic
compatibility where limits are posed on the emission by
individual devices as well as on the voltage distortion in the
grid. Limits for the voltage distortion in the grid are also
posed by the European standard EN 50160 and by the NorthAmerican standard IEEE 519. The second reason is in the
deregulation of the electricity market where the network
operator is seen as a separate stakeholder. Harmonic distortion
has become an interface issue and not an issue that requires a
joint effort.
A third method for preventing high levels of harmonic
voltage and current distortion gets significantly less attention:
limiting the spread of harmonics in a coordinated way. It is
this method that forms the basis for the design approach
proposed in this paper. In this paper we further make a
distinction between waveform distortion below about 2 kHz
(which we will refer to, for simplicity, as “LF harmonics”)
and waveform distortion above about 2 kHz (“HF
harmonics”).
In Section II of this paper the zone concept is introduced. In
Section III, a brief summary is given of the existing
knowledge of the generation, extension and treatment by
design of LF and HF harmonics. The role of power
transformers, capacitance and harmonic filters in the zone
concept is discussed in Section IV, V and VI, respectively. A
companion paper to this paper focuses on the practical
implementation of the concept in a computer floor, including
measurements.
II. THE ZONE CONCEPT
Although there are standards or instructions for the
construction of, for example, “Data Centers” [14], we have
reached much further on the standard requirements and
engineering skills, to meet the EMC at device level, than at
plant level.
With engineering skills is meant here, to see the synergy
between the various components included and the actions that
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can be taken, beyond the standard solutions, when there is a
wide range of combinations in a facility with multiple devices.
The knowledge of EMC on a device level should be
switched up to be knowledge and understanding at the facility
level. That is what we call the Zone concept
A. EMC at Equipment Level
By means of product standards, demands are placed on
existing apparatus including durability, immunity and
emission. There are also standards that define how to test the
appliances, one by one, in a controlled laboratory
environment.
The emission and immunity limits together with the
testing are such that all apparatus are expected to work
together in the real world, for example in a building connected
to the power grid, and connected to other equipment through a
communications grid using metal wires. In terms of the IEC
standards: when all products comply with the relevant
standards, there is a high probability that electromagnetic
compatibility will be achieved.
The IEC framework clearly defines the responsibilities for
the different stakeholders. This simplifies the interaction
between the stakeholders and prevents conflicts, but it does
run the risk of resulting in local optimization with unwanted
consequences at system level. For a brief overview of the IEC
framework on electromagnetic compatibility see, for example
[15].
B. EMC at Installation Level
In the same way as a variety of components, together with
wires, circuit boards, etc., forms a device, a variety of devices,
along with wires, building structures, etc. forms an
installation. This installation can be a house, a server room, a
supermarket, an oil refinery, a nuclear power plant, a wind
park or anything else. What mainly (in this case) distinguishes
between a device and a plant is the size.
An example is given in Fig. 1; zone 1 covers device with
emitting electronics, for example, in a server room. The
device's power supply is in zone 0, where the disturbance
level is even higher than the emission of the product itself in
zone 1.
The zone boundary, zone 0 - zone 1, is filtered to
attenuate the noise level between the device's power supply
and the device. The same occurs in the next zone boundary,
zone 1 - zone 2: a filter attenuates the disturbance level to
reach the room and in the next zone boundary, zone 2 - zone
3, a power transformer acts like a filter to the low voltage
distribution grid.
It is possible to make this entire zone boundary to
attenuate the interference in both directions. The principle is
the same if the description in Fig. 1 was for a wind mill park
or for a multimedia receiver.
In the following the description has its focus on how to
limit the propagation and the levels of HF harmonics (and LF
harmonics) by the use of barriers and by reducing the
impedance. The description shows that there are the same
principles treating HF harmonics as for treating LF harmonics.

Fig. 1 The different zones in a server room

By combining the knowledge it is also sometimes
possible to use the same equipment for treating LF and HF
harmonics, as an example by using transformers.
C. Harmonic Barriers
Essential for the zone concept is the presence of barriers
that limit or prevent the spread of harmonics, both LF and HF.
Although in principle the borders between zones could be
chosen anywhere, it makes no sense to choose a zone border
at a location where there is no easy way of limiting the spread
of harmonics. The term “barrier” is used as a device or
location that prevents the spread of harmonics in one or two
directions.
There are a number of natural barriers which are of course
the first choice. One such natural barrier is the power
transformer, to be discussed in detail in Section IV. Also a
capacitor could in some cases form a natural barrier, as will be
discussed in Section V.
When no such natural barriers exist, artificial barriers
should be introduced. Harmonic filters are an example of such
an artificial barrier. For obvious reasons the zone border is
often chosen at the point of connection between a customer
and the grid. There may not always be a natural barrier at that
location, so that an artificial barrier has to be created. We will
discuss the role of harmonic filters in the zone concept in
Section V.
The best result (both technical and economical) in the
efforts to prevent the spread of harmonics is obtained when
the barriers are selected and designed in a coordinated way.
As an example, when an artificial barrier is added to a natural
barrier or when two natural barriers are coordinated. In
almost all cases multiple barriers (multiple zones) exist. If the
selection and design of the barriers is not coordinated
unintended consequences could be the result. An obvious
example is the resulting harmonic resonance when a capacitor
is used as a barrier at one location but an inductor elsewhere.
III. LOW-FREQUENCY AND HIGH-FREQUENCY HARMONICS
The generation and spread of LF harmonics in distribution
grids is well understood and described in the literature [16],
[17], [18] while at the same time there is a lack of knowledge
concerning HF-harmonics.
In the forthcoming sections the knowledge on LF
harmonics is briefly summarized and compared with the
knowledge on HF harmonics, as far as this is available.

3

A. The equipment and the installation
The impact of high LF harmonic emission levels are high
harmonic currents through the installation and high LF
harmonic voltage levels to which other equipment is exposed.
The main concerns in the design are overloading of
transformers, high third LF harmonic currents through the
neutral conductor and through the delta-windings of
distribution transformers, and high voltage distortion at the
terminals of certain types of equipment.
Problems due to high LF harmonic currents can be
mitigated by adding series filters or by overrating transformers
or neutral wires. Problems due to high LF harmonic voltages
are typically mitigated by reducing the emission or by adding
harmonic filters.
The consequences of the HF-harmonics are not well
known. But as with LF harmonics, HF harmonic currents have
the potential to overload series components like transformers
and cables, whereas HF harmonic voltages have the potential
to overload, damage, or otherwise interfere with shuntconnected equipment. In the latter case especially equipment
with a capacitive character is prone to overloading. This may
be capacitor banks, the EMC filter at the interface of
electronic equipment, or cables. Also will the additional
heating of series elements increase with frequency and thus be
more severe for HF harmonics than for LF harmonics at the
same level.
B. Origin and propagation of LF harmonics
The origin of LF harmonics is in most studies represented
as a current source [19], [20], and [21], located in emitting
equipment Fig. 2. LF Harmonics are mainly generated in
power-electronics equipment, but they are also generated in
distribution transformers and in rotating machines.

Fig. 2. The harmonic current extension, the circles shows the point of
harmonic current measurement.

At any moment in time, the total emission from a number
of devices is less than the sum of the emission from each of
the individual devices. There are two phenomena causing this.
x Each LF harmonic current component has amplitude and a
phase angle. When adding the LF harmonic currents from
individual sources the amplitude of the sum is less than the
sum of the amplitudes because the harmonic phase angles
are different. The effect is smallest for low order
harmonics (3, 5 and 7) and increases for higher order
harmonics. Several aggregation models assume a random
variation in phase angle which results in the amplitude of

the LF harmonic current increasing with the square root of
the number of devices.
x Adding more emitting devices increases the LF harmonic
voltage distortion which in almost all cases results in a
reduction in LF harmonic current emission. The impact is
not very big but cannot be completely neglected.
The LF harmonics in the current are flowing from the
equipment (A, B, C in Fig. 2) towards the points giving the
lowest impedance at LF harmonic frequency. The impedance
these LF harmonics frequencies meet in the grid could, to be
simple, be divided into tree parts. The power feeding system
(the distribution transformer), the impedance in cables and
wires, and the impedance the equipment connected to the grid.
At the power system- and LF harmonic frequency the
distribution transformer has low impedance, compared to the
loads and to the cables and wires. As a consequence, the LF
harmonics in the current generated in the equipments are
normally also visible “upstream” in the grid, close to the
points of power generation or voltage transformation (the
transformer in Fig. 2).
C. Origin of HF-harmonics
Often power electronic based equipment emits both LF
harmonics and HF harmonics. Passive power-electronic
converters (based on diodes) and grid-commutated converters
(based on thyristors) mainly emit LF harmonics. The origin of
the HF harmonics current is mainly from active power
electronic based converters like the ones used for Active
Power Factor Correction (APFC).
In the case the LF harmonics are reduced by active PFC
technology often, as a backlash, the levels of HF harmonics
are increased. The HF harmonics can be seen as an unintended
consequence of the reduction of the LF harmonics.
Measurements made by Larsson et al. [22] show that two
types of HF harmonics can be distinguished: “synchronized”
behavior and “random” behavior.
The “synchronized” behavior is present in the current as a
“zero crossing distortion” or “crossover distortions” close to
the current zero crossing [22].
The “random” behavior is a “nondamped oscillation”
present in between the zero-crossing oscillations (i.e., with
current maximum or minimum) [22]. This oscillation is
associated with the power-electronic switching used in the
active PFC circuits.
D. Propagation of HF harmonics
The lack of synchronization between different HF
harmonics current sources, together with the difference in
impedance at higher frequencies in the grid and equipment,
make a clear difference in the propagation of HF harmonics
compared to LF harmonics. This in turn impacts the way in
which they should be assessed and treated.
It has been shown by Rönnberg et al. [23] that the HFharmonic current meanly flows between the different
electronic equipment instead of upstream to the transformer,
as shown in Fig. 3. The explanation for this is that the lowest
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impedance path seen by the HF- harmonics current is into the
equipment instead of into the grid. Measurements on an
installation consisting of up to 48 fluorescent lamps with highfrequency ballast confirm that the HF harmonics directly due
to the switching frequency are reduced quickly with
increasing number of lamps [3].

Fig. 3 The HF-harmonic current extension, the circles shows the point of
HF-harmonic current measurement.

As a consequence, the current component flowing into the
grid is not as an indication of the HF- harmonics current
“disturbances level” in downstream of the measurement point.
The other way around: high levels of HF harmonics emitted
by individual devices are not a concern for the grid in the
same way as emission of LF harmonics.
The measurements shown in [3] also confirm a preliminary
conclusion drawn in [22] that the “zero crossing distortion”
increases almost linearly with the number of devices, since its
occurrence is synchronized with the voltage zero crossing,
which is the same for all devices.
Once multiple devices of different character are located
close to each other, they could together result in completely
different emission patterns than each one of them individually.
In [23] it is shown how a single 12.5 kHz component in the
current, gives, in combination with a compact fluorescent
lamp, both 25-kHz ”second harmonic” and 37.5 kHz ”third
harmonic”. This introduction of new frequency components
complicates efforts to keep HF harmonics inside an allowed
frequency band and it multiplies numbers of discrete signals
thus resulting in a more continuous spectrum.
E. HF harmonic Interaction between Devices
As mentioned above, HF harmonics flow mainly between
individual devices instead of into the grid. An immediate
consequence from this is that the properties of individual
devices have a much bigger influence on HF harmonics than
on LF harmonics. This makes it much more difficult to predict
the HF harmonic disturbance levels in an installation.
Unexpectedly-high levels could occur without any pre notice.
A specific case of concern is when large and small devices
are connected close together; a small level of HF-harmonic
current (as a percentage of the rated current) from the large
device could form a high level (again as a percentage of the
rated current) flowing into the small device.
Measurements and simulations have shown [24] the
possibility that high common mode (CM) voltages may occur
in low-voltage distribution due to oscillations between parallel
connected EMC-filters in the frequency range between 2 kHz

to 150 kHz.
The input-filter interactions on the stability and
performance in combinations with switched-mode converters
have been analyzed by Suntio et al. [25] and Hankaniemi et al.
[26] mainly for DC system and according to differential mode
(DM).
Suntio et al. [25] showed how “the input filter can cause
instability and degradation of input and output dynamics if not
properly designed.” and described the need of a proper
damping.
Hankaniemi et al. [26] have studied the load and supply
interactions, and claimed that “the origin of the interactions is
the system impedances such as EMI-filters, cabling
inductances, additional capacitors and input and output
impedances of regulated converters.”
IV. POWER TRANSFORMERS
A distribution transformer’s main task is to transform the
voltage between different levels of the power grid. In addition
to this, the transformer can also serve for other purposes.
For the power quality essentially, the transformer's ability
to be a harmonic barrier, a filter to reduce the amplitude or the
propagation of LF harmonics and HF harmonics generated by
electronics-based appliances, is of importance. The isolation
transformer has this ability.
The isolation transformer
The isolation transformer has tree fundamental functions:
x To obtain galvanic isolation and prevent leakage
current to flow outside the electricity wires or in the
protective earth
x The filter function of the transformer, ideally is to
limit of the frequency response in the transformer to
the one at the power system frequency.
x Make a restart and limit the size of the distribution
system.
Galvanic isolation
This is shown in [27] where a transformer was used to
establish a neutral point “isolated from the primary” as shown
in Fig. 4.

Fig. 4. A transformer used to establish isolation, of the common mode leakage
current generated in the load.

The used Y/Y 400/400 V isolation transformer, and
described that the transformer was capable to close the current
loop for the common mode leakage current at high
frequencies, as the switching frequency operates between at
6.6 kHz and 10 kHz.
A. The transformer filter function due to losses
The distribution transformer has the ability to limit the
amplitude of the output voltage (and current) at increasing
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frequency, mainly due to energy losses in the transformer.
The transformer losses are divided into copper losses in the
windings, and iron losses in the magnetic circuit. The copper
and iron losses could be divided into parts depending on the
voltage and current amplitude and frequency etcetera, for
details we refer to the literature [28], [29].
Transformer equivalent circuit
There are a number of models of transformers,
(distribution and measurement) designed to be connected to
power grids. The models are designed for different purposes.
In this case the transient and frequency response of
transformers is of interest.
“By comparing different transformer models obtained by
different methods [29], [30], [31], [32] the following general
observations can be made:”
x Transformer primary winding response is dominated
by inductance, up to about 10 kHz.
x Above this frequency the capacitance between winding
dominates the coupling as compared to the magnetic
coupling.
x In the frequency range above 10 kHz the transfer
function includes several resonance peaks.
x The transformer internal resistance increases at
increasing frequency, up to the resonance frequency.
Isolation transformer in different applications
Both the terms “isolation transformer” and “dedicated
transformer” are used for a “transformer used for an isolation
purpose”.
In his book [29], Fuchs describes that dedicated
transformers “are used to attenuate both low- and highfrequency electrical noise and transients as they attempt to
pass from one bus to another.” For industrial purposes [33] an
ordinary three-phase, Delta – Wye, transformer having 1:1
ratio, is used as an isolation transformer.
Isolation transformers have since many years been used to
power computers. “Isolation transformer provides the
computer with a clean, noise free ground. Manufacturers agree
this is among the most important factors in providing a trouble
free power environment.” [34]
According to Zhang et al. [35] the isolation transformer
function in distributed generation, (DG), is described as, (1)
“prevent injecting direct current to grid”, (2) “clear harmonics
with 3 or integer multiples of 3 orders”, (3) “make sure the
side of DG can detect the fault during system fault and limit
short circuit current” (4) “Prevent resonance overvoltage and
steady overvoltage at the side of DG during system fault”, an
“ordinary transformer can obtain this function”.
In order to comply with standards for conducted emission
into the mains supply, in conjunction with inverter motor
drives, it is normally essential that the recommended input
filter and a screened motor cable are used.
One possible exception to the recommended input filter is
where the drive or a group of drives is supplied through a
“dedicated transformer”, [36], [37], [38], as shown in Fig 5.

Fig 5. Separate distribution using dedicated (or isolation) transformer

V. THE ROLE OF CAPACITANCE
The harmonic treatment using barriers in power grids is
based on the knowledge of low (and high) impedance, at
harmonic frequency. A shunt capacitance provides a source
impedance at harmonic frequencies that reduces with
increasing frequency. For sufficiently high frequency the
impedance becomes sufficiently small and the capacitance
forms barriers against the spread of HF harmonics.
Capacitance is present in the distribution grid in the form
of cables, input capacitance of electronic equipment, fixed
capacitors for compensating fundamental-frequency reactive
power, and (as shown in the previous section) distribution
transformers.
However, any capacitance is associated with a resonance
frequency, as the grid is inductive. When there is insufficient
damping at the resonance frequency, amplification will occur.
Insufficient damping at harmonic frequencies associated
with phase correcting capacitors, has been one of the main
concerns with harmonics for many years [39]. There are two
ways of mitigating high distortion levels due to such
resonances: combine the capacitors with inductances to either
detune them or to create harmonic shunt filters; and choose
the size of the capacitor such that the resonance occurs at a
frequency where the emission level is low.
Harmonic resonances have always occurred at higher
frequencies, but they have never been a concern because of
the negligible emission at these frequencies. With the
increased levels of HF harmonics, these resonances could
become a concern, all the more because the two methods used
for addressing resonances for LF harmonics no longer work
for HF harmonics. HF harmonics are often associated with a
broadband spectrum so that shifting the resonance to another
frequency is not a solutions; also are there no longer any
frequency bands where almost no emission at all is to
expected (like for even harmonics or interharmonics at lower
frequencies).
As the capacitances resulting in resonances at higher
frequencies are not physical capacitors but the capacitance of
cables and transformers that cannot be allocated to one
specific device, the solution in adding an inductance in series
with the capacitance is not possible
Field experiences have shown that transmission systems
using voltage sourced converters (VSC) can produce high
frequency harmonic resonances in the VSC station
environment. Studies published by Paulsson et al. [40], in
response to the Eagle Pass failures, showed that HF harmonic
resonance around 12 kHz was responsible for failures on cable
terminations.
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Temma et al. [41] have calculated the phase to ground
voltages when a VSC system was connected to the tertiary
side of an existing power transformer with a 500 meter long
cable.
The calculation showed that HF- harmonics of the 135th order
(i.e., 6750Hz) magnified to nearly 24 times the normal
magnitudes.
VI. FILTERS
The principle of harmonic treatment is to accept or reject
the harmonic current flow in the power grid. This in made by
using series or parallel filter (active or passive) [19], or using
transformers.
LF-Harmonic Elimination in Passive Filters
In a Passive LRC- filter [42], a low-impedance path use
series components (normally inductors and capacitors), tuned
to the harmonic resonance frequency and placed in parallel
with the load, giving a shunt path, shown upper to the left in
Fig. 6, for the 5:th harmonic current (Ih250) back to the load. In
this case all other harmonics are unaffected.

Fig. 6 Harmonic shunt filters treating a single harmonic upper to the left
and treating multiple harmonics down to the left. The resistor in the
shunt filter to the right changes the sharpness of the filter

In the case of treating multiple harmonics, parallel filters
are needed for etch harmonic frequency (Ih250, Ih250, Ih250) as
shown down to the left in Fig. 6. An alternative, in treating
multiple harmonics, is to introduce a resistor, R, in the shunt
filter [43]. The resistor changes the sharpness of the filter, the
Q value, also called the quality of the filter.
In a tuned filter the Q value is defined as the ratio of the
inductance (or the capacitance) to the resistance at the
resonance frequency (Q=X0/R). At the same time the filter has
low impedance over a wide range of frequency, the R
introduces resistive losses in the filter.
A passive series filter, a current rejector, uses parallel
components (normally inductors and capacitors) adjust to the
harmonic resonance frequency, (the 5:th harmonic current,
Ih250, shown upper in Fig. 7). The series filter has to carry the
load current, this gives power losses and voltage drop.
When the series filter, reject the harmonic current the
impedance at the harmonic frequency increases. The result is
an increased voltage, Uh250, at harmonic frequency, shown
upper in Fig. 7.

Fig.7 The impedance increases in a passive series filter at the
harmonic frequency

The power losses and voltage drop at power system
frequency together with the increased harmonic frequency
voltage, is reasons for a low interest in using series filter in
power distribution.
An application of a series filter in industrial installations is
when a high emission coincides with a high existing voltage
distortion. The background would overload any parallel filter.
The series filter is used to isolate the parallel filter from the
grid.
HF-harmonic elimination in Passive Filters
No harmonic filtering takes place in the power network for
HF harmonics. However some equipment contains passive
filters, in the form of power inlet filters, to reduce the level of
HF harmonics.
A typical power inlet filter, a common EMC Filter, shown
in Fig. 8, consists of a common- mode choke (2xL) in both
line (L) and neutral (N) and a numbers of capacitors. One
capacitor (CX) is connected between L and N and two
capacitors (CY) between L and protective earth (PE) as well as
between N and PE.

Fig. 8. Configuration of a power inlet filter.

The windings in the common- mode choke are connected
so that the magnetic fields produced by the load current (at
fundamental frequency) cancel each other. The result is a
relatively low inductance for the differential-mode current and
a very high inductance for the common-mode current.
In the previous description of the filtering of harmonics, it
appeared that shuntfilter is much more common than serial
filters, since the load current passes through the filter. The
same restriction also applies to the construction of series of
filters for the HF-harmonics.
A. Power-line communication
For several years there is an interest to communicate over
power lines, "Power Line Communication (PLC)" including
both in the frequency range 1-30 MHz [44] and in the
frequency range 9-95 kHz (Sweden) [45]. The latter is the
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frequency range allowed for power-line communication by the
network operator. For communications in the grid there are
two main reasons for the communication to fail, competing
signaling and attenuation.
In the first case, "useless" signals from switched power
electronics is mixed, in the same lines, with "useful" signals
for communication. In this case the "useless" signals is
competing signals to the "useful" signals It places great
demands on filter design and filter placement, filtering out
"useless" signals, while maintaining the "useful" signals in the
power lines (if it even is possible at a reasonable cost).
A number of studies have shown that the attenuation of
communication signals is probably a greater threat to the PLC
than the "useless" signals [46], [47].
VII. CONCLUSIONS
There are many opportunities to combine a wide variety of
devices and technologies with different features, age and
characteristics in a building’s electrical installation. The
devices could be developed for different electrical
environments purpose, for industrial, medical, multimedia etc.
There devices could be connected to different types of
media networks (power grids, computer networks, heating
water, etc.) having a wide geographic distribution connected
together and thus be exposed to both lightning and a varying
power quality, without interference or damage to each other.
The increasing numbers of SMPS, active PFC and the
efforts to reduce LF Harmonics increases the amount of HF
Harmonics in our power grids.
Research in recent years has shown the characteristics of
HF Harmonics in the power grid. These characteristics differ
from those presented to LF Harmonics, but methods to handle
the two are nonetheless quite similar.
The characteristics of HF Harmonics specifically
highlighted in this paper are:
x the “zero crossing distortion” close to the sine wave zero
crossing point in the active PFC circuits, has an adding
effect, due to multiple sources, since the occurrence is
synchronized with the fundamental waveform, give
possibility to high DM voltages
x the “nondamped oscillation” present in between the zerocrossing distortion (i.e., with current maximum) is
associated with the switching used in the active PFC
circuits.
x the possibility that high CM voltages may occur in lowvoltage distribution due to oscillations between parallel
connected EMC-filters
x the HF-harmonic current is meanly flowing between the
different electronic equipment instead of upstream to the
transformer
x
the pulsating character of the current to an SMPS
could spread a single HF Harmonic into a wider
frequency range. This complicates efforts to keep HF
harmonics within allowed frequency bands
x
the need for a proper damping at HF Harmonic
frequency

By creating zones with well-defined barriers in between,
the propagations of the LF and HF-harmonics is limited. The
size of the zones and the number of connected devices are also
of importance.
By using passive filters and proper damping at frequency
of CM and DM resonance, the HF harmonic voltage inside the
zone is reduced and the risk of oscillation in the power system
could be prevented. Significantly more research is needed in
all those subjects.
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Abstract—In this paper a description of origin, extension and
treatments of distortion below 2 kHz is compared to methods
above 2 kHz.
A description the zone concept is made and the essential in
that description is the presence of barriers, both natural and
artificial, that limit or prevent the spread of harmonics, both
low-frequency and high-frequency harmonics
The description shows that there are the same principles
treating HF-harmonics as for treating harmonics.
By combine the knowledge it is also sometimes possible to use
the same equipment to treating HF-harmonics and harmonics, as
an example by using transformers.

approximately 140 in eight classrooms it was also decided to
make a number of adjustments in the low-voltage distribution
towards what is referred to here as “the zone concept”. This
adjustment had to be made within a small budget and this
challenge made it necessarily to use “simple but effective”
solutions. The advantage of the small budget is that it gave us
the opportunity to evaluate the effectiveness of simple
solutions.

I. APPLIED ZONE - CONCEPT IN LOW VOLTAGE
DESIGN (COMPUTER FLOOR)
As an example of an application of the Zone concept,
introduced in a companion paper to this paper [1], the first
floor in a building used for education is shown in this section.
The building, named “Hus D” (D building) upper left in
Fig.1, is one of three identical buildings, supplied from the
same 10 kV/ 400 Volt distribution transformer, shown down
right in the same Figure. All three buildings are mainly made
of concrete and steel and they all consist of three floors.
The basement of building D, houses the central room for
district heating, ventilation, telecommunications and data
communications. The lighting in the basement is a
combination of incandescent light bulbs and fluorescent lamps
mainly using magnetic ballasts.
The ground floor of building D consists mainly of
classrooms, as well as 7 offices containing computers,
LCD/CRT screens, 2 printers/scanners and a duplicator. The
lighting is as in the basement a combination of incandescent
and fluorescent lamps mainly using magnetic ballasts.
The first floor has approximately 140 computers and
corresponding LCD/CRT screens, approximately 15 printers,
scanners, copy machines and power converters for the LAN
network. The 10-kW lighting in the office rooms and the
corridors is a combination of incandescent light bulbs,
fluorescent lamps mainly using magnetic ballasts and compact
fluorescent lamps.
When it was decided that the first floor had to increase the
numbers of computers from 16 (mainly in one classroom) to
This work was supported by The Swedish Energy Administration, Elforsk
and Banverket under the ELEKTRA program and by Skellefteå Kraft.
C.M. Lundmark and M.H.J. Bollen are with the Electric Power Engineering
Group at Luleå University of Technology, 931 87 Skellefteå, Sweden (e-mail:
martin.lundmark@ltu.se).
M.H.J. Bollen is also with STRI AB, 421 31 Göteborg, Sweden.

Fig 1. ”Computer floor” showing two level of transformer isolated
power distribution

The zone areas
In the low-voltage supply to the computer floor (see Fig. 1)
there are three Zone levels. Zone 3 is the area enclosed by the
dashed line in Figure “Computer floor”; Zone 2 is the area
enclosed by the first floor in building D (the shadow surface
in figure “Computer floor”); and Zone 1 contains the
equipment (computers, printers) enclosed by the case and
connected to the electrical grid trough a filter.
Zone 3 and Zone 1 existed already due to the presence of
what was called “natural barriers” in the companion paper [1];
Zone 2 was created to keep the LF harmonics and HFharmonics at the first floor at a low level. Practically, this zone
was created by adjusting the infrastructure in the building (1),
by using coordination between different equipment (2), and by
coordination between equipment and the building (3).
An example of adjusting the infrastructure in the building
(1) is the use of the computer floor as a ground plane. An
example of coordination between different equipment (2) is
using a combination of two transformers, the computer floor
and cabling to reduce LF harmonics and HF disturbances. An
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example of coordination between equipment and the building
(3) is the common grounding in both ends and in the ground
plane of both the power and communications cabling to the
equipment.
A. Zone area 3
The zone area 3, the power distribution area enclosed by
the dashed line in Fig. 1, is connected to the public power
distribution network through a 10/0.4 kV, 800 kVA
transformer. This transformer is feeding, through underground
cables, a number of buildings including the three buildings (C,
D, E) used for education, shown in Fig. 1.
The switchgear in the basement of building C is supplied
by 4 parallel 80-m SE-N1XV-AS 4G240 mm2 cables. From
this switchgear cables are going to the all three buildings. The
switchgear in building D is connected to the switchgear in
building C by 2 parallel 90 m AKKJ 4x70/21 mm2 cables.
The data communication input to this first zone area is a
connection to the local fiber optic network and the telephone
network is connected using a twisted pair multi-conductor.
The zone area 3 is a common power distribution area,
possible to find at many places in the low-voltage power
distribution. In this case two 1:1 (400/400-V) transformers at
the first floor in building D where used as an “isolationng
transformer” and as a “harmonic barrier” to the surrounding.
This approach of creating a barrier has been described by
among others ABB [2], Cegelect [3], Schneider [4] and
Armstrong [5]
Armstrong described in [5] according to the segregation
between “noisy” and “sensitive” apparatus and their supplies
“The different classifications of apparatus and their power and
signal cables should be powered via different distribution
networks which run separately from each other, and the two
(or more) classifications of low voltage equipment should
ideally be powered from different distribution transformers.”
Transformers
The computer floor (first floor) of Building D is connected
to the rest of the low-voltage grid through two 35 kVA
400/400 V transformers, in parallel connected on the grid side,
One transformer is connected ZNzn; the other is connected
YNzn. The zn-connection on secondary side gives a low zero
sequence impedance, on the load side. As a consequence the
source impedance seen by single-phase load connected
between phase and neutral is lower than in case a standard
Dyn transformer is used. However a YNyn connected
transformer would have a significantly higher zero-sequence
impedance.
The parallel connected ZN, YN windings on the grid side
give a 30o phase shift on the load side. Tang et al., have
described the principle [6]. The principle is also explained in
Bollen and Gu [7] and in Paice [8]. Since a 30o phase shift on
the fundamental 50 Hz frequency, will appear as an 180o
phase shift between the 5:th and 7:th order harmonics, a
cancellation effect is created. Equipment with identical fifth
and seventh harmonic currents on the load side of the

transformers, will result in fifth and seventh harmonic currents
on primary side of the transformer that are in opposite phase.
TABLE I
THE POWER QUALITY MEASUREMENTS MADE ON THE GRID SIDE AND ON THE
LOAD SIDE OF THE TWO 35-KVA TRANSFORMERS.

U
I
P
S
PF
DPF
Uthd
Ithd
U
I
P
S
PF
DPF
Uthd
Ithd
U
I
P
S
PF
DPF
Uthd
Ithd

DRANETZ PP1-8000
Measurement Point 1 (MP1)
==B==
==C==
224.9
225.4
42.34
44.65
9.434
9.959
9.523
10.07
-0.991
-0.989
0.999
-0.999
1.739
1.978
13.25
14.80
Measurement Point 4 (MP4)
==A==
==B==
==C==
221.9
221.5
222.4
33.33
19.95
22.82
6.666
3.813
4.416
7.396
4.419
5.074
0.901
-0.863
0.870
0.997
-0.999
0.999
2.121
2.030
1.856
47.50
57.93
56.41
Measurement Point 5 (MP5)
==A==
==B==
==C==
222.3
221.2
223.2
28.56
28.48
19.92
5.153
5.847
3.533
6.349
6.298
4.447
-0.812
0.928
-0.795
-0.990
0.996
-0.995
1.516
1.187
0.997
67.90
38.74
74.44

==A==
222.2
46.33
10.20
10.29
-0.990
0.999
1.722
13.64

V
A
KW
KVA
%
%
V
A
KW
KVA
%
%
V
A
KW
KVA
%
%

The main load on the two transformers is 12 kVA of
lighting, 24 kVA of ventilation and 25 kVA of computers.
Approximately half of the lighting, ventilation and computer
load is supplied from each transformer.
Power quality measurements
Table I shows the results from a power quality
measurement made on load and grid side of the two 400/400V transformers, at 34 kVA total load, using a DRANETZ
PP1-8000 power-quality monitor. The measurements period
was 7.5 minutes
The measurements showed a reduction of the total LF
harmonic distortion in the current (Ithd) from Ithd = 39-74 % on
the load side to Ithd = 13-15% on the grid side. This reduction
is obtained by the filtering of the third harmonic current in the
zn winding and by the cancellation of the fifth and seventh
harmonic current between the primary sides of the two
transformers.
The harmonic spectrum in one phase on the grid side
(MP2) and on the load side (MP4 and MP5) of the two 35-
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kVA transformers is shown in Fig. 2. Even if one cannot
directly compare a single phase current between primary and
secondary side of a transformer, especially if it is
asymmetrically loaded, it is still obvious that the third
harmonic, which dominates on the load side, has been the
most reduced.
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Fig 2. The harmonic spectrum of one phase of the two 35-kVA transformers.
The grid side (MP2) upper, the load side of transformer 1 (MP4) middle and
the load side of transformer 2 (MP5)

The power factor (PF) was 0.99 and the displacement
power factor (DPF) close to 1.0 on the grid side. There was no
power factor correction in the computers, lighting or other
equipment: all equipment was standard equipment with a high
harmonic current distortion as is obvious from the high
harmonic current distortion on load side of the transformer.
Computer Room Flooring
In the computer room raised flooring it is possible to
provide a close location of power and data cables next to this
computer floor. There is also an advantage if other metallized
functions as air distribution system, hot and cold water or
other utility piping, and building structure are close to the
raised flooring so that all can be linked together, using the
computer floor as a ground plane
To this ground plane all cables screens can be connected,

and the protected earth wire in power distribution cables in
both ends. Both at the transformers neutral point and (in the
middle of the drawing down in Fig. 3) and at the power and
data outlet close to the computers and LCD/CRT screens (in
the corners of the drawing down in Fig. 3)
Armstrong [5] has described the cabling and earthing
techniques, to achieve good analogue and digital signal
quality for audio installations, in installations in buildings. An
important part of his description is the grounding technique,
using meshed bounding instead of star bounding.
Armstrong recommends the grounding of cables in both
ends and “to use so-called natural metalwork, such as re-bars,
metalwork, and any other metalwork to help achieve a
[meshed common bounding network] often colloquially
referred to as the earthing structure.”
Star and meshed earthing
Screening and grounding is of importance, to reduce the
radiated emission from equipment and from conducted
communication. A proper grounding is also of importance for
a safe power distribution.
Earth loops are a common problem when different
grounded equipment is connected together, giving 50 Hz or 60
Hz “hum” or other types of disturbances. There are normally
two reasons for earth-loop disturbances, the potential differs
in different grounding points or the earth loops is collecting
magnetic field. The bigger the enclosed earth loops the higher
the collected amplitude.
In a tree or star earthing configuration system the various
earthing conductors are connected together at a central
earthing point (Fig. 3 upper left). The idea is that this method
prevents earth loops from forming and reduces any
disturbances due to induced voltage.
If there is need of multiple connections to the equipment,
e.g. wired communications and powering, this could result in
earth loops (dark areas in Fig. 3 upper right) even if the power
distribution uses a central earthing point.
By delivering all wired connections from one point the
enclose area will be minimized, shown down in Fig 3. Even if
this increases the total wiring length it minimizes the enclosed
area and the induced voltage, as the induced voltage VO in a
one turn loop coil is given by:

Vo

A·C·f·B·cosD

(1)

where A = area of the loop, C = the circuit constant, f = the
frequency- and Ǻ = the strength of the arrival signal, Į = the
angle of arrival of the signal
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and PE wiring, is grounded at both ends [5].
The grounding in both ends together with a minimum of
enclosed area between all wired connections and between the
wired connections and the meshed common building network,
minimizes the induced voltage.

Fig 3. Star earthing network to the upper left. Interconnections in star
earthing network to the upper right.

In meshed earthing configurations it is favorable if the
building as a whole has a large number of suitable earth points
(Fig. 4). It is important to connect all metallic objects in the
buildings (e.g. cabinets, frames and racks, conductive pathway
systems) to the earthing system using suitable interconnection
components. To conduct high-frequency currents the
interconnection elements (e.g. metal bus, bus links, earthing
straps, etc.) should have as large a conducting surface area as
possible, thus decreasing the influence of inductance and skin
effect.

Fig 4. Star earthing network to the upper left. Interconnections in star earthing
network to the upper right. Mesh earthing network to the lower left.
Interconnections in mesh earthing network to the lower right.

In the computer room meshed earthing configurations (Fig.
5) have been used. The power transformer secondary side is
grounded to the meshed common building network in the
middle of the building second floor.

Fig 5. The meshed earthing configurations in the computer room

The meshed common building network, acts like the
ground plane in a computer motherboard. The installation
cabling (e.g. wired communications and powering etc), screen

The HF harmonic voltage
In Section III of the companion paper [1] the origin of the
HF harmonics was described to mainly have the character of a
current source, and as a consequence, the level of HF
harmonic voltage depends of the impedance in the grid.
This impedance between the conductors, L and N, seen by
the above-mentioned current source, consists of the following
three contributions:
x
x
x

The impedance of the low-voltage power grid
cabling, including all cable splits and connections
All other equipment connected to the power grid, and
mainly their EMC filters
The nearest upstream transformer, in this case the
400/400-V transformer.

The impedance between L and screen as well as between N
and screen is of special interest according to leakage current
and common mode voltage.
In the following section a simple calculation is made of the
impedance level (capacitive reactance) in the computer room
due to cables to the computers and the computer power inlet
filters.
To simplify the model, only the capacitance is used in the
calculations. The authors are however well aware that the
actual impedance between the conductors is more complex,
[9], [10] especially with increasing frequency. Still, in this
case, a limitation to the capacitance at this frequencies and
cable lengths is enough for the purpose.
A similar calculation has been made of the impedance level
due to the fluorescent light and the cables to the fluorescent
light.
The assumption is made that the entire cabling has the
capacitance measured for single phase cables (EKKL
3*1.5mm2). This approximation no longer holds for the three
phase cables that start at the transformer. The error made is
however considered as sufficiently small.
The impedance in cables and computer filters
Two important parts of the impedance, between L- and Nconductor, seen from the transformer and towards the
computers, are the cable capacitance and the CX capacitor in
the power inlet filters. (One capacitor (CX) is connected
between L and N and two capacitors (CY) between L and PE
as well as between N and PE.)
A common value for the Cx capacitor in a power inlet filter
is 100nF/device. The typical size of the CY capacitors in the
inlet filter is 2.2nF/device.
The capacitance between L- and N- conductor for a lowvoltage cable (EKKL 3*1.5mm2) is approximately 0.15nF/m.
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The corresponding value between L- as well as N- conductor
and screen is approximately 0.25nF/m. The latter value is
independent of whether the PE- conductor is connected to
screen or not.
With the assumption of a cable length of 50 meters (a
typical value for the computer floor) and 3 computers and 3
monitors is connected in the end of such a cable results in a
total capacitance of (6*100nF+50*0.15nF=607.5nF), between
L- and N- conductor.
16 groups of 3 computers and monitors in each phase,
result in a total capacitance of 16*(6*100nF+50*0.15nF) =
(9.6ȝF + 0.120ȝF) = 9.72ȝF between L- and N- conductor.
The Cx filter capacitors (9.6PF) dominate.
The capacitive reactance between L- and N- conductor, due
to capacitance from the cables and the CX capacitors, at 10
kHz in each phase is calculated from:

X C (10kHz )

2S 10

4

1
| 1.64:
9.72 10 6

(2)

This capacitive reactance between L- and N- conductor in
each phase is always present when the computer and screen is
connected to the outlet, independent if the computers are
switched on, or not.
The same reasoning as before results in a total capacitance
equal to 16*(6*2.2nF+50*0.25nF) = (0.2112 ȝF + 0.20ȝF) =
0.4112 ȝF between L- conductor and screen as well as
between N-conductor and screen in each phase. In this case
the contributions from the cables (0.2112PF) and from the CY
capacitors in the inlet filter (0.20PF) are about equal.
The capacitive reactance between L- conductor and screen
as well as between N-conductor and screen, in each phase,
due to capacitance from the cables and the CY capacitors, at 10
kHz is found from the following expression:

X C (10kHz )

1
| 39:
2S 10 4 0.4112 10 6

(3)

Also this capacitive reactance is always present.
The impedance in cables and fluorescent light
In contrast to the computer inlet filters and the computer
power cables, the fluorescent light and its cables are not
connected to the rest of the installation all the time.
The three phase cable and the 16 fluorescent lights in a
classroom are switched on and off from a central point using
motion detectors in the classrooms.
A common value for the phase correcting capacitor CPF in a
fluorescent lamp is 3.6ȝF/lamp and there are 16 fluorescent
lamps (thus 16 capacitors) in each of the 8 classrooms.
Assuming 80 meters of cable to feed 16 fluorescent lamps
in each of the 8 classrooms, gives a total capacitance of
(16*3.6ȝF+80*0.00015ȝF)/3 = (19.2ȝF+0.004ȝF)
=
19.204ȝF per phase per classroom. It has been assumed that
the capacitance is equally distributed over the three phases. In
this case the contribution of the cable capacitance is negligible
compared to the contribution from the capacitors in the lamps.
The capacitive reactance between L- and N- conductor at

10 kHz in each phase in each classroom due to capacitors with
the lamps is calculated as:

X C (10kHz )

1
| 0.83:
2S 10 4 19.2 10 6

(4)

As a consequence, if the lighting is on in all 8 classrooms
the capacitive reactance between L- and N- conductor at 10
kHz, due to all lighting, is approximately 100m in each
phase.
The capacitance between L- conductor and screen as well
as between N-conductor and screen is due only to the lowvoltage cables. In each phase and in each of the 8 classrooms
the capacitance is 80*0.00025ȝF = 0.020ȝF. The
corresponding capacitive reactance is calculated as:

X C (10kHz )

1
| 800:
2S 10 4 0.020 10 6

(5)

In the same way, if the lighting is on in all eight classrooms
the capacitive reactance between L- conductor and screen as
well as between N-conductor and screen in each phase at 10
kHz, due to lighting, is approximately 100 in each phase.
The capacitance and impedance values (at 10 kHz) are
summarized in Table II and Table III.
The transformer and installation in combination
The calculations in the previous section show the influence
of the impedance between L- conductor and screen as well as
between N-conductor and screen in each phase at HF
harmonic frequencies due to the capacitance in cables and
connected equipment. The capacitance is dependent on the
number of rooms in which the lamps are being switched on.
The total capacitance per phase, on secondary side of each
400/400 Volt transformer is summarized in Table III.
The shunt reactance due to the capacitances should be
compared to the series reactance of the source on secondary
side of the 400/400-Volt transformers. If we assume an
impedance of 4% for these transformers on a 35 kVA base,
the inductance is equal to 0.58 mH. This gives an inductive
series reactance at 10 kHz equal to 36.6:.
Comparing this latter value with the capacitive series
reactance’s in Table III, shows that the capacitances are
dominating at 10 kHz.
The resonance frequency between the series capacitance
and the shunt inductance is the frequency at which the reactive
series reactance equals the capacitive shunt reactance. The
resonance frequency can be obtained in a number of ways, for
example from the reactance values at a given frequency.

f res

f0

X C0
X L0

(6)

where f0 = 10 kHz, XC0 is the capacitive shunt reactance at
10 kHz, and XL0 the inductive series reactance at 10 kHz.
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Using the values for XC0 in the third column of Table III and
XL0=36.6 :, results in the resonance frequencies in the last
column of the table.
TABLE II
THE CAPACITANCE AND THE CORRESPONDING IMPEDANCE AT 10 KHZ IN EACH
PHASE DUE TO CAPACITANCES IN CABLES, PHASE CORRECTORS AND IN EMC
FILTERS

L-N
L-Screen
N-Screen

Capacitance/phase
Phase
Correcting
Cable and
and Cable
Power
Capacitance
inlet filter 1 Classroom
9.72ȝF
19.2ȝF
0.41ȝF
0.020ȝF
0.41ȝF
0.020ȝF

L-N
L-Screen
N-Screen

Impedance at 10 kHz/phase
Phase
Phase
Correcting
Correcting
Cable and
and Cable
and Cable
Power
Capacitance
Capacitance
inlet filter 1 Classroom
8 Classroom
1.6 
0.83 
0.10 
39 
800 
100 
39 
800 
100 

Phase
Correcting
and Cable
Capacitance
8 Classroom
154ȝF
0.16ȝF
0.16ȝF

In the description of the transformer the capacitance
between primary and secondary side were put into focus.
TABLE III
THE CAPACITANCE, SHUNT REAKTANCE AND RESONANCE FREQUENCY @10
KHZ DUE TO VARIATING NUMBER OF ROOMS USED

Number
of rooms

0
1
2
3
4
5
6
7
8

Total
capacitance on
each transformer
(PF)
4,86
14,46
24,06
33,66
43,26
52,86
62,46
72,06
81.66

Shunt
reactanc
e (10
kHz)
(m:)
3270
1100
661
473
368
301
255
221
195

Resonance
frequency
(Hz)
2998
1738
1347
1139
1005
909
836
778
731

When a transformer is connected to an installation the
capacitance between L- conductor and screen as well as
between N-conductor and screen in each phase will be of
importance, helping the transformer act like a filter.
For frequencies well above the resonance frequency, the
capacitive behavior of the installation dominates and the
harmonics do not propagate through the transformer. From the
results shown in Table III it is concluded that HF harmonics

do not propagate through the 400/400-V transformers.
At the resonance frequency the harmonic currents from the
equipment are amplified. This could result in high harmonic
voltages and currents in the installation. The resulting levels
depend on the emission at these frequencies and on the
amount of damping present in the installation [7] [11] [12].
Measurements in the installation did not show any high levels
of harmonics around the resonance frequencies. From this we
concluded that either no emission is present at these
frequencies or that the damping is sufficient to prevent high
levels.
The 400/400-Volt transformers
In this installation special 400/400-Volt transformers
were introduced as an additional harmonic barrier creating a
new zone. The benefits with introducing these transformers
are, among others:
x At the transformers secondary side of the transformer
there is a direct connection (low impedance) between
N and PE conductor. This significantly reduces the risk
of common mode resonance between the power-inlet
filters and the rest of the installation [10].
x The transformers introduce a new natural location for
introducing shunt filters, as shown in Fig. 6, between
L- and N- conductor to further reduce the harmonic
levels and to prevent high distortion levels due to
resonances.
x The limited distance between the transformer and the
equipment reduces the cable length and thereby the
capacitance between L- conductor and screen as well
as between N-conductor and screen. This capacitance
causes leakage currents, that have resulted in unwanted
operations of the residual current relay protecting
against electric shock
x The transformer winding connections make that zerosequence harmonics (mainly third harmonic) are
blocked by the transformer. The combination of two
transformers with different winding connections makes
that the fifth and seventh harmonic currents are
cancelled. The combination of two transformers thus
acts like a barrier for harmonics 3, 5 and 7.
Adding a shunt impedance Z between L- and N- conductor
can further reduce harmonic levels. Three examples of such
filters are shown in Fig 6. The different filter configurations
have different applications.
The power cable length from the transformer to the
computer is in this installation limited to 100 meters.
Simulations and laboratory measurements [10] have shown
that high impedance levels between L-PE respective N-PE can
result in high levels of common-mode voltages in installations
with multiple EMC inlet filters. The phenomenon is referred
to as “common mode resonance” in [10].
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Fig 6. Shunt filters between L- and N- conductor in each phase on the
transformer secondary side..

II. CONCLUSIONS
The proliferation of equipment containing converters using
active switching has resulted in an increase of the levels of HF
harmonics (distortion in the frequency range 2 to 150 kHz) in
low-voltage distribution networks. To prevent interference
due to HF harmonics, the design of low-voltage installations
should be adjusted. The zone-concept introduced in this paper
and in the companion paper [1], is a systematic approach to
limit the impact of HF harmonics.
An important part of the approach is the combination of LF
and HF harmonics treatment and an understanding of how the
different parts in the installation influence each other.
The difference between LF and HF harmonics is not just a
legal one due to the 2-kHz border in international standards;
there is also a difference in character and propagation between
LF and HF harmonics. The difference in character has been
described in a number of other papers [9], [10], [13], [14],
[15]. The difference in propagation is the most important basis
for the design of installations and has as such been the basis
for this paper. The two most important differences in
propagation are that capacitances play a dominating role for
HF harmonics; and that HF harmonics more easily than LF
harmonics, result in stray currents.
The dominance of capacitances on the propagation makes
that the spread of HF harmonics is often limited to
neighboring equipment. The impact on the public grid is in
general limited and adverse impact is mainly expected for
equipment or communication channels close to the emitting
equipment.
The distribution transformer together with the grounding
plane play an essential role in further limiting the spread of
HF harmonics and especially in limiting the impact of stray
currents. Measurements shown in this paper proof the
effectiveness of the zone concept.
It should be noted that strict emission limits for end-user
equipment are not in place in all countries. Most notably, the
IEC standards setting emission limits do not apply in NorthAmerica. Whereas the harmonic voltage distortion (where it

concerns LF harmonics) has remained constant in Europe
during at least the last 10 years [16], [17], there are indications
that the distortion levels are increasing in North America [18]
The latter has however not been confirmed by any systematic
measurement campaign. The soon-to-start DPQ-III survey
may allow an estimation of the increase in distortion levels in
North America [19].
Specifically highlighted in the description of HF harmonics
in this paper are:
x No unnecessary limits for LF harmonics should be
introduced. This only results in increased levels of
HF harmonics.
x For HF harmonics emission limits should be based
on the interaction between devices, not on the impact
on the grid or on potential radio disturbances. The
interaction between devices should be considered
during the development of emission and immunity
tests for HF harmonics.
x In the design of installations for HF harmonics,
capacitance should be considered.
x The size of the distribution grid and the impedance at
HF harmonic frequencies should be considered to
avoid CM resonances
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ABSTRACT
This paper addresses the issue of neutral and protectiveearth currents in the frequency range 2 through 150 kHz.
Both theoretical analysis and measurements will be
presented. It is concluded that a large part of the highfrequency distortion in the phase currents closes via the
neutral wire and impacts the terminal voltage for
equipment in the other phases. The introduction of HFharmonics is even more detrimental to the intention with
three-phase systems to minimize the currents outside the
phase conductors.

INTRODUCTION
The use of power electronics in domestic, commercial and
industrial equipment has increased rapidly. There are
several advantages with these power converters such as high
power density, small losses and low weight. A disadvantage
is however that they often generate high levels of harmonic
emission [1].
International standards, e.g. EN 61800-3 (1996) and EN
61000-3-2 (2001), have been introduced to limit the
harmonic currents produced by small and large equipment.
Some types of equipment, noticeable electronic-driven
ballast for fluorescent lamps and some advanced powerelectronic driven electrical machines, are equipped with a
so-called ”controlled rectifier” or ”active front-end” as
interface. These interfaces produce only a small amount of
distortion in the frequency band up to about 1 kHz.
However they produce instead waveform distortion at
higher frequencies, typically at the switching frequency and
at harmonics of the switching frequency. These so-called
”high-frequency harmonics” (HF-harmonics) may cause
new problems and therefore need to be investigated.

LEAKAGE CURRENTS
The transport of energy as a current in the power grid (P in
Figure 1) takes place at the power system frequency: 50 or
60 Hz in public grids, DC, 16 2/3 or 400 Hz in some special
applications. Any other frequency component in the current
is a form of conducted electromagnetic emission.
If the sum of the currents enclosed in the circle is not zero,
some kind of leakage current exists. This leakage current
leaves a device or system through an unwanted or unknown
path. At the power-system frequency, the conductive part of
this leakage current dominates. With increasing frequency,
the radiating part of the leakage current increases, seen as
electromagnetic radiated emission.
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Figure 1. The common-mode current shows up as three
different types of electromagnetic emission: A-radiated
emission, B-conducted emission in the form of stray
currents, C-conducted emission through the protective
earth
This leakage current is also referred to as the common-mode
(CM) current. The common-mode current shows up as three
different types of electromagnetic emission:
• Radiated emission: (A in Figure 1). Radiated emission
may interfere with radio communication or induce
currents in neighbouring equipment that interfere with the
correct operation of that equipment.
• Conducted emission in the form of stray currents: the part
of the current that does not return through any of the metal
conductors, but instead finds it way through water pipes,
communications networks, the armouring of a building,
etc. (B in Figure 1). The concern with stray currents is
mainly their unpredictability (there should be no currents
flowing outside the electricity wires) and the magnetic
fields due to the large return loops.
• Conducted emission through the protective earth: (C in
Figure 1). Currents through the protective earth (PE) may
find a galvanic path to other devices connected to the
same protective earth. According to the safety regulations,
the PE wire is not allowed to carry current unless there is
a fault in the power distribution system.

NEUTRAL CURRENTS
In a balanced three-phase power system with only powersystem frequency in voltage and current, the current through
the neutral wire is zero. Only an unbalance in current (a
zero-sequence component) causes a neutral current. The
load is normally spread over the three phases so that the
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neutral current is small; this also minimised the losses in the
phase conductors.
The currents taken by electronic loads with switch mode
power supply
(SMPS), like almost all consumer
electronics, is far from sinusoidal, resulting in a neutral
current as high as 3 times the phase current, even when
the load is equally divided over the three phases. This
neutral current consists of the “zero sequence harmonics”
(3, 9, 15 etc.) while the other odd harmonics are cancelled
[1]. This high current could lead to thermally overloaded
neutral and being a cause of stray currents, especially in the
case of common neutral and PE wire.

HF-HARMONICS DUE TO SINGLE-PHASE
LOADS
The SMPS, has besides a number of benefits, two basic
drawbacks: the generation of harmonics of the powersystem frequency, and the generation of so called "highfrequency harmonics” from the DC/DC converter in the
output of the SMPS.
One of the solutions to reduce power-system frequency
harmonics, active power factor correction (PFC), allows for
a wide input voltage range, a displacement power factor
close to 1.0 in combination with almost sinusoidal input
current. An active PFC uses a switching element together
with an inductor, a switched-mode boost converter, before
the storage capacitor to force the current, like in a resistor,
to follow the shape of the voltage.
These interfaces produce significantly less distortion in the
frequency band up to about 1 kHz. However they produce
instead waveform distortion at higher frequencies, among
others at the switching frequency and at harmonics of the
switching frequency.

waveform includes two characteristic HF- components:
• A variable frequency with a peak at the power-system
frequency’s positive and negative maximum value
[hysteresis components]
• Notches and oscillations close to the current zero
crossing [zero-crossing distortion].
The hysteresis control switching frequency has the lowest
frequency and highest intensity around current maximum
and minimum. The switching frequency could also change
between low and full load and being variable to minimize
the EMC- filter [2]
The zero-crossing distortion occurs when there is a
discontinuity in the current flow from the AC input. In a
buck converter there is a usual period when the
instantaneous AC input voltage is lower than the SMPS
output voltage [3]. Also in a boost converter using active
PFC, zero-crossing distortion is a common phenomenon [4].
Instability below the power system frequency has occurred
when the PFC converter is connected to “certain types of
AC sources including uninterruptible power supplies” [5].
Important parameters in that case are load, output capacitor
and feedback gain [6]. Also fast-scale instability has been
studied [7], [8], [9] showing the influence of parasitic
capacitances and feedback gain. In the case of cascaded
power electronic system, instability has occurred caused by
impedance interaction [10]. Measurements on HF
fluorescent lamps show the increase in these zero-crossing
components with increasing number of lamps [11].

HARMONICS
IN
PROTECTIVE EARTH

NEUTRAL

AND

Figure 4. Measured neutral current with one (top left)
two (top right)) and three (bottom) HF fluorescent lamps
per phase.
Figure 3. The measured phase current for a HF fluorescent lamp with active PFC
The phase currents from a HF fluorescent lamp using a PFC
solution including variable switching frequency, using
hysteresis control, is shown in Figure 3.The current
CIRED2007 Session 2
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Measurements have been performed on HF fluorescent
lamps to study the HF- harmonic contents in the neutral
wire. In the first set of measurements one, two and three
lamps were connected per phase, and the neutral current was
measured. A 2-kHz digital high-pass filter was used on the
neutral current and the result is shown in Figure 4. The HF-
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harmonics consist of a series of hysteresis components (the
spikes) and zero-crossing components (the noise bursts),
with its origin in the three phase currents. At phase current
maximum and minimum there is always a hysteresis
component and also a simultaneous zero-crossing
component contribution from the other two phases. The
peaks, associated with the zero-crossing distortion, increase
with the number of lamps. The hysteresis component
increases with the number of lamps.
In the second set of measurements the current was measured
for up to nine lamps connected to the same phase. The
resulting neutral current was next estimated by assuming
exactly one-third of 20 ms shift in time domain for the
waveform in the other two phases. The neutral current was
obtained by simply adding the three phase currents.
The results for one lamp per phase are shown in Figure 5.
The blue, green and red curves are the phase currents (one
measured, two obtaining by shifting the measured current),
and the black curve is the (calculated) neutral current. The
dominating third-harmonic components as well as the highfrequency components are clearly visible.

Figure 5. The phase and neutral currents in the three-phase
distribution system created from a single-phase current in
Figure 3 (the red curve).
By using a 2 kHz high-pass filter on the neutral current in
Figure 5, it is possible to study the HF-harmonic separately
as seen in Figure 6. The zero-sequence harmonics no longer
dominate the current. The hysteresis components, are seen
as a continuous ”noise” varying in amplitude. The notches
and oscillations close to the phase current zero-crossing in
each phase are seen as six damped ”peaks” in the 20 ms
graph. All these peaks have almost the same maximum
amplitude and are at least twice the noise amplitude. The
rms value of the current, obtained over the 20 ms window in
Figure 6, is equal to 17.4 mA.
Making a detail of the highest peaks in Figure 6, (not shown
here) shows the damped peak to have about a 156 μs period
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time, a frequency close to 6.4 kHz. The positive peak is
about 60 mA, and the negative peak is about 40 mA.

Figure 6. Estimated neutral current in a three-phase system
loaded with three HF fluorescent lamps. A 2-kHz digital
high-pass filter has been applied.

Figure 7. Three HF-fluorescent lamps in each phase
simulated in upper left, five at upper right, seven at lower
left and nine HF fluorescent lamps at lower right.
The estimated neutral currents for three, five and seven
fluorescent lamps are shown in Figure 7. The trend from
Figure 4 continues: the peaks associated with zero-crossing
distortion increase in amplitude; the noise associated with
hysteresis control reduces in amplitude.
The peak value increases from 10.2 mA to 60.6 mA (a ratio
of 5.9) when the number of lamps per phase increases from
one to nine. The increase is more or less linear up to 7
lamps, but shows a clear saturation after that. The
oscillation frequency of the peaks decreases from 6.5 to
3.35 kHz.
These measurement results have next been used to estimate
the neutral-to-earth voltage induced by the neutral current.
A 2.5 mm2 copper wire of 30 meters length has been
assumed for the neutral. The results are shown in Figure 8.
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The lower graph shows the voltage drop if only the
resistance is taken into consideration.

the voltage impacts the current waveform taken by an active
PFC circuit.

CONCLUSIONS
A symmetrical three-phase system uses the wires optimally,
with low losses and no current in the neutral. The
introduction of harmonics leads to zero-sequence current in
the neutral. Zero-sequence harmonics increase the capacity
to create leakage and stray currents and increase the losses.
The introduction of active PFC circuits introduces new
types of (high-frequency) harmonics that add in the neutral
wire. The risk of stray currents, radiated emission, and
positive feedback loops needs to be seriously investigated.
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Common-modes resonances with power-inlet filters
C.M. Lundmark, S. K. Rönnberg, M. Wahlberg, E.O.A. Larsson, M. H. J. Bollen
Abstract— This paper discusses the possibility that
high common mode voltages occur in low-voltage
distribution due to poorly-damped resonance between
parallel connected power-inlet filters-filters. It is shown
that such resonances may occur in the frequency range
between 2 kHz to 150 kHz. Simulations and
measurements have been carried out with different types
of parallel connected power inlet filter, a common EMC
filter, and the circumstances giving oscillations have
been highlighted.

Index Terms—electromagnetic compatibility; power quality;
passive
filters;
power
filters;
power
distribution
electromagnetic interference.

A

I. INTRODUCTION

LLMOST all electrical devices are equipped with a

In Section II a description is made of the measurements
performed in the electrical installation in the server room.
The conducted emission (CE) tests under certifiedlaboratory conditions according to product standards and the
consequences of impedance mismatch are briefly discussed
in Section III.
In Section IV this is followed by a description of the
changed circumstances when an increasing number of
devices are connected together during their practical
application.
By filter simulations in Section V and laboratory
measurements in Section VI a test is done of what this
changed circumstance could have on the common mode
voltage.
Field measurements made in a server room (Section VII)
are compared to the results from simulations and field
measurements and further discussed in Section VIII.
II. HIGH COMMON MODE VOLTAGE IN SERVER
ROOM

power inlet filter. The aim of this filter is to prevent
high-frequency disturbances generated by the equipment
from reaching the network, hence the names “EMC filter”
or “EMI filter” which are often used as synonym. The
presence of large numbers of such filters connected to the
low-voltage network may introduce new phenomena,
including resonances. This paper presents the possibility of
common mode resonances in the frequency range 2-150
kHz due to the presence of these filters. The paper shows
field
measurements,
simulations
and
laboratory
measurements of this resonance condition.
Based on a practical case where modem communication
was disrupted in a server room because of high-frequency
(HF) common-mode (CM) voltage, the possible cause to the
high CM voltage has been studied.
By studying the significance of the wires in the electrical
installation in combination with power inlet filters
connected in parallel and compare simulations with
measurements, the conditions for resonance phenomena
become better understood.
The better understanding has been obtained by
x creating models of a set of power inlet filters from
different manufacturers
x simulating the resonance characteristics using
parallel connected power inlet filters in several
combinations at varying impedance matching
x measurement of the power grid impedance
characteristics
x comparing the measured power grid impedance
and the power inlet filter resonance simulation

Fig. 1. Voltage differences in a server room. The differential (L-N) voltage
on the upper left, L-PE voltage on the upper right and the N-PE voltage
lower right. The CM voltage, bottom left, is calculated from the measured
L-N and L-PE voltage. The fundamental frequency voltage is attenuated 20
times in all cases.
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The measurements shown in Fig. 1 were made with a
HIOKI 8855 MEMORY HiCORDER and a HIOKI 9322
differential probe. The fundamental-frequency voltage is
attenuated 26 dB (20 times) in all cases.
A comparison of the two upper graphs in Fig. 1 shows a
difference in HF harmonics amplitude. The highest L-N
”peaks” to the left are about 6 V, while the highest L-PE

Measurements have been performed in the electrical
installation of a server room. High-amplitude oscillations
between the line (L) and protective earth (PE) conductor as
well as between neutral (N) and PE conductor were
observed on the load-side of a 50 kVA uninterruptible
power supply (UPS) feeding servers and modems.
The server room suffered several communication failures
on a specific communication line. When the ungrounded
modem was powered from other sources than the 50 kVA
UPS, no such failures occurred.

”peaks” are approximately 20 V, three times as high. The
right graph shows 6 peaks in one period (20ms), while the
peaks are more ”hidden” and difficult to count in the L-N
voltage to the upper left.
The CM voltage, calculated from the measured L-N and
L-PE voltage, bottom left in Fig. 1, shows several 10 V
”spikes”, and some of them reach 15 V. Comparing the CM
voltage (down left) with the L-PE (upper right) shows
almost the same HF harmonics amplitude, L and N are
together moving in amplitude with respect to PE.

The LISN performs four functions: it allows ac power to
supply the equipment; it suppresses incoming noise on the
utility grid; it provides a defined line impedance (50-:)
within the measurement range; and it provides a point for
measuring the noise current across a 50-: resistor placed
between phase and protective earth or between neutral and
protective earth.

Fig. 3. Measurement of conducted emission using line impedance
stabilizing network (LISN)
Fig. 2. CM voltage and DM voltage in the server room electrical
installation.

In Fig. 2, showing the server room electrical installation,
the ungrounded modem (red square in the middle) is,
together with the communication cable, exposed to the CM
voltage.
When the modem was powered through an extra (small)
UPS connected in series with the 50 kVA UPS, no
interruption in the communication was observed. The same
if the modem was powered through a normal power outlet in
the server room (without UPS).
Measurements of L-N and L-PE voltage, in these two
cases the amplitude of the HF harmonics was significantly
lower (not shown here), resulting in a low CM voltage.
All equipment in the server room (essentially servers and
modems) was powered from the 50 kVA UPS and exposed
to the high CM voltage. Only one communication line had
an ungrounded modem and interruption in the
communication. Other ungrounded modems of the same
type, when connected in the same place, showed the same
communication interruption.
The assessment is that particularly three factors, besides
the absence of grounding, increase the risk of high CM
voltage. The generation of HF switching frequencies in the
50 kVA UPS (1) and the impedance level in the server room
installation (2) in combination with the power inlet filters
(3).
In the remainder of this paper, the possibly of resonance
in the large-scale use of power inlet filters from the
mismatch that occurs between the filter and feeding
networks, will be studied.
III. STANDARDIZED CONDUCTED EMISSION TESTS
When designing any filter the impedance matching is of
great importance. The insertion loss performance for EMC
filters is assuming a 50-ȍ source impedance and a 50-ȍ
load impedance.
The standardized CE test is carried out by placing a line
impedance stabilizing network (LISN), between the utility
grid and the equipment under test (EUT) (Fig. 3). Only one
device at a time is tested.

As the LISN creates a balanced supply and a new current
path through the 50-ȍ resistors (Fig. 3), it is no longer
possible to distinguish between common mode (CM) and
differential mode (DM) currents during the standardized
test.
The current value resulting from the test is the sum of CM
and DM current. Efforts have been made to perform
separation of the CM and the DM conducted noise [1] [2].
Such a separation would make it easier for the manufacturer
to obtain emission below the limits by adjusting the filter
components.
Note that the single-phase device will typically be
unbalanced connected during its practical application
(Norway being the main exception). The standardized way
for measuring emission does thus not necessarily predict the
high-frequency currents as they will occur in practice.
Among others, the impact of common-mode and
differential-mode currents may be different.
If the impedance of the ac-mains or the impedance of the
equipment under test (EUT) differs from 50 ȍ the
performance of the EMC filter will differ from its expected
performance, as was shown in [3].
Another change in filter response occurs due to resonance
phenomena associated with impedance mismatch between
filter and supply [4] or between filter and EUT [5].
The mains cable between LISN and EUT, during the
standardized conducted emission test, has a maximum
length of 2 m, depending on the particular standard
documents.
Experiments using an extra 2.5 m extension cord between
LISN and EUT show that this extension cord has a 50-ȍ
impedance at low frequency, while at higher frequencies the
impedance reaches almost 300 ȍ [6]. Simulations have
shown that a longer distance between the EUT and the LISN
may impact the conducted emission by more than 10 dB [7].
IV. COMMON MODE VOLTAGE, CURRENT AND
IMPEDANCE
In the following, the design of a typical power inlet filter
is described, and appropriate component values to make
models have been evaluated.

A. Power inlet filter
A typical power inlet filter shown in Fig. 4, consists of a
common- mode choke (2xL) in both L and N) and three
capacitors. One capacitor (CX) is connected between L and
N and two capacitors (CY) between L and PE as well as
between N and PE.
Fig. 6. Power inlet filters are connected in parallel with the power
distribution network creating a sum of filter impedance different from 50-:.

Fig. 4. Configuration of a power inlet filter.

The windings in the common- mode choke are connected
so that the magnetic fields produced by the load current (at
fundamental frequency) cancel each other. The result is a
relatively low inductance for the differential-mode current
and a very high inductance for the common-mode current.
B.

Leakage current
One design parameter in power inlet filters is the leakage
current (IL) to the PE as shown in Fig. 5. Because the inlet
filter is unbalanced connected to grid, the line voltage
appears across one of the capacitors CY.

D. Resonances
The common- mode chokes (2xL) and the two capacitors
(CY) between L and PE as well as between N and PE create
two series, RLC, resonance circuits, including the resistive
core losses in the chokes. These two resonance circuits
could be supplied with common mode signals from the load
side, from the line side or from both sides.
A common mode emission source (current or voltage) on
the load side in Fig. 4 will apply a signal in the connection
point between the choke and the capacitor (A and A’) in the
two series resonance circuits. Similarly, a common mode
emission source on the line side will apply a signal at the
choke end of two series resonance circuits (B and B’).
The source to the common mode emission on the load
side, shown as a current ICM in Fig. 3, is mainly a leakage of
the switching frequency from other equipment connected to
the grid.
When a power inlet filter is connected between the
equipment and the grid as shown in Fig. 7, the ICM(f) is
shunted back to the equipment. At higher frequencies the
(2xL) impedance increase and the CY impedances decrease.

Fig. 5. The power inlet filter leakage current

The main part of the total leakage current IL is the current
through the CY filter capacitor between L and PE, as the
voltage difference over this capacitor is much bigger. The
voltage drop in the neutral conductor leads to leakage
current through the CY capacitor between the N and PE, this
current is however much smaller than the current driven by
the L-PE voltage.
The ability to reverse the plug in the socket (in most
countries) means that the upper and the lower capacitor CY
must be equal. To reduce the leakage current the capacitor
CY is held small, typically 2.2 nF (leading to 160 ȝA
leakages at 230 V, 50 Hz). The capacitor CX is not limited
by the leakage current, but by other design requirements.
C. Multiple Power Inlet Filters
When two filters are connected to the same outlet (as
shown in Fig. 6) then each filter contains a CX capacitor
(and a common- mode choke) connected in parallel with the
grid impedance between phase and neutral.
When an increasing number of power inlet filters are
connected to the grid, each filter will be connected to an
increasing number of impedance elements in parallel, a
situation a long way from the environment during the
standardized test.

Fig. 7. Power inlet filters connected to the power distribution network. The
upstream wiring impedance (loop impedance) is different from 50:.current

There will, of course be ICM(f) on both sides of the filter,
because no filter is ideal. ICM(f) on the grid side of the filter,
also occurs if the grid is powered by the uninterruptible
power supply (UPS).
When two filters are connected to the same outlet (as
shown in Fig. 6) the resonance circuit consists of two power
inlet filters in series, each filter having a common mode
source on the load side. When an increasing number of
power inlet filters are connected to the grid, the result is a
number of resonance circuits, all having their own common
mode source on the load side. A common mode emission
source on the line side will, regardless of whether there is
one or a number of power inlet filters, meet resonance
circuits.

E. Loop impedance
The loop impedance is of great importance for the risk of
CM resonance in the power inlet filter. If the loop
impedance is low enough at the resonance frequency no
amplitude amplification will occur. The “low enough” value
of the loop impedance will be studied by filter simulations
in Section V.
This loop impedance is the upstream wiring impedance
seen from the outlet to the feeding transformer. There are
two loops in a grounded single phase outlet. One is the
impedance loop between L and PE (L- loop), (from B to C),
in Fig. 7; the other is the impedance loop between N and PE
(N- loop), (from B’ to C).
V.

FILTER SIMULATIONS

A. Simulation model
Simulations have been performed, using the System EMC
Simulator (EMEC) [10], to show the occurrence of CM
resonances and to study the impact of the filter and grid
parameters, on the resonances.
The simulation model used to show the interaction
between different filters is shown in Fig. 8. Two power inlet
filters are connected in parallel and connected into a power
outlet strip, without a connection of the outlet strip to the
power grid. The example shown corresponds to the power
inlet filters in the upper row in Table II and in Fig. 9.

Fig. 8. The simulation of the CM resonance is made by connecting two
power inlet filters are in parallel with the power distribution network and
calculating the CM voltage UCM(f) (L and N in respect to PE).

The absence of a connection of the outlet strip to the
power grid means that the wiring loop impedance (as
described in section IV-E) is infinite, in L loop as well as in
N loop. The CM resonance sensitivity, for the loop
impedance, is studied by introducing a variable impedance
between L and PE as well as between N and PE. The point
of CM voltage UCM(f) (L and N with respect to PE), is
shown in Fig. 8.
The series resonance circuit, described in section IV-D,
consisting of capacitor CY in series with the (2xL)
impedance, as seen in Fig. 4, also includes resistive losses in
the inductor core and windings. This loss is seen as two
added resistors (2x225 ) in Fig. 8 Annons på Cyberbörsen
(http://www.cyberphoto.se/)
Canon 100/2.8 Macro IS/L tagit 10 bilder och konstaterat
att Macro inte var så kul som jag trodde!( vill inte kräla runt
på marken) men det är ett superbra objektiv
Gav 10000:- men det har ju gått ner Cyber tar 9000:- jag
vill ha 8000:-, where the resonance is damped. The
measurements to find these resistive losses are described in
section V-B.
The component value for the common- mode choke (2xL)
and for the capacitors (CY, CX) in the power inlet filter are

often shown in the filter drawing, but the resistive losses in
the wiring and components are normally not specified. The
losses in the choke core are the dominating losses and they
are dependent on the frequency.
B. Measuring the resistive losses
To find the resistive losses, measurements has been made,
at the point of common mode resonance for two types of
power inlet filters in different sizes (rated current), shown in
Table I. The table shows the calculated equivalent resistance
at the point of resonance and the resonance frequency in
different power inlet filters from two manufactures based on
measurements.
TABLE I
POWER INLET FILTERS DATA AT RESONANCE FREQUENCY
Schaffner FN9221-X
Minimum R (ȍ)
@ Frequency (kHz)
1
451
19.7
3
380
33.6
6
143
81.5
10
115
146.5
Schulter 5120.00XX.0
01
674
19.8
02
416
27.7
04
322
42.2
06
230
63.6
10
161
107.4

A sweep oscillator was connected between L+N (in
parallel) and PE on the line side of the filter. The applied
voltage and the loop current, at varying frequency, were
measured, searching the frequency at which the impedance
had its lowest value. An oscilloscope showed
simultaneously that the applied voltage and the loop current
were in phase at this frequency. The quotient between the
voltage and current then showed the total series resistance at
the resonance frequency.
C. The simulations
The equivalent scheme shown in Fig. 8 has been used to
perform simulations for multiple filters.
The resistance at the resonance frequency, obtained from
the above measurements, has been included as a frequencyindependent resistance in the simulations. The impact of the
resistance in a resonance circuit is small, beyond
frequencies close to the resonance frequency. The two 440: resistors in series connected between L and N on the load
side of the two power inlet filters represent a 60-W resistive
load at 230V.
The oscillator connected to the left in Fig. 8 represents
the common mode voltage generated internally in the
device. The amplitude of this voltage is kept at 1 Volt so
that the common-mode voltage on grid side of the filter,
UCM(f) gives the transfer function of the common-mode
voltage through the filter. For an ideal filter, the transfer is
zero.
The common mode voltage at varying frequencies UCM(f)
consists of two (identical) parts, the voltage L-PE and the
voltage N-PE. By using a voltage source, it is possible to
study the amplitude amplification at various frequencies.
Furthermore, the influence of the impedance on the
amplitude amplification at resonance, in this simulation
model in Fig. 8, has been studied by varying the loop

impedance between L-PE respective N-PE by using two
resistors (R5 respective R15).

VI.

LABORATORY MEASUREMENTS

As a next step, two types of measurements were
performed in the Pehr Högström laboratory of Luleå
University of Technology. The first set of measurements
aimed at confirming the power inlet filter models and the
simulations shown in Fig. 8, using the filters shown in Table
I.
TABLE II
POWER INLET FILTERS COMMON MODE VOLTAGE
@ Frequency
Combinations of Schaffner
Resonance
(kHz)
FN9221-X filter
amplification
U2 / U 1
1A/3A
9.6
16.0
3A/1A
10.7
18.6
3A/6A
6.0
33.1
3A/10A
5.4
33.9

The measured resonance amplification and resonance
frequency for four different combinations of power inlet
filters is given in Table II. The measurements on the top row
(1A/3A) correspond to the simulations in Fig. 9.

the power grid in L- loop respective N- loop, and compared
this to the resistance values used in the simulations. The aim
of these measurements was to assess if the resistance values
used in the simulations could occur in practice.
As the L- loop contains a transformer winding as well as
fuses and extra wiring (as shown in Fig. 7), the N- loop will
have lower impedance in each point of measurements. As a
consequence it was given priority to measure the N- loop
impedance (from B’ to C, in Fig. 7).
Several measurements in different distribution systems
were made, but the presence of the fundamental frequencies
and its harmonics in the distribution system in the N- loop
made the measurements complicated without special
filtration. A complication factor is also that the impedance is
influenced by the presence of other equipment connected to
the grid.
New measurements were made, this time using cables not
connected to the grid, having reasonable dimensions and
lengths corresponding to low voltage distribution. The
connection between the cables was made short giving
lowest possible inductance.
The expectation is that this will give lowest possible
value of the N-loop impedance. In other words, the N-loop
impedance in an installation should always be higher than
the measured value in these measurements.
The result of some of those measurements including three
combinations of cables is shown in Fig. 10 having
impedance exceeding 100 : beyond 90 kHz and having
peaks above 350 : at a cable length of 310 m (a loop length
of 620 m).

Fig. 9. Transfer function of the common-mode voltage over the power
inlet filter, on the top row in Table II and in Fig. 8, for different values of
the loop impedance. The same loop impedance has been assumed in the
line-earth and neutral-earth circuits.

The resonance frequency found from the simulations was
20 kHz when the two resistors (R5) and (R15) were infinite;
the measured value was 16 kHz. The resonance frequency in
the simulations is slowly decreased when the resistance is
reduced and the amplitude peak disappears for impedance
below 2 k:.
Notice that the measurements show an amplification of
9.6 times, compared to 5.7 times in the simulation, 1.6 times
higher in the measurements. (When the relative amplitude is
1, the amplitude on the line side (U2) is the same as on the
load side (U1)).
Also notice that the resistance used in the simulation is
obtained from the measurements at the respective filters
resonance frequency, as shown in Table I, the resonance
frequency when the power inlet filters is combined is
different.
The second type of measurements performed in the
laboratory investigated the magnitude of the impedance in

Fig. 10. Measured cable loop impedance between N-PE for three
combinations of cables Yellow (triangels) 97 m N1XE-U 5G16 Magenta
(squers) 213 m N1XE-U 5G10 Blue (stars) 50 m EKLK 3G1.5 + 213 m
N1XE-U 5G10 + 97 m N1XE-U 5G16

In most cases, the N-loop impedance value in an
installation, due to branching and numbers of parallel cables
and power outlets, will be noticeable higher.
In reality there will, in a server room, be a number of
power inlet filters, often hundreds, all having its own CM
current source, in power outlets and via hundreds of meters
cables connected in parallel to the grid.
VII. CONCLUSIONS
Simulations and laboratory measurements have been
performed to find the reason for the high amplitude of highfrequency voltage distortion in the electrical installation of a

server room supplied by a 50 kVA UPS system. It was an
interruption in the communication on a specific
communication line, the only line in the server room using
an ungrounded modem, that showed that something was
wrong. The owner’s solution, using a separate UPS system
for the modem, is a fast and easy way to create a lower level
of disturbances for the specific communication modem, but
it leaves the rest of the equipment at a high disturbance
level.
Simulations and measurements have shown the
possibility, that the high-frequency CM voltage, in
combination with the ungrounded modem power input, is
enough to disturb the communication modem. It is shown
that such resonances are indeed possible, even without the
presence of a UPS. Further work is needed to estimate the
likelihood of such resonances. However, with the
proliferation of equipment containing EMC filters of the
type shown in this paper, the likelihood will certainly
increase fast.
In places like the server room studied here, including
equipment and communication lines of high importance,
there should not be high levels of disturbances. When such
high levels occur it is obvious that their cause should be
investigated and that measures should be taken to reduce the
disturbance level. A more systematic and long-term feasible
approach is to use design methods that prevent the
occurrence of high disturbance levels.
Also may it become necessary to reconsider the
practicality of standardized tests for conducted emission.
The standardized test conditions have not to be fulfilled
in these types of installations. The distance between the 50
kVA UPS system, the servers and the modems is physically
short but there are many meters of wiring, branching, outlet
strips, power inlet filters and many switch mode power
supply (SMPS).
In the standardized tests, each filter has 50 : between LPE and between N-PE. In the server room hundreds of
power inlet filters share the feeding impedance. As a result
the impedance level in the connection point of each filter is
different and varies with frequency.
The source (the HF voltage or current generator), to the
high common mode voltage, is most likely the 50 kVA UPS
system in combination with the resonance discussed in this
paper. Unfortunately it has not been possible to perform
measurements in other similar installations to find out if
high common-mode voltage is a regular occurring
phenomenon or just a rare case.
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