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Chapter 0

PREFACE
When I began at ABB Corporate Research in 1982 as a research engineer, I soon began
working with troubleshooting. Pulse-Width-Modulated converters and the Compact
Disk had been introduced onto the market, and there was considerable public discussion about the limited energy resources. The new technologies did not always work
without interference with other technology (old and new), so as a troubleshooter I had
to ﬁnd solutions, both in the laboratory and on site. Today, almost 25 years later, I
wonder if we know enough about how to handle disturbances to tell our neighbors that
we have the situation under control!
I would like to thank my colleagues at EMC on SITE: Janolof Hagelberg, Mats
Wahlberg, Marcus Andersson, Sarah Rönnberg and Anders Larsson for their cooperation and help. I would also like to thank Monica Tjerngren and Cristoffer Schütze and
all the others (you know who you are!) who have helped me ”run the business” of being
a student. I express my gratitude to Prof. Math Bollen for his excellent supervision in
this project, and to Lars Gertmar, Jan-Olov Sjödin, Lennart Lundmark, Mats Wahlberg
and Nils Ringheim in the reference group for their help. The ﬁnancial support given by
ELFORSK and Skellefteå Kraft Elnät AB is gratefully acknowledged. Finally, I thank
my wife Barbro and my children Elin and Erik for their patience and support during
this journey.
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Chapter 1

INTRODUCTION
The subject of the research presented in this licentiate thesis, is at the interface between
the use of electricity in power electronics and the use of electricity for communication.
Electromagnetic compatibility (EMC) takes place at the interface between power electronics and communication.

1.1 BACKGROUND
Today, the access to electricity is considered as natural by most people. Electricity
is simply expected to be available, directly for powering light, heat, multimedia etc,
and indirectly for powering the infrastructure in society. The fact that the electricity
supply has been very reliable the last 50 to 100 years, has resulted in its unreliability
being neglected. Electricity being a high-quality energy carrier that can easily be transformed into many other forms of energy (light, heat and motion being just the most
obvious examples) made that it has become an essential condition for the functioning
of our modern society. As other essential conditions for this, like communication, data
storage, and processing, are in their turn dependent on electricity, the impact of an
interruption of the electricity supply on society is very big.
The threat, to the society or to the individual, caused by an interruption in the
power delivery has been often discussed. With interruptions, the complete absence of
power, the consequences are obvious. The threat due to interference caused by lack of
electromagnetic compatibility (EMC) has received less attention. The link is not always
as obvious as with an interruption and the impact is in most cases less widespread
as with an interruption. However in many industrial installations the importance of
achieving EMC is well understood and often receives more attention than preventing
interruptions. However the lack of EMC is not (yet) viewed as something that may be
a threat to the functioning of society.
The European EMC Directive (that is law in Europe) states that the manufacturer
should proof that a piece of equipment is compatible with other equipment and with
its electromagnetic environment. As it will be difﬁcult to proof this for all situations,
a number of so-called ”harmonized standards” are available. When the equipment
complies with these standards, this is considered as sufﬁcient legal proof. The result is
that equipment manufacturers concentrate on ensuring that equipment complies with
the harmonized standards.
When all equipment complies with the standards, this certainly does not imply
5
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that there will be no electromagnetic interference. The standards are such that a high
probability is obtained that electromagnetic compatibility is obtained, but they do not
aim towards 100 %. Although very disrupting for those individuals affected, this is not
viewed as a societal problem. Next to that, developments like new types of equipment
that have taken place after the writing of a standard document, may make that more
wide-spread interference problems occur. The formal procedure in that case is that
action is initiated at European level or by a national government aimed at changing the
standard document.
Two recent developments may result in the need for changes to EMC standards:
the introduction of more and different types of power electronic equipment; and the
shift from analog to digital communication. Both changes take place at a much shorter
timescale than the timescale at which the power distribution grid is upgraded.
The introduction of power electronics
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 however that it often generates high levels of harmonic emission.
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 power-electronic 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.
Another potential threat to the electromagnetic compatibility is that the number of
emitting devices has been growing signiﬁcantly. The relation between emission and
immunity levels is based on some, often hidden, assumptions on the number of emitting devices and the way in which the emissions add. When the number of devices
increases these assumption may no longer hold. Then the sum of the HF-harmonics is
more like a noise in the power grid.

6
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The introduction of digital communication techniques
The changes from analog to digital communication techniques is going fast and
in almost all technical ﬁelds. The emission limits for radiated and conducted disturbances as prescribed in international standards are based on their potential impact on
analog communication systems. When the existing analog communication technologies are substituted with digital technologies, interference could occur even though all
equipment complies with the standards.

Figure 1.1: Digital cliff. Unlike analog transmissions, which experience gradual degradation, digital transmissions can experience sudden degradation.
Increasing disturbance levels with analog communication result in an increasing
noise level, often audible. Digital communication technology is much better in suppressing disturbances up to a certain level. With increasing disturbance level the audible noise will remain low. However beyond a certain disturbance level, the communication stops abrupt. This ”digital cliff”, shown in Figure 1.1 , makes it more complicated
with digital communication to know the headroom, the disturbance level that is left,
before the communications stops.
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The neutral and protective earth wire.

Figure 1.2: Three-phase system, with three phase- (P), neutral- (N) and protective earth
(PE) wire
In a grounded three-phase distribution system, shown in Figure 4.4 and described
in section 4.2.3, the neutral- (N) and protective earth (PE) wire are able to carry a
current in about the same amplitude as the phase conductors. However their goal is,
that they do not carry any current at all during normal operation.
The neutral (N) wire provides a return path for equipment current during normal
operation. In a three phase distribution system with only power-system frequency current and equal phase current amplitude the neutral current is zero. In the case of non
equal phase current amplitude there will be a neutral current. In a single phase distribution the neutral current amplitude is equal to the phase current.
The PE wire is present for safety reasons. It prevents dangerous contact voltage
during faulty operation. The PE wire is connected to the grounded neutral point of the
transformer and carries current a short time, and only in the case of a fault.
Although they have different purposes, the PE and the N wires, in power distribution are sometimes separate and sometimes common. The choice is of both an economical and a technical nature and described in section 4.2.3.
Power-system frequency harmonic currents, in the following named ”harmonics”,
created by nonlinear loads may result in a neutral current even for balanced
√ load. This
is described in section 4.2.2. The neutral current could be as high as 3 times the
amplitude in the phases, and lead to terminal overloads. In the case of common PE and
N wires and a non-zero neutral current also leakage and stray currents could appear.
This is described in section 4.2.1 and 5.2.4.
Some of the efforts, aimed at reducing harmonics, result in currents at higher frequencies, HF-harmonics. Some of these currents ﬂow through the N- and PE wire,
often giving unknown effects, sometimes resulting in mal-operation or equipment damage, see chapter 3.
The power distribution infrastructure is sometimes reconstructed repaired or upgraded, but in many cases it remains the same for years or decades in a row. The
load supplied from the distribution network changes at a much shorter timescale. New
equipment is tested according to the latest electrical installations standard and product
standard, which may no longer apply to the power distribution infrastructure
The protective earth was created for safety reasons, and is still not allowed to carry
any current as long there is no fault. Often the protective earth is the same as ”signal
reference”, in for example multimedia installations, and then the problem is to ﬁnd a
”noiseless ground”.
8
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1.2 AIM OF THE RESEARCH
The aim of the research presented in this report is to study the consequences on neutral
and protected earth wire when high-frequency harmonics are introduced in the power
grid.

1.3 CONTENTS OF THE THESIS
This report presents some aspects of the impact of high-frequency harmonics (HFHarmonics) on the neutral (N) wire and on the protective earth (PE) wire. The report
contains theoretical considerations as well as measurement results.
Chapter 2 brieﬂy introduces the principles behind the IEC standards on electromagnetic compatibility. It also presents the standards that are currently available to limit
emission by power-electronic equipment in the frequency range above 2 kHz.
Chapter 3 presents the state-of-the art according to the knowledge and the impact
of HF-Harmonics. It is divided into two parts before and after 1997.
In Chapter 4 the principles of three phase power transmission and distribution are
presented. The description is limited to show what is of importance for the N and PE
wire and to show the similarity with signal distribution (Chapter 5). The three phase
power grid carrying fundamental current (and voltage), harmonics and HF-harmonics is
described separately using symmetrical components. A combination of measurements
and Matlab simulations is made on HF harmonics to study the N and PE response.
Chapter 4 also includes measurements of HF-Harmonics in different buildings and a
description of voltage ﬁlters (or probes) especially for measurements of HF-Harmonic
voltage in the different locations.
Chapter 5 is a description of small signal distribution made in the efforts to show
the similarity with power distribution, especially addressing ”signal losses”, conductive
and radiated. Also similarity in grounding, balanced distribution and ground plane is
shown, as well as methods used to reduce the loss from the signal distribution
In Chapter 6 the ”everything changes” dilemma and the lack of communication
between different technologies are highlighted. This part is important when estimating
the future level of disturbances due to HF-Harmonics.

9

1.4. LIST OF PUBLICATIONS

1.4

LIST OF PUBLICATIONS

[1] Larsson, .; Lundmark, M.; Hagelberg, J. O.; Increased Pollution in the Protective
Earth, EPE 97 Power Electronic and Applications, Volume 2, 8-10 September 1997, pp
823-828
[2] Lundmark, M.; Hagelberg, J. O.; Larsson, A.; Bystrm, M.; Larsson, .; The
Use of Protective Earth as a Distributor of Fields and Radiation, Biological Effects of
EMFs, Heraklio, Crete, 17-20 October 2000 pp. 223-233
[3] Lundmark, M.; Larsson, A.; Larsson, .; Holmlund, P.; Increased Levels of Electrical Fields in Buildings, 2nd Int. Workshop NCSR ”Demokritos”, Rhodos, Oktober,
2002
[4] Lundmark, C.M.; Larsson, E.O.A.; Bollen, M.H.J.; Required changes in emission standards for high-frequency noise in power systems, Int Journal of Energy Technology and Policy Volume 4, Number 1-2 / 2006 pp 19 - 36
[5] Lundmark, C.M.; Larsson, E.O.A.; Bollen, M.H.J.; Unintended consequences
of limiting high-frequency emission by small end-user equipment,IEEE Power Engineering Society, General Meeting Montreal 18-22 June 2006.
[6] Larsson, E.O.A.; Lundmark, C.M.; Bollen, M.H.J.; Measurement of current
taken by ﬂuorescent lights in the frequency range 2 - 150 kHz, IEEE Power Engineering
Society, General Meeting Montreal 18-22 June 2006.
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Chapter 2

STANDARDS ON
HIGH-FREQUENCY
DISTURBANCES
2.1 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. The term ”electromagnetic compatibility” is used to indicate a state in which there is no electromagnetic interference.
Electromagnetic compatibility may be achieved between two devices or between a device and the electromagnetic environment to which it is exposed. In power engineering
the electromagnetic environment is often the voltage disturbance level caused by the
joined emission of many individual devices.
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
emission limits are not an aim by itself but only a means to achieve electromagnetic
compatibility between equipment.
In practice the emission and immunity levels cannot be immediately compared, for
instance because emission is expressed in Ampere and immunity in Volt. Also should
a device be immune to the joined emission of all devices in the neighborhood. When
increasing numbers of equipment are connected to the power grid, then the assumption
is that the total amount of emission is less than the immunity limit for each connected
device.
11
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2.2

LEAKAGE CURRENT

One of the basic aim for power transmission and distribution is low energy losses,
basically as heat but also as conductive and radiated emission. The leakage current, is
the amount of current that escapes from a set of conductors. In a three-phase system as
in Figure 4.4 the leakage current is the current that ﬂows outside of the phase and N
wires. For a single-phase load the leakage current is the part of the phase current that
does not return via the neutral.
The presence of signiﬁcant conductive leakage current points to a fault: a connection between the phase or N wire and some conductor outside of this part of the power
system. In most cases an earth fault is the cause. As an earthfault may lead to dangerous touch voltages, it is important that the fault is disconnected as fast as possible.
A common way of earth-fault protection in the low-voltage network is by detecting
non-zero leakage current. In normal operation the leakage current is small but rarely
completely zero. A threshold is needed above which the protection trips. The lower the
threshold setting the lower the risk that dangerous touch voltage will occur. The threshold should be higher than the highest possible leakage current in normal operation, to
prevent regular mal-trip. The reduction of leakage currents during normal operation is
thus a matter of safety in low-voltage networks.
A number of standards set limits on the conductive leakage current or common
mode current. Leakage current limits are set to reduce the risk of electric shock or ﬁre,
using residual current circuit breakers (RCCBs) and ground fault protectors (GFPs).
The radiated emission is another part of the leakage current or common mode current. The level is normally signiﬁcantly lower than the conductive leakage current,
and measurements using absorbing clamp (high-frequency current transformer) are
normally taking place above 30 MHz. CISPR 16-2-2 (2005) is a basic standard that
speciﬁes the method of measurement of disturbance power using an absorbing clamp
in the frequency range of 30 MHz to 1 GHz.
In Figure 4.9 in section 4.2.1 the leakage current in the power grid is described and
how different standards consider different frequency bands for the leakage current.
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2.3 BALANCED SUPPLY
A signal transmission being balanced with respect to the ground plan, showed in Figure
5.2 , gives a low leakage current. This is used to reduce the emission and immunity in
signal transmission, and described in section 5.1.1 and 5.1.2

Figure 2.1: Balanced signal transmission
Balanced power supply (balanced power distribution) (see chapter 4.1.2) has been
used for a number of years trying to reduce the conductive leakage current giving disturbances to sensitive equipment. Signiﬁcant leakage currents result from the combination of HF-harmonics, EMC-ﬁlters and unbalanced power distribution. The balanced
power supply is in a way an adaption to the use of balanced power feeding during tests,
according to product standard.

2.4 LEAKAGE CURRENTS DUE TO EQUIPMENT
End-user equipment is powered from the phase and/or N wires. From the viewpoint of
the equipment, the leakage current is the part of the current that leaves the equipment
through another path than through the wires by which it is powered. For safety purposes, equipment is often also equipped with a PE wire. This wire is in turn connected
to the metal enclosure of the equipment, see Figure 2.2 for the typical connection of
single-phase and three-phase equipment.

Figure 2.2: 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.
A capacitance is present between the phase and neutral conductors and the protective earth (via the metal enclosure). This may be a stray capacitance only, but also
a physical capacitor in the EMC ﬁlter. For single-phase equipment, this capacitance
13
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results in a leakage current even for a sinusoidal (zero distortion) source voltage. For
a three-phase device connected to a balanced supply, the currents through the three
phase-to-earth capacitances cancel so that the leakage current is zero. However the
presence of voltage unbalance will result in a leakage current.
For non-sinusoidal (distorted) supply voltage, the picture becomes more complex.
This will be discussed in section 4.2.2 and 4.2.3
In some cases single-phase equipment is connected in a balanced way, so that the
leakage current is zero. This is the case for single-phase equipment that is connected
phase-to-phase and for equipment connected as described in European standard 50144
(EN 50144, 1999). This standard document describes a system providing reasonable
safety for electrically driven hand tools using the 110-V center-tapped to earth system
(CTE), see Figure 2.3 , 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 (NEC 647, 2002), used in recording studios
with audio or video products and in other areas with highly-sensitive electronics .

Figure 2.3: The principle for power delivery according to European Standard EN 50144
and National Electrical Code (NEC) Article 647; (a); principle; (b); practical implementation.
As will be shown in the end of section 2.4, both single-phase equipment shown in
Figure 2.4 and three-phase equipment is connected to a balanced supply, with respect
to the system grounding point and protective earth, for measurement of the conducted
and radiated emission under international standard CISPR-16. But as single-phase
equipment is rarely connected to a balanced supply, the leakage current in reality will
be different from the one during the test.
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2.5 CONDUCTED EMISSION
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 two different differential-mode components, e.g. the positive
and negative-sequence components. A symmetrical component transformation will be
needed, but such is no longer trivial for non-power-system frequencies.
The standards for limiting and measuring conducted emission cover a wide range
of frequencies. Different measurement methods are in use for different parts of the
frequency spectrum. The following frequency bands can be distinguished:
• The band below 2 or 2.4 kHz is covered by the standards on harmonic distortion.
• Measurement methods in the band from 2 to 9 kHz are proposed in an annex to
IEC 61000-4-7 (2002).
• The band 9 to 150 kHz, measurement methods, is covered by CISPR 16-2-1
(2005).
• The band 150 kHz through 30 MHz is covered by CISPR 16-2-1 (2005).
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 quasipeak detector and the measurement bandwidth (200 Hz bandwidth up to 150 kHz, 9
kHz above 150 kHz) are chosen with respect to the human hearing, in analog radio
communications services.
The electromagnetic environment in this frequency range is made up of emission
from equipment and communication via the power grid.
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.
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2.6

MEASUREMENT OF THE CONDUCTED EMISSION

Measurement of the conducted emission takes place by means of a 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 conducted emission on the utility grid; it provides a deﬁned line
impedance (50 Ω) within the measurement range (as deﬁned in standard documents);
and it provides a point for measuring the disturbance current across a 50 Ω 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.
As the LISN creates a balanced supply and a new current path through the 50 Ω
resistors ( Figure 2.4 ), 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.

Figure 2.4: Measurement of conducted emission using line impedance stabilizing network (LISN)
EN 55011 (1998) deﬁnes the main terminal disturbance voltage, measured using a
voltage probe or line impedance stabilizing network (LISN) having 50 Ω impedance
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. Requirements
for other types of lighting apparatus are covered in CISPR 15 (2005).
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Figure 2.5: EN-55011 limits for class A and class B equipment: emission limit as a
function of frequency.
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
2.5 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 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.
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Chapter 3

EXISTING KNOWLEDGE
In 1997 a literature study and interviews (in Swedish) were conducted to identify potential problems related to HF-Harmonics in the power grid. The interviews, not documented, showed a beginning knowledge that the grid besides the power-system frequency and its harmonics also includes higher frequencies components. Power line
communication (PLC) and residual current devices (RCD), are examples of technologies where HF-Harmonics in the power grid were pointed out as a potential problem.
A short resume of the 1997 literature study is given in section 3.1. The results from
additional literature are summarized in section 3.2.

3.1 HF-HARMONICS BEFORE 1997
In the 1997 literature study, increased pollution in the protective earth, (Larsson, 1977)
various documented cases were highlighted where problems had occurred related to
HF-Harmonics. The examples were from various ﬁelds; PWM motor drives, TV audio
studios, ﬂuorescent lights, etc.
PWM motor drives, motor bearings
Before the Pulse-Width-Modulated (PWM) inverter was introduced in motor drives
the problems with motor bearings had been at the power-system frequency (50/60 Hz).
Bearing currents are generated by capacitive coupling between the stator windings and
the stator and shell. The current may cause bearing material erosion and early mechanical failure.
Erdman (1996) found that the rotor - stator voltage rose to a value of ﬁfteen times
larger when an AC induction motor operates with a PWM inverter compared with a
pure sine wave. Maggs (1996) found that the major source of the radiated emissions
from variable speed drives was the shielded cable which was connected to the motor.
TV and audio studios
Unbalanced screened cables, for example coaxial cables, are frequently used in
audio and TV studios. The loop formed by the PE conductor and the screen of the
cable is a source of disturbances. Measurements show that low amplitude currents (10
mA) give rise to an increased noise level, Muncy (1995). This disturbance source also
creates ﬂicker with TV screens, Lidberg (1994).
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In order to avoid disturbances from the leakage currents in the PE the TV broadcasting company in Umea (Sweden), SVT, has obtained an exemption from the safety
regulations and introduced a system with six conductors. This system consists of three
phase wires, one N wire and two separate PE wires, (Lidberg, 1994). One is used as
a signal ground while the other one is used as a ”trash” earth, i.e. as an ordinary PE
conductor. The reason for this division is the extreme sensitivity to high-frequency
disturbances of the TV equipment used. A noise input of 1 mV will result in visual
problems such as tracks in the TV picture.
Fluorescent lights
High-frequency ﬂuorescent tubes (HF-ﬂuorescent tubes) are equipped with ﬁlters
which produce a leakage current through the PE conductor. The leakage current limits
the number of HF-ﬂuorescent tubes that can be operated on one RCD. One manufacturer stipulates a maximum of 50 HF-ﬂuorescent tubes in a balanced three-phase grid
(OSRAM, 1996). However, falsetrip of residual current devices is just one of the problems due to leakage currents. Most of the other problems do not disappear by limiting
the number of tubes per RCD.

Figure 3.1: Current in the PE when one (left lower curve), two (left upper curve) and
24 HF-ﬂuorescent tubes are connected (to the right). Current probe factor 100 mA/V.

Figure 3.1 shows measurements of the PE at the terminal when one , two and and 24
ﬂuorescent tubes are connected (Westlund, 1996). The measurements are performed
with a 20 MHz current probe, current probe factor 100 mA/V. As can be seen, one
ﬂuorescent tube causes a distortion at a speciﬁc frequency which corresponds to the
switching frequency of the HF device. Since the switching frequency varies from one
HF device to another, a modulation will occur when two HF devices are connected.
This phenomenon is clearly visible to the right in Figure 3.1 where measurements from
24 ﬂuorescent tubes are shown. The magnitude of the disturbances is high compared
with one single ﬂuorescent tube. In √
theory, for 24 tubes the peak to peak value will be
24 times higher, and the RMS value 24 times the value for one single tube. The worst
case occurs when the tubes have a peak simultaneously, which will happen once, but it
is not clear how often.
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3.2 HF-HARMONICS AFTER 1997
The literature on HF-harmonics in the power grid after 1997 threats the consequences
of HF-harmonics, interference and damage, and the origin of the disturbance. Examples of equipment studied include SMPS, transformers cables and PWM motor drives.
In some cases, measurements of HF-harmonics in the grid have been performed, but
always as part of another investigation, not as an aim by itself.
HF-instability and damage
Since more than 10 years it is known that the connection of active power factor corrector (PFC) to certain AC sources and line conditioners can cause system instability,
ﬁrst below the power-system frequency but later at switching frequency (Hoff, 1994).
This early study pointed out that ”PFC supplies on the other hand can be unstable below
60 Hz 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” (Orabi, 2003), (Mazumde,
2001), (Tse, 2003).
Besides damage in motor bearings, caused by HF-harmonics (Mäki-Ontto, 2006),
failures have also been reported of distribution transformer due to high energy spikes
and switching transients (Voss, 2005).
Disturbances from PWM converters have been reported (Unger, 2005), lead to
”malfunction of electronic ofﬁce equipment, blown power supply units, malfunction
of electronic controls or unacceptable noise.”
Also cable and cable termination failure due to HF-harmonics has occurred. At
Eagle Pass substation in the State of Texas, several compact type cable terminations
rated 24 kV have failed. In a paper Paulsson (2003) pointed out how the changes in load
composition have to be observed when testing the cables used in grid; ”Fast switching
components like IGBTs may generate or cause high-frequency voltages, which are
superimposed upon the power frequency (50/60 Hz) voltage. Insulation within the
station may thereby be continuously exposed to a new type of voltage stress, for which
it has not been designed or tested. The high-frequency voltages may, under special
circumstances, cause insulation damages at magnitude levels, which are well below
the dielectric voltage withstand at power frequency.”
The description, of fast switching IGBTs causing high-frequency voltages superimposed upon the power frequency voltage, is similar to the description made by MäkiOntto (2006). He pointed out an continuous trend in power electronics, ”the size of the
converter decreases and higher switching frequencies can be used”. Mäki-Ontto (2006)
also described how the increased switching frequency decreases the harmonic losses in
the motor but, as a consequence: ”a short rise time of the PWM voltage may also cause
problems in the form of electromagnetic interference (EMI). The harmonic content of
the voltages and currents is shifted to higher frequencies, possibly increasing EMI in
the mains”.
It seems that the optimizing of the switching technologies in PWM giving beneﬁts
in size and low harmonics not is followed by an adoption in other electrical equipment,
connected to the grid.
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TV and audio studios
”The pin 1 problem” presented by Niel Muncy at the 1994 Audio Engineering Society (AES) Convention in San Francisco in a a paper ”Noise Susceptibility in Analog
and Digital Signal Processing Systems,” was the start of a discussion on shield currents,
which is still going on. The paper, subsequently published in the Journal of the Audio
Engineering Society in June 1995 (Muncy, 1995) described an improper connection
of the shied terminal, pin 1 in Audio XLR connectors. The pin 1 connected the cable
shield to the circuit boards common trace, and took that trace to the chassis. All potential differences between the protected earth connection at opposing ends of the signal
cable result in a shield current. This common mode shield current will be converted to
an differential mode voltage by any imbalance in the transfer impedance of the cable.
The differential-mode voltage in turn decreases the signal quality (Brown, 2003).
It seems that the discussion concerning the pin 1 problem, has been focused on
analog communication. It has not been possible to ﬁnd papers about digital communication, or local area network (LAN) and shield current, in which reduced signal quality
due to HF-harmonics is presented. This however should not result in the conclusion
that such cases do not exist.
Power Line Communication
There is an increased interest in using the power grid as a communications chancel.
Low-bit rate power line communication (PLC) systems are allowed within Europe in
the 3 - 148.5 kHz range. The United States allows PLC in the 10 - 450 kHz range, and
broadband PLC, distributing internet with 1.6 to 30 MHz electric carrier frequencies.
In Sweden the low-bit rate PLC systems are used for automatic meter reading in the
frequency range 9-95 kHz.
Both for low-bit rate and broadband PLC the connected equipment to the grid is
of importance for the quality of the transmission. When broadband PLC was tested in
Sweden by Selander (1998), he used a container including loads: ”More speciﬁcally,
the moveable load consists of a 65 kVA voltage source inverter, which drives a 40
kW induction motor, which drives a 48 kVA synchronous generator. The generator
supplies power to some 45 kW heaters. A 35 kVA welding unit is also housed within
the container”. As a result: ”When the load was connected to the substation where
all the communication passes through, the quality of the communication channels was
signiﬁcantly decreased.”
During the test of low-bit rate PLC in Sweden during 2005 and 2006 (report written in Swedish), the inﬂuence on the communication links was studied: ”An important
conclusion of this project is that not only active sources of interference can deteriorate
communication on the power lines but also an increased attenuation in the communication’s frequency band, caused by certain installations and components on the net, may
obstruct the transmission of data.”(Stein, 2006)
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Chapter 4

DISTURBANCES IN THE
NEUTRAL WIRE AND
PROTECTIVE EARTH AND
LEAKAGE CURRENTS DUE
TO EQUIPMENT
4.1 SINGLE-PHASE AND MULTI-PHASE SYSTEM
An electrical power transmission system can use direct current (DC) or alternating
current (AC). In the AC case, a frequency of 50 or 60 Hz is common in public grids, 16
2/3 or 400 Hz in some special applications. This frequency is called the power-system
frequency.
The power distribution system is normally optimized to the power-system frequency. At power system frequency, system grounding is of importance for safety
reasons, but also on account of insulation stresses.
The introduction of power electronics that generate harmonics (normally from 502000 Hz) and even higher-frequency components has placed new focus on the N wire,
the PE wire, and increased the need for proper screening and grounding to achieve
electromagnetic compatibility (EMC).
A short description of selected power transmission systems follows, focusing in
detail on the importance of disturbances.
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4.1.1

Single-phase system

Almost all low-voltage, low-power equipment uses single-phase power. The main reason is the simpler construction and lower cost involved. For power generation, power
transmission, power distribution and high-power loads, normally a three-phase system
is preferable. The main reason for using a three-phase system is the reduced need for
wires in transmission and distribution. The result is a lower cost for the same power
delivery. However, some heavy loads, such as railroads, arc furnaces and distribution
systems in the US, use single-phase. An AC power system is often a combination of a
three phase system for generation and transmission and three/single phase systems for
consumption.

Figure 4.1: Single-phase system
A schematic view of a single-phase system is given in Figure 4.1 , where the
voltage-source represents the higher voltage levels of the power system.
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4.1.2 Balanced (or middle-point grounded) single-phase system
A middle-point grounded single-phase system is a balanced system, almost like the
two-phase system, but has only a grounding wire (and no N wire) connected to the
midpoint secondary on the transformer. The main difference between the two systems
is the possibility, in the two-phase system, to connect an unbalanced load between one
hot wire and the midpoint of the transformer. An unbalanced connection to a middlepoint grounded one-phase system is not possible. No current is allowed in the PE wire,
except if there is a fault.

Figure 4.2: Balanced (or middle-point grounded) single-phase system
The European Standard EN 50144 (1999) describes a middle-point grounded onephase system, providing reasonable safety for electrically driven hand tools using the
110 V center-tapped to earth system (CTE) (see Figure 4.2 ) that limits voltage to earth
to 55 V. By using this lower voltage (half the normal 110 V), the current through the
human body will be half, in the case of a connection of the body between hot wire and
and grounding 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). One beneﬁt of using a middle-point grounded
one-phase system is the cancelation of the power-system frequency leakage current in
EMC ﬁlters (having a capacitor connected between each of the hot wires and the PE
conductor).
In recording studios with audio or video products, it is important to have low levels
of currents in grounding systems through the use of the grounding system as a reference
for unbalanced signal transmission and maintaining low signal levels. The balanced
signal transmission (described in section 5.1.1) used in an audio or video recording
studios has the same principle as the balanced single-phase system.
Middle-point grounded single-phase systems used according to the European Standard EN 50144 (1999) and National Electrical Code Article 647 (NEC, 2002) are normally built using a separate transformer close to the load.
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4.1.3

Two-phase system

Figure 4.3: Two-phase system
Besides single-phase systems, sometimes also two-phase systems, shown in Figure
4.3 , are used for power distribution. In Sweden, the two-phase system is used in
railroad power-transmission systems, giving higher transmission capacity than a singlephase system. Apart from three-phase systems, in the US it is common to deliver power
in two phases 120/240 V using a mid-point grounded secondary on the low-voltage
transformer and having the N and PE wires connected to that point. This arrangement
allows a low-voltage customer to use both 120- and 240-volt appliances. In that case,
the connection of a 240-volt appliance is balanced with respect to the ground.
The two-phase system is in fact a balanced system, or a middle-point grounded
single-phase system.
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4.1.4 Three-phase system using different grounding
Power system grounding concerns the connection between the neutral point of a threephase system and another conductive system. The latter is referred to as ”ground”
or ”earth” and is often in contact with the physical earth. There are some exceptions
where one of the phase conductors is connected to ground, but we will not consider
those here. The aim of the grounding is, among other things, to prevent dangerous
overvoltages.
The power system can be grounded in a number of ways. These include solidgrounded, system-isolated, impedance-grounded and resonant-grounded systems.
Solid-grounded three-phase system

Figure 4.4: Three-phase system
The single-phase system needs two conductors (phase P and neutral N) for power
delivery . Using three identical one-phase systems it is possible to deliver three times
the power using six conductors (P1 , P2 , P3 and three N wires N1 , N2 , N3 ). A balanced
three-phase transmission system only needs three wires P1 , P2 , P3 , as illustrated in
Figure 4.4 , to deliver tree times the power as the single-phase system. It means that
a three-phase system needs only one more wire to transmit three times the power of a
single-phase system.
This ideal three-phase generator system consists of three exactly identical singlephase systems connected together. The generator voltage consists of only the power
system frequency. The only difference between the phases is the angle difference of
120o . The momentary sum of the voltage in the three phases P1 , P2 , P3 is always zero.
When the voltage in phase P1 is at its maximum positive value, then the voltages in
phase P2 and in phase P3 are half the negative maximum. When the voltage in phase
P1 is zero, then the voltages in phase P2 and in phase P3 have the same magnitude but
with opposite signs, and so on.
When a load is connected to the power system, the current ﬂows in the conductors.
Identical, nonharmonic loads in the three phases give identical currents in the three
phases and there is no need of a N wire as long as the generator voltage is purely
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fundamental. In short: any impedance Z = R + jX connected identically to the three
phases gives currents that are of the same magnitude but 120o shifted in phase angle.
The result is that the sum current is zero and no N wire is needed. In that special case
the load is a balanced load, balanced in respect to neutral and ground. In the same way,
the generation, transmission and distribution in a three-phase system is balanced.
Isolated three-phase system

Figure 4.5: Isolated three-phase system
In power distribution and in industrial grids, sometimes an isolated or high-impedance
grounded system is used. In an isolated system, the neutral on the transformer has
no intentional connection to ground, and the load is connected between two or three
phases, due to the absence of a neutral.
In the case of single line-to-ground faults, there will be a shift in the system-neutral
voltage, but the phase-to-phase voltage is not affected. The advantage of isolated systems compared to grounded systems is that no large fault current will ﬂow during a
ground fault, as there is no return (neutral) path to the source. After a ground fault, the
circuit will therefore continue to operate safely unless a second ground fault occurs.
The capacitive coupling between phase and earth, especially for cable networks, creates a path for the ground-fault current. The current is therefore not completely zero
for earth faults. This limits the use of isolated three-phase systems to low voltage.
For an isolated three-phase system, there are two major ground-fault current magnitudelimiting factors: the zero-sequence line-to-ground capacitance and the fault resistance.
This type of system has a high capacitance, and if a phase wire is connected to earth
via a connection having a high inductance, a resonance can cause overvoltages.
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Low- and high-impedance grounded three-phase system

Figure 4.6: Impedance grounded three-phase system
In an impedance grounded three-phase system, resistors and/or reactors are inserted
in the connection between the neutral point and ground, normally to limit the fault current to an acceptable level shown in Figure 4.6 . Resistive grounding has higher energy
dissipation than inductive grounding, while inductive grounding, in power transmission, has the risk of excessive transient overvoltages due to resonance with the system
shunt capacitance.
The low-impedance grounding system is equivalent to solid- grounded systems in
many ways, including ground fault protection methods, still giving a limited groundfault current magnitude of tens or hundreds of amperes.
In high-impedance grounding, the system is grounded through a resistor and/or reactor with impedance equal to or slightly less than the total system capacitive reactance
to ground, limiting the ground-fault current to 25 A or less. The transient overvoltage
is also limited to safe values during ground faults using high-resistance grounding.
The limited ground fault current permits the utility, as in the case of an isolated system, to continue operating the system during sustained ground faults, having a shift in
the system neutral voltage without modifying the phase-to-phase voltage triangle. By
sensing system zero-sequence voltage magnitude and comparing it with an overvoltage
threshold, ground fault detection is possible.
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Resonant grounded three-phase system

Figure 4.7: Resonant grounded three-phase system
In a resonant grounding system, also known as ground fault neutralizers or Petersen coils, the system is grounded through a high-impedance reactor. This reactor is
ideally tuned until the inductance matches the overall system phase-to-ground capacitance, shown in Figure 4.7 . A well-tuned resonant grounding system can reduce the
ground-fault current even further compared to an ungrounded system. The fault-current
magnitude in a well-tuned resonant grounding system is determined by the system harmonics, active coil losses, and system active leakage current (Pühringer, 1998). It is
possible to reduce the fault current almost to zero using residual current compensation
methods to inject a current through the reactor to the system during the fault (Winter,
1993).
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4.1.5 Ideal, nonideal condition in power system
Ideal condition.
Figure 4.8 shows the three main parts of a three-phase power system: generation,
transmission and distribution. The power generated in the generator is transformed,
in transformer T1 , from a relatively low voltage, often between 10 and 30 kV, to high
voltage, often above 100 kV. The reason for using a high voltage in transmission is
to achieve lower losses for the transmission of energy over long distances. A second
transformer T2 is used to decrease the voltage from the transmission voltage to the
distribution voltage, in this case a grounded three-phase system.
The distribution transformer, T2 , has three wires, L1 , L2 and L3 , on the highvoltage side and ﬁve wires, L1 , L2 and L3 , N and PE, on the low-voltage side. N and
PE are connected together at the grounding point by transformer T2 . It is possible to
connect a single-phase load, a two-phase load or a three-phase load to the transformer.

Figure 4.8: Power transmission
In the generation and transmission systems, all components are close to balanced
(i.e. the three phases are equivalent compered to each other and compared to ground).
With a small number of exceptions, the only imbalance present is in the low-voltage
system.
In Figure 4.8 , dotted circles enclose the wires. The transport of energy as a current
takes place through these circles; that is, under normal operating conditions, the sum
of the currents enclosed by the circles is zero.
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Nonideal condition
If the load on distribution transformer T2 , in Figure 4.8 is connected asymmetrically between L1 and L2 or between L3 and N, all the currents still go inside the
dotted circles on both sides of transformer T2 . A transformer can be used to balance
asymmetrical loads. How well this is accomplished depends on the transformer’s construction. In this case it means that a current between L3 and N on the distribution
side of transformer T2 affects all three phases, more or less, on the transmission side,
and there are no other currents outside the three phases. In other words, there is no
current outside the dotted circles in the middle, the transmission side, even if there are
asymmetrical loads on transformer T2 .
If there is a fault on the low-voltage side of transformer T2 , and the PE wire has to
carry high fundamental current for a short time, this current will go outside the dotted
circle on the distribution side, the right circle. Transformer T2 is also in this case able
to balance asymmetrical currents on the distributions side. In this case there is a fault
current outside the dotted circle on the distribution side, but no current outside the
dotted circle on the transmission side. A fault current carried by the protective earth
system in the power distribution is isolated by transformer T2 .
The ability of a transformer to isolate and balance asymmetrical currents is of great
importance to power distribution, but also in relation to power disturbances.
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4.2 VOLTAGE AND CURRENTS IN NEUTRAL AND
PROTECTIVE EARTH WIRE WITH AND WITHOUT HARMONICS
A power distribution system is normally built and optimized to the power-system frequency and designed only for the aspect of power distribution and safety. Introduction
of load-generated harmonics sometimes changes the demand on the power grid in terms
of safety and overload protection.
The nature of the harmonics in power distribution systems is described in the
power-quality literature (e.g., Arrillaga 2003; Bollen 2000). In this section a summary
is provided with reference to PE wire without and with harmonics.
Without harmonics, the current ﬂow in a single- and a two-phase power distribution system is rather easily calculated. A three-phase power distribution system, without harmonics but including single-phase and two-phase loads, is more complicated,
mainly depending on the load behavior. Still, it is possible to make safety arrangements
and provide for overload protection rather easily.
If harmonics are introduced in single- and two-phase systems, in most cases, no
adjustments are needed to maintain safety and overload protection. Current harmonics in a three-phase power distribution system are more complicated, especially with
reference to the N wire.
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4.2.1

Conductive and radiated emission in a three-phase grid

The matters of EMC, emission and immunity, the consequences of harmonics, are often
a concern, depending on the devices to be connected to the power grid, and not on the
grid itself.
In the absence of any special interest in achieving low levels of disturbance, testing
to product standards is normally done in the laboratory and in the power grid. Examples
of special interests are recording studios with audio or video products as well as other
areas with highly sensitive electronics.
Even fast and slow variations in the currents and imbalance between the currents in
the three phases are forms of emission. Lower-frequency disturbances such as harmonics, current ﬂuctuations and imbalances have been extensively studied in the powerquality literature (e.g., Arrillaga 2003; Bollen 2000). Higher-frequency emission is
much less understood.
The addition the consequences of harmonics and other non-power-system frequencies, resulting in conductive and radiated emission, to the earlier description of a power
distribution system is shown in Figure 4.9
The transport of energy as a current (P in Figure 4.9 ) takes place at the powersystem 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.

Figure 4.9: 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
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 emission.
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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 4.9 ). Radiated emission may interfere with
radio communication or induce currents in neighboring 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 armoring of a building, etc.
(B in Figure 4.9 ). The concern with stray currents is mainly their unpredictability (there should be no currents ﬂowing outside the electricity wires) and, more
recently, the magnetic ﬁelds due to the large return loops.
• Conducted emission through the protective earth (C in Figure 4.9 ). Currents
through the protective earth 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.
The deﬁnition of leakage current or common-mode current (as the sum of the currents
enclosed in the circle in Figure 4.9 ) is used for different purposes in different standards, however, limiting the frequency bandwidth in different ways; for example:
• As residual current circuit breakers (RCCBs) and ground fault protectors (GFPs),
emphasis is placed on the power-system frequency (50 or 60 Hz in public grids).
In this application a transient current should not give operation.
• For medical instruments connected to the body, the frequency bandwidth is from
below power-system frequency to several megahertz.
• For conducted emission in EMC tests, the frequency of interest is often between
150 kHz and 30 MHz.
This difference in deﬁnition is not a problem for testing of devices according to a
standard. The problem occurs during the practical use of the devices (LIEW, 1990).
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4.2.2

Symmetrical components

The theory of symmetrical components
As previously shown, an ideal three-phase system (also called a symmetrical threephase system) needs only the three phase wires for power transport (see Figure 4.8 ).
In reality, a three-phase system is never completely symmetrical. It is still possible to
deliver power, but there are consequences such as higher transmission power losses or
voltage differences between the phases.
Calculations under asymmetrical conditions have to be carried out on a three-phase
basis, and the difﬁculty in calculations is often dependent on the system elements. The
response for unbalanced voltage differs between system elements having no magnetic
coupling between phases and those system elements having a magnetic coupling between phases. Examples of the second type are induction motors, synchronous motors
and transformers.
The theory of symmetrical components is a way to transform three phases of asymmetrical voltage and current into three sets of symmetrical voltage and current. After
such transformation the system elements are also symmetrical.
Consider at ﬁrst a balanced three-phase set of voltages:
ua (t) =
ub (t) =
uc (t) =

û sin (ω t)
û sin (ω t − 120)
û sin (ω t + 120)

(4.1)

The three phase voltages of rms value E are then written in the form of complex
voltage phasors:
Ua

=

Ub

=

Uc

=

E = Eej0

◦

√
◦
− 12 E − 12 Ej 3 = Eej240
√
◦
− 12 E + 12 Ej 3 = Eej120

(4.2)

To simplify these expressions, and many of the expressions to come, the following
abbreviation is introduced:
√
◦
a = − 12 + 12 j 3 = 1ej120
(4.3)
so that (4.2) becomes:
Ua

=

E

Ub

=

a2 E

Uc

=

aE

(4.4)

Note that a denotes a rotation over 120◦ in the complex plane. Also note the following, sometimes handy, calculation rules:
√
a2 = − 12 − 12 j 3
2

1+a+a =0
√
a − a2 = j 3
3

a =1
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Even in normal operation of the system, the voltages are not exactly balanced. By
dividing the asymmetrical voltage into three new, symmetrical three-phase systems
having the same frequency as the original system, the actual complex voltages are
written as the sum of three components:
Ua

=

U0 + U+ + U−

Ub
Uc

=
=

U 0 + a2 U + + aU −
U 0 + aU + + a2 U −

(4.9)

The three complex voltages U 0 , U + , and U − are called zero-sequence voltage,
positive-sequence voltage, and negative-sequence voltage, respectively. These three
complex numbers contain the same amount of information as the three complex phase
voltages. Stated the other way around: the component voltages are obtained from the
phase voltages through the inverse transformation of (4.9) .
U0

=

+

=

U−

=

U

1
3
1
3
1
3

(U a + U b + U c )


U a + aU b + a2 U c


U a + a2 U b + aU c

(4.10)

Figure 4.10: Symmetrical components
Similar expressions hold for the translation from component currents to phase currents and for the translation from phase currents to component currents.
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Symmetrical components in three-phase system without harmonics
In a nonharmonic three-phase power system (when the voltage and current only consist of the power-system frequency), the origin of the symmetrical components is the
difference in amplitude and the deviation from 120◦ in phase angle between the phases.
Positive-sequence voltage and current
The positive-sequence voltage (U + ) is, simply put, the driving force in a threephase system. It is often described as the positive rotating ﬂux in a three-phase inductive motor. An ideal three-phase system (also called a symmetrical three-phase system)
contains only the positive-sequence component in voltage and current.
Negative-sequence voltage and current
The negative-sequence voltage (U − ) generates in a three-phase inductive motor
a negative rotating ﬂux, opposite the positive rotating ﬂux generated by the positivesequence voltage (U + ). If the loading torque on the three-phase inductive motor is
constant, then the negative rotating ﬂux, results in increased internal losses. This linked
ﬂux between the three phases affects the load current in a more complex way than in an
inductive load without the linked ﬂux, i.e., three single phase inductive loads (having
no magnetic coupling between phases).
Zero-sequence voltage and current
The zero-sequence voltage (U 0 ) is, simply put, 1/3 of the voltage left when the momentary sum of the tree phases is added. In the same way, the zero-sequence current
(I 0 ) is 1/3 of the current in the N wire. A single-phase load connected between one
phase and neutral results in a neutral current, but also a zero- sequence current.
Three-phase distribution and asymmetrical load

Figure 4.11: Three-phase distribution with asymmetrical load
A three-phase power distribution system, consisting of a generator feeding the system with a symmetrical, nonharmonic voltage and an asymmetrical load creates an
asymmetrical load current as shown in Figure 4.11 . The three phase currents I a , I b ,
and I c and the neutral current I n are calculated from the data in ﬁgure.
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Ia

=

Ib

=

Ic
In

=

Ua
Za
Ub
Zb
Uc
Zc

= (10  0◦ )A
= (10  +150◦ )A
= (10 −150 )A

I a + I b + I c = (7.32  −180◦ )A

=

(4.11)

◦



(4.12)

The current amplitudes in the three phases are the same, but the angles between the
phases differ from 120◦ the result is a neutral current.
Using a similar transformation as in the case of phase voltage, the three complex
currents I 0 , I + , and I − are translated from the phase currents:
I0

=

+

=

−

=

I
I

1
3
1
3
1
3

(I a + I b + I c )


I a + aI b + a2 I c


I a + a2 I b + aI c

(4.13)

Insertion of the calculated phase currents in (4.13) gives the result
I0

=

(2, 44  −180◦ ) A

I+

=
=

(3, 33  0◦ ) A
(9, 11  +15◦ ) A

I

−

(4.14)

The negative-sequence current (I − ) is almost three times the positive-sequence
current (I + ), showing the asymmetrical loading. The zero-sequence current is always
1/3 of the N wire current.
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Symmetrical components in three-phase system with harmonics
Connecting three identical single-phase loads symmetrically in a balanced three-phase
system gives no current in the N wire if the loads are linear. In the case of nonlinear
loads, the zero-sequence current appears in both the phases and in the N wire. This
means that symmetrically connected loads in a balanced three-phase system, in case of
zero-sequence harmonics, give neutral current.
Consider a power system with three sinusoidal voltages of the same RMS value and
shifted 120◦ to each other. In terms of symmetrical components, the voltage consists
of only a positive-sequence component.

ua (t) =
ub (t) =

û cos (ω0 t) = û cos (2πf0 t)

uc (t) =

û cos (ω0 t +120◦ ) = û cos (2πf0 t +120◦ )

û cos (ω0 t −120◦ ) = û cos (2πf0 t −120◦ )

(4.15)

For a balanced linear load, the currents are also sinusoidal and form a balanced
three-phase set.

ia (t)

= î cos (ω0 t) = î cos (2πf0 t + ϕ)

ib (t)

= î cos (ω0 t −120◦ ) = î cos (2πf0 t−120◦ + ϕ)
= î cos (ω0 t +120◦ ) = î cos (2πf0 t+120◦ + ϕ)

ic (t)

(4.16)

and
in (t) = ia (t) + ib (t) + ic (t) = 0

(4.17)

Next we assume three identical single-phase loads in the three phases, shown in
Figure 4.12 .
The phase currents are calculated from the phase voltage and phase impedance:

û
cos (ωt + ϕa )
Za
û
ib (t) =
cos (ωt −120◦ + ϕb )
Zb
û
ic (t) =
cos (ωt +120◦ + ϕc )
Zc
Inserting the values from Figure 4.12 gives:
ia (t) =

ia (t) =
ib (t) =
ic (t) =

325
cos (2π50t +90◦ )
23
325
cos (2π50t −120◦ +90◦ )
23
325
cos (2π50t +120◦ +90◦ )
23
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Figure 4.12: Three-phase distribution with symmetrical capacitive load

ia (t) = 14.13 cos (100πt +90◦ )
ib (t) = 14.13 cos (100πt −30◦ )
ic (t) = 14.13 cos (100πt +210◦ )

(4.20)

The current amplitude is the same in all three phases, the phase angle between the
phases is 120◦ and the angular velocity corresponds to the power system frequency. In
other words, a positive-sequence component.
The neutral current, in (t), is a summation of the three phase currents:

in (t) = ia (t) + ib (t) + ic (t) = 0

(4.21)

Connecting three identical single-phase linear loads symmetrically in a balanced
three-phase system gives no current in neutral.
Making the same calculations on the asymmetrical load shown in Figure 4.11 :

ia (t) =
ib (t) =
ic (t) =

ia (t)
ib (t)
ic (t)

û/Za cos (ωt + ϕa )
û/Zb cos (ωt − 120◦ + ϕb )

=

325/23 cos (2π50t + 0◦ )

=

325/23 cos (2π50t − 120◦ − 90◦

=

(4.22)

û/Zc cos (ωt + 120◦ + ϕc )

◦

◦

325/23 cos (2π50t + 120 + 90 )
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ia (t)
ib (t)
ic (t)

=
=

14.13 cos (100πt + 0◦ )
14.13 cos (100πt − 210◦ )

=

14.13 cos (100πt + 210◦ )

(4.24)

In this case, also, the current amplitude is the same in all three phases, but the phase
angles between the phases are no longer 120◦ . Earlier calculations ( (4.14) ) show that
the result consists of positive-, negative- and zero-sequence components.
The neutral current, in (t), a summation of the three phase currents, shows the same
result as in (4.14) :

in (t) = ia (t) + ib (t) + ic (t)

in (t) = 325/23 [cos (ωt + 0◦ )
+ cos (ωt − 210◦ ) + cos (ωt + 210◦ )]

in (t)

14.13[cos (ωt + 0◦ )
(ωt − 210◦ + ωt + 210◦ )
+ 2cos
2
(ωt − 210◦ − ωt − 210◦ )
]
× cos
2

(4.25)

(4.26)

=

in (t) = 14.13[cos (ωt + 0◦ ) + 2cos (ωt + 0◦ )(−0.866025)]
= 10.34  − 180

(4.27)

(4.28)

The zero-sequence current expressed in RMS value is:

I0 = (

10.34
√
3∗ 2


− 180)A = (2, 44  − 180)A

(4.29)

If, in a balanced three-phase system, the load currents contain harmonics, the result
will be different.
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The three phase currents are written as:

ia (t) = Σik cos (kω0 t + Φk )
T
ib (t) = Σik cos (kω0 (t − ) + Φk )
3
T
ic (t) = Σik cos (kω0 (t + ) + Φk )
3

(4.30)

Note that the b and c phase currents are shifted over one-third period of the powersystem frequency.
2π
T= ω
0

k=3 is a zero-sequence harmonic in a three-phase system, as the three component
waveforms are in phase.

ia3

=

ib3

=

ic3

=

i3 cos (3ω0 t + Φ3 )
T
i3 cos (3ω0 (t − ) + Φ3 )
3
T
i3 cos (3ω0 (t + ) + Φ3 )
3

(4.31)

ia3

= i3 cos (3ω0 t + Φ3 )

ib3

= i3 cos (3ω0 t + Φ3 )
= i3 cos (3ω0 t + Φ3 )

(4.32)

= ia3 + ib3 + ic3
= 3i3 cos (3ω0 t + Φ3 )

(4.33)

ic3

in3

k=5 is a negative-sequence harmonic in a three-phase system: the three component
waveforms form a negative-sequence set.

ia5

=

ib5

=

ic5

=

i5 cos (5ω0 t + Φ5 )
T
i5 cos (5ω0 (t − ) + Φ5 )
3
T
i5 cos (5ω0 (t + ) + Φ5 )
3
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ia5

=

ib5

=

ic5

=

i5 cos(5ω0 t + Φ5 )
4π
i5 cos((5ω0 t −
) + Φ5 )
3
4π
i5 cos((5ω0 t +
) + Φ5 )
3

(4.35)

4π
As shown in Figure 4.10 , the phase angle of - 4π
3 on phase b and + 3 on phase c
is a negative sequence.

k=7 is a positive-sequence harmonic in a three-phase system: the three component
waveforms form a positive-sequence set.

ia7

=

ib7

=

ic7

=

ia7

=

ib7

=

ic7

=

i7 cos (7ω0 t + Φ7 )
T
i7 cos (7ω0 (t − ) + Φ7 )
3
T
i7 cos (7ω0 (t + ) + Φ7 )
3

(4.36)

i7 cos(7ω0 t + Φ7 )
2π
i7 cos((7ω0 t −
) + Φ7 )
3
2π
i7 cos((7ω0 t +
) + Φ7 )
3

(4.37)

2π
As shown in Figure 4.10 , the phase angle of - 2π
3 on phase b and + 3 on phase c is
a positive sequence.
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4.2.3 Phase, neutral and protective earth wires
A grounded three-phase system (shown in Figure 4.4 ), with three phases and a neutral
(N) wire, offers single-phase and three-phase power distribution. For safety reasons,
a ﬁfth wire, protective earth (PE), is connected to the grounded neutral point of the
transformer. The PE wire is connected parallel to the N wire, but the purposes for the
two wires are different:
• Neutral wire: provide a return path for equipment current during normal operation.
• Protective earth wire: for safety reasons, prevent dangerous contact during faulty
operation. Carries current a short time, and only in the case of a fault.
Although they have different purposes, the PE and the N wires, in power distribution are sometimes separate and sometimes common. The choice is of both an economical and a technical nature. Three often used combinations are:
• TN-S: Neutral and Protective Earth supplied to user separately, from the distribution transformer to the point of supply. Figure 4.9 shows a TN-S system.
• TN-C: Neutral and Protective Earth combined, (usually in a single wire) all the
way to the supply point.
• TN-C-S: Neutral and Protective Earth combined (usually in a single wire) to
metering point and then split and supplied to user separately.
A TN-C-S system is usually formed such that the supply is TN-C and the equipment
installation is TN-S. The combined Protective Earth and Neutral wire is named PEN.
In some cases the TN-C-S system is named Protective Multiple Earth (PME) Supply.
In the Commentary on the British IEE Wiring Regulations (BS 7671, 2001), the use of
PME and security in the use of protective multiple earth are described.
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The neutral wire and power-system frequency
The need for a N wire is obvious in a three-phase system if there are nonideal conditions. And normally, nonideal conditions prevail; hence the need for a N wire when,
for instance, single-phase or two-phase loads are connected between phase and neutral. Many three-phase loads are also more or less asymmetrical or nonlinear, thus
generating harmonics.
Examples of nonideal conditions in generation and transmission are if the generating voltage differs in amplitude, if the phase angle differs from 120◦ between the three
phases or if the generator voltage consists of anything other than the power-system frequency. Nonideal conditions occur also if the three phase wires differ in impedance
or if the three phase loads differs in impedance between the phases. In some special
cases, for instance three-phase transmission and symmetrical three-phase loads, there
is no need for a N wire.
In the absence of harmonics, the maximum current in the N wire is the same as in
the phase wires. The dimensions of the three phase wires and the N wire’s current rating, with reference to thermal overload, is then the same. Hawing the same dimensions,
the overload protection on the phase wires also protects the N wire, and the maximum
voltage drop in the phase and the N wire is the same.It should be remembered that in an
ideal or symmetrically loaded three-phase system without harmonics, no current ﬂows
in the N wire.
However, the voltage drop in the N wire sometimes causes stray current and conducted emission through the PE conductor (B and C in Figure 4.9 ) in power distribution using TN-C and TN-C-S without there being any fault.
The neutral wire and harmonics
Power grids containing only the power-system frequency in voltage and current are
unusual today, in most cases due to nonlinear loads. The biggest difference concerning
the N wire in presence of harmonics is that the zerosequence harmonics are added, and
not canceled, like the power-system frequency. Zero-sequence harmonics are summarized in equations (4.31)-(4.33).
It makes it possible to have higher levels of current in
√
the N wire, as high as 3 times the current in the phase wire. The positive- and the
negative-sequence harmonics are not in phase and therefore not added in the N wire
(see equations 4.34-4.37).
Having zero-sequence harmonics, the N current increases with increasing symmetrically connected loads, unlike the case without zero-sequence harmonics. The
consequence for power distribution using TN-C and TN-C-S is that stray current and
conducted emission through the PE conductors become more common in the presence
√
of zero-sequence harmonics. In the case of N currents as high as 1 times or even 3
times the current in the phase wire, there is also an overloading problem, especially
when the loads change from linear to nonlinear without changes to the wiring system.

46

4.2. VOLTAGE AND CURRENTS IN NEUTRAL AND PROTECTIVE EARTH
WIRE WITH AND WITHOUT HARMONICS

The neutral wire and interharmonic components
Efforts to reduce harmonics using fast switching power electronics in power-factor correctors (PFC) or other methods often creates HF-harmonics instead. The nature of these
HF-harmonics is, according the harmonic current summations in the N wire, different
from the power-frequency harmonics. While the power-system frequency harmonics
are synchronized to one source, the power-system frequency, the HF-harmonics are
synchronized to many sources: the different switching sources in the loads connected
to the power grid.
The change from power-frequency harmonics to HF-harmonics may seem harmless
while the RMS value of the current decreases, but it is important to study the consequences in order to know the difference in behaviour at the new frequencies. One of
these differences is in the way uncorrelated HF-harmonics are summarized in the N
and PE wire . A phase current from HF-ﬂuorescent lamps was used in a simulation
to describe how the summation differs between power-frequency harmonics and HFharmonics. HF-ﬂuorescent lamps are ﬂuorescent lamps with high-frequency ballast.
Matlab simulation.
A symmetrical three-phase system use the wires optimally, with low losses and no
current in the N wire due to the power-system frequency current cancelation. The introduction of harmonics increases the losses due to summation of zero-sequence current
in the N wire. Zero-sequence harmonics also increase the capacity to create leakage
and stray currents. The introduction of HF-harmonics is even more detrimental to the
intention with three-phase systems to minimize the currents outside the phase conductors.
A three-phase system shown to the left in Figure 4.13 was simulated in Matlab
using the phase current from a single HF-ﬂuorescent lamp delayed 120o three times.
The phase current from the single HF-ﬂuorescent lamp used for the simulation is shown
to the right In Figure 4.13 . The blue, green and red curves are the phase currents, and
the black curves is the neutral current.

Figure 4.13: The phase and neutral currents in a three-phase distribution system is
shown to the left. The three-phase distribution system is created from a single-phase
current shown to the right.
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The neutral current consists mainly of third harmonic and other zero-sequence components together with HF-harmonics. The power-system frequency current is canceled.
The HF-harmonics shown in the phase currents in Figure 4.13 include two characteristic HF components:
• A variable frequency with a peak at the power-system frequency’s positive and
negative maximum value [hysteresis components HC]
• Notches and oscillations close to the current zero-crossing [zero-crossing components ZCC].
Efforts to reduce the harmonics from the HF-ﬂuorescent lamps include a PFC. This
solution forces the current to have the same shape as the voltage using a variable switching frequency, using hysteresis control. The result in the N wire is lower levels of
zero-sequence harmonics, but increasing levels of HF-Harmonics. The hysteretic control switching frequency has the lowest frequency and highest intensity around current
maximum and minimum.
The notches and oscillations close to the current zero-crossing are described as a
switching-frequency instability ”near the zero crossing of the input current” (Orabi,
2003 ), (Mazumder, 2001) (Tse, 2003). Measurements on increasing numbers of HF
ﬂuorescent lamp show the increase in these zero-crossing components with increasing
number of lamps (Larsson, 2006).
The HF-harmonics in the N wire current (black In Figure 4.13 ) consist in this
case, besides other frequencies, of a series of hysteric and zero-crossing components,
with its origin in the three phase currents. At neutral current maximum and minimum
there is always a hysteric component and also a simultaneous zero-crossing component
contribution from the other two phases.

Figure 4.14: A 2 kHz high-pass ﬁlter used on the simulated neutral current from HF
ﬂuorescent lamps in three-phase connection Figure 4.13 , to the left. A detail of the
same graph shows the damped peak having about a 156 microsecond period time, a
frequency close to 6.4 kHz, shown to the right.
By using a 2 kHz high-pass ﬁlter on the neutral current In Figure 4.13 , it is possible to study the HF-harmonic separately as seen in Figure 4.14 . 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
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the noise amplitude. The rms value of the current, obtained over the 20 ms window in
Figure 4.14 , is equal to 17.4 mA.

Figure 4.15: A Discrete Fourier Transform of the ﬁltered neutral current in Figure 4.14
.
The middle graph in Figure 4.14 , a detail of the graph to the left, shows the damped
peak to have about a 156 microsecond period time, a frequency close to 6.4 kHz. The
positive peak is about 60 mA, and the negative peak is about 40 mA. A Discrete Fourier
Transform of the ﬁltered neutral current shows, in Figure 4.15 , frequencies at about
40 kHz, 28 kHz and below 10 kHz. 40 and 28 kHz are the HF-ﬂuorescent lamp and
PFC switching frequencies, and the ”peak” frequencies are below 10 kHz.
Using the phase current from nine HF-ﬂuorescent lamps in the same way as in
Figure 4.13 , nine different three-phase systems with up to 27 HF-ﬂuorescent lamps
as loads were simulated. This was done by increasing the numbers of HF-ﬂuorescent
lamps in the three phases, three each time. In Figure 4.16 , the graphs simulating two,
three, four and ﬁve HF-ﬂuorescent lamps in each phase are shown, and in Figure 4.17
, the graphs simulating six, seven, eight and nine HF-ﬂuorescent lamps in each phase
are shown.
In the simulations shown in Figure 4.16 and in Figure 4.17 , using the same
current in all three phases, the damped peaks slowly increases with increasing number
of lamps, and the ”noise” seems to be more like a ”decrease in variation”. The frequency content seems to decrees. This is most obvious in comparing the noise in the
graphs with two and nine HF-ﬂuorescent lamps in each phase. Still, it is important to
remember that this is a simulation.
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Figure 4.16: Two HF-ﬂuorescent lamps in each phase simulated in upper left, three at
upper right, four at lower left and ﬁve HF-ﬂuorescent lamps at lower right. A 2 kHz
high-pass ﬁlter was applied to the neutral current.

Figure 4.17: Six HF-ﬂuorescent lamps in each phase simulated at upper left, seven at
upper right, eight at lower left and nine HF-ﬂuorescent lamps at lower right. A 2 kHz
high-pass ﬁlter was applied to the neutral current.
50

4.2. VOLTAGE AND CURRENTS IN NEUTRAL AND PROTECTIVE EARTH
WIRE WITH AND WITHOUT HARMONICS

Figure 4.18: Comparing simulations (to the left) and measurements (to the right) made
on one HF-ﬂuorescent lamps in each phase. A 2 kHz high-pass ﬁlter was used on the
neutral current.

Figure 4.19: Comparing simulations (to the left) and measurements (to the right) made
on two HF-ﬂuorescent lamps in each phase. A 2 kHz high-pass ﬁlter was used on the
neutral current.

Figure 4.20: Comparing simulations (to the left) and measurements (to the right) made
on three HF-ﬂuorescent lamps in each phase. A 2 kHz high-pass ﬁlter was used on the
neutral current.
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By using the nine HF-ﬂuorescent lamps in a three-phase connection, it is possible to
compare measurements and simulations using one three-phase group of HF-ﬂuorescent
lamps in Figure 4.18 , two in Figure 4.19 and three in Figure 4.20 . There is some
”extra current peaks” from the background noise when recording the simulations curve.
A close look at the one- and two-phase groups in Figure 4.18 and In Figure
4.19 reveals small differences in the damped peaks, and the noise is almost the same
in amplitude. In the case of three three-phase groups shown in Figure 4.20 , there is
a slightly greater difference with reference to the damped peaks’ amplitude between
simulation and measurements. Still, only one measurement was made using the nine
HF ﬂuorescent lamps in a three-phase connection. Although there is a difference between the simulations and the measurements, the simulations are usable in this case for
studying the HF-harmonics.

Figure 4.21: Neutral current (RMS) when increasing the numbers of three-phase connected HF-ﬂuorescent lamps, unﬁltered upper left, 2 kHz high-pass ﬁlter down left. To
the right- the neutral current shown on the left is divided by the number of three-phase
connected groups of HF-ﬂuorescent lamps.
Figure 4.21 shows to the upper left the RMS value for unﬁltered neutral current
when the numbers of three-phase connected HF-ﬂuorescent lamps is increased. The
current increases in almost a straight line from 60.7 mA to 518.3 mA when the HFﬂuorescent lamps increase from one to nine, giving a current ratio of 8.5, as expected
when the neutral current is dominated by zero-sequence harmonics.
To the right, the neutral current is divided by the number of three-phase connected
groups of HF-ﬂuorescent lamps, and the slow reduction in value, approximately 60
mA/lamp, shows even more clearly that the zero-sequence harmonics dominate the
current, but also that the current includes components that are not added.
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The lower left section of Figure 4.21 shows the same neutral current RMS value
after using a 2 kHz high-pass ﬁlter. The value increases, this time from 10.2 mA to
60.6 mA, a current ratio of 5.9 when the number of HF-ﬂuorescent lamps increases
nine times. This time the line is not straight-there is a plateau between eight and nine
lamps. The line to the lower left shows the decreasing contribution when the number
of HF-ﬂuorescent lamps increases. Note that the ﬁltered neutral current RMS value in
this case does not have the same behavior as the zero-sequence harmonics.

Figure 4.22: Highest peak value in neutral current above 2 kHz when increasing the
numbers of three-phase connected HF ﬂuorescent lamps, to the left. To the right, the
peak value is divided by the number of three-phase connected groups of HF ﬂuorescent
lamps.
In Figure 4.22 , the highest neutral current peak level during a 20 ms period when
the number of HF-ﬂuorescent lamps increases is shown. This time the value increases
from 61.6 mA to 295.6 mA, a current ratio of 4.8, when the number of HF-ﬂuorescent
lamps is increased nine times. The peak value contribution (lower left in Figure 4.21
), is smaller than the RMS value contribution (left in Figure 4.22 ).
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Figure 4.23: Neutral peak current in three phase grid. The peak value increases and the
frequency decreases, when the number of HF-ﬂuorescent lamps increases.
A calculation of the approximate frequency of the damped peak is shown to the
left in Figure 4.23 , decreasing from 6.5 kHz to 3.35 kHz, while the number of
HF-ﬂuorescent lamps increases. The peak value increases when the number of HFﬂuorescent lamps increases.

Figure 4.24: The impedance for 2.5 mm 2 Cu wire with a length of 100 m upper line,
30 m middle line and 1 m lower line.
In Figure 4.24 , which shows the impedance, Z = R + jX, for 2.5 mm2 Cu
wire with a length of 1 m, 30 m and 100 m, it is easy to see a breakpoint at approx
1 kHz. Above this frequency the wire impedance will rise with increasing frequency,
depending on the reactance. The consequence in this case is that the resistance value
of a N or PE wire has little or no effect on the impedance in the wires.
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Figure 4.25: Calculations on the neutral peak voltage with increasing numbers of HFﬂuorescent lamps with (upper graph) and with only the the wire resistance (lower
graph). Z = R + jX, for 2.5 mm2 Cu wire with a length of 30 m
By multiplying the measured amplitudes of the damped peaks shown in Figure
4.23 with the impedance value of 30 m of 2.5 mm2 copper wire, the voltage drop over
30 m of 2.5 mm2 neutral copper wire was calculated. The result is shown in Figure
4.25 . The lower graph shows the voltage drop if only the resistance is taken into
consideration.
The calculated voltage drop is low, below 0.5 volt, but the peak current is also low,
only 0.3A, and the calculated frequencies are below 6.5 kHz. A small increase in peak
current or frequencies easily increases the voltage to more than a few volts, and then
it will be at the same amplitude levels as those used for analog and digital signals in
communications.
It is also important to realize that an increase in N wire area does not change this
voltage drop signiﬁcantly. The quotient in voltage drop to the left in Figure 4.25 is
almost seven, and reducing the resistance only makes a small reduction in the voltage
drop. To reduce the voltage drop, the peak amplitude, the frequencies or the inductance
must be reduced.
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Figure 4.26: The three phase currents in a distribution system and the current through
the N wire.
In Figure 4.26 a three-phase system with the power-system frequency voltage
generation Ur , Us and Ut is shown. The three phase currents ir , is and it go through
the phase impedances Zsp and the load impedances Zl and are added in the N wire.
No current (radiated or conductive) goes outside the wires. The phase currents added
in the N wire vary, depending whether it is the power-system frequency, the powersystem frequency harmonics or the HF-harmonics that are summarized. If the three
phase currents are identical, then the power-system frequency current is canceled, and
only the zero-sequence current is summarized in the N wire from the power-system
frequency harmonics.
A neutral current causes a voltage drop in Zsn . This voltage adds to the voltage
applied on the load’s phase neutral voltage. The high-frequency component of this
voltage is Uhf .
Uhf
Uhf

=
=

Zsp ir + Zsn (ir + is + it )
(Zsp + Zsn )ir + Zsn (is + it )

(4.38)

Due to the reactance, the N and PE wiring impedances increase with increasing
frequencies ( Figure 4.24 ). These together increase the risk of having current ”that
wants to leave the power system”, i.e., increase the risk of creating leakage and stray
currents.
This leakage and stray currents is a potential interference risk for other types of
conductive grids, telephone, TV, data, audio etc.
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The protective-earth wire and power-system frequency
To address both the safety aspects for human beings and security aspects for property,
a protective-earth system is included. One main part of this protective-earth system is
the PE wire connected in parallel with the N wire, starting at the transformer neutral
point, shown in Figure 4.4 . The PE wire always has a yellow/green color marking
and the N wire has a blue color marking. Sometimes the PE wire and the N wire are
substituted with one wire the ﬁrst distance from the transformer. In this case this wire
is called PEN wire. The PEN wire has the yellow/green color marking. Three-phase
power distribution systems with four wires, tree phase wires and one PEN wire, are
called TN-C system. Five-wire distribution systems with phase wires and separate N
wire and PE wire are called TN-S systems.
According to safety regulations, the PE wire is not allowed to carry current unless
there is a fault in the power distribution system. And if there is a fault, the current
can be high, but only for a short while; then the safety system breaks the current. The
power system has at least one grounding point to the earth to ensure that the power
system and the earth have the same potential. But this grounding point is not necessary
for power delivery, only to meet safety and security requirements.
The foundation of a building also acts as a grounding point if there is a good connection between the PE wire and the building foundation (for example, reinforced concrete) and if this foundation has a connection to earth. Regardless of whether the
building acts as a grounding point, the yellow/green PE wire has to be unbroken all the
way between the transformer and the power loads.
Ground loops appears when the PE wire is connected to equipment that is already
connected to ground through reinforced concrete, water-mains systems or other conducting elements. These loops normally cause no problem if there is no current ﬂowing
in the protective earth system. If the PE wire is used only for fault currents at powersystem frequency, there will be no current ﬂowing in the protective earth.
Equipment in a three-phase system is connected phase to phase or phase to neutral.
The frame of a piece of equipment is often grounded (i.e., connected to E in Figure
4.4 ). There should not be any galvanic connection between the phase or N wire and
the protective earth, but stray capacitances and capacitors as part of an EMC ﬁlter will
cause a current between the phase wire and the protective earth.
For balanced sinusoidal voltages and balanced linear loads, these currents form a
balanced system; i.e., at any moment in time, the sum of the currents in the three phases
equals zero, and there will be no currents ﬂowing longer distances trough the protective
earth.
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The protective-earth wire and interharmonic components
The introduction of power electronics for regulation and energy savings and the increased interest in highly sensitive electronics such as multimedia have dramatically
changed the frequency spectra in the power system, ﬁrst by introducing harmonics and
then HF-Harmonics. This change in the frequency spectra might be most dramatic in
the PE system.
At the same time, the safety and security regulations still do not allow the PE wire
to carry current unless there is a fault in the power distribution system. There is a search
on for ”clean earth”. The expression ”clean earth” means, in other words, that the PE
system is not free from current and voltage. This search has resulted in deﬁnitions such
as instrument earth, telecommunication earth and computer earth, all with the same
goal, a grounding system or reference point without any current or voltage.
Despite the common interest in low level of current or voltage in the earth system,
there are differences. The safety and security regulations accept a high fault current,
but only for a short while, and this current is supposedly at the power system frequency.
To lessen voltage drop and power loss in the PE wire during the fault, the wire has a
low impedance-in other words, a high area. But this high area doesn’t mean that the
PE wire has low impedance for all frequencies. Like for the N wire the impedance in
PE wire is dependent of the frequency as shown in Figure 4.24 , hawing a breakpoint
at approx 1 kHz. The impedance above 1 kHz is of great importance for HF-harmonics
in PE-vires due to the frequencies is higher than 1 kHz.
The calculations made in chapter 4.2.3 showing the peak neutral voltage due to HFharmonic neutral current ( Figure 4.25 ) generated in HF-ﬂuorescent lamps, is possible
to apply on PE wire.
All kind of current and especially HF-harmonics in PE wire gives, due to the
impedance, an corresponding voltage drop and potentials differences. Potentials differences in PE wire (actually the grounding system) of equipment, cable screen etc. is
often pointed out as an important factor when there is disturbances in technical systems.
The connection between N and PE in the power grid is sometimes at the transformers grounding point but often is PE and N used together as a common PEN wire. The
calculations shows how easily N and PE will include potential differences and more
investigations has to be dune to ﬁnd how the grid should be to meet all new equipment.
When the current includes higher frequencies in the N and PE wires in the power
grid, the situation for grounding has to be handled as in a signal system. In computers as
in other electronic constructions using high frequencies, the use of wire for grounding
purpose is impossible, instead a ground plan is used. ”The ac power ground is of little
practical value as a signal ground (Ott, 1988).
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4.3 MEASUREMENTS
4.3.1 Background
Measurement of frequencies above 2 kHz in power grid entails handling some special aspects because of the presence of the 50/60 Hz power-system frequency: signal
adaptation, isolation and safety and choice of the signal reference in the measurement.
Many of these aspects are the same as as in measurement of the power harmonics below
2 kHz in a power grid, but for those measurements there is a greater level of general
experience, and it is possible to buy special instruments for the job. This description
focuses on the measurement HF-harmonics voltages using a digital sampled measuring
system. Measurement on HF-harmonics is also shown by Larsson (2006).
Signal adaptation.
Adjustment of the measured signal to the digital sampled measuring system according to bandwidth and amplitude is called, signal adaptation. At low frequencies,
the amplitude of the 50/60 Hz power-system frequency has to be limited, often using
a high-pass ﬁlter. If the power-system frequency is visible after the limitation, it is
common that there is a shift in phase between the power-system frequency and the
signals in the passband. At the high end of the passband, the limitation is in respect
to the aliasing in the digital sampled measuring system. The signal amplitude in the
passband has to be adjusted to avoid a level that is too high or too low. This, together
with the available bit resolution, is of importance with respect to the dynamic range of
the measurements. The presence of transients in the measured signal is also of importance when adjusting the signal amplitude in the passband, especially when the digital
sampling system is without transient protection.
Isolation and safety.
The aspects involving isolation and safety are the same as for measurement of the
power harmonics below 2 kHz in power grid. All measurements have to be made
safely, considering that the connection made to the power system can deliver a high
current. Therefore there is a need for fuses when measuring voltages. In an unbalanced
(single-ended) digital sampled measuring system, the measured signal is connected to
the input using the instrument casing as common ground. At the same time, the instrument casing is connected to the protective earth by the instrument powering system.
In that case there is a need for isolation between the input and the power ground that
does not jeopardize safety. The use of a current transformer simpliﬁes isolation during
measurement of current.
The signal reference.
When measuring voltages at frequencies above 2 kHz in a grounded three-phase
system with ﬁve wires (three phases, neutral and ground wires), the process of choosing and describing the measurement reference, especially outside the laboratory, is
important. Simply put, compared to power-system frequency measurement the signal source is weaker, the reactance in the conductors increases the voltage drop and
the shunt capacitance between conductors increases in inﬂuence on the measurements,
etc. Altogether, it is more complicated to choose the connection, more complicated to
describe how and where the connection is in, for example, a drawing, and it is more
complicated to avoid the measurement process inﬂuencing the signal. When current is
measured, it is important to describe the current direction.
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The measurement’s inﬂuence on the source.
In all kinds of measurement there is an inﬂuence on the measured source (in the
following called source) (see left in the voltage measurement shown in Figure 4.27
). Often this inﬂuence could be described as the measuring probe Zm loading the
source through the source output impedance Zs . The result is a voltage drop. The
measurement requires energy, and a passive probe has no other energy source than the
measurement point. If the passive probe Zm includes ﬁlters, the loading often varies
with the frequencies.
Even without connecting the measuring probe, the source is loaded with by power
grid Zn and the connected loads Zl . When the measuring probe is connected, it loads
the source in parallel with the power grid and all other connected loads. The result
is that the measuring probe loading inﬂuence on the source voltage is dependent not
only on the probe input impedance and the source output impedance, but also on the
impedance in the power grid and all other connected loads. It is also important to bear
in mind that all impedances are frequency dependent and that resonances are possible.

Figure 4.27: Measurement probe Zm connected in parallel with the power grid Zn and
all other connected loads Zl , loading a measured source output impedance Zs .
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4.3.2 Voltage probe‘s
In measurement of frequencies above 2 kHz in the power grid, using single-ended inputs in a digital sampled measuring system, it is necessary to perform signal adaptation.
In the following, three examples of measuring ﬁlters or probe‘s are shown. The ﬁrst
two are passive, and the third is active, using its power source. In the following measurements, the three measuring ﬁlters in the examples were used.
Measuring ﬁlters using a transformer.
A common way to convert a differential signal to a common-mode signal is by
using a transformer, as seen in Figure 4.28 . The two capacitors and three resistors to
the left of transformer TX1 form together a 4th order high-pass ﬁlter, and transformer
TX1 loaded with the 1 kΩ resistor forms a low-pass ﬁlter. The transformer isolates and
limits the measured signals before they are delivered to the digital sampled measuring
system.

Figure 4.28: A 4th order high-pass measuring ﬁlter using a transformer as an isolator,
amplitude limiter and low-pass ﬁlter
This ﬁlter has more then 50 dB attenuation for the power-system frequency. Without high power-system frequency amplitude attenuation, high dynamics would be required in the digital sampled measuring system, but that is also a disadvantage when
analyzing the measurements, then is it an interest to use the power-system frequency
as a reference.
The passband attenuation, about 4 dB, is shown for three different ﬁlters in Figure
4.28 , the measured voltage than has to be multiplied by 1.5 to get the actual amplitude.
The input impedance level is low, around 110 Ω and the maximum signal in the
passband is about 20 V peak to peak. The low input impedance will be a load to the
signal source but when using a transformer and passive ﬁlters without a ampliﬁer it is
often the result. The ﬁlter is tested with 50 Ω source impedance and 1 MΩ loading.
The loading is the digital sampled measuring system input impedance.
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Passive 9-kHz-30-MHz ﬁlter.
When equipment is tested in an EMC laboratory according to product Standards,
the connection to the power source is through a line impedance stabilization network
(LISN).
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
Ω) within the measurement range (as deﬁned in standard documents); and it provides
a point for measuring the noise current across a 50 Ω resistor placed between phase or
neutral and protective earth.
It is possible to use only the ﬁlter part of the LISN, as shown in Figure 4.29 .
The ﬁlter impedance in the passband is 50 Ω, and the ﬁlter uses the protective earth
as a reference. This means that the protective earth connection in the powering of the
digital sampled measuring system has to be connected to the same point. This ﬁlter
has low input impedance, but it has a simple construction and almost no amplitude
variation in the passband.
It is possible to reconstruct the ﬁlter and increase the input impedance or measure
the source impedance by changing the input impedance, but in this case, a simple ﬁlter
close to the LISN construction was chosen.

Figure 4.29: Passive 9-kHz-30-MHz ﬁlter using the ﬁlter part of a line impedance
stabilization network LISN.
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Differential ampliﬁer.
A differential ampliﬁer is an active probe that multiplies the difference signal between the two inputs by some constant factor (the differential-mode gain) and restrains
the common-mode signal at the two inputs. This is similar to a differential transformer,
but the ampliﬁer uses an external power source and makes it possible to increase the
input impedance, use active ﬁlters for low- and high-pass ﬁltering, and have low output
impedance. Figure 4.30 shows an attenuating input stage and a differential ampliﬁer that restrains the common-mode signal and ampliﬁes the differential-mode signal.
There are no active ﬁlters in Figure 4.30 , so the ampliﬁer used sets the passband limit.
One downside in using an active probe is the possible addition of noise, but this is often
not a problem in the measurement of high signal levels.

Figure 4.30: Differential ampliﬁer that restrains the common-mode signal and ampliﬁes the differential-mode signal

4.3.3 Current probes
Current transformers are capable of providing isolation, amplitude limitation and lowand high-pass ﬁltering in the basic construction. When current transformers are used,
correct loading is of importance. Sometimes the current transformer has the loading
impedance included, giving a voltage output. The common current transformers used in
power systems for fundamental current and energy measurement often perform poorly
above 2 kHz.
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4.3.4

Different types of measurements

Some measurements in the following material show examples of HF-harmonics in the
power grid. Many measurements were made, but often without the possibility to store
the results, and sometimes there is insufﬁcient control of the speciﬁcations of the probes
used or the way the connection to the power grid is made.
To simplify the measurement description, three bandwidths were used: the 50/60
Hz power-system frequency (power-system frequency), the power-system frequency
harmonics below 2 kHz (harmonics) and the high-frequency harmonics above 2 kHz
(HF- harmonics).
When analyzing the following measurements, it is important to bear in mind that
the feeding voltage (and current) is not free of harmonics or HF-harmonics. All the
loads connected in the grid also inﬂuence the grid impedance at higher frequencies.
This inﬂuence occurs in the same way as described earlier in Figure 4.27 , which
shows how the measurement ﬁlter loads the grid.
As the number of measurements increases, this type of inﬂuence is more easily
observed.
Measurements on computers and LCD/CRT monitors made at at four different
LAN parties in 2002, 2003, 2004 and 2006. Voltage and current up to 3 kHz were
measured, and on the last occasion, instrumentation for measurement of HF-harmonics
was used. The instrumentation for HF-harmonics at LAN parties is still under evaluation, and the measuring situation is Complicated, there being up to 450 computers
and 450 LCD/CRTs present. The measurements show a high, but decreasing, amount
of harmonics, but not so much HF-harmonics. The decreasing harmonics could be an
indication of increasing HF-harmonics, as for the ﬂuorescent lighting. Future measurements will no doubt clarify the situation.
The measurements of ﬂuorescent lighting have low levels of harmonics and a rather
high levels of HF-harmonics, a normal result when using active PFC. In this case,
interest is focused on the instability around the zero-crossing.
A disturbance situation in a server room, shown next, is in a way similar to the
ﬂuorescent lighting measurements. It is plausible that there are ”electronic instability”
situations caused by electronic equipment tested one by one, but used together in the
hundreds or more, the same equipment might exert a stabilizing inﬂuence. This case
may be an indication that more measurements are necessary.
Measurement in different buildings at LTU Campus in Skellefteå shows the situation in which a part of the equipment connected to the grid is unknown, and the
distribution of HF-harmonics is complicated. There is also a difference in amplitude
depending to the time of the day and the time of the year. These measurement were
made at different times, and no control of connected equipment at the time of measurement was made. Nevertheless, it is possible to compare the HF harmonic situation.
In the measurements at LAN parties and of ﬂuorescent lighting, numerous identical loads are connected together. The measurements in the server room and in different
buildings at LTU Campus include numerous different loads.
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Measurements on computers and LCD/CRT:s at LAN parties.
Computers using switching mode power supplies (SMPS) are a common load in the
power grid. The increased neutral third harmonic current has put the focus on SMPS
as a power harmonic source. Figure 4.31 to Figure 4.35 show measurements on
computers and LCD/CRTs at a LAN party. The A phase is red, the B phase green and
the C phase blue.

Figure 4.31: Measurement at LAN party in 2003 showing the three-phase voltage. The
red is the A phase is red, the B phase green and the C phase blue

Figure 4.32: The three phase currents at the LAN party in 2003. The A phase is red,
the B phase green and the C phase blue.
During such a LAN party, people interested in playing computer games get together and connect their computers and LCD/CRTs to a dedicated three-phase power
distribution system and a wired LAN system. The measurements were made using a
commercial power quality instrument (Dranetz PX5) showing frequencies up to 3 kHz.
Figure 4.31 shows the three phase voltages and Figure 4.32 the currents.
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The current is typical for SMPS, with a short peak that begins to decrease just at
the voltage peak value, giving a high harmonic level. The harmonic spectrum for the
current in Chancel A (blue) is shown in Figure 4.33 . The third harmonic amplitude,
37 A, is more than half of the power-system frequency current (68 A), giving a high
neutral current.

Figure 4.33: The A phase, current harmonics at the LAN party in 2003
The neutral current shown in Figure 4.34 is almost 1.5 times higher (RMS value)
than in each phase wire, even though the number of computers is the same in all three
phases. The harmonic spectrum for the neutral current is shown in Figure 4.35 . The
third-harmonic amplitude is 107 A and dominates the neutral current; the power-system
frequency current is only 14 A.

Figure 4.34: The neutral current at the LAN party in 2003.
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High neutral current could lead to overloading problems, and therefore efforts are
made to reduce the harmonics and especially the third harmonic. One way is through
standards. The increased power harmonics in loads and the efforts to reduce these are
also described in chapter 6.2 (Changes in power loads).

Figure 4.35: The neutral current harmonics at the LAN party in 2003
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Measurement on ﬂuorescent lighting.
A measurement made on 120 ﬂuorescent lamps connected to three phases in a
storage depot is shown in Figure 4.36 . Phase L1 (on top) has 55 ﬁttings connected,
phase L2 (in the middle) has 56 ﬁttings connected, and phase L3 (at the bottom) has 9
ﬁttings connected.

Figure 4.36: Measurements made on three phases of ﬂuorescent lamps
All three phases in Figure 4.36 show ”peaks” in the voltages. The peak voltage is
higher in phase L1 and L2, approximately 9 V after adjusting for ﬁlter loss (see ﬁgure
9) compared to 2-3 V in phase L3. Phases L1 and L2 supply six times as many lamps
as phase L3. In Figure 4.37 a detail of the upper curve in Figure 4.36 is shown.
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Figure 4.37: Detail of measurements made on ﬂuorescent lamps
Laboratory measurements performed on a ﬂuorescent lamp identical to those in
Figure 4.36 show peaks, but at a low level, below 1 V, as shown in Figure 4.38 .

Figure 4.38: Measurements made on one ﬂuorescent lamp in laboratory
Similar voltage measurements at other locations having tens of ﬂuorescent lamps
per phase or more show the same sort of ”peaks”. The importance of these ”peaks” is
unknown, but in all these measurement locations, problems with short life of the HF
ballast have been reported (Larsson (2006).

69

4.3. MEASUREMENTS

Measurement in a server room.
In a server room powered by a 50 kVA uninterruptible power supply (UPS) and
supporting communication lines by modems had several communications failures on a
speciﬁc communication line. When the ungrounded modem was powered from other
sources than the UPS, there was no interruption. Measurements on the phase voltage
made with a Hioki 8855 memory HiCORDER and a Hioki 9322 differential probe are
shown in Figure 4.39 using two references, the neutral on the left (the modem power
input, differential voltage) and the protective earth in the right graph.
The power-system frequency voltage is attenuated 26 dB (20 times) in both cases.
A comparison of the two upper graphs in Figure 4.39 shows a difference in HFharmonics amplitude. The highest phase-neutral ”peaks” to the left are about 6 V, while
the highest protective-earth ”peaks” are approximately 20 V, three times as high. The
right graph shows 6 peaks in one period (20 ms), while the peaks are more ”hidden”
and difﬁcult to count in the phase-neutral voltage to the left.
Measurements of phase neutral and phase ground in the power outlet in the server
room that was used to power the modem when there was no interruption in the communication shows low levels of HF-harmonics (not shown here). All other measurements
were performed at the power outlet to the modem.
The neutral-protective earth voltage (the modem power input, common-mode voltage) in Figure 4.39 shows several 10 V ”spikes”, and some of them reach almost 20
V. A detail of the neutral to protective earth voltage in the server room at lower right in
Figure 4.39 shows that the frequency is approximately 67 kHz.
It is possible that the high common-mode voltage (neutral-protective earth) in combination with the ungrounded modem power input is enough to disturb communication.
It hasn’t been possible to investigate further, and the owner’s easiest solution, though
not the best, is to power the modem through an extra UPS.
More than one or a few volts between neutral and protective earth in this type of
power grid at the power-system frequency and its harmonics should indicate a fault in
the wiring. In this case, the presence of frequencies 100 to 1000 times higher than the
fundamental changes the circumstances. One important difference is the impedance
levels in the N and PE wires, as shown in Figure 4.24 .
The importance of this server room has limited the possibility to make more measurements for the time being.
Simulations, see Figure 4.26 in chapter 4.2.3, have shown how a phase current in
one phase can affect the voltage in other phases through the neutral-wiring impedances.
In this case there could be current trough PE wiring that causes a HF voltage between
N and PE wires.
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Figure 4.39: The phase and neutral voltage in a server room measured with different
references. The phase-neutral voltage on the upper left, phase-protective earth voltage
on the upper right. Neutral to protective earth voltage lower left, detail of the neutral to
protective earth voltage lower right. The power-system frequency voltage is attenuated
20 times in all cases.
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Measurements at ltu campus in Skellefteå
In the following, measurements of HF-harmonics made at different places in the
grid at Luleå University of Technology (LTU), Skellefteå Campus, Sweden , are shown.
The Passive 9-kHz-30-MHz ﬁlter was used, and the digital sampled measuring system
is a Hioki 8855 memory HiCORDER using 1-MHz sampling frequency.
Measurement 1: A building

Figure 4.40: Measurement 1: A building, ﬁrst ﬂoor, in the ofﬁce part of the LTU
Skellefteå Campus. Phase voltage shown on the left and discrete fourier transform to
the right.

Figure 4.41: Spectrogram of Measurement 1: A building, ﬁrst ﬂoor, the ofﬁce part of
the LTU Skellefteå Campus.
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The measurements shown in Figure 4.40 and Figure 4.41 were made in the ofﬁce
part of the LTU Skellefteå Campus. There are about 40 separate ofﬁce rooms containing computers and LCD/CRTs.
The rooms/corridors also contain 7 printers/scanners and 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 Figure 4.40 is the remainder
after the ﬁlter has limited the 50/60 Hz power-system frequency to about 2 V peak. The
high-frequency harmonics are added to the power-system frequency and make it look
like a broad band noise including some peaks.
On the right in Figure 4.40 , a Discrete Fourier transform (DFT) on the 200 ms
phase-voltage measurement is shown. The noise hump around 180 kHz could be noise
from frequency converters. Previous testing has shown that noise at those frequencies
disappears when the converters are turned off. There is a noise hump at 60 kHz, it is
possible that the noise hump at 180 kHz is the third harmonic to the 60 kHz noise. The
noise above 250 kHz is of too low amplitude for the measuring system.
A spectrogram of the ﬁltered voltage in the A building is shown in Figure 4.41
. The green/yellow pulses around 350-400 kHz are modulated two times per period
for the power-system frequency, and there seem to be two different modulations. It
could be a commutation notch from all the SMPS or something else synchronized to
the power-system frequency. This type of modulation is also evident below 50 kHz.
The broad band at 180 kHz is the noise hump probably originating from frequency
converters.
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Measurement 2: D building Basement (adjacent to room 1030)
The following four measurements (2-5) were made at various locations in the D
building. The building has three ﬂoors. The basement of D building 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 using mainly magnetic ballasts. The level of the HF- harmonics is lower
than in A building, ﬁrst ﬂoor, ( Figure 4.40 and Figure 4.41 ) and changes after approximately 65 ms as shown in Figure 4.43 .

Figure 4.42: Measurement 2: D building, basement, adjacent to room 1030. Phase
voltage shown on the left and discrete fourier transform on the right.

Figure 4.43: Measurement 2: D building, basement, adjacent to room 1030. Spectrogram
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The DFT in Figure 4.43 on measurement 2 shows a peak at approximately 35 kHz
and two noise humps at approximately 18 kHz and 50 kHz. The noise hump at 50 kHz
seems to have a sideband. It could be variations in the frequency around 50 kHz.
The spectrogram in Figure 4.43 clearly shows the change in the measured signal
after approximately 65 ms. The change is concentrated around the noise hump at 50
kHz, but the change is also visible around 100-180 kHz. The spectrogram shows that
there are at least two discrete frequencies close to 50 kHz. The noise hump its maximum at approximately 18 kHz seen in the DFT appears to include a discrete frequency
at approximately 35 kHz. There are repeating lines all over the frequency spectrum
synchronized to the power-system frequency. Above 50 kHz it looks like the measurements from the basement of D building, including some extra lines before the change
at 65 ms. Below 50 kHz, the modulation seems to be six times per period. A possible
interpretation is three different modulations occurring two times per period.
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Measurement 3: D building Basement (adjacent to room 1075)
The measurement shown in Figure 4.44 was made at another location in the same
basement as measurement 2 and shows almost no HF-harmonics.

Figure 4.44: Measurement 3: D building, basement, adjacent to room 1075. Phase
voltage shown on the left and discrete fourier transform on the right.

Figure 4.45: Measurement 3: D building, basement, adjacent to room 1075. Spectrogram
The DFT to the right in Figure 4.44 shows the same peak at approximately 35 kHz
as in measurement 2.
In measurement 3, the spectrogram in Figure 4.45 shows the peak at approximately
35 kHz. The changes in color could in this case, considering the low levels of HFharmonics, be due to limitations in the generation of the spectrogram.
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Measurement 4: D building Ground ﬂoor (adjacent to room 2045)
The ground ﬂoor of D building consists mainly of classrooms, as well as 7 ofﬁces
containing computers and LCD/CRTs. The ofﬁces also contain 2 printers/scanners and
a duplicator. The lighting is a combination of incandescent light bulbs and ﬂuorescent
lamps using mainly magnetic ballasts.
The level of the HF-harmonics shown to the left in Figure 4.46 is somewhere
between measurement 2 and measurement 3 in the D building basement shown to the
left in Figure 4.42 and Figure 4.44 .

Figure 4.46: Measurement 4: D building, ground ﬂoor, adjacent to room 2045. Phase
voltage shown on the left and discrete fourier transform on the right.

Figure 4.47: Measurement 4: D building Ground ﬂoor (adjacent to room 2045) spectrogram
As in measurements 2 and 3 in the D building basement, there is a peak at approximately 35 kHz. The DFT in Figure 4.47 shows the same peak at approximately 35
kHz as is found in measurement 2 Figure 4.43 .
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Measurement 5: D building First ﬂoor (adjacent to room 3045)
Measurement on the D building ﬁrst ﬂoor is shown in Figure 4.48 . The ﬁrst ﬂoor
has approximately 140 computers and corresponding LCD/CRTs, 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 phase
voltage includes harmonics, but low levels of HF-harmonics.

Figure 4.48: Measurement 5: D building, ﬁrst ﬂoor, adjacent to room 3045. Phase
voltage shown on the left and discrete fourier transform on the right.

Figure 4.49: Measurement 5:D building First ﬂoor adjacent to room 3045. Spectrogram
The DFT on the right in Figure 4.48 shows low levels of high frequency harmonics,
although there are lots of SMPS. The 35 kHz signal found on the other ﬂoors in the
building is not visible.
Here, as in measurement 4, the spectrogram shows a weak but stable (yellow) signal, but not at the same frequencies. In this case the frequencies are 490, 375 and 350
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kHz. Between 130 kHz and 200 kHz there are ﬁve stable or modulated frequencies.
Around 50 kHz there is power-system frequency modulation (10 ms, two times/period).
There also is modulation between 150 kHz and 300 kHz.
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Measurement 6: B building Ground ﬂoor
The measurement shown in Figure 4.50 was made on the ground ﬂoor of building B. On this ﬂoor there are 3 separate ofﬁce rooms containing a computer and an
LCD/CRT. The rooms/corridors also contain a duplicator and power converters for the
LAN network. The lighting in the ofﬁce room /corridors is a combination of ﬂuorescent lamps using magnetic or electronic ballasts and incandescent light bulbs. On the
ﬁrst ﬂoor there are classrooms containing 110 computers and LCD/CRTs, 2 printers
and converters for the LAN network. The ventilation system in the attic includes several frequency converters. The level of the high-frequency harmonics was not as high
as in measurement 1, but it is equal to or higher than measurements 2-5.

Figure 4.50: Measurement 6: B building, ground ﬂoor. Phase voltage shown on the left
and discrete fourier transform on the right.

Figure 4.51: Measurement 6: B building, ground ﬂoor. Spectrogram.
The DFT on the right in Figure 4.50 shows not the highest peak value, but it shows
signals at all frequencies. There are noise humps around 65, 130 and 200 kHz, and there
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are peaks at many frequencies between zero and 250 kHz. These could be switching
frequencies and their harmonics. The sources are, unknown but the most realistic guess
is that the SMPS:s in computers and LCD/CRTs, the ﬂuorescent lamps using electronic
ballasts and the frequency converters in the ventilation system in the attic taken together
are responsible for the main part. If this is the case, then the majority of the HFharmonics sources are on other ﬂoors than the point of measurement.
The spectrogram in Figure 4.51 shows vertical lines, power-system frequency
modulation (10 ms, two times/period), between 250 and 500 kHz, and it is possible
that they go down to 100-150 kHz. These lines are also visible below 15 kHz. At 15,
20 and 65 kHz there are continuous lines that could be switching frequencies in SMPS,
the frequency converters in ﬂuorescent lamps using electronic ballasts. Between 100
and 150 kHz there are numerous continuous closely spaced lines, probably representing
switching frequencies and their harmonics.
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Measurement 7: B building, basement

Figure 4.52: Measurement 7: B building, basement. Phase voltage shown on the left
and discrete fourier transform on the right.

Figure 4.53: Measurement 7: B building, basement. Spectrogram
The measurement in the B building basement shows in Figure 4.52 a lower level
than the ground ﬂoor. On this ﬂoor there are a few SMPS:s for telephone equipment,
servers and the LAN network. The lighting in the basement is mainly a combination
of ﬂuorescent lamps using magnetic ballasts and incandescent light bulbs. Most of
the HF-harmonics measured here were probably not generated in the basement. This
conclusion is based on knowledge of the connected electrical equipment, but it is not
always a simple task to ﬁnd all equipment; it takes a lot of time, and it is easy to miss
something.
The spectrogram in Figure 4.53 shows vertical lines, a power-system frequency
modulation like those on the ground ﬂour ( Figure 4.51 ), this time between 50 and 500
kHz.
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There are clear, continuous lines at 35 kHz and a discontinuous line at 50 kHz.
Above 50 kHz there are numerous soft, continuous lines.
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Measurement 8: B building, ﬁrst ﬂoor

Figure 4.54: Measurement 8: B building, ﬁrst ﬂoor. Phase voltage shown on the left
and discrete fourier transform on the right.

Figure 4.55: Measurement 8: B building, ﬁrst ﬂoor. Spectrogram
Figure 4.54 and Figure 4.55 show the measurement on B building’s ﬁrst ﬂoor.
The phase voltage on the left is higher than in B building’s ground ﬂoor ( Figure 4.50 )
and basement ( Figure 4.52 ). The classrooms on the ﬁrst ﬂoor contain 110 computers
and LCD/CRTs, 2 printers and power converters for the LAN network. The lighting
on ﬁrst ﬂoor is mainly a combination of incandescent light bulbs and ﬂuorescent lamps
using magnetic or electronic ballasts . The ventilation system in the attic houses several frequency converters. In the spectrogram in Figure 4.55 , vertical lines are evident
between 230 and 320 kHz and above 450 kHz, 10 ms, two times/period. In this measurement there are many continuous lines at approximately 10, 15, 40. 45, 65 and 100
kHz and more continuous lines above 100 kHz.
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Some aspects of measurements of HF-harmonics and noise in grid, on site
When equipment is controlled according to product standards in laboratory, the
electrical environment is controlled. Normally, only one piece of equipment at a time
is connected to the laboratory grid, maintaining controlled impedance and a low disturbance level. The grid is small and prepared for the measurement, reducing the measurement’s inﬂuence on the source.
In the measurements shown here of HF-harmonics in the power grid, made on
site, the situation is different. The electrical environment is not controlled, there is a
large amount of equipment connected to the grid, and there is no ”point of connection”
prepared for the measurement. The impedance levels are higher when measuring HFharmonics than power-system frequency harmonics.
Power-system frequency harmonics of interest have known frequencies, relative
high and often stable levels, and the methods of measurement and analysis have been
developed for that purpose. Measurement of HF-harmonics and noise in the power grid
requires other ﬁlters, instruments and analyzing methods.
When measuring in laboratory, it is possibly to isolate the equipment under test
(EUT) from the grid background noise, often using a line interference stabilization
network LISN. Even when measuring more than one device, there is control of both the
measurement grid (if any) and the EUT. This is not the situation on site. Sometimes it is
possible to have a measuring situation with low background noise and few or identical
EUT:s, but that is rare.
In the laboratory, the PE wire is connected to (or substituted with) a ground plane
used as a reference for the measurement. On site, the reference is a problem. If the
protective earth current and voltage are of interest, then the current is measured using
a current transformer. Obtaining a reliable voltage reference is a much more difﬁcult
task
The power grid, constructed for power delivery, is not made for signal transmission.
There is a variation in characteristic impedances when different cables and wires are
connected together or when there are splits. This sometimes causes reﬂections and
resonances. How this affects measurement of the HF-harmonics and noise is difﬁcult
to ascertain, but the situation is more complicated than for harmonics.
The power grid is normally not isolated between buildings, ﬂoors or outlets. Sometimes the wiring is short between buildings, ﬂoors or outlets, At other times distances
between connection points can be long. This makes it difﬁcult determine what various
kinds of equipment are connected to the grid and their importance for the measurement.
It is not possible, in practice, to know how much equipment is connected in the
grid and switched on, and how much equipment is connected in the grid and switched
off. This is of importance for the generation of HF-harmonics and for the equipment
impedance seen from the grid.
When the equipment connected to the grid increases in numbers, the HF-harmonics
became more like a noise. A discussion about the choose between HF-harmonics and
noise is necessarily.
Electrical equipment connected to the power outlet is often seen as an impedance,
even though the power is off. Often the EMC ﬁlter is placed before the power switch,
as seen from the grid, or the on/off switch is on the low voltage side of the SMPS.
In an SMPS using a rectiﬁer on input and a storage capacitor, the impedance differs
depending on whether the diodes are conducting or not.
A lot of electrical equipment is switched on and off during the day, and this is
another factor that complicates comparison of measurements on site, outside of the
laboratory. This type of measurement requires control of all the electrical equipment.
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In summary, it must be admitted that there are a good many uncertainties in the
measurements reported here, and especially those made in the buildings at LTU Skellefteå
Campus. Still, it is important to show the result of measurements made on HF-harmonics
and noise in the power grid, outside the laboratory.

86

Chapter 5

SIGNAL TRANSMISSION
AND DISTURBANCES
5.1 SMALL SIGNAL TRANSMISSION
In this chapter there will be a short orientation regarding the generation and treatment
of conductive and radiated emission in small signal transmission. Small signal transmission and power transmission and distribution are in many way alike, and sometimes
there are interference situations between them.

5.1.1 Unbalanced and balanced signal transmission
Unbalanced signal transmission
A simple signal transmission circuit is shown to the left in Figure 5.1 . The signal
from a signal source is transmitted over a transmission circuit to a receiver. The signal
source is modeled as an ideal voltage source. The receiver is modeled as a resistor. A
connection must be made between the free-ﬂoating source the receiver. Depending on
how this connection is made, the signal distribution circuit is balanced or unbalanced.

Figure 5.1: Unbalanced signal transmission
Using a coaxial cable, shown in the middle in Figure 5.1 , the signal distribution is
unbalanced. One conductor is the screen and the other is the center wire of the coaxial
cable. Shown to the left in Figure 5.1 is the same unbalanced circuit as in the middle,
but represented in another way. The source is a coil or a transformer winding. The ﬁrst
conductor, the screen, is a metallic surface, and the other conductor is a wire placed a
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distance above the metallic surface.
Balanced signal transmission
Using two wires inside the screen in the cable and dividing the signal source and
the receiver into two identical parts, shown to the left in Figure 5.2 , having their
midpoint connected to the cable screen, the signal transmission circuit is balanced with
respect to the screen. Note that in this case the receiver is also formed as a transformer
to ensure a balanced circuit. Characteristic of a balanced transmission is that when
the voltage in each wire has the same magnitude but opposite sign with respect to the
metallic plane, the sum of the voltages from the two wires always is zero. This is
called a differential mode voltage. The capacitance between each wire and the metallic
plane (stray capacitance) is also the same, giving the same stray current, this is called
a common mode current.

Figure 5.2: Balanced signal transmission
A redrawing of the balanced circuit is shown to the left in Figure 5.2 . The two
transformer windings have their midpoints connected to the metallic surface, thus making a balanced circuit in which the two wires always distribute the same voltage, but
with opposite signs with respect to the metallic surface. Even if only one of the transformer midpoints is connected, the balance is fulﬁlled. Also, if no connection is made
between the transformers’ midpoints and the metallic surface, a balanced circuit is
achieved, but in that case it is critical that all electrical parameters and all distances are
alike for the two balanced parts.
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5.1.2 Ground plane
The metallic surface shown in Figure 5.1 and in Figure 5.2 can also be seen as a
”ground plane”. This ground plane is widespread and has low impedance compared to
the signal wires. In electronic equipment such as computers, one layer of the circuit
board in used as a ground plane and acts as a reference point for the electronic signals.
The ground plane is often connected to the equipment case and to the protective earth.
In the same way, the fundament of a building functions as a ground plane for the
entire electrical installation, power and signal distribution. The building fundament
normally also has a connection to the earth around the building and to the protected
earth.

5.1.3 Thermal noise
If a signal distribution is completely isolated and there are no electric or magnetic ﬁelds
affecting it, the signal will be transported from the sending end to the receiving end
without disturbance. Still, there is some thermal noise from resistances. This thermal
noise is generated in the signal source and in the wiring. It establishes the bottom line
for the signal quality expressed in signal to noise ratio. If there is disturbance from
outside, then it adds to the thermal noise, creating a lower signal to noise ratio.
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5.1.4

Reducing disturbance in signal transmission

Use of unbalanced and balanced signal transmission
An external disturbance source in the form of an electric or magnetic ﬁeld is shown
in Figure 5.3 . An electric ﬁeld is represented as a voltage source with capacitive
coupling to the signal transmission circuit. A magnetic ﬁeld is represented as a current source with inductive coupling to the signal transmission circuit. Note that both
disturbance types are represented by one single source in the ﬁgure, where the current
through the resistor represents the magnetic ﬁeld.

Figure 5.3: Unbalanced signal transmission and external disturbance source

Figure 5.4: Balanced signal transmission and external disturbance source
In a balanced signal distribution, the electrical ﬁeld coupling is balanced out as
shown in Figure 5.4 . The capacitively connected disturbance signal has the same
amplitude and sign with respect to the metallic surface, while the signal of interest has
the same voltage but with opposite sign. It is only the signal with a difference in sign
that gives a voltage through the differential transformer.
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Use of twinning and screening
By twinning the wires in a balanced signal distribution, the magnetic ﬁeld is reduced, as shown in Figure 5.5 . Both in balanced and unbalanced signal distribution, a
screen reduces the electrical ﬁeld. An unbalanced screened signal distribution is shown
in Figure 5.6 . The screen is in this case grounded at one end.

Figure 5.5: Balanced and twinned signal transmission and external disturbance source
In a balanced signal distribution, the signal and the thermal noise are a differential
voltage applied between the two wires. If an external source creates a disturbance
signal between the two wires, it adds to the noise (to the differential voltage), creating
a lower signal to noise ratio. If an external signal source introduces a current going
in the same direction in the two wires (a common mode current) or creates a common
mode voltage, it does not add to noise and reduce the signal to noise ratio. But if this
common mode current or voltage converts to a differential voltage, then it reduces the
signal to noise ratio. This conversion is possible if there is an imbalance in the circuit.

Figure 5.6: Unbalanced screened signal distribution and external disturbance source
Besides screening, balancing and twinning, it is also possible to eliminate or reduce
disturbance by lowering the impedance level, reducing the bandwidth by ﬁltering or
relocating a signal distribution point that is close to a disturbance source.
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5.2

CONDUCTIVE AND RADIATED EMISSION

In power or signal transmission, the object is to make the delivery without any losses.
These losses can be thermal, seen as power losses, but they can also be seen as a signal
loss in the form of stray current or radiation. In this case the point of interest is losses in
the sense of disturbance-unwanted signal coupling to other equipment. This coupling
can be resistive, capacitive, inductive or in the form of an electromagnetic wave.
A conversion between a voltage and current, a magnetic or electric ﬁeld and an
electromagnetic wave, is easily accomplished. Therefore the unwanted signal coupling
between equipment is often a combination of this type of electromagnetic energy.
Electromagnetic energy at high frequency in the form of light radiated from a hightemperature source such as the sun travels through vacuum with a speed of 300,000
km/s. This radiation gives light, but also heat, when, in the case of sunlight, it reaches
the earth. Waves in the visible parts of spectrum heat up the earth, and heated earth
gives a radiation in the infrared part of the spectrum. This conversion between light
and heat at the earth is an example of change in energy form at the same time that there
is a change in frequency.
The radiation of light energy as an electromagnetic wave is possible without losses
if there is no intervening receiver in space. To change the light energy to another form,
for example, heat or electricity, there has to be a receiver. And there must also be an
adaption or a matching between the electromagnetic wave and the receiver.
A solar heater placed on earth having a black receiving surface has a better matching for the light than a white surface. The white surface reﬂects more of the light than
the black surface, giving less heat on the surface. A radio receiving antenna has to be
adapted or impedance matched to the wave impedance at the receiving frequency to
get the highest possible signal to the receiver. All the energy that the receiver needs,
including all distribution losses, has to be generated in the transmitter.

5.2.1

Electromagnetic wave

Regardless of whether electrical energy is transported in free space or through wires,
the energy transport can be described as an electromagnetic wave propagating at the
speed of light.
In Figure 5.7 a signal source is feeding two wires. Between the two wires there
is an electrical ﬁeld E, and there is a magnetic ﬁeld H around each wire. The electrical
and magnetic ﬁelds meet at a 90-degree angle between the two wires, and the direction
of energy ﬂow is from the source to the left in Figure 5.7 and to the receiver connected
to the right.
It is not the current (I), that is the primary carrier of the energy. The energy is
carried by the electromagnetic ﬁeld, and the wires are the guides.
In Figure 5.8 a resistor (Rb ) is connected as a receiver, and in Figure 5.9 the
receiver is a radio antenna. The resistor emits the energy in the electromagnetic ﬁeld
as heat, while the antenna transmits the energy as an electromagnetic ﬁeld in the air.
It is now possible that a separate antenna, as in Figure 5.10 , will receive the
energy and transmit it to a resistor (Rb ), and the energy will became heat, sound, data
communication, etc.; i.e., only an energy conversion.
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Figure 5.7: Generation of reactive ﬁeld in two wires

Figure 5.8: Reactive ﬁeld in two wires and a resistive load
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Figure 5.9: Reactive ﬁeld in two wires and a resistive load and a dipole antenna

Figure 5.10: Receiving dipole antenna and a resistive load
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5.2.2 Reactive and radiated ﬁeld
The power density in an electromagnetic ﬁeld is given by the pointing vector S in
Figure 5.7 to Figure 5.10 .
At a sufﬁcient distance from any transmitter (in the far ﬁeld), only the radiated ﬁeld
exists. Close to the antenna of a transmitter (in the reactive near ﬁeld), the nonradiating
ﬁeld components dominate. The radiation ﬁeld from a transmitter is characterized by
the pointing vector S = E x H in which E is the electric ﬁeld and H is the magnetic ﬁeld.
In the far ﬁeld, the ﬁeld components (E and H) are orthogonal, and the energy is stored
in an interaction between the electric and the magnetic ﬁelds. In the near ﬁeld the energy is predominantly either electric or magnetic, depending on the transmitter antenna.

Figure 5.11: Inductor creates a reactive ﬁeld shown to the left. Coupled inductors
shown to the right.
Reactive ﬁeld
To the left in Figure 5.11 an AC signal source is connected to an ideal inductor,
creating a lossless magnetic ﬁeld. The phase angle between the voltage and the current
in the circuit is 90 degrees, a pure reactive impedance. There is no receiver for signal
or power delivery; energy is cycling between the circuit and the reactive ﬁeld, and
no energy is leaving the system. If no energy is lost, the ﬁeld is a storage ﬁeld-the
impedance is purely reactive, and in that case the ﬁeld is called a reactive ﬁeld.
A second inductor placed near the ﬁrst, shown to the right in Figure 5.11 , creates
a coupled magnetic ﬁeld. In the case of no losses in the coupled magnetic ﬁeld, the
two inductors create an ideal transformer. The impedance Zt on the primary side is the
internal impedance in the transmitter, and the impedance Zr on the secondary side is
the receiving impedance.
In the case Zr = 0 Ω there will be a high current in the receiving circuit, but no
power is transported. The same applies if the impedance in the receiving circuit is
inﬁnite. Between these two cases, when the impedance in the receiving circuit is the
same as in the transmitter circuit, Zt = Zr , the transmitter delivers maximum power to
the receiver (or more exactly, when the resistance in the receiving circuit is the same as
in the transmitter circuit, Rt = Rr ).
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Figure 5.12: Power adaptation
Power adaptation is shown by using Figure 5.12 . Let Zt = (Rt + JXt ) and Zr =
(Rr + JXr ); the power Pr in the receiver Zt is then:

Pr

=

Rr I 2 = |

E
Rr E 2
|2 =
Zt + Zr
(Rt + Rr )2 + J(Xt + Xr )2

(5.1)

According to (5.1) , the second term in the denominator is zero when Zt = - Zr ,
giving a maximum.
In that case the maximum power Pmax is

Pmax

=

Rr E 2
(Rt + Rr )

(5.2)

The relation between Rt and Rr at Pmax is given by the derivative expression (5.2)
and setting the result to zero
dPr
dRr

=

E2

(Rt + Rr )2 − 2(Rt + Rr )Rr
=0
(Rt + Rr )4

(5.3)

Pmax will appear when:
Rt

= Rr

(5.4)

Giving power adaptation when
(Rt + JXt ) = (Rr − JXr )

(5.5)

(Zt ) = (Zr )

(5.6)

The same as

If the resistive part of the impedance in transmitter and receiver is the same, then
there is power adaptation.
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Figure 5.13: Capacitors creates a reactive ﬁeld shown to the left. Coupled capacitors
shown to the right.

As shown, a magnetic reactive ﬁeld can store or transport energy, depending on the
absence of a receiving inductor, or anything else that could remove energy from the
system. By the same token, if the reactive ﬁeld is created by a capacitor, as seen to the
left in Figure 5.13 , then the ﬁeld can store or transmit, energy, depending on whether
their is a receiver, as shown to the right in Figure 5.13 .
Propagating ﬁeld

Figure 5.14: A loop antenna shown to the left. A dipole antenna shown to the right.
An inductor having only one turn, shown to the left in Figure 5.14 , with its circumference equal to the AC source wavelength divided by two (λ/2) creates a propagating
ﬁeld that continually carries energy away from the source. Close to this basic loop
antenna (in the near ﬁeld), the radiated energy is mostly magnetic, and the impedance
is almost zero. In the far ﬁeld, at a distance of (λ/2π), the
impedance has increased
and is close to the wave impedance of vacuum: Zr = Zt = με00 = 377 Ω.
By cutting the loop antenna in the middle of the loop, as shown to the right in
Figure 5.14 , a dipole antenna is created. The distance between the wire ends is a half
wavelength (λ/2), and in the near ﬁeld of this dipole antenna, the radiated energy is
mostly in the form of an electric ﬁeld, and the impedance is high. In the far ﬁeld,
at a distance of (λ/2π), the impedance
 has decreased and become closer to the wave
impedance of vacuum: Zr = Zt = με00 = 377 Ω.
The propagating ﬁelds that continually carry energy away from the source carry
the energy away even if there is no receiver, like light emitted from the sun. If there
is a receiving antenna
and there is a good impedance match to the wave impedance of
vacuum (Zr = Zt = με00 = 377 Ω), the receiver will get energy from the propagating
ﬁelds-the better match, the more energy.
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5.2.3

Wanted and unwanted radiation

To the left in Figure 5.15 a simple power distribution is shown using wires between
the power source and the load, a resistor Rb . The heating, as in the resistor Rb , is the
desired result of the power distribution. The two wires having resistance Ra give power
losses. These losses, the heating in the wires due to resistance Ra, is in the same form
as in the load resistance Rb , but is unwanted.

Figure 5.15: Losses in power- and signal- distribution
The resistance Rb represents the energy transfer from the power system to the enduse device. Any further inefﬁciencies inside the device are outside of this discussion.
Both desirable and undesirable radiation are shown to the right in Figure 5.15
. Besides the desired electromagnetic radiation from the antenna, it is also possible
to get unwanted electromagnetic radiation from the wires between the power source
and the radio transmitter. The electromagnetic radiation from the antenna is ”wanted
radiation”; the radiation from the wires is ”unwanted radiation”.
A radio antenna is constructed to have a good connection, a good impedance match
to the free air, by having the same wave impedance (377 Ω). Normally, a power
wire has a bad impedance match to the free air, but in some cases, using a certain
wire length corresponding to the wavelength for the electromagnetic radiation, the
impedance match can be good. In terms of electromagnetic radiation, the wires and
the installation are often a part of the antenna. It is always a possibility that at least a
part of this antenna has a good impedance match to the free air for a certain frequency.
In general, radiation is only a concern for power-system signals (voltages or currents) that contain a signiﬁcant level of high frequency components. Examples are:
fast breakers, corona with high-voltage overhead lines and power electronic converters. Note that the power loss due to unwanted radiation is rarely of concern for the
power system (though corona losses are sometimes a concern). The radiation even
provides an additional damping term for high frequency components, which are in
general unwanted. The concern with unwanted radiation is in its possible interference
with radiocommunication.
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5.2.4 Wanted and unwanted currents
Different deﬁnitions
In parallel to the subject of unwanted radiation, conductive signal or power transmissions also suffer signal or power losses when current is going ”the wrong way”.
This signal or power loss, seen as an unwanted current, has many names and sometimes different deﬁnitions. Assuming a single phase system as shown in Figure 5.16 .
Common mode current, stray current and leakage current, this difference in names and
deﬁnitions is especially obvious looking at different technical spheres. Although the
subject is complex, it is necessary to establish some common deﬁnitions:
• Common mode current: sum of the currents trough a set of parallel conductors.
• Stray current: current trough a conductor or conducting material that is not part
of a power system.
• Leakage current: Current thats leaves a device or system trough an unwanted
or unknown path.

Figure 5.16: Common mode current, stray current and leakage current
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Chapter 6

CHANGING
CIRCUMSTANCES IN
COMMUNICATION AND IN
POWER LOADS
The central aim of this licentiate thesis is to estimate the impact on the HF- harmonics
on the neutral and protective earth. This is one step in the understanding how a change
in one technology affects other technologies.
There is many changes in technologies at the same time, the changes are fast and
there is not always sufﬁcient coordination between different disciplines to make these
fast transitions smooth. Insufﬁcient coordination between power-system engineering,
power-electronics control and communication engineering is an important hindrance to
achieve EMC between electrical equipment when used on site.
This chapter summarizes some of the changes in communication and in powerelectronics control of end-user equipment and its possible impacts on EMC. Some of
the items discussed in this chapter have been discussed in other chapters as well.

6.1 CHANGES IN COMMUNICATION
The emission levels for radiated disturbances are based on their potential impact on
analog radio 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. The
existing standard has its focus on radio communication systems. The emission levels
in the wires are set by considering the wire as an antenna, and not as a channel for
analog and digital communication.
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Digital Communication
The present emission standards use quasi-peak detectors which simulate the human perception of electromagnetic disturbances on analog radio receivers (EN 55011,
1998). In 1961 the CISPR (International Special Committee on Radio Interference)
publication 1 (CISPR 1) was establish 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). CISPR 1 was followed by CISPR 2, for 25 to 300 MHz, CISPR 3, for 10 to 250
kHz and CISPR 4, for 300 to 1000 MHz, all using quasi-peak detector in a calibrated
radio receiver. CISPR 1 through CISPR 4 were withdrawn in 1977 to be replaced by
CISPR 16 (1999). The current emission requirements are based on the analogue communications equipment available, they may not be suitable to protect modern digital
communication against interference. Therefore alternative measurements methods are
discussed within CISPR resulting in a draft amendment to CISPR 16-1-1 on digital
communication.
Digital cliff
Digital communication services use redundancies, coding technologies and EMC
tests to obtain a high immunity against interference. But at the same time, the redundancies and the coding technologies hide if the system is close to interference due to
disturbances. The coding techniques set focus on the ”digital cliff” or the ”cliff effect”
shown in Figure 6.1 . Unlike analog transmissions, which experience gradual degradation, digital transmissions can experience sudden degradation. Digital transmissions
have in-built ”error correction” which can overcome a certain amount of signal degradation. If a transmitted digital signal degrades beyond the point where you can guarantee its integrity, the received information will likely disappear suddenly.

Figure 6.1: Digital cliff. Unlike analog transmissions, which experience gradual degradation, digital transmissions can experience sudden degradation.
Power-Line Communication
As the power line or a signal line will act like an antenna a limitation of the noise
level in the line is limiting the radio emission. At the same time this limits the noise
level in the power and signal lines, used for communication purpose, although the origin to the levels, measurements method and methods to limiting the noise is in respect
to analog radio communications services. This is especially important if the power
lines are used for communication. The combination of high-frequency noise, 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 (Andersson, 2006). This problem cannot be solved using better coding techniques only, if communication speed is of interest as well.
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6.2 CHANGES IN POWER LOADS
Susceptibility of Equipment
The present emission standards does not focus on, if high emission energy due to
many switching equipment, resonances, high levels below 150 kHz, spread spectrum
giving a high noise ﬂoor (and high energy) etc. could course equipment damage or maloperation. The HF-harmonics seams to cause new problems. Distribution transformer
failure due to high energy spikes and switching transients (Voss, 2005) and disturbances from PWM converters have been reported (Unger, 2005) giving ”malfunction
of electronic ofﬁce equipment, blown power supply units, malfunction of electronic
controls or unacceptable noise.”

6.2.1 Emission by nonlinear loads
Power converter construction
Electrical power is easy to use for lighting, heating, motor drives and powering
electronic equipment. Early in the use of electricity as a power distributor the loads was
almost resistive (lighting, heating) or resistive -inductive (unregulated motor drives).
Today they contain power electronics.
In a switched mode power supply (SMPS) the diode bridge is ﬁrst, followed by a
storage capacitor, a DC/AC converter feeding a transformer with a frequency of tens of
kilohertz and a voltage step down dc/dc converter and regulator Figure 6.2 .

Figure 6.2: A power converter, including a diode bridge, 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/AC converter and regulator.
This solution has besides a number of beneﬁts two basic drawbacks: the powersystem frequency harmonic generation in the input diode rectiﬁer and HF-harmonics
from the switching units in voltage step down dc/dc converter and regulator.
With focus on energy costs and speed regulation also motor drives are equipped
with power electronic, changing the load from resistive-inductive having a low content
of harmonics to a power electronic load emitting harmonics of the power-system frequency and so called HF-harmonics. In the following we focus on single-phase power
converters. There are parallel developments for three-phase converters.
The harmonic emission by single-phase converters soon became a problem, not
for individual converters converter, but with many converters generating harmonics it
became obvious that that something has to be done. To point out one signiﬁcant reason,
the current in the N wire, becomes sometimes higher than in the phase conductors when
many single-phase converters are connected to a three-phase grid.
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Switching technology
One solution against high levels of harmonic distortion, active PFC Figure 6.3 ,
gives opportunity to a wide input voltage range, a displacement power factor close to
1.0 in combination with almost sinusoidal input current. This is obtained by using 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 (Suzuki,1997). The switching frequency and its harmonics in the PFC are generated independently, i.e. uncorrelated, to the switching frequencies and its harmonics
generated in other switching units, connected to the same power grid. 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.

Figure 6.3: A PFC using a switching element together with an inductor, a switchedmode boost converter, before the storage capacitor in Figure 6.2 to force the current,
like in a resistor, to follow the shape of the voltage.
In hysteresis control, one of the principles used in Switch Mode Power Supply
(SMPS), a hysteresis band around the input voltage is used as a reference. When the instantaneous current reaches the upper or lower limit of the hysteresis band, the current
direction is changed. When using hysteresis 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. 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 powersystem frequency, called the frequency ratio, determines the harmonic spectrum for
a given pattern of modulation and for a certain degree of control. When the motor
speed changes, by changing the motor fundamental frequency, the PWM modulation
frequency also changes.
Distributed Generation
The introduction of distributed generation will change the situation according to
power-system frequency harmonics and HF - harmonics in the power grid, if traditionally technology is used in the connection to the power grid. This subject is not studied
at this point of the work.
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6.2.2 Increasing number of loads
Tested one by one - used many together
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 becomes more complicated.
Impedance Mismatch and Resonance
The insertion loss performance for EMC ﬁlters is assuming 50 Ω system impedance
(50 Ω source impedance, 50 Ω load impedance). The impedance of the power supply is
however rarely exactly equal to 50 Ω 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 Ω the performance of the EMC ﬁlter will
differ from its expected performance (Garry,1998).
Another change in ﬁlter response occurs due to resonance phenomena associated
with impedance mismatch between ﬁlter and supply (Nitta, 1990) or between ﬁlter
and EUT (Spiazzi,1999). 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 Ω impedance at low frequency, while
at higher frequencies the impedance reaches almost 300 Ω (Tsaliovich, 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, 2003).
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.” (Rossetto,
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.
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Hosting capacity

Figure 6.4: Deﬁnition of the hosting capacity for conducted emission in the power grid.
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, 2006). The concept can be explained
with the help of Figure 6.4 . 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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6.2.3 Differences in switching techniques
The choice of switching technique is made for different reasons: harmonic cancelation,
voltage regulation or measured signal level according to EMC in product standard.
Different switching techniques create differences in disturbances on the low-voltage
grid. It also creates differences according to measurements and ﬁlters.
Examples of switching techniques are:
• FIXED SWITCH FREQUENCY NOT SYNCHRONIZED: The oscillator is creating a stable switching frequency, not synchronized with the line voltage. When
two similar devices are connected together on the low-voltage grid, and if there
is a small difference in switching frequency an amplitude modulation results.
• PWM WITH SYNCHRONIZED SWITCH FREQUENCY: Pulse-with modulation control is used to reduce the harmonic content in converters. If the switching
frequency is synchronized with the line voltage, the voltage spectrum contains
only harmonics being integer multiples of the power-system frequency.
• HYSTERETIC SWITCH FREQUENCY CONTROL: 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. The switching frequency is not synchronized
with the line voltage but there will be a modulation in frequency following the
line voltage.
• MODULATED SWITCH FREQUENCY: (Spreading the Disturbance Spectrum)
Spread spectrum, a well known communication system technique, disperses the
discrete switching harmonics into a wide-spectrum noise In this way it is possible
to reduce the amplitude of the peak whilst distributing the energy to additional
harmonics (Stone, 1996), (Trzynadlowski, 1998). The beneﬁt for the manufacturer is that the device can be equipped with a smaller EMC ﬁlter, which will
reduce the cost. The result is the same maximum conducted energy per band
(Kuisma; 2003), but that the total conducted energy for the device with modulated switching frequency may be signiﬁcantly higher because of the smaller
EMC ﬁlter.
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6.2.4

Chapter conclusion

The consequences of HF-Harmonics on neutral and protective earth depend on many
factors. In this licentiate thesis is to estimate a few factors, in the cooperation between
equipment emitting HF-Harmonics and the neutral and protective earth in power grid.
Other factors, presented in this chapter, will have great inﬂuence to the result to
avoid interference and damage. Today there is a great freedom of choice of switching
frequencies, EMC ﬁlter construction etc.
Probably there has to be a limitation in the freedom to choose in certain parameters
like:
• Only allow a limiting numbers of switching frequencies in power converters. Do
not allow switching frequency in the frequency band allocated for communication.
• Do not allow the use of frequency spreading in power converters
• If the grid is used for communication, limiting both voltage and current. Allocate speciﬁc frequency bands (more limited than under existing standards) for
communication.
• Specify the characteristics of the EMC ﬁlter seen from grid. The ﬁlter should
have a low impedance for the frequency bands allowed for switching but a high
impedance for frequency bands allocated to power-line communication.
• Limit the number of devices using switching technologies in the same part of the
grid. This part (zone) could be isolated using a transformer or a ﬁlter.
• Develop new testing methods for product standards, that better represent the way
in which the equipment is connected and used on site. (Testing numbers of
equipment together, using only unbalanced feeding etc.)
Without a coordination between different technical disciplines, like power electronics, communication engineering and power-system engineering, there is a risk of
increase electromagnetic interference in the future. What appears like a small changes,
or a solution, in one technical discipline could have great inﬂuence or cause new problems in another discipline.
The importance of both electricity and communication to society, and their growing interdependence, make that the risk of interference has to be reduced as much as
possible. Coordination and cooperation between different disciplines is essential for
this.
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