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Abstract
Power quality is a subject that has received a lot of attention during the last 10 to 20 years,
both in industry and in academia. Power quality concerns interaction between the power grid
and its customers and between the power grid and equipment connected to it, reflected in
voltages and currents. Research and other developments in this area have to a great extent
concentrated on relatively slow and low-frequency phenomena, with the main emphasis being
on voltage dips (reductions in voltage magnitude with duration between about 50 ms and
several seconds) and low-frequency harmonics (waveform distortion by frequency components
up to about 2 kHz). These phenomena are reasonably well understood.
For higher-frequency phenomena there is no such general understanding. There are a number
of reasons for looking closer into this frequency range, including increased distortion by
energy-efficient equipment, interference with equipment such as that used for
communications, reduced service life of equipment, the availability of measurement and
analysis tools, and pure scientific curiosity.
This licentiate thesis addresses voltage and current distortion in low-voltage networks in the
frequency range between 2 kHz and 1 MHz. The report starts with a general overview of
power quality and power-quality disturbances. This part is mainly a review of existing
knowledge. The report continues with a philosophical discussion of measurement and analysis
of power-quality disturbances. The objectiveness of the analysis methods is especially
addressed. The importance of understanding the limitations posed by measurement standards
and commonly used analysis methods is emphasized. The choice of measurement and analysis
tool has the potential to influence the conclusions drawn from a study.
Different analysis and presentation tools are discussed for disturbances in the frequency band of
interest. Where possible, a range of methods should be used. Next to the commonly used
time- and frequency-domain presentations, the spectrogram or time-frequency-domain is
introduced as a useful tool.
The measurement technology used for obtaining sampled voltage and current waveforms is
discussed.
Measurements have been performed on the current drawn by individual devices and by groups
of devices. These measurements have been performed mainly in a controlled laboratory
environment. Voltage measurements have mainly been performed at a number of locations in
the field. Both current and voltage measurements are described in detail in this report, together
with the measurement results.
The main contribution of this licentiate report is in the systematic analysis of disturbances in
the frequency range between 2 kHz and 1 MHz. The spectrogram has proven a suitable tool
for analyzing and visualizing these disturbances. Further knowledge is obtained on the
disturbances arising from fluorescent lamps with high-frequency ballasts. Contrary to
conventional knowledge, the main concern is in the so-called zero-crossing distortion. The
level of this distortion component demonstrates a linear increase with the number of devices.
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1 Introduction

1 Introduction
During the last few years, the amount of electronic equipment has increased rapidly in our
homes and at our work. The availability of cheap electronic equipment has enabled a change
in our lifestyle. Today the technology makes it possible to watch movies with surround music,
play computer games, install home care technology, etc. and we tend to spend more and more
time using electronic equipment. Whereas this has overall resulted in an increase in energy
consumption the same technology also enables more energy-efficient equipment.
At the office we are using computers, fax machines, scanning devices, copy machines, etc. The
use of new technology at the office is a tremendously important development but the use of
electronic equipment has at the same time increased the power consumption and we are
therefore forced to do implement energy-saving measures. For instance lighting has gone from
the traditional fluorescent lights with magnetic ballast to lights with high frequency electronic
ballasts in order to save energy. At the same time this has the benefit of no flicker and longer
lifetime of the fluorescent tubes.
Within the industry environment the development of power electronic equipment together
with computers has made a big difference as well. Robots, CNC and other electronically
controlled machines have made the traditionally work much better in many ways.
The energy consumption in the world is getting more and more into focus due to several
reasons: climate change, oil prices, nuclear waste, etc. All in all there is a need to reduce the
energy consumption or at least reduce the increasing demand of energy. In Sweden the energy
consumption in the domestic and commercial sectors, e.g. residences, offices, schools, hospitals,
weekend cottages, etc., is about one third of the total energy consumption and causes about
15% of the total carbon dioxide emission. Today is the energy consumption, in the residential
sector, twice the consumption 30 years ago. The main reasons beside the increased number of
buildings are the increasing use of electrical heating and the amount of electrical equipment
(Persson, 2002). This is also one of the reasons driving the development of power electronic,
making the equipment more energy efficient.
The increasing amount of equipment also increases the total electrical power consumption.
The power consumption is further increased by the way in which equipment is used and also
by the standby function of equipment. In the year 2000 the standby losses in a normal Swedish
home were about 700 kWh/year and it is shown that with an active choose of equipment it is
possible to reduce those losses by 57%. This is believed to be one of the reasons that we
consume more electrical energy every year in spite of the effort to make every product more
energy efficient (Persson, 2002).
Almost all electronic equipment is connected to the electric mains (either continuously or
during charging) via regulated power supplies. The continuous development in power
electronics and in digital electronics has resulted in reduced weight, energy loss, size and price
for these power supplies. Especially so-called switch mode power supplies (SMPS) are
becoming more popular because of these benefits. However they generate harmonics and
high-frequency disturbances, which can create electromagnetic compatibility (EMC) problems
for the power grid as well as for neighbouring equipment (Redl et al, 1997).
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The term harmonics within electrical power normally refers to waveform distortion of voltage
and current up to the 40th or 50th harmonic of the fundamental frequency, 50 Hz in Europe
and 60 Hz in North America. This results in the frequency range covers normally from dc to a
maximum of 3 kHz. Within the International Electric Committee (IEC) standards the most
common upper limit is the 40th harmonic, which results in an upper limit of 2 kHz in Europe.
The term harmonics, within this thesis, is used for distortion in the frequency range between
dc. and 2 kHz. In case confusion is possible the term “low-frequency distortion” is used. The
term high-frequency distortion is used for distortion in the frequency range from 2 kHz up to
1 MHz. A further discussion of this is found in chapter 2.

1.1 Motivation of the work
The before-mentioned new equipment connected to the power network has all great benefits
but as almost always there are some back draws. One of those drawbacks is the voltage and
current disturbances this new technology produces. Of course are there techniques to handle
this but introduced disturbances can never be fully damped with a finite sized filter.
Disturbances and faults related to power quality disturbances like voltage dips and (lowfrequency) harmonics are widely known and many of the phenomena are pretty well
investigated and understood. However disturbances in the frequency range above the regular
harmonic range are not that well investigated, which does not mean that it is not investigated
at all. For example international standard CISPR 15 (2002), sets limits on conducted emission
in the frequency range from 9 kHz up to 30 MHz at the mains terminals of electrical lighting
equipment; the standard also regulates and describes measurements in this frequency range.
Also this standard document is almost the only civil standard that sets limits from 9 kHz and up
while many of the other standards use 150 kHz as the lower limit except from military,
signalling on the mains and maybe other domestic standards.
Today the frequency range above 2 kHz is getting more and more interesting. Partly due to
the fact that the amount of electronic equipment has increased and partly due to that we want
to use the power grid as communication channel. The main benefit of using the power grid is
that the communication channel is already built and only limited additional investment is
needed. There are at least three different types of usage that can be identified; power
companies want to use communication for meter reading, indoor usage for industries,
residences, offices etc. and customers may use the power line for internet communication. The
first two applications have dedicated frequency bands from 3 to 148.5 kHz according to EN
50065-1 (2001) but this frequency band is too low for high-speed internet communication.
The switching frequency from electronic equipments normally leis within the frequency range
specified by EN 50065-1 (2001) and therefore there may be a risk of collision between energy
saving technology and communication on the low-voltage network.
A short and incomplete list of potential problems with high frequency distortion is presented
below.
x
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Higher frequency components in the current and in the voltage lead to a deterioration
of the performance of electronic equipment, to audible noise with telecommunication
and audio equipment, and to accelerated ageing of, for example, fluorescent lamps.

1 Introduction
x

An indirect consequence of the negative impact of high-frequency distortion is that it
can place a barrier to the introduction of certain types of equipment e.g. medical, safety
and other vital equipments. If we realize that two important sources of high-frequency
distortion are energy-saving lamps and renewable-energy generators, this has even
environmental consequences.

x

Communication via the power grid takes place in dedicated frequency bands starting at
3 kHz and up to a few hundred kilohertz. This is the same frequency range as many of
these equipments have their switching frequency. This may also become a barrier when
we are going to e.g. collect meter readings via the LV network.

x

The higher the frequency gets, the more likely it is to find resonances and it is also
more likely for the signals to radiate and in that way cause inductive currents in other
equipment that could cause interference. There is also an intensive discussion about the
effect of radiation on human health but no general consensus has been reached.

The measurement technology has also developed rapidly due to the development in general of
electronics and in particular of computer technology. Measurement in the time domain is by it
simplicity the easiest way to measure. The technology is also getting cheaper and the
equipment is getting faster and can handle more data. This development has made it fairly easy
to achieve good measuring results from measurements in the time domain and even in higher
frequency ranges with pretty cheap and portable instruments compared with traditional
measuring receivers.

1.2 Scope
The work within this thesis focuses on waveform distortion between 2 kHz and 1 MHz (socalled “high-frequency distortion”. Low-frequency harmonics have been briefly studied only,
in correlation with the high-frequency distortion.
The aim of the study described in this thesis was to show what kind of distortion signals can be
found at these higher frequencies and to evaluate some of the analyzing methods that can be
applied to evaluate and understand the signals. The accuracy of the measurement has not been
in focus in this study. This does not mean that accuracy of the signal is totally ignored but the
effort put into reducing the measurement error is limited. There are however some amplitude
values reported but these should be seen as indicative results.
There are several standard-setting bodies around the world; the main focus in this study has
been on IEC standards and therefore some of the standard treating the same subject could have
been missed. For instance, there are different national and military standards around the globe
and some of them may cover this frequency range.
As mentioned in the beginning of this chapter new power-electronic equipment has also been
introduced widely in industrial installations. Also here is an increase or high-frequency
distortion expected and also here may new interference problems occur. It was however
decided at an early stage of the study to concentrate on common equipment found in
residential and commercial installations. The reasons for this choice include the easy availability
of such equipment and the fact that the same kind of equipment is widely used.
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1.3 Outline of the thesis
The first chapter gives a brief introduction, motivation and scope of the work.
The second chapter gives an overview of power-quality disturbances and the terminology
used in this thesis. Where possible standard or widely used terminology is used; but in same
cases new terminology had to be introduced.
The third chapter makes a brief description of some analyzing methods in the time domain,
frequency domain and joint time frequency domain. Also some descriptions are given on how
long term measurements are analyzed.
The fourth chapter describes the actual measurements. First existing measurement standard are
reviewed and compared; secondly the filter and measuring equipment used within this project
are described.
The fifth chapter is about the measurement result both in the laboratory environment and at
two different locations in the field.
The sixth chapter takes up some conclusions from the work.
The seventh and final chapter contains a minor discussion about some parts of the work and
gives some suggestions for future work.
Appendix A shows measurements in the laboratory on some different types of loads.
Appendix B shows some additional curves to Section 5.2.3.
Appendix C shows additional results from the first measurement location.
Appendix D shows additional results from the second measurement location.
Appendix E shows the results from measurements at the third location.
Appendix F shows the results from measurements at the fourth location.
Appendix G shows the results from measurements at the fifth location.
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Disturbances in the power grid have been a matter of interest ever since the beginning of
electrification. The main focus has merely shifted around a bit due to different types of loads.
During most of the 20th century the main focus was on limiting very long and very widespread interruptions and on keeping the voltage magnitude and frequency within limits. Later
interest shifted to the shape of the voltage waveform ("waveform distortion") and to shorterduration events such as short interruptions and voltage dips.
Many types of industries require good quality of power delivery. Many industries are so
dependent on electrical power that they suffer enormous monetary losses due to poor power
quality, but this depends, of course on the type of industry. Production plants that produce
integrated circuits are one example of a customer that is sensitive to voltage quality.
Today our homes are also becoming more and more dependent upon good power quality. We
have more products that need a good power quality in order to function properly. Today a
home contains much more electronic equipment, such as computers, DVD-players, surroundsound equipment, etc., than a decade or two ago. For example, our wish to be able to watch
our favourite movie with surround sound in our homes is today a reality. The trend to
surround oneself with more electronic equipment entails a variety of different equipment
connected to the power grid with a significant impact on the grid, and indirectly on our own
lives. We depend more than ever upon electrically powered equipment—home care
equipment, alarms, etc.

2.1 Power quality
If we start of with the term “quality”, it turns out that different people in general can have
many different associations with the term. In a philosophical context it is often the same as
characteristics (NE, 2006), and quality can also many times be quantified in different ways, or
at least we try to do that in order to make comparisons.

2.1.1 Definitions
The term “power quality” is a diffuse term. For instance, the IEEE dictionary (1996) states,
“Power quality is the concept of powering and grounding sensitive equipment in a matter that
is suitable to the operation of that equipment.” This can be interpreted as meaning how to
carry out the powering and grounding to maintain proper operation of the equipment. The
focus lies on how well the equipment is working. IEC states in 61000-4-30 (2003) that power
quality involves “Characteristics of the electricity at a given point on an electrical system,
evaluated against a set of reference technical parameters,” which can be interpreted as
measured value of power quality at a given point in the system that has to comply with a stated
value, and it seems that the IEC is focuses more upon measurement of the quality rather than
functionality.
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Since the deregulation of the power grid in Sweden in 1996, a discussion about the term
power quality has gone from a technical term to a more economical term. The Swedish
National Audit Office (SNAO) presented a report about “Quality of power delivery” (NB
author transl.) in 2006 (Banefelt and Larsson, 2006). The report states that from the
deregulation in 1996 and up to the year 2000, the main focus was upon net tariffs, and little or
no attention was paid to power quality. Discussion cantered mainly on getting a low and stable
price to the customers. But some incidents relating to storms and heavy snow weather have
caused a shift of focus towards the quality of power delivery. After the storm “Gudrun” in
January 2005, the legislation was tightened up. From 1 January 2006 the power companies are
obligated to compensate for unplanned interruptions longer than 12 hours, and interruptions
cannot have a duration longer than 24 hours. Network companies are also obligated to report
outages longer than three minutes. The report criticizes the lack of a review of the quality of
the voltage and interruptions shorter than three minutes, and therefore it may be once again
that focus is shifting towards technical terms. Note that “power quality of delivery” is perhaps
mostly focused only upon disturbances caused by the network company, while “power
quality” also deals with disturbances generated by customers. That is, customers can disturb
and cause problems for each other via the network. This fact is problematic today with
reference to the question of who is responsible. This is one of the reasons we have standards
today setting limits in order to avoid this matter.
The definition of good power quality used in this thesis is substantially described by what is
bad power quality. Any deviations from a perfect sinusoidal waveform of both the voltage and
current are defined as poor power quality. That means that the voltage should have a constant
amplitude and frequency at nominal values and that the current should have the same
frequency and phase angle as the voltage, and the current amplitude should also be kept
constant.
Power quality can be divided into voltage quality and current quality, where voltage quality
describes how the voltage affects the customers or the load, and current quality describes how
the load or customer affects the network. Note that many times is it difficult to distinguish
between the two. Waveform distortion in the current produces a change in the voltage and
vice versa, depending on impedances.
The IEC 61000-4-30 (2003) definitions of measurable power quality disturbance parameters
are
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x

Power frequency

x

Magnitude of the supply voltage

x

Supply voltage dips and swells

x

Transient voltages

x

Flicker

x

Supply voltage imbalance

x

Voltage interruption

x

Rapid voltage changes

2 Disturbances
x

Voltage and current harmonics, interharmonics and subharmonics

x

Mains signalling on the supply voltage

where these parameters should be within certain limits defined by other standards to ensure
“good” power quality. This list is not complete, and there are also other indices that are
measurable that can indicate power quality.

2.1.2 Variations and Events
Power-quality disturbances are often classified into two subgroups, events and variations,
where events are sudden disturbances with a beginning and an end. Variations are more of a
continuous change over time which has more of a stochastic than a periodic nature. Variations
need to be measured over a long period of time as a continuous function, while events are
measured with a triggering function (Bollen and Gu, 2006).
Variations are slowly changing parameters such as power, voltage magnitude, frequency,
harmonics, flicker, imbalance, etc. For example, voltage variations on the network can have
several causes, such as voltage drop due to load changes. All networks have more or less
impedance between the connected load and the voltage source, and this can be modeled as the
Thevenin equivalent as in Fig. 2.1. When the load current increases, the voltage drop over the
impedance increases. This results in a lower voltage at the load. Another cause of voltage
variation is transformer tap changes. This is used for compensation of voltage drop due to load
changes. The tap changes are normally done in steps, and this results in steps of the voltage at
the load.

I
Z

+
U

E ~
Fig. 2.1 Thevenin equivalent of the network.

Events are large and sudden deviations from the ideal waveform, such as interruptions, dips,
swells, transients, etc. For example, transients on the network can also have several causes, such
as lightning or the switching on and off of capacitors or inductors. Transients caused by
lightning can result in large overvoltages that often lead to faults. A typical lightning transient is
defined as having a rise time of about 1.2 s and a decay time of about 50 s, so that the
frequency spectrum of the transient could reach up to 1 MHz. The switching of capacitive or

9

2 Disturbances
inductive loads normally has lower frequencies. These transients can have oscillations that
reach up to about 1 kHz (Bollen and Gu, 2006).

2.2 Low-frequency distortion (Harmonics)
Continuous waveform distortion in the lower frequency range is often referred to as
“harmonic distortion” is simply harmonics. This has its origin from the fact that these
waveform distortions are often found as discrete spectral lines at multiples of the fundamental
frequency. For a fundamental frequency of 50 Hz, the 2nd harmonic is at 100 Hz, the 3rd
harmonic at 150 Hz, and so on. In reality, these harmonics are more or less steady state or
quasi stationary, and we often measure the variation of the harmonics as shown in Fig. 3.4 in
chapter 3.
Electronic power supplies, which this thesis mostly deals with, usually generate only harmonic
components (i.e., at multiple integers of the power system frequency), but there are other loads
that can create subharmonics (at frequencies below the fundamental frequency) and
interharmonics (in between the harmonics) that are also found in the lower frequency range.
Many standard documents on power quality define the harmonics up to 40th or 50th harmonic,
e.g., IEC 61000-2-2 (2002) and IEC 61000-3-2 (2005), so the normal measurement range is
up to about 2000 to 3000 Hz for a 50- or 60 Hz system. Since this thesis is to a great extent
about measurements above this limit, the harmonics are classified into two different ranges:
harmonics and high-frequency distortion, where the latter is discussed further in section 2.3.

2.2.1 Harmonics
Harmonic distortion in the lower frequency range has been studied since the late 19th century
when the phenomenon first was discovered. This problem was reduced when the designers
were able to build generators that could produce nearly sinusoidal voltage (Emanuel, 2000).
Today the problem has returned, and this is mainly due to the introduction of electronic
equipment. Electronic equipment is often served by a regulated power supply. The aim of
these power supplies is to deliver the right voltage and current level to the equipment. The
development of regulated power supplies has moved from the use of 50 or 60-Hz transformers
to the use of high-frequency transformers. The transformers used in the past were a mostly
linear load for which the current was nearly sinusoidal. The modern power supplies often use
techniques in which the current drawn by the power supply is not sinusoidal. Figure 2.2 shows
examples of the current drawn by some modern electronic equipment (upper) with regulated
power supplies together with the corresponding harmonic spectra (lower). Since the current is
distorted and not sinusoidal, the waveform contains other frequencies besides the fundamental
frequency at 50 or 60 Hz, as can be seen in the harmonic spectra. There are two reasons for
obtaining information on these frequency components: the frequency spectrum is used to
quantify the severity of the waveform distortion, and the propagation of the distortion through
the grid can be studied and understood much more easily when the frequency components are
known. With the help of a discrete Fourier transform (DFT), a digital (discrete) measured time
signal can be analysed to obtain this frequency spectrum. A more detail description is found in
Chapter 3.
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In the current drawn by the computer (top left), we can see that it is only conducting during a
short time during the cycle. Actually, the peak of the current is slightly before the peak of the
voltage, which may be seen as indicating that the load is slightly capacitive.
Computer

Compact fluorescent light

HF-fluorescent tubes

Fig 2.2 Current drawn by some different electronic loads (top) and their respective harmonic
spectra (bottom).
Analyses of the current drawn by these loads is not the main focus here, and there is a lot of
other literature written on the subject. But from the spectra in Fig. 2.2 (bottom) we can see
that computers (left) and compact fluorescent lamps (CFL) (middle) have quite high levels of
low-frequency harmonic distortion, while the distortion emitted by fluorescent tubes powered
by high-frequency (HF) ballasts (right) is quite low in relation to the other two.
The nonsinusoidal wave shape of the current has a number of serious consequences for the
performance of the power system and, directly or indirectly, for the customer. Here we will
give an incomplete list of the most important consequences. For a complete list, the reader is
referred to the literature on this subject e.g., (Arrillaga and Watson, 1985).
x

A sinusoidal current makes the most efficient use of the transport capacity of the power
grid. For the same amount of transported energy, a nonsinusoidal current requires more
transport capacity than a sinusoidal current. The result is that the power system
becomes more expensive, which indirectly results in a higher electricity price.

x

Nonsinusoidal currents lead to nonsinusoidal voltages. Certain types of end-user
equipment, especially electrical motors, will no longer function correctly and may even
be damaged when the voltage waveform deviates too much from its sinusoidal shape.
As this would not be acceptable, electricity companies have to invest in equipment to
reduce the distortion of the voltage waveform. This in turn leads to a further increase
in the electricity price.
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x

The harmonic distortion originating in small (single-phase) electronic equipment causes
a large so-called zero-sequence current in the neutral conductor. This has resulted in
dangerous overheating situations in the past, but the problem is currently well
understood by most power engineers. However, it again leads to higher costs for the
power supply system.

x

Nonsinusoidal currents lead to additional losses in the network. They are thus
responsible for an increase in total energy consumption. Measurements have shown
that the nonsinusoidal character of the current drawn by a television leads to additional
losses in the system equal to 1.5% to 2% of its total energy consumption (Lundquist,
2001). The percentage loss increases with increasing amounts of distorting equipment.

x

A nonsinusoidal current causes higher losses than a sinusoidal current with the same
transported active power. This causes excessive heating of components in the power
system, where especially distribution transformers are affected. The result is either a
reduced lifetime of the transformers or the use of a larger transformer (higher rating)
than would otherwise be needed. In both cases, the costs for the network operator
increase.

x

An indirect effect of the presence of this zero-sequence current is an increase in the
level of low-frequency magnetic fields in domestic and office environments if the
system is designed with a common neutral and protective-earth wire.

2.2.2 Standards (current emissions from loads)
There are three main objectives with regard to the harmonic disturbance levels. Compatibility
levels, Voltage characteristics and Planning levels. Compatibility levels set limits on 95% of the
locations for 95% of the time, and the Voltage characteristics set levels that should never be
exceeded in any location for 95% of the time. The planning levels are used by network
operators as an internal design and operation value. Note that these are in general only
recommended values for planning levels. There are, however, no planning limits for LV
customers; the responsibility lies with the equipment and is regulated by IEC 61000-3-2 and
IEC 61000-3-4 where 3-2 set limits for smaller loads (d 16 A per phase) while 3-4 sets limit
for larger loads (> 16 A per phase) (Bollen and Gu, 2006).
We will not go through all the standards regulating harmonics here, but it should be noted that
IEC 61000-3-2 (2005) is quite restrictive of the limits of harmonic emissions from the types of
loads produced by light equipment as compared with other loads. Some results of this can be
seen in Fig. 2.2, where it is obvious that the HF fluorescent lamp draws an almost perfect
current. This is achieved with the help of active power factor correction (APFC) circuits. Note
that there is, however, a lower power rate limit at 25 W for demands for class C, and that
means that almost none of the CFLs will probably need APFC due to the small active power
rate.
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2.2.3 Power Factor Correction
The power factor (PF) is defined as the ratio between the active power P and the apparent
power S as in (2.1).
PF

P
S

(2.1)

If we consider a one-phase system that we assume has a very low harmonic distortion content,
the active power and apparent power can be calculated from
P V  I  cos T
S

V I

(2.2)

where V and I are the Root mean Square (RMS) value of the voltage and current and T is the
phase shift between voltage and current. PF simply describes the phase angle between the
voltage and current as in (2.3).
PF

cos T

(2.3)

When we have a phase shift between fundamental voltage and current, the PF will decrease
from 1, and this is undesirable due to higher losses in transmissions lines, since they will have
to transport more current than necessary to deliver the same amount of active power.
When the current and the voltage are distorted, the harmonics will contribute to lowering the
PF. A convenient approximation that can be done if VTHD (Total Harmonic Distortion of
the voltage) < 5% and ITHD is > 40% is
PF |

I1
cos T
I

(2.4)

where I1 is the RMS value of the fundamental current (IEEE 1459, 2000). That means that if
the fundamental current and voltage have the same phase angle, the PF can be lower than one
due to the harmonic content. A more detailed description of RMS and THD can be found in
Chapter 3.
Power factor correction (PFC) is a quite broad term, and therefore it first of all is normally
divided into passive and active PFC. Typically, passive PFC (at the fundamental frequencies)
involves adding a capacitor to an inductive circuit, or less commonly, reducing capacitive loads
with a reactor in order to reduce the phase angle between current and voltage. Note that this
type of PFC only applies to phase shift between the fundamental voltage and fundamental
current and will not affect a low PF that is due to harmonics. Another passive solution when
PF is low due to harmonics is to add passive elements into the circuit. There are different
methods of doing this to reduce the harmonic content of the current drawn by the load. These
methods will improve the PF, but can be rather bulky and heavy, depending on the power rate
of the equipment. A useful compilation/summary can be found in V. Grigore (2001 p. 28–34).
APFC can be design in several ways. One common way is to use a “step up” converter, also
referred to as a “boost” converter. The idea is to force the current drawn from the grid to have
a sinusoidal waveform. This task can be accomplished in different ways. One is to measure the
rectified voltage and to shape the current waveform based on that. Fig 2.3 shows a very
13
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simplified scheme of an APFC circuit where a step-up converter is used. By sensing the
rectified voltage, the regulator can determine how to switch on and off the switch in order to
shape an almost sinusoidal current. There are a number of switching strategies; peak current
control, average current control, hysteresis control, borderline control, discontinuous pulsewidth modulation control, etc. This is a broad area and will not be discussed further here. A
description of these different control types can be found in, for example, Rossetto et al (1994).
What should be mentioned is that some of these controls use variable switching-frequency
strategies and we will see more of this in Chapter 5.

Reg.

Fig 2.3 Simple schematic of an APFC circuit.

2.3 High-frequency distortion
In general, little or no attention is paid to the frequency range above the low-frequency
harmonic range, or at least between 2 and 150 kHz. This is probably due to the relatively small
disturbance levels found within this range. But with the change of equipment that is connected
within our power grid, this may also have to be looked into as in the case with harmonics.
Waveform distortion in the higher frequency range is in this thesis called “High frequency
distortion”. The term “distortion” is in this context used in the same meaning as with
“waveform distortion” described earlier. In other words, distortion is a deviation from an ideal
waveform. “High-frequency distortion” is defined here as waveform distortion caused by
frequencies above the typical harmonic range, and in this case from 2 kHz up to about 1 MHz.
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Note that harmonics are related to the “fundamental” or “system power frequency”, 50 or 60
Hz. The amplitudes below fundamental frequency (subharmonics) or between
(interharmonics) are many times low in comparison with the harmonics. That is, often the
frequency spectrum in the lower frequency range is more or less a line or discrete spectrum,
while in the higher frequency range, continuous spectra are more common.

2.3.1 Origin of high-frequency distortion
The components called in this thesis “high-frequency distortion” often originate in loads using
switching techniques, and today these products are increasing in number because of the
features they provide. In order to comply with EMC limits, they need to be filtered, but the
filter often starts at 150 kHz due to the fact that many standards start their limitation at this
frequency. Even though some products have emission limits below 150 kHz, the filters are not
ideal, and there will be remnants of emissions from these types of loads.
SMPS use switching technique. The technique will not be discussed here, but the main benefit
of increasing the frequency is the ability to reduce the cross-sectional area of the iron core of
the transformer, which will reduce its weight and size. This type of power supply is also more
energy efficient than traditional power supplies using ordinary 50/60-Hz transformers.
Modern fluorescent lamps also use switching techniques. This development has lead to a
number of advantages in comparison with traditional fluorescent lamps powered by magnetic
ballasts. This type of load is often found in large numbers together at, for example, department
stores, offices, etc. Some of the main benefits of the use of HF ballasts are less flicker, longer
lifetimes of the fluorescent tubes and better energy efficiency.
APFC is, as previously mentioned, an extra circuit applied to reduce the harmonic levels, but it
also brings another switching function to the load. APFC is today most common in lighting
equipment, but it is also showing up in SMPSs for computers.
Converters are, of course, also a source of high-frequency distortion, since they use HF
switching technique. This type of load is most common in industry, but in the future it will
become more common in residential equipment such as refrigerators, heat pumps, circulation
pumps, etc. The power rating of these devices is normally quite large in comparison with the
types of loads mentioned so far. This type of load has not been subjected to measurement thus
far, but of course it is also of interest.
Power line communication (PLC) is another source of high-frequency distortion. PLC is a
very attractive way to communicate due to the fact that the lines in many cases are already
installed and no investment needs be made in new communications lines. This type of
communication has been used in Sweden for a long time. One of the first uses for power
companies was tariff control from around 1960 up to the present. Today there are numerous
types of PLC in use. PLC is also used by the power companies to collect metering data from
customers, and by 2009, all customers in Sweden have to have monthly meter reading. One
technique for acquiring this data is to use PLC. Presently a dedicated CENELEC B band (9 to
95 kHz) is in use, but there are also other low frequency techniques that are used by power
companies. “Indoor” communications, CENELEC C band (95 to 148.5 kHz), is also quite
15
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popular. The dedicated band is meant to be used by companies for device control. Some
attempts to use the power grid to distribute Internet communications have also been made, but
these have used a higher frequency range, thus far it has been in the range between 1 and 30
MHz (Marklund, 2003).
As previously mentioned, high-frequency distortion is defined within the scope of this thesis as
frequency components that are above the typical harmonic range. Since Sweden uses 50 Hz as
a fundamental frequency, and many of the standards only sets limits up to the 40th harmonic, or
2 kHz, the lower limit for “high-frequency distortion” is set at 2 kHz. Normally, within
standards there are certain frequency spans and borders. In the IEC and CISPR standards the
frequency range is divided into different ranges: 2 to 9 kHz, 9 to 150 kHz, 150 kHz to 30
MHz, 30 to 300 MHz, etc.

2.3.2 Standards covering this frequency range
There are not as many standards covering this frequency range as there are for harmonics, but
of course are there may be national standards and military standards that cover this frequency
range also. The main focus has been on the IEC and its subgroup CISPR. Here is a short list
of some standards that deal with signals in this frequency range.
x

IEC 61000-3-10 is a planned standard to cover the frequency range between 2 and 9
kHz.

x

IEC 61000-4-7 (2002) is a measuring-technique standard that in an informative annex
makes some suggestions of how to measure in the range from 2 to 9 kHz. This standard
is described in section 4.1.1.

x

IEC 61000-2-2 (2002) gives compatibility levels up to 9 kHz. Limits for mains
signalling (PLC) between 3 and 148.5 kHz are under consideration.

x

There are a number of standards that regulate PLC. For example, IEC 61000-3-8
(1997) sets limits on signal levels in different frequency bands. It specifies how to
measure signal levels with Artificial Mains Networks.

x

The CISPR standards mainly deal with both radiated and conducted emissions and the
immunity of equipment. They mainly cover from 150 kHz and up. One exception is
CISPR 15 (2002), which deals with light equipment and starts at 9 kHz.

It should be noted that the standards covering the high-frequency range almost only describe
measuring the emissions under controlled circumstances in a lab, and not as with harmonics
where there are standards describing harmonic limits out in the network, such as EN 50160
(1999).
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2.3.3 High-frequency Notches
A notch is defined in the Oxford dictionary (1995) as “a cut shaped like a V in an edge or a
surface”. The term “commutation notch” is often used among power engineers to describe a
phenomenon caused by rectifiers on the supply voltage, as shown in Fig 2.4 (right). When the
valve is switching, for example, from 1 to 2, there is a brief moment during which both valves
are conducting, creating a short circuit. The current drawn by the controlled rectifier then,
depending upon the impedance, creates a notch in the voltage (Thorborg, 1993). These
notches in the voltage will repeat and can be seen as synchronized with the power system
frequency.

Fig. 2.4. Controlled rectifier (left) and synthesized high-frequency notches (right).
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The term “high-frequency notches” in this thesis relates to recurrent spikes that are visible
when the filtered voltage or current is displayed, as in Fig. 2.5. In the measurements shown in
Chapter 5 and in the Appendices, these recurrent spikes are referred to as “high-frequency
notches”. They could of course have been noted using other terms; for example, recurrent
oscillations, recurrent spikes or recurrent transients. But since almost all of them seem to
somehow be synchronized with the power-system frequency, it was decided to call them
notches. The term “High-frequency” was added since the content of these spikes has a
frequency that is much higher than the “low-frequency distortion”. Note that this does not in
any way mean that these “High-frequency notches” are necessarily “Commutation notches”,
although this may be the case.

Fig. 2.5. An example of a filtered voltage with “High-frequency notches”
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3.1 Observation-based research
3.1.1 Einstein versus Newton
Research within physics is often based upon observation, and this is often exemplified by how
Isaac Newton developed his theories. Newton studied, among other things, the observations
made and laws formulated by Nicolaus Copernicus, who placed the sun in the middle of the
solar system, and Kepler, who placed the planets circling in ellipses around the sun. Tyco
Brahe, who actually never believed in Copernicus’ ideas, had access to good instruments for
astronomical observation and made thorough observations. But Brahe could never prove
Copernicus’ theories wrong. Newton was able to base some of his astonishing contributions to
science upon these observations. But observations by themselves are not necessarily a good
base and cannot always be trusted, as in the case of Brahe. The observation is done by a
person, often using some kind of instrument. The person involved is never fully objective, and
the question is how much influence the observer has on the result. It is here that criticism
against research based upon observation makes a point. It is simply not possible to prove
anything generally from observation alone. Many physical theories or laws have sooner or later
been proven wrong. For instance, Newton’s theories were generally accepted until the laws
were applied to large masses, and later on these theories were replaced by Einstein’s theories.
Together with a number of other examples, this constitutes proof for some scientists that
forming conclusions based upon observation is not a good way to do science (Chalmers, 1994).
Note that this does not mean that Newton was wrong—his theories of reality are incomplete,
and Einstein contributed a slightly more complete and much more complex model of reality.
The reader might get the impression from the above discussion that scientific progress through
observation is not possible. This is, however, not the case. Progress in physics takes place by
developing underlying theories that aim to explain observations. Besides explaining earlier
observations, new experiments are proposed for which different theories (typically an
established theory versus an alternative theory) give different observational results. The theory
that can best explain the observed results of the experiments becomes the established theory.
Coming back to Einstein and Newton: Einstein’s general theory of relativity explained the
observed rotation of Mercury’s orbit around the sun in a better way that Newton’s theory. In
addition, Einstein predicted that light would be deflected when passing close to the sun. This
phenomenon was indeed observed exactly as predicted during a total solar eclipse. After this
observation, Einstein’s theory became the established theory. Since then, many experiments
have been proposed to verify alternative theories, but until now, Einstein’s general theory of
relativity holds. Recent astronomical observations have even confirmed the existence of socalled “dark energy”, a prediction, made by the theory, in which Einstein did not himself
believe and which he once described as his “biggest mistake”.

3.1.2 Observations are subjective
Normally, observations within power engineering are made by first measuring, due to the fact
that the physics of voltage and current cannot be derived in other ways. And this is perhaps not
a case of contradictions except for measuring errors that are of a more systematic nature. After
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the measurement the waveform is either analyzed in some way, as described later in this
chapter, or observations are made and conclusions drawn directly. A number of factors can
influence the conclusion the observer makes from the measured data. If two observers observe
the same physical object, it is well known that they can interpret the results differently. The
differences in results can be traced to a number of different reasons, including expectation,
preknowledge and variations in the history and ethnic background of the observers, and even
to the time when an observation is made. There are numerous of theories about how
researchers perform their research and numerous attempts to explain the evolution of science,
but many of these theories also seems to have their flaws and cannot fully explain the evolution
of science. This is important to have in mind when performing analyses of measured data, but
different types of analyses can help in determination of the information within a measured
signal.

3.1.3 Observing voltage and current
After this general discussion about the progress of fundamental physics, the discussion will
concentrate on the measurements and measurement analysis that are the basis of this thesis and
will assess some of the subjectivity that comes with those measurements and their analysis.
Note that the term “analysis of measurements” in engineering is in this context very similar to
the term “interpretation of observations” in physics and even in the social sciences.
The measurements used for this thesis are all obtained from time-domain measurement, and
with the use of the Fourier transform, the time-domain measurements are brought into the
frequency domain.
The first step in performing a measurement is in the choice of place, time, measurement
equipment, etc. As voltages and currents are different at different locations, the choice of
measurement location will certainly impact the result. As an example, for the well-known
distribution power quality survey (DPQ) performed in the US and Canada, statisticians were
involved to verify that the chosen locations represented a random sample of all distribution
feeders (Dorr et al, 1997; Gunter and Mehta, 1995).
Criteria used for the choice of measurement location in our study included access to the site
and preknowledge of expected disturbance level. Especially the latter criterion is, in fact, rather
subjective. By deciding to measure at certain locations or with certain types of loads, important
locations and load types may be systematically neglected.
The choice of measurement equipment is also based on some preknowledge of the kinds of
disturbances that can be expected. At an early stage of this project, it was decided to
concentrate on disturbances in the frequency band 2 to 1000 kHz.
We perform a measurement of the voltage and current in some part of the power grid under
normal operation. We do not define “normal operation” here; we just show how the voltage
or current behaves more than 99% of the time, as in Fig. 3.1.
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Fig 3.1 Shows an ordinary measurement of a voltage and current.
So far, the instrument has only registered the voltage and current. The signal has not been
treated in any way and at this point one can say that the measurement is totally objective (if we
neglect the choice of place, time, transducers, etc.).

What can be seen is that the signal is periodic. The period is called power system frequency,
and it is close to 50 Hz in Europe (and close to 60 Hz in the USA). In Sweden the frequency
stays between 49.9 and 50.1 Hz most of the time. The term “fundamental frequency” or “50
Hz component” is also used, even if it is not totally correct. Interestingly, the use of the latter
term has resulted in some studies erroneously assuming the frequency to be always exactly 50
Hz.

The processing of the voltage and current signal is to a large extent based on this periodicity
and on the dominance of the power system frequency component. If the waveform were
perfectly periodic, we should only need to measure over one period (around 20 ms) and that is
exactly what older power quality measurement equipment does. The use of the term
“fundamental frequency” instead of “power-system frequency” suggests to those more familiar
with Fourier series than with power systems that the voltage and current waveforms are fully
periodic with (close to) a 20 ms period.
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“RMS value”, “peak value”, “rectified average”, “spectrum”, etc., as more closely described
later in Section 3.1, are indices that describe the signal features or signal characteristics, and it is
quite convenient to describe the signal by these indices. However, by choosing such an index,
information is lost. The choice of index is often a subjective choice based on historical
experience and habit. An example is the common use of the RMS value of the current. For
equipment with a thermal time constant that is much higher than 20 ms, the RMS value is a
good choice. However, for equipment with a shorter thermal time constant, the RMS current
could lead to incorrect rating of the equipment.

But there are in reality small differences between periods, and mathematically, the signal is no
longer periodic. The difference between the periods can be addressed in a number of ways:
x

An “average waveform” can be obtained by averaging consecutive cycles sample by
sample. The indices are then calculated from this average waveform.

x

The indices, like RMS and spectrum, are calculated over a longer window, e.g., 10
cycles.

x

The indices are calculated for each cycle and averaged over a longer period.

The choice of method will result in different values and in some cases even different
phenomena.
The difference between cycles can be referred to as “interharmonics” or as “time variation in
signal characteristics”. Depending on the analyzing method, the result is an interharmonic or
noise or a time variation in the signal spectrum.

If the signal varies with time, it can be difficult to detect this. The “RMS” value gives the
power of the current or voltage over the measured time window, but it doesn’t describe if or
how the signal varies over time. The resulting RMS value can be the same if the signal is
constant over the measured window or if the signal contains a large, short transient and stays at
zero the rest of the time. The same problem occurs with DFT. If some of frequency
components vary during the measured window, the resulting spectrum will only show each
frequency component as some type of average; actually, the result is somewhat near the least
square method.

A way of getting more information about variation from the measured window is to divide the
window into smaller parts, a method called “sliding window”. To get information about how
the RMS value varies over time, it is then calculated for these shorter time periods, and the
variation can thus be detected. The same can be done with the DFT. Smaller windows are
taken from the whole window, and then the frequency components are calculated. This gives
some information about how frequency components change over time. The latter is also
known as Short Time Fourier Transform (STFT).
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The dilemma with dividing the measured window into smaller parts is that a shorter window
results in larger frequency separations and vice versa. That means that the resolution of the
time and frequency can not be chosen independently. Different ways of presenting a measured
signal and its time variations are presented in the forthcoming sections.

3.2 Time domain
Today, measurement in the time-domain is both relatively cheap and easy, and therefore many
electrical power measurements are performed by sampling in the time domain. The easiest way
to analyze the measured waveform is by observing the waveform and drawing conclusions
based on experience But in many cases this is problematic due to the fact that even relatively
small distortions can have large affects as, for example, 2% negative sequence distortion.
Therefore it is not easy to analyze the result just by observation. There are some usual ways of
quantifying the signal amplitude, e.g., peak, mean and root mean square, here only shown
discrete formulae.

The peak value gives the maximum value of the sampled window as in (3.1). Normally the
peak value is expressed as the absolute value of the measured signal, but sometime it is also
expressed as the peak-to-peak value.

Peak

max x n

(3.1)

The mean value (some times also named “rectified mean value”) as given in (3.2), where N is
the total number of samples, is also a common way of quantifying a signal. But if the signal is
periodic and symmetric with the respect to zero axes, the mean value would be zero, so is it
common practice to use the absolute value of the signal.

Mean

1
N

N

¦xn
n 1

(3.2)

The mean value algorithm can also be used for reducing the signal-to-noise ratio. This is done
by taking a number of windows of the signal with the exact same triggering time between the
periods, and the mean value of each sample within a window is calculated.
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The RMS value of a sampled sequence is obtained as in (3.3).
1
N

RMS

N

¦x n

2

(3.3)

n 1

The quantified result gives the root of the mean-value-squared samples. This quantification is a
good way of describing the power within a signal, since the RMS value gives the correct
resulting power even whatever waveform the signal has, from pure sinusoidal through distorted
sinusoidal to pure DC. Many times the RMS value is also used in other calculations, as shown
later.

To get some understanding of a signal’s shape the crest factor, sometimes called peak factor, S
can be evaluated. The crest factor is defined as the ratio between the signal’s peak value and
the RMS value as in (3.4). For a pure sinusoidal signal the ratio is ¥2.

S

max x n
1
N

N

¦x n

2

(3.4)

n 1

In about the same way the shape factor F is defined as the ratio between the RMS value and
the rectified mean value as in (3.5). If the measured signal is f(t)=sin2ft, then RMS value = ¥2
divided by the rectified mean value.

F

1 N
¦x n
N n1
1 N
¦xn
N n1

2

(3.5)

Fig 3.2 shows some examples of different types of signals with the peak (red), mean (green) and
RMS (blue) value plotted out. The upper shows a pure sinusoidal waveform with an RMS
value of 230 and the peak value ¥2 times higher and the mean value about 0.90 times the
RMS value. The middle waveform shows a square waveform where all three values are the
same. The lower waveform shows a heavily distorted sinusoidal waveform with 0.9 p.u.
fundamental plus about 0.44 p.u. third harmonic where the RMS value is 230, the peak is
about 311 and the mean value is 216.
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Fig. 3.2 Example of peak, mean and RMS values of three different types of
signals. Upper, pure sinusoidal signal; middle, square waveform; and lower with
0.9 p.u. fundamental plus about 0.44 p.u. third harmonic.
Table 1 shows the different values described above for the three example curves. But the
problem is that these quantities do not describe the signals that well, and in many cases it is not
a satisfactorily description of the signal. There are, however, better ways of describing the
signal, as shown in the next section.
TABLE 1
Peak

Mean

RMS

S

F

Upper

325

207

230

1.11

1.41

Middle

230

230

230

1

1

Lower

311

216

230

1.06

1.35
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3.3 Characteristics versus time
The characteristics of a voltage of current waveform, expressed in the form of the
characteristics calculated in the previous section, show in most cases a variation with time.
There are different ways of expressing this time variation. When it concerns a limited number

Fig. 3.3 Variation of the power system frequency during a week.
of characteristics, the time variation can be expressed as a curve of characteristic versus time.
Examples are the RMS voltage as a function of time or the frequency as a function of time as
the frequency exemplified in Fig. 3.3. This way of presentation is also not fully objective,
among other reasons because it involves the choice of a time step. Sometimes there are big
gaps between the measurement or analysis windows, e.g., the RMS calculated over one cycle
measured every 10 minutes. In other cases there is big overlap between the windows, e.g., the
one-cycle RMS voltage calculated 4 times every cycle. It will be obvious that the resulting
graphs show completely different phenomena.

In the same way as RMS and power system frequency vary, the harmonics also change over
time. Fig. 3.4 shows an example how the 550 Hz component, 11th harmonic, changes over
time. In normal harmonic analysis, the analysis is made up to the 20th or 25th harmonic, and to
get an overview of how the spectrum changes over time, this must be done 3-dimentionally
with the frequency and time at the x- and y-axis and the amplitude at the z-axis.
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Fig. 3.4 The daily variation of the 11th harmonic (550 Hz).

3.4 Frequency domain
Measurements describing the signal in the frequency domain can be carried out in at least two
fundamentally different ways. One is to apply a narrow band-pass filter and then measure the
amplitude of that signal, normally referred to as measurements with spectrum analyzer, etc.
The second is to first measure in the time domain and then mathematically transform the signal
into the frequency domain. All analyses in the frequency domain in this thesis are based on the
latter method. Many books have been written upon the subject, e.g., Svärdström (2002),
Bengtsson (2003), Bollen and Gu (2006) and therefore only a brief overview is presented here.

3.4.1 Analogue signals
The transformation from Time domain to Frequency domain is a very important analyzing
tool for an engineer. It makes it possible to obtain the frequency content of a signal measured
in the time domain. The fundamental development of the Fourier Series (FS) was mainly
accomplished by Pierre Simon de Laplace and Jean Baptiste Joseph Fourier in the late 18th and
early 19th centuries. The theory is basically that any continuous periodical signal f(t)=f(t-T) with
period T can be represented as a constant plus an infinite sum of sinusoidal components with
frequency and amplitude as in (3.6).
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f

A0  ¦ An cos nZ 0 t  Bn sin nZ 0 t

f (t )

n 1

(3.6)

where
2S
Z0
T

From this the frequency content of a signal measured in the time domain can be determined.
The scalars A0, An and Bn are obtained by the equations given in (3.7), but in order to calculate
the frequency content of the signal as given in (3.6), one must know the analogue function f(t).
In mathematic applications, an analytical expression for the function typically exists, but for
measurements, this is not the case. With modern instruments the function is sampled, and even
if the sampling rate were infinitely high (i.e., an analogue signal would result) no analytical
expression would result, and numerical methods would be needed to solve the integrals. An
alternative approach will be presented below.
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The FS can be rewritten with the help of Euler's formula:
e jx

cos x  j sin x

into the expression in (3.8) and allowing n to become negative, introducing negative
frequencies that have no physical meaning but are a useful mathematical tool. This makes the
calculations mathematically easier, and the argument gives direct information about the phase
angle for each harmonic. Note that the information about the phase angle can also be obtained
from (3.6), but in an indirect way. The information about the phase angle is a great benefit that
comes with Fourier series compared with other methods of getting the frequency content of a
signal.
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3.4.2 Discrete signals
When sampling the signal with an A/D converter, the problem of knowing the function f(t)
evaporates, since the measurement gives the function f(n). There are different types of
transforms available; they will not be presented here, but can be read more about in, e.g.,
Bengtsson (2003, p.171-178). Instead, only the Discrete Fourier Transform, DFT, is dealt with
in this thesis.
The function f(t) is no longer known at all time instants, but only at discrete instants t=nTS,
where n is an integer and TS the sampling time. Instead of f(nTS) we write f(n).
Fast computers make it very easy to first sample and then apply the DFT algorithm, as shown
in equation (3.11), to the sampled signal f(n).
N 1

GS k
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ne

j

2S
kn
N

(3.11)

n 0

Where:
GS(k) is the discrete Fourier transform as a function of the frequency channels k of N total
number of samples of the sampled function f(n).
Since the exponential in equation (3.11) contains the factor
number of samples N
Gs k  N

2S
k
N

, it is periodical with the

Gs k ,

and there is also some symmetry around zero: the value for negative frequencies is the complex
conjugate of the value for positive frequency
Gs  k

Gs k

*

where

A  jB

*

A  jB .

Additionally to this, there is also symmetry around k=±·N/2, e.g., the value for N/2  k  N
is the conjugate of 0  k  N/2, and so on. As a consequence, the only valuable information
lies between 0  k  N/2—the rest can be reproduced if only these values are known.

In (3.11), time and frequency are no longer represented as in previous transforms, but are now
represented by the knowledge of the sampling speed in S/s, where S denote samples. The
number of frequency channels k is dependent on the number of samples N, but during
measurement, the number of samples is dependent on both sampling speed and window
length.
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According to the Nyquist theorem, not explained in detail here (for further reading see
Bengtsson (1996 p. 18–19) and Svärdström (2002 p. 81–83), the sampling frequency fS has to
be at more than twice the maximum frequency fmax we want to detect, as in (3.12). This can
also be seen as a result from the discussion above where if a signal should appear somewhere
between N/2 up to N points it will also be visible between zero and N/2 points.

f max 

fs
2

(3.12)

The only way to deal with this problem is to use an analogue filter to remove these signals that
appear at frequencies above fmax. In this project an analogue filter was used. How it performed
in this project is described in greater detail in Section 4.2.1. Fig 3.5 shows an example of a
DFT performed on a signal containing a 50 and 750 Hz components with a 1 kS/s sampling
rate. Since the maximum frequency fmax (half the sampling rate fs) is 500 Hz, the 50 Hz signal
appears at 50 and 950 Hz, and the 750 Hz signal also appears at 250 Hz, which is misleading.

Fig. 3.5 Shows the FFT of a signal containing 50 and 750 Hz components with
1kS/s sampling rate.
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The separations between the frequency channels ¨f are determined by the window length, as
in (3.13), where N is the total number of samples, and the frequency f is the given frequency at
given channel k. That means a longer time window results in a higher frequency resolution.

'f

fs
N
(3.13)

and
f

fs
k
N

The exact definition of frequency resolution in signal processing is rather complex and outside
of the scope of this report. However, it can be generally stated that a higher frequency
resolution goes together with a lower time resolution.

As mentioned before, k represents discrete frequency channels with a frequency separation as
in (3.13). One problem with the DFT transform is leakage. This occurs when a signal has a
frequency somewhere between two frequency channels. The signal will then “leak” to nearby
channels. How this affects the nearby channels is not discussed here, but can be further
explored in Bengtsson (2003 p.195–199). Another way of looking upon leakage is that each
frequency channel k has a corresponding signal that has to fit exactly n cycles into the measured
window as in Fig. 3.6. The figure shows two 1-second sampling windows where the upper
figures shows a 2 Hz signal (left) and corresponding DFT (right), and the lower shows a 2.3 Hz
signal (left) and corresponding DFT (right). When applying a DFT on the 2 Hz signal, we will
only show up in channel k = 2 (f = 2 Hz), because the signal fits exactly 2 cycles into the
window. But when applying DFT on the 2.3 Hz signal it will be treated as a discontinuous
signal and therefore leak into the nearby channels. It should be noted that it doesn’t leak only
into the two nearest channels (k = 2 and k = 3); it also shows up in other nearby channels as
seen in the lower right figure.
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Fig 3.6. Two 1-s sampling windows. The upper with 2 Hz and the lower with 2.3 Hz. The
calculations performed by the DFT assume that the signal is periodic with the window length
as a period. As the 2.3 Hz signal does not fit exactly in the window, it contains more
frequencies than just 2.3 Hz.
A way of making this better is to use a smoothing or weighting window. Simply put, this
means to multiply a window that brings the signal close to zero in both the beginning and end
of the measured signal. A typical window could be a Hanning window. Fig 3.7 shows in the
upper left a Hanning window and in the upper right a 5.3 Hz signal measured with a 1-s
window. The signal does not fit exactly into the window and will therefore be discontinuous.
By multiplying the signal with the Hanning window, the signal will be continuous and the
leakage will decrease. Note that the leakage will not disappear due to the fact that the 5.3 Hz
signal is still there.
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Fig 3.7 The principal of windowing a signal. Upper left shows a Hanning window, upper right
shows a 5.3 Hz signal and bottom shows the Hanning window multiplied by 5.3 Hz signal.
The transform does not take into account amplitude-modulated signals, which means that it
can only show the right result for steady-state signals. For instance, if the signal varies with
time, especially during the measured window, the amplitude will be somewhere between the
minimum and peak value of the signal. A method to observe these types of amplitude
variations is shown in Section 3.5.

3.4.3 Harmonic spectrum and THD
In power systems it is common to have spectral components in the lower frequency range and
when analysing disturbances in electrical power systems IEC 61000-4-30 (2003) states that we
should use, for a class A instrument, a 10 cycle window. A 10 cycle window results
approximately in a 200 ms window in a 50 Hz system since the power system frequency is not
exactly 50 Hz. This leads to a frequency separation about 5 Hz. Since we can almost only
expect spectral components in the lower frequency range IEC recommends grouping the 5 Hz
components into 50 Hz components in a 50 Hz system called “harmonics”. How this
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grouping is done can be read more about in detail in IEC 61000-4-7 (2002). The frequency of
the harmonics becomes
fn

n  f1

where fn is the frequency as an integer multiple of the power system frequency where the
harmonic order is denoted n. The amplitude (in RMS) of each harmonic is denoted as Gn.
Note that G is used instead of U (voltage) or I (current).
Total Harmonic Distortion THD is a way of describing how distorted a waveform is. THD
gives the relative amount of signal energy not in the fundamental as in (3.14) up to a specified
harmonic order H.
2

H

¦G
THD

n

(3.14)

n 2

G1

THD is typically given as a percentage value. From a mathematical point of view the THD
should be calculated up to H = f but in the normal case it is up to about 40th to 50th harmonic
(about 2 to 3 kHz depending on the power system frequency). There are other ways of
describing the harmonic distortion as e.g. THDS, PWHD in IEC 61000-4-7 (2002). In this
thesis in section 5.2.1 the harmonic distortion is given both in relation to the fundamental as
(3.14) and also in absolute value as in (3.15). Subgroup THD values are also calculated with H
corresponding to frequency between 2 and 9 kHz and between 9 and 150 kHz.
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n 2

3.5 Joint time-frequency domain
3.5.1 Short Time Fourier Transform
As discussed above, there is an obvious risk that a signal’s variation in time can be difficult to
detect with the Fourier transform. Due to this, there can in some cases be a tremendous
advantage in keeping the information from the time domain when looking at a signal in the
frequency domain. One way of doing this is to use the Short Time Fourier Transform, STFT.
The idea is to divide the measured window into smaller parts and make a Fourier transform of
each smaller window and then combine them again in the time domain as a matrix to display
either in an intensity graph or in a 3-dimensional plot. The benefit is that one can retrieve
information about nonstationary signals within the measured window, e.g., if a signal is
modulated with another frequency or if the signal is clocked with other frequencies. Several
analyzing software tools, such as MATLAB and LabVIEW, have prepared scripts for
performing these calculations.
Fig. 3.8 shows a principal example of an STFT. The figure shows the whole 200 ms window
with f(t)=sin2S50t signal. The window is divided into 10 different subwindows, each
containing 20 ms. Then to avoid leakage, some type of window is applied to each window.
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On each window, a DFT is applied to find the frequency components within each
subwindow.

Fig. 3.8. A 50 Hz signal with 200 ms window divided into ten 20 ms windows.

The maximum frequency that is achieved from the DFT depends on the sampling rate, as in
(3.12), and since the sampling rate is the same for the whole window, it is also the same for the
subwindows. But since the time length of the window is changed, the frequency resolution is
affected as in (3.13). That gives a 5 Hz frequency resolution for the whole window and a 50
Hz frequency resolution for the 20 ms subwindows.
Fig 3.9 shows how the matrix from STFT can be presented with the time on the x-axis,
frequency on the y-axis and the amplitude as shifting colours. The amplitude is shown in a
logarithmic scale as 20  log10 A where A is the STFT matrix. The frequency resolution is 50
Hz and time resolution is 20 ms. Note that e.g. the factor, N Subwindowlength should be multiplied
to A to get the amplitude in RMS which is not done in this thesis since the pattern in the
spectrogram is considered more important rather than the amplitude.
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Fig. 3.9. The resulting spectrogram
Since the subwindow time length will affect the frequency resolution, as shown in Fig. 3.10,
time and frequency resolution cannot be chosen independently. A higher time resolution
corresponds to a lower frequency resolution and vice versa, with their product being constant.

Fig. 3.10. A low time resolution (fewer subwindows) results in high frequency
resolution (left figure) and high time resolution (more subwindows) results in
lower frequency resolution (right figure).
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Fig. 3.11 shows a synthetic signal with one continuous signal at 5 kHz and two discontinuous
signals at 25 and 25.9 kHz with three different choices of windows. As can be seen, the
frequency resolution increases with larger subwindows, and, less clearly, the time resolution
decreases with larger subwindows.

Fig. 3.11. Constant signal at 5 kHz and discontinuous signals at 25 and 29.5 kHz. With three
different window choices: 0.1 ms (10 kHz) upper, 1 ms (1 kHz) middle and 10 ms (100 Hz)
bottom.
When dividing the signal into smaller parts, the risk of leakage is even higher, since smaller
windows result in higher leakage in the lower frequencies. Therefore it becomes more
important to minimize leakage. This is normally done by applying some type of window as
described earlier in Section 3.2. All spectrograms shown in this thesis are produced with a
Hanning window with the same width as the subwindow.
The frequency separation can be increased without impacting time resolution. This is done by
adding zeros to the end of each subwindow, which will reduce frequency separation as also
shown in (3.13). Note that this method does not in any way improve frequency resolution; it
only results in more points in the frequency domain. The term “interpolation” is also
sometimes used to explain the way in which zero padding works.
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In the same way, time separation can be increased without changing the frequency resolution.
This is done by overlapping consecutive windows. It gives more points in the time domain,
but in no way impacts time or frequency resolution.

3.5.2 Long-term measurement
When doing long-term measurements, the amount of data becomes huge due to the sampling
speed required for monitoring high frequencies. There are also problems with viewing these
long-term measurements. One of the tasks within the scope of this thesis was to make some
long-term measurements in order to observe changes in frequencies in different places in the
low-voltage network. To elucidate these measurements, the same principle as used in
displaying the STFT as described in Section 3.3.1 was applied. Fig. 3.12 shows an example of
how these long-term measurements can be illustrated.

Fig. 3.12. An example of a graphic summary of long-term measurement.
In the example measurement in Fig. 3.12, 200 ms windows with 10 MS/s and 12-bit
resolution were taken every 10 minutes between 14:00 and 10:30 the following day. Four
channels were used for the measurement, but only one channel is shown in the figure. This
results in approximately 16 MB for each recording, and together with 123 recordings, this
results in almost 2 GB of data. With a 200 ms window, the frequency resolution is 5 Hz. This,
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together with number of recordings used and use of the maximum Nyquist frequency of 5
MHz, would result in a 123 x 1,000,000 matrix, assuming that only the absolute value and not
the argument of the DFT was used. This would have resulted in an enormous amount of data,
and even today, 2006, it is not feasible to have as an overview. Therefore the grouping
algorithm proposed in IEC 61000-4-7 (2002), described in Section 4.1.1, was used, calculating
up to 1 MHz. Note also that only the first 100 ms of each measured window were used in
calculating the DFT. This shortening of the window reduces calculation time. The
spectrogram was feasible to use to show the result. 3-D plots were also tried, but they require
much more computational power. The resulting dimensions of the matrix shown above are
123 x 5000.
Another method of showing how the measured frequency components vary over time in two
dimensions is by statistics. In this thesis this is done with the help of Peak, Average and 95%
spectrums. This is done by calculating as in the previous example the average value of each 200
Hz frequency component for the 123 readings and then presenting the mean value of all 200
Hz bands in a two-dimensional plot as shown in Fig. 3.13. Additional information on this
method of analysis can be found at the end of Section 5.3.1.

Fig. 3.13. The average spectrum of the 123 readings for each 200 Hz band.
Since it can be hard to tell the amplitude of the 3-dimensional spectrogram in Fig. 3.12, this
method can be a better way of presenting the amplitudes; but the time-dependent information
is, of course, lost.
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4 Measurement technology
Measurement in the time domain is due to its simplicity the easiest way to measure. The
development in general of electronics, and in particular of computer technology, has made it
possible to use time-domain measurement in the higher frequency range. Traditionally,
measuring receivers have been used in the higher frequency domain.
First are we going to look at standards dealing with time-domain measurement, and then
measurement with measuring receivers, after which we will compare the two methods. In the
end we will describe the equipment used in this project.

4.1 Standards describing measurement
IEC has published the main sets of international standards dealing with EMC and power
quality, most of which are part of the 61000 series. The 61000 series of standards consists of six
different parts, where part 4 is about “Testing and Measuring techniques”. There are also other
IEC standards dealing with EMC and power quality, and many countries have their own
standards. Especially worth mentioning is the fact that IEEE documents have become widely
spread. The International Special Committee on Radio Interference (known under the French
acronym CISPR) is a standardization group that was founded by IEC. Generally, CISPR deals
with higher frequencies than the IEC 61000 series, but many of the CISPR standards have also
been adopted by the IEC.
The frequency range studied in this thesis for monitoring from 2 kHz to a few hundred kHz
on the low-voltage distribution grid is rather unknown territory as far as measurements are
concerned. But recent developments discussed in Chapter 1 and 2 necessitate that more
attention be directed towards measurements in this frequency range as well.
Standards dealing with measurements are important for a number of reasons:
x

Ability to compare measurement at different locations.

x

Specify instrument parameters such as resolution, bandwidth, etc.

x

Specify methods to analyze measurement data; e.g., flicker, harmonics, etc.

Most of the measurement techniques in the (IEC and CISPR) EMC standards are aimed at
verifying compliance of equipment with product standards. Such measurements are typically
performed in a well-defined laboratory environment, and reproducibility of the results is very
important. This explains the detailed way in which the standards prescribe certain
measurement techniques.
The power-quality measurement standard IEC 61000-4-30 (2003) is an exception to this rule
in that it prescribes a method for performing measurements of the electromagnetic
environment. In fact, this document was the first IEC document in which the term “power
quality” was used, even though the normative part of the document only treats voltage quality
measurements. This standard aims at defining the measurement methodology for contracts,
benchmarking and as a recommendation for power-quality equipment manufacturers. Since
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the publication of the document, it has become widely used, and compliance with IEC 610004-30 has become an important criterion in selecting a monitor. The standardized way of
measurement makes it easier to interpret the measurement results and to compare results from
different monitors.
When studying a power-quality disturbance, for troubleshooting or as part of a research
project, there is no requirement to follow the measurement standards. In fact, strictly following
the standard could severely hinder the investigation in some cases. Despite that, there is no
objection to using existing standards as a starting point in a study.
There are two different measurement standards that cover the frequency range between 2 kHz
and up to about 1 MHz: IEC 61000-4-7 (2002) and CISPR 16. In the forthcoming section, a
brief introduction is made of both of them, followed by a comparison between the
fundamentals of the two methods.

4.1.1 IEC 61000-4-7
The informative Annex B in IEC 61000-4-7 (2002) describes measurements between 2 and 9
kHz. The document recommends the use of time-domain measurement that is later
transformed into the frequency domain, applying a DFT to the measured signal. IEC 61000-47 (2002) refers to both current and voltage measurements.
The main scope of IEC 61000-4-7 in this frequency range is to measure:
– pulse-width modulated control of power supplies at the mains side connection
(synchronous or asynchronous to the frequency of the mains), such as used in "power factor
correcting systems"
– emissions, such as mains signaling
– feed-through of components from the (load side) output to the (supply side) input of power
converters
– oscillations due to commutation notches
The document also states that the signal generated from these types of loads can be at a single
frequency or be a broadband signal.
A brief description of the measurement method given by IEC 61000-4-7 (2002) Annex B is:
 A band pass filter that attenuates the fundamental frequency and components above 9
kHz. The attenuation of the fundamental should be at least 55 dB.
 The sampling does not need to be synchronized to the fundamental period of the
power-system frequency.
 A rectangular window of 100 ms can be used corresponding to approximately 5 (6)
fundamental periods of 50 Hz (60 Hz).

42

4 Measurement technology
 The total uncertainty should not exceed ± 5% when tested with a single-frequency
emission in the frequency band considered.
 The output DFT is grouped into bands of 200 Hz, as in (5.1), in order to harmonize
with the 9 to 150 kHz bandwidth in CISPR 16-1.
b 100 Hz
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The grouping of the signals is a result from Parseval’s energy theorem (IEC 61000-4-7, 2002;
Bollen and Gu, 2006). It defines the signal energy expressed in the time domain as equal to the
signal energy in the frequency domain as in (5.2).
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An example of the grouping of individual frequency components into 200-Hz bands is shown
in Fig. 4.1.

G2100

G2300

G8900

Fig. 4.1 Grouping method according to IEC 61000-4-7 (2002) in the range from 2 to 9 kHz.
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The difference from the traditional harmonic measurements (below 2 kHz) is that the
distortion below 2 kHz has in most cases more of a line spectrum character, whereas in the
higher frequency range the distortion is more likely to have a continuous spectrum. The
methods for grouping of harmonics below 2 kHz compared with the method for grouping in
the range from 2 to 9 kHz give the same results for a single frequency distortion (line
spectrum). But when the signal is more continuous, the results will differ between the methods
(Bollen and Gu, 2006, p. 191–193).
The standard document recommends the use of a filter when measuring in the frequency range
2 to 9 kHz to remove the low-frequency parts of the distortion. The use of a 24-bit A/D
converter can be an alternative to the use of such a filter. The additional 10 bits in resolution
provide about 60 dB extra dynamic range compared with a measurement using a 14-bit A/D
converter. As the suppression of the fundamental component should be 55 dB according to the
standard, the remaining dynamic range for the distortion in the range 2 to 9 kHz is about the
same.

4.1.2 CISPR 16
CISPR mainly contains standards to limit disturbances, both radiated and conducted
disturbances, generated by equipment, and also to test immunity against disturbances. CISPR
mostly takes into consideration disturbances in the frequency domain, and therefore
measurement with measuring receivers is most common. The standard deals with
measurements from 9 kHz to 18 GHz. The frequency spectrum is divided into different
frequency ranges (A to D) where, for example, A is the range between 9 and 150 kHz and B is
the range between 0.15 and 30 MHz.
The most interesting parts of the CISPR 16 for this thesis are parts 1 and 2. Part 1, “Radio
disturbance and immunity measuring apparatus”, specifies measuring equipment. It considers
both the instrument used and the ancillary equipment used under tests. Part 2, “Methods of
measurement of disturbances and immunity”, deals with the methods used under testing and
specifies in part how to measure conducted disturbances.
CISPR 16-1-1 (2003) describes the different measuring receivers, and also spectrum analyzers,
audio-frequency voltmeters and disturbance analyzers. An explanation of all these apparatuses is
not given here, but Fig. 4.2 shows a very simplified schematic of a scanning receiver. The
“radio frequency” is mixed with a signal from a “local oscillator” and then fed through a filter
with a predetermined resolution bandwidth (RBW) that filters out the “intermediate
frequency”. Then a detector, quasi-peak, peak, average or RMS, decides the amplitude of the
signal that is then fed to the display together with the frequency from the “local oscillator”.
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Fig. 4.2. Simple schematic of a scanning receiver.
The detector can be of different types and some are:

x

Quasi-peak is a form of detection in which a signal level is weighted based on the
repetition frequency of the spectral components making up the signal. The result of a
quasi-peak measurement depends on the repetition rate of the signal. The input is often
simplified with a diode in series with a resistor, and then a capacitor in parallel with a
resistor and the charging time and discharging time are defined in the standard. Note
that there are different time constants for bands A, B and C and D.

x

Peak is simply a registration of the maximum magnitude recorded during the
measuring time (described in more detail below).

x

Average is simply designed to indicate the average value of the envelope of the signal
passed through the filter.

x

RMS detects the root-mean-square value of the signal passed through the filter during
measuring time. Note that since the response of an RMS meter is proportional to the
square root of the bandwidth for any type of broadband disturbance, the actual
bandwidth needs not be specified.

This solution makes it easy to sweep the signal and get the magnitude of each frequency band.
But depending of the type of detector and characteristics of the signal, the result will differ.
The RBW should be about 200 Hz between 9 and 150 kHz and 9 kHz between 0.15 and 30
MHz, except for measurement with the RMS detectors, as stated above.
The measurement time (sometimes also called dwell time) determines how long each filter
band should be monitored before stepping to the next one. The measurement time is
determined from the scan time divided by the total number of frequency bands monitored
(CISPR 16-2-1, 2003).
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It can be difficult to compare these two completely different methods of measuring, but since
we have the opportunity to cover the range from 9 kHz to 1 MHz with the same instrument,
it is a matter of some interest. In the next section an attempt is made to list some of the
differences.

4.1.3 Comparison (DFT vs. measuring receiver)
As previously mentioned, there are fundamental differences between the two main ways of
measuring. Measurements in the range up to 9 kHz, according to IEC 61000-4-7 (2002), take
a snap-shot of the voltage or current waveform and apply mathematical tools to extract the
spectrum. The spectral components are next merged into predefined frequency bands.
Measurements above 9 kHz, according to CISPR 16, use a frequency-domain approach in
which a receiver sweeps through the whole frequency range, taking one band at a time. The
two methods will be referred to here as “IEC method” and “CISPR method”.

Fig 4.3. Coverage of time and frequency domain for IEC method (left) and CISPR method
(right).

This difference between the two methods is shown schematically in Fig. 4.3. The IEC method
takes a time window of the waveform and obtains the values for each frequency band over this
window. The CISPR method only takes one band at a time. If the measured signal is
stationary (i.e., its properties will not change with time), we will achieve the same result. But
in reality, stationary signals are rare. Many signals are either discontinuous or modulated in
some way, and this will lead to different results for the two methods. In defense of the CISPR
method it should be mentioned that this method was developed for measuring the emission of
equipment. When the equipment is in a fixed operational state, the emission can be expected
to be stationary, although this is not guaranteed.
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For time-variant signals, the IEC method allows for continuous monitoring, whereas the
CISPR method will always have gaps. Again, for emission measurements this may not be a
serious concern, but for measurement of the electromagnetic environment (voltage quality),
the signals are much more likely to be time variant.
An important argument for using the CISPR method (and probably the reason it was chosen
in the first place) is that it does not put high demands on sampling capacity and on computing
power. The CISPR method can cover a very wide bandwidth and has a large dynamic range.
It uses basically the same technology as radio receivers, which has been well developed and
been widely available for many years. Fast sampling technology and high computing power
have only recently become widely available. Actually, digital technology has become so much
cheaper that the IEC method may by now be easier and cheaper than the CISPR method up
to frequencies well beyond 9 kHz. Note that for the highest frequencies, the CISPR method
remains superior.
Even for stationary signals, it is not obvious that the IEC method and the CISPR method will
produce the same results. To speed up the measurement process, attempts have been made to
implement the whole CISPR method in the time domain. One way of doing this is with the
help of STFT and models of the types of detectors mentioned in the previous section (Krug et
al, 2004; Krug and Russer, 2005). Actually, STFT and other methods for spectral estimation
can be seen as a filter bank as in Fig. 4.4. The time signal is fed in to the system in parallel, and
each frequency is separated with the filter bank. That means that from each filter we get a time
domain signal that we then can give a value in the form of quasi-peak, RMS, peak, average,
etc.

Fig 4.4. Schematic principle of IEC method (left) and CISPR method (right).
The difference in principal of operation between the two methods is shown in a somewhat
different way in Fig 4.4. The figure on the left can be viewed as a possible analogue
implementation of a Fourier transform. In both methods, the parameters (i.e., the disturbance
level for each band) are obtained from a lowpass filter followed by heterodyning to a baseband
(“intermediate frequency” of “IF” in CISPR 16). The disturbance level is next obtained from
the level of the baseband signal. If the bandpass filters in the two methods have the same
frequency characteristic, the results of the methods will be the same. The bandpass-filter curve
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is well defined in CISPR for the IF, but whether STFT has about the same filter curve was not
further investigated in this thesis.
Since the measuring receiver sweeps the frequency domain with filters, it will miss
discontinuous signals, or at least miss parts of them during the sweep. This is a drawback
compared with measurement in the time domain in which all frequency bands are in some
way monitored at the same time. In other words, time domain measurement measures the
frequency components in parallel, while measurement with measuring receivers measures the
frequency components sequentially.
The dwell time specified in CISPR is about 10 ms for a peak detector and 2 s for the quasipeak detector in the range from 9 to 150 kHz. In comparison with the principle shown
schematically in Fig. 4.4 for IEC, this means that if we want to have the same dwell time, we
would have to use a 10 ms window for peak detection but a 2-second window for quasi-peak.

4.2 Equipment used in this project
Within the project the aim has been to measure voltage and current at different locations in the
low-voltage power grid in the frequency band from 2 kHz to several 100 kHz with the use of
a time-sampling instrument. Because the power-system frequency (50 Hz) component is much
higher in amplitude than all other frequency components together (especially for the voltage),
it is necessary to attenuate the 50-Hz component. As described in IEC 61000-4-7 (2002), a
highpass filter is needed. Both commercial active and passive filters were studied and evaluated.
But none of these was found appropriate to use in this project—they either had the wrong
frequency range or the passband attenuation was about 20 to 30 dB. Therefore the focus was
put on constructing a filter. Both active and passive filter solutions were tried out, but the
active solution was ruled out due to the need for an external power supply and to the
additional noise added to the signals. So it was decided to build a passive filter.
The alternative, to use a very high resolution in the A/D converter, was also considered. But
no commercially-available instrument was found with sufficient resolution (24 bits) and
sufficiently high sampling rate (1 MHz or higher).
It was decided to build a filter for voltage measurements only. The main interest with current
measurements was in the emission from equipment, where the high-frequency content is
relatively large. For future measurements at locations further away from high-emission
equipment, it will most likely also be necessary to filter the current.

4.2.1 Voltage Filter
The specification of the filter was that it was to be a bandpass filter with passband between 2
kHz and 1 MHz. The lower cutoff frequency is determined by the 40th harmonic of the 50Hz power-system frequency. The purpose of the lower cutoff frequency was, as mentioned
previously, to attenuate the power-system frequency component, and the purpose of the
higher cutoff frequency was to limit the risk of aliasing. It was decided to build a second-order
highpass part of the filter in order to get the 55 dB attenuation at 50 Hz and the cutoff
frequency at around 2 kHz.
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Since the signals that were going to be measured were expected to have amplitudes of less than
1 V, it was desirable to have as little attenuation of the signal in the passband as possible.
Personal safety when measuring in power systems is of crucial concern (even in low-voltage
networks), so it was also important to find a solution that provided satisfactory safety. Some
type of galvanic insulation was required together with fast-acting fuses.
SP (the Swedish National Testing and Research Institute) had in a previous project involving
measurements on electrical power meter reading communication via the low voltage network
constructed a passive filter with a frequency range between 2 and 150 kHz (Stein et al, 2006).
This filter solution was used with some minor modifications to fit our specification. Fig. 4.5
shows the circuit diagram of the filter. The first two RC links form the second-order highpass
filter link, which has a cutoff frequency at approximately 2 kHz. The transformer’s high
frequency performance gives the required high frequency cutoff.
The main aim of the transformer was to provide galvanic isolation between the power grid and
the equipment and its user. This provides personal safety and protects the equipment against
overvoltages. When a large overvoltage occurs at the primary (grid) side of the transformer, it
will saturate. The saturation will result in a low-impedance path on the primary side of the
transformer. This will limit the transfer of the overvoltage to the secondary side and at the
same time result in a high current cleared by the fast-acting fuse.
The filters were tested up to about 7 VRMS in the passband without showing any tendencies
towards saturation, which was considered to satisfy the criteria for the measurements, while
testing showed that at 50 Hz it saturates around 1 VRMS. This gives an extra protection against
hazardous voltages. The drawback of using a transformer is that it introduces an inductance
into the circuit and will cause, together with the capacitors, a resonance frequency. In this case,
the transformer had an inductance of about 6 mH, and the resonance point was about 4 kHz.
This resonance was poorly damped, resulting in amplification of lower frequency signals and
possible saturation of the transformer. In order to provide sufficient damping, a 110-:
resistance, formed by two parallel 220-: resistors, was coupled in parallel with the transformer
primary side. The drawback was that this had a huge impact on total input impedance of the
filter, which now was only 110 : at the bandpass frequencies. This will cause a damping of the
signal measured if the source is weak. A solution to this was not found, and it was decided that
filter design was outside of the main objectives of the project. The accuracy of the
measurements was of less concern in a research project like this. For a future measurement
campaign, e.g., oriented towards choosing suitable compatibility levels, the accuracy of the
measurements will be of greater concern.
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Fig. 4.5. Schematic of the filter used.
Four of these filters were constructed. Their frequency responses are shown in Fig. 4.5. The
frequency responses were obtained with a 7 VRMS function generator with 50-: output
impedance, and the measurements were performed with an oscilloscope with a 1-M: input
impedance. Note the “swing” that starts to increase at around 2 to 3 MHz and has its peak
around 10 MHz. No way was found to minimize this, and because of time restrictions and
because the main focus was, as previously described, not on achievement of perfect accuracy,
the problem was left hanging. However, the measurement instrument used has an internal
lowpass filter (anti-aliasing filter with the 3-dB limit at 1 MHz), so that the swing around 10
MHz will not impact the results.
The measured filter curves show that the lower 3 dB limit is around 4 kHz, which was
considered acceptable for the purpose of this project. For future measurements, the cutoff
frequency needs to be tuned closer to 2 kHz. Some of the characteristics of the filter curve are:

x

> -55 dB @ 50 Hz

x

-14 dB @ 2kHz

x

-9 dB @ 3 kHz

x

-7 dB @ 4kHz

x

-3 to -4 dB in the passband (4 kHz–800 kHz)

x

-8 dB @ 1 MHz

It is important to realize that the filter gives a damping of about 3 dB (50%) in the passband.
This has not been corrected for the measurements presented in this report except for the Peak,
95% and Mean spectra shown in Fig. 5.24, 5.30 and 5.31 in chapter 5. Fig. 4.7 shows a picture
of the filter.
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Fig. 4.6. The filter curve of the filter used during the measurements.

Fig. 4.7. The voltage filter used during the measurement.
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4.2.2 Current monitors
All current measured within this project was obtained with Pearson current transducers model
411 as shown in Fig. 4.8. They have a transfer ratio of 0.1 V/A, a low 3-dB cutoff frequency
at 1 Hz, and a high 3-dB cutoff frequency at 20 MHz. These monitors are permanently sealed
and therefore not suitable when measuring where the circuit is problematic or impossible to
open. Therefore no current measurements were conducted at most of the public measuring
sites shown later in chapter 5.

Fig 4.8. The current monitor used during the measurements.

4.2.3 Instrument
A comparison was made of available instruments. The one that was most suitable for the
requirements in this project was a “High memory recorder” manufactured by HIOKI, model
8855 shown in fig 4.9. The instrument has 8 slots for measurement boards and 64 MB to 1 GB
of recording memory. There are 6 different types of input modules, two different types of
±400 V, one ±100 V, all these with 12 bits of resolution and 20 MS/s sampling frequency.
The fourth card is ±400 V with 16 bits of resolution and 1 MS/s sampling frequency. The fifth
and sixth cards were designed for voltage/temperature and frequency/voltage measurements.
The amplitude is adjustable as on an oscilloscope; i.e., the input range of the12-bit ±400 V
card is adjustable down to ±100 mV with corresponding resolution from 200 mV down to 50
V. The 12-bit ±100 V card is adjustable down to ±20 mV and corresponding resolution from
50 mV down to 10 V.
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Fig 4.9. The instrument used.
The instrument used has a 256 MB internal recording memory. The filtered voltage was
measured with the ±400 V measuring card. The amplitude settings of the instrument were
decided for each measuring site/load separately. A trade-off had to be made between the
maximum allowable signal amplitude without saturation of the instrument and obtaining
sufficient resolution of the signal in all frequency bands. As will seen in Chapter 5, the
amplitude of the distortion varies significantly between different sites. A result of this was that
some measurement of daily variation had to be redone after the instrument was saturated
during some of the shots taken.
The instrument also contains a lowpass filter, of the first order, whose cutoff frequency was set
at 1 MHz to limit the risk of aliasing as described above. The instrument has some trigger
functions of which only a time trigger was used when making long-term measurements.
During the long–term measurements the instrument was connected to a laptop via a 10 Mbit/s
Ethernet connection.
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4.2.4 The measured data
The data received from the instrument were imported into MATLAB and analyzed by using
some of the signal-processing functions of the program. The amount of data obtained from the
measurements is large, especially for the measurement of daily variations. The instrument uses
an internal data format to store the measurement results. A converting program was used to
import the measured data directly into MATLAB.
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5 Measuring campaign and results
Two types of measurements were performed as part of this project. The first type of
measurement concerned the current drawn by ordinary equipment. These measurements were
conducted in the laboratory at EMC on SITE. Besides current, supply voltage was also
measured in most cases. These measurements were aimed at getting a better understanding of
high-frequency distortion as emitted by ordinary equipment. The results of the measurements
on up to nine fluorescent lamps are presented in detail in Section 5.1 and Section 5.2 below.
The latter section covers the joint emission from multiple lamps and some additional plots are
found in Appendix B.
The measurement results from other equipment are presented in Appendix A.
The second type of measurement primarily concerned voltages at the circuit breaker panel for
different residential and commercial customers. The aim of these measurements was to get a
better description of the electromagnetic environment to which ordinary equipment is
exposed. Some of the measurement results are presented and discussed in Section 5.3. The
measurement results from other locations are shown in Appendix C to G.

5.1 Fluorescent lamps powered by HF ballast
5.1.1 Measurement setup
This load created by fluorescent lamps powered by high-frequency ballasts is increasing rapidly
in offices and public buildings and therefore was considered a suitable load for examination.
However, older lamp types with magnetic ballasts were not investigated.
These measurements were carried out in the lab on fluorescent lamps powered by HF ballasts.
The lamps are equipped with HF ballasts with a voltage range of 230 to 240 V and nominal
current between 0.29 and 0.33 A. The power factor is 0.96 and the HF ballast powers one 58W fluorescent tube. The HF ballast is also equipped with an MC34262 Active Power Factor
Correction, a APFC controller especially designed for use as a preconverter in electronic
ballasts and in offline power converter applications.
Fig. 5.1 shows a simplified schematic of the measuring setup. Note that net supply is not
filtered in any way, and therefore any disturbances coming from outside can affect
measurement. Fig. 5.5 shows the voltage spectrum without the lamps connected, and from this
can be noted that there are some frequency components in the voltage caused by other parts of
the low-voltage network.

55

5 Measuring campaign and results

Fig. 5.1. A principal schematic of the measurement setup.

5.1.2 Time domain:
Fig. 5.2 shows a 40 ms window of the voltage and current at the clamps of one fluorescent
lamp with HF ballast. No filtering was used in this case. The unfiltered current shows a kind of
notching slightly after the current zero crossing and a high-frequency oscillation at the end of
each notch. The current also contains a high-frequency ripple, especially visible around the
current maximum.

Fig. 5.2. Unfiltered voltage and current for one HF fluorescent lamp.
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In Fig. 5.3 the voltage is filtered with the analogue filter described in Section 4.2.1, and the
current is digitally filtered with a second order high-pass Butterworth filter with the cutoff
frequency at 2 kHz. The upper curve shows the filtered voltage with no lamp connected,
displaying the background noise. The middle curve shows the filtered voltage with one lamp
connected, and the lower curve shows the filtered current measured together with the voltage
in the middle curve. Note that measurements made with no lamp and one lamp were
obviously not done at the same time, and since these types of measurements are not
synchronized with the zero crossing of the system frequency, as described in chapter 4.1.1,
there is a time shift between the two measurements. The shift in time axis is easy to observe as
the major spikes occur in both voltage recordings.
The notches in the unfiltered current show up in the filtered current as recurrent oscillations
every 10 ms. In this report we will refer to these disturbances as “high-frequency notches” or
simply “notches” for lack of a better term, as described in Section 2.3.3. In the upper curve we
can see two such high-frequency notches in the voltage measured without a lamp connected.
These notches can therefore be assumed to originate from other parts of the LV network. With
one lamp added (middle curve) there is an additional high-frequency notch in between the
two existing ones. The high-frequency ripple in voltage due to the lamp current is visible as
well. Note that the oscillations in current correspond to oscillations in the voltage. There are,
however, differences between the relative amplitudes of the oscillations present. This is due to
the difference in source impedance for different frequencies. Note also that the high-frequency
ripple in the voltage occurs at the same time instant as the one in the current.

Fig. 5.3. Filtered voltage with and without lamp (top and middle, respectively) and current
(bottom) drawn by the lamp.
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The main high-frequency notches in the current occur 26 degrees after both the upward and
downward zero crossings. The delay in the occurrence of these notches may be due to the
EMC filter. The notches are expected at the current zero crossing, but the phase shift between
current at input and output of the filter causes them to occur somewhat shifted in phase.
Minor notches, generated elsewhere, occur 8 degrees before and 52 degrees after the zero
crossings.
The notches are shown in more detail in Fig. 5.4. The unfiltered waveform (top figure) shows
a notch followed by an oscillation. After filtering, only the oscillation remains. The oscillation
frequency is about 7 kHz. The other, somewhat lower amplitude oscillations occur about 2 ms
before and 1.5 ms after the main one. Note that the middle notch is highest in amplitude for
the current, whereas the outer two are highest in amplitude for the voltage. This points to an
external cause (i.e., with a different load) for the outer notches and an internal cause (i.e., in
the lamp) for the middle one.

Fig. 5.4. Oscillations in the unfiltered current (top) and in the high-pass filtered current
(bottom).
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5.1.3 Frequency domain:
Fig. 5.5 shows the spectra of voltage and current in 200-Hz bands as described in section 4.1.1.
The graph at the bottom of the figure shows the current spectrum. There are two main signals
above 20 kHz: around 28 kHz, and upwards from 41 kHz. The two upper graphs show the
voltage with and without the lamp connected. The signals in the current also appear in the
voltage spectrum when the lamp is in operation, but they disappear when the lamp is not
present. It is therefore reasonable to assume that these signals are generated by the ballast.
A frequency component in voltage around 12 kHz becomes somewhat smaller after
connection of the lamp. The lamp may actually function as a filter for this frequency
component. The difference may also simply be due to a time variation in the background
distortion.
Also note that a small frequency component is present in the voltage around 28 kHz before the
lamp is connected. Connection of the lamp results in a much higher amplitude of this
component. The background distortion may be due to lamps elsewhere.

Fig. 5.5. Spectrum of the background voltage without the lamp being connected (top), the
voltage at the lamp terminals (centre) and the current drawn by the lamp (bottom) in the range
2 to 150 kHz.
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5.1.4 Joint time-frequency domain:
The STFT of the voltage and current is shown in Fig. 5.6 and Fig. 5.8. The vertical scale
covers the range between 2 and 150 kHz. The length of the time windows is 1 ms. The
overlap between successive time windows is 50%. A Hanning window has been applied to the
time domain data. The frequency spectrum is calculated with a 1-kHz separation between
frequency points.
Both spectrograms show about the same pattern. Note that red is highest amplitude, blue the
lowest amplitude. Many of the higher frequencies are synchronized with the fundamental
frequency, in this case 50 Hz. The frequency around 28 kHz shows an almost constant
frequency that has only a minor change in amplitude, but the signal around 41 kHz shows an
arc-like function and is probably due to variable switching frequency. Hysteresis control results
in such behaviour of frequency versus time. The high-frequency notches are visible as small
lines in the lower frequency range between the variable switching frequency. The highfrequency notches are slightly shifted in time compared to the middle of the two variablefrequency components. The variable-frequency components in Fig. 5.6 correspond to the
high-frequency ripple, discussed above, in the lower plot in Fig. 5.3 and Fig. 5.4.

Fig. 5.6. Spectrogram of the filtered current.
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The 1-kHz frequency separation is too large to obtain any details in the frequency range 2–9
kHz. A more appropriate frequency separation for that range would be around 100 Hz, but
this will give a time resolution around 10 ms, so that subcycle variations will no longer be
visible. For frequencies below about 10 kHz, the spectrogram is a less suitable analysis tool.
The spectrogram of voltage with and without lamp is compared in Fig. 5.7. The lamp current
is shown for comparison purposes. The background voltage (upper figure) shows no apparent
pattern. Once the lamp is connected, the variable-frequency component that is so clearly
visible in the current spectrogram also shows up in the voltage spectrogram.

Fig. 5.7. The spectrogram of voltage with no lamp (upper), voltage with one lamp (middle)
and the current with one lamp (lower).
The voltage spectrogram is shown in Fig. 5.8 at the same size as the current spectrogram in
Fig. 5.6. This enables a direct comparison between the two. The voltage spectrogram shows a
much smaller dynamic range than the current spectrogram.
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Of the three high-frequency notches, the middle one was highest in amplitude for the timedomain current, and the outer two were highest in amplitude for the time-domain voltage. In
the spectrogram, the middle one is spread over the widest frequency range for both voltage
and current. The highest amplitude of the outer ones is visible in the voltage spectrogram
through their darker colour.

Fig. 5.8. Spectrogram of the filtered voltage.
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Fig. 5.9. Schematic drawing of the frequency components in the measured current and
voltage spectrograms.
To sum up these measurements, the following time-frequency components are visible in the
spectrogram, with reference to Fig. 5.9.
1. Varying frequency that is synchronized with the power system frequency that reaches
from around 40 kHz up to more than 100 kHz. This component is presumably
generated by the ballast and can also be traced to the APFC.
2. More or less stationary signal at about 28 kHz. Presumably generated by the ballast
according to Fig. 5.5.
3. High-frequency notches visible in the lower frequency range. Repeat every 10 ms and
therefore synchronized with the power system frequency. The main oscillation, in the
middle of the group of three, is also presumably generated by the ballast, while the
surrounding two are more likely generated somewhere else in the system according to
Fig. 5.3.
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4. Stationary frequency visible around 120 kHz. The origin of this frequency is not fully
known yet, but is assumed to be generated elsewhere. Note that the exact same
frequency is not shown in both the voltage and the current. The frequency in the
voltage is about 125 kHz, and the frequency in the current is about 120 kHz.
5. Component of constant frequency around 82 kHz, but randomly intermittent
amplitude. There appears to be some correlation with the component around 55 kHz
(component 6).
6. A short instantaneous frequency showing up at approximately 55 kHz near the zero
crossing and therefore also synchronized with the power system frequency. This
component is visible in the background voltage and is therefore also presumably
generated by the ballast according to Fig. 5.7.

5.2 Voltage and Current distortion from multiple fluorescent
lamps
As previously mentioned, all of these products were tested in a lab facility in order to fulfil the
CE test requirements, one of which is the EMC directive. The standards do not require tests
to be performed for the interaction between individual lamps.
Measurements on one to nine lamps were carried out in the same way as with one lamp. The
comparison of how the number of lamps affects the disturbances is of interest due, among
other reasons, to the large number of lamps that can be found in buildings and to the
unexplained breakdown of HF ballasts that has been reported. Interaction between lamps has
been mentioned as a possible cause for the breakdown.
The emission of multiple lamps is also of importance in generally assessing the impact of lamps
on the low-voltage network and on other equipment.

5.2.1 THD as a function of number of lamps:
The total harmonic distortion as a function of the number of lamps is shown in Fig. 5.10 and
Fig. 5.11. The former figure uses the fundamental component as a reference; the latter figure
gives the THD in amperes. The latter is a better measure of the way in which the load impacts
the supply voltage. In the frequency range 2–9 kHz, the distortion (in amperes) increases
roughly linearly with the number of lamps, whereas it increases only a small amount in the
frequency range 9–150 kHz. It is clear that different mechanisms are responsible for the
distortion in these two frequency ranges. Also, from the spectrogram it becomes clear that the
character of the disturbance is different for the frequency range 2–9 kHz and for the frequency
range 9–150 kHz.
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Fig. 5.10. The current THD as function of the number of lamps in percent of the
fundamental current.
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Fig. 5.11. The current THD as a function of the number of lamps, in Ampere.

5.2.2 High-frequency notches as a function of the number of lamps
The current waveform for the increasing number of lamps (one, three and nine) is shown in
Fig. 5.12. It shows that there are no significant changes in the character of the signal other than
that the amplitude of the high-frequency notches increases and the HF noise between the
notches is relatively higher with a lower number of lamps. These observations are consistent
with Fig. 5.10 and Fig. 5.11 where the THD in absolute terms increases roughly linearly over
the range between 2 and 9 kHz and remains more or less constant over the range 9 to 150
kHz. The high-frequency notches show up between 2 and 9 kHz in the spectrum, whereas the
high-frequency oscillations shows up between 9 and 150 kHz.

66

5 Measuring campaign and results

Fig. 5.12. Filtered current for one, three and nine lamps. Note the difference in vertical scale.
It is clear from Fig. 5.12 that the amplitude of the high-frequency notches increases with the
number of lamps. To quantify this increase in amplitude, the maximum absolute value as in
(3.1) of the current was calculated for one to nine lamps. This value is shown in Fig. 5.13 as a
function of the number of lamps. The conclusion from this figure is that the amplitude of the
high-frequency notches increases more than N , but less than linearly. Note that an increase
with N is expected for fully random sources.
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Fig. 5.13. Shows the maximum value of the high-pass-filtered current as a function of the
number of lamps.
The individual high-frequency notches in current are shown in Fig. 5.14 for one through nine
lamps. Both horizontal and vertical scales are the same for all figures. The comparison shows
that the high-frequency notches increase in both amplitude and duration with an increasing
number of lamps. The reason behind this is probably due to the fact that the high-frequency
notches are synchronized with the fundamental as described in Section 5.1.4 and when a
number of lamps are connected together the high-frequency notches from each lamp is
synchronized with each other which leads to a summation of the notches from each lamp.
The impact of the number of lamps on the high-frequency notches in voltage is shown in Fig.
5.15. The increase in magnitude and duration is visible here also, although the increase appears
to be less uniform than that with the current. This may be related to changes in background
distortion and even source impedance between measurements.
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Fig. 5.14. The main high-frequency notches for one (top left) through nine (lower right)
lamps. The horizontal scale is in samples of 0.1 s. (The full horizontal scale corresponds to 1
ms.) The full vertical scale corresponds to 1 A.
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Fig. 5.15. The main high-frequency notches in voltage for one (top left) through nine (bottom
right) lamps. The horizontal scale is in samples of 0.1 s. (The full horizontal scale corresponds
to 1 ms.) The full vertical scale corresponds to 2 V.

5.2.3 Frequency spectra as functions of the number of lamps
How the frequency content of the current changes with the number of lamps is shown in Fig.
5.16 and Fig. 5.17. The former shows the frequency content in the range from 2 to 9 kHz and
the latter from 9 to 150 kHz using the 200-Hz bands as described above.

70

5 Measuring campaign and results

Fig. 5.16. The spectrum of the current in the frequency range 2–9 kHz grouped into 200-Hz
bands with one to nine lamps.
The increase in current distortion in the 2–9-kHz band is significant. The increase is
approximately linear up to about 5 kHz and becomes less after that. In the frequency band 9–
150 kHz, the distortion appears to be rather independent of the number of lamps. Note that
the distortion is shown in absolute terms: the distortion in Amperes is about the same for 9
lamps as for one lamp for frequencies above 25 kHz.
These observations are again in accordance with the THD versus the number of lamps in Fig.
5.10 and Fig. 5.11.
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Fig. 5.17. The spectrum of the current grouped into 200-Hz bands with one to nine lamps
Important conclusion: with increasing number of lamps, the distortion above 9 kHz reduces in
relative terms. The distortion in the frequency range 2–9 kHz remains the same in relative
terms. The preliminary conclusion is that the main issues for a large number of lamps will be in
those lower frequency ranges.
Some additional plots showing this can be found in Appendix B

5.3 Voltage distortion, including daily variations
Some measurements on site were carried out at different locations, all in or nearby Skellefteå,
in the north of Sweden. The purpose was to get an impression of the high-frequency
distortion in voltage and to see if and how high-frequency distortion changes over time. Time
of day is noted using the 24-hour clock throughout the following. Most of these measurements
were made at the Circuit Breaker Panel (CBP) except measurements at the offices, see
Appendix F and G. The reason for that was that these measurements were made over several
hours during which the instrument was left unattended. The CBP is normally located in places
that can be locked away from the public. These measurements thus give an impression of the
high-frequency distortion at the point of connection with the public grid. The distortion levels
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at the equipment terminals are expected to be higher. Future measurements will also have to
be made closer to the loads to see what distortion levels the load is exposed to.

5.3.1 Measurement at location 1
One of the measurements was carried out at a shopping mall. The main load in the shops
consists of lighting and computers. The lighting load consisted of both high-frequency
fluorescent lamps and fluorescent spot lights. No information was obtained on the type of
ballast used by the spot lights. Other loads in the building are not known, but since the
building consists, outside of the shops, mostly of storage rooms, it is easy to assume that most
of the loads consist of lights. But other loads present include cash registers, EAS (Electronic
Article Surveillance Tag) antennas, refrigerators, microwave ovens, elevators and alarm
equipment
Measurements were taken every ten minutes from 14:00 to 10:30 the following day. The
voltage in the three phases was monitored with the filter described in chapter 4. In this section
only the measurement results for phase a are presented and discussed. The measurements in the
other two phases showed rather similar types and levels of high-frequency distortion, although
some differences were visible. The measurement results for the other two phases are presented
in Appendix C.
The measurements were made with the CBP feeding the lightning in the shop. The power
feeding the CBP is controlled with a relay. The voltages were measured before (i.e., on the
grid side of) relay K3 as shown in Fig. 5.18. The relay is switched off during the night so that
the nighttime measurements show only the high-frequency distortion coming from outside.
There were also two other controlled relays controlling other parts of the shop.

Outgoing groups to the lights

K3
MP
Fig. 5.18 Schematic of the measurement site. The three-phase relay K3 controls some of the
lights in the shop. Note that the measurement was made before the relay, i.e., on the grid
side.
The opening hours of the shop are between 10:00 and 19:00, and the staff is present about 1–2
hours before opening and after closing. Fig. 5.19 shows the filtered voltage in phase UL1 at
18:00 (during opening time) and at 03:00 (when the shop is closed and all activity can be
assumed to have stopped). The voltage at 18:00, when the shop is still open, shows some
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minor high-frequency distortion reaching about 0.25 V in peak. Some high-frequency notches
are also visible as spikes in the filtered voltage (see the discussion on high-frequency notches in
Section 5.1.4. A closer look at the instants at which these high-frequency notches occur shows
that they are not synchronized with the fundamental (50 Hz) as was the case with HF
fluorescent lamps as discussed in Section 5.2.2. The time measurement at 03:00 was performed
when the shop was closed, and hopefully no one was present in the shop at this time. For this
time instant the filtered voltage shows that there seems to be higher amplitude of the highfrequency distortion, including more high-frequency notches. The “high-frequency noise” has
a pulsating character. The pulsation appears to be synchronized with the fundamental
frequency (i.e., the pattern repeats itself every 20 ms). However, the time instants at which the
high-frequency notches (spikes in the filtered voltage) occur appear to be more random.

Fig. 5.19 The filtered voltage in phase UL1 at the shopping mall at 18.00 (top) and at 03.00
(bottom).
As previously explained, the lighting load is completely disconnected from the measurement
location at night. A likely explanation for the increase in high-frequency distortion at night is
that the combined EMC filters of the load provide significant damping for the high-frequency
distortion generated elsewhere.
Fig. 5.20 shows the spectrum of the voltage shown in Fig. 5.19 in the range from 2 to 150
kHz with a logarithmic vertical scale. As described in Section 4.1.1, the spectrum was obtained
by applying a DFT followed by grouping into 200-Hz bands. The spectrum shows that the
highest amplitude in this frequency range at approximately 27 kHz is lower during opening
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hours and higher at night when the lights are turned off. Other components seem to be added
when the light is on: a narrowband signal around 16 kHz and a broadband signal from 40 to
about 50 kHz. The highest signal has a magnitude of about 0.1 volt RMS, 0.04% of the
nominal voltage.

Fig. 5.20. Spectrum of the measured signal at 6:00 p.m. (top) and at 03:00 (bottom) grouped
into 200-Hz bands.

An STFT was next applied to the signal measured at 18:00. The resulting spectrogram is
shown in Fig. 5.21. What can be seen from this is that many of the signals that appear to be
stationary from the frequency-domain presentation are shown to be time variant. But the time
variation in the frequency components is for most components synchronized with the
fundamental frequency at 50 Hz.
The spectrograms of the voltage, as shown here, shows patterns similar to the ones presented
for the voltage and current in Section 5.1.4. The voltage distortion is due to the combination
of many different loads, most likely showing different distortion patterns in their emission (i.e.,
in the current).
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Fig. 5.21. The STFT of the filtered voltage UL1 at 18:00 (upper) and at 03:00 (lower).
The component at about 27 kHz that is visible in both upper and lower plots (i.e., it is present
all day), changes in magnitude over time, but not in frequency. The component that is visible
from 40 kHz and up varies less in amplitude but significantly more in frequency. This
component seems to show a pattern where there are three arcs every 10 ms. The
measurements on one fluorescent lamp shown in section 5.1.4 only had one such arc every 10
ms. This may have to do with the lights at the shop being connected to all three phases. Even
though the measurement only takes place in one phase, the components generated at the loads
connected to the other phases are also visible in this phase due to “crosstalk”. Note that this
time-variant frequency component is not visible at 03:00 when the lights are turned off. This
again indicates that this component is due to the lighting load.
Fig. 5.22 shows the variation during the measurement period of the spectrum between 2 kHz
and 1 MHz, presented using the method described in Section 3.5.2. The opening hours of the
shop are between 10:00 and 19:00. The measurements disclose that the relay is switched off
between approximately 19:30 and 08:40. This was verified with a current measurement in one
phase at relay K3, not shown here. There is a clear change in pattern, especially for the lower
frequencies up to about 200 kHz, when the lights are switched on and off. The change in
spectrum is less in the frequency range between 200 and 600 kHz. For even higher
frequencies, new components appear that were probably damped by the lighting load. This
again leads to the conclusion that these frequency components are generated elsewhere since
they seem to be present also when the lighting is turned off and since the lighting appears to
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attenuate these components. There also seems to be a frequency shift around 14:00 and around
22:30.

Fig. 5.22. The spectrum of the filtered voltage in phase 1 every ten minutes between 14:00
and 10:30 the following day. 2 kHz to 1 MHz grouped into 200-Hz bands.
As this measurement shows, together with many others (see Appendix C to G), the highest
amplitudes in the spectrum are normally found in the lower frequency range. Fig. 5.23 is the
same as Fig. 5.22, but covers only the frequency range between 2 and 150 kHz. The highest
magnitude in the whole frequency range is a narrowband component that has a center
frequency at about 27 kHz. As concluded previously, this component seems to originate
somewhere else, since it is also visible when the lighting is turned off, and like the previously
discussed signals, at 250 and 500 kHz it increases in amplitude when the lighting is turned off.
A possible explanation for the change in amplitude is that the lighting load has a low
impedance in this frequency range, providing an efficient damping of distortion in the
background voltage. There are, however, some components that are visible only during the
time when the lights are on that become stronger during that period. One such component
covers a frequency band starting slightly above 40 kHz. It should also be noted that some other
signal components come and go, but not in synchronization with the switching of the lights in
this shop. At least two such components can be seen around 72 and 74 kHz. A suggestion is
that these components are generated at other shops or storage rooms in the same building with
other opening or activity hours.
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At this time, no explanation has been found for the broadband disturbances appearing two to
four times during the night (visible as horizontal lines in the figure).

Fig. 5.23. The spectrum of the filtered voltage in phase 1 between 14:00 and 10:30 the
following day. 2 kHz to 150 kHz in 200-Hz bands.
All 10-minute spectra obtained at one location were merged into one spectrum representing
the whole measurement period. Three different representative spectra have been calculated:
x

The “peak spectrum”. The value in each 200-Hz frequency band of the peak spectrum
of the maximum of the values in this frequency band over all 10-minute spectra.

x

The “95% spectrum”. Instead of the maximum over 10-minute spectra of the value in
each frequency band, the value is used that is not exceeded in 95% of the 10-minute
spectra. The 95% spectrum thus gives the distortion levels that are not exceeded during
95% of time.

x

The “average spectrum”. The average over all 10-minute spectra is taken for each
frequency band.

Note that none of these three spectra correspond to a spectrum that occurs in reality
somewhere during the measurement period. The values for each band of the representative
spectrum are calculated independently from each other and most likely refer to different time
instants.
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The three spectra for this measurement location are shown in Fig. 5.24, where the attenuation
of the analogue filter used has been included. See Section 4.2.1 for a discussion on the
attenuation of the filter.

Fig. 5.24. The Peak (red), 95% (green) and Average spectrum (blue) obtained over all 10minute measurements for the shopping mall in the range from 2 to 150 kHz.

When interpreting the difference between the spectra, one has to consider that the difference
between the average and the 95% spectrum is due to daily variations, whereas the difference
between the 95% and the peak spectrum is due to short-duration peaks.
Some conclusions from the spectra are:
x

The narrowband component at 27 kHz is by far the dominant component.

x

In the frequency range up to about 20 kHz, the 95% values are about twice the average
values, whereas the difference between 95% and peak values is small.
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x

A number of narrowband components occur between 50 and 70 kHz only in the peak
spectrum. These are due to short-duration peaks.

x

The two peaks at 72 and 74 kHz are present in the 95% and in the peak spectrum, but
not in the average spectrum. This implies that these components are present at least 5%
of the time.

5.3.2 Measurement at location 2
This measurement was performed at a residential location in a rural area. There are only six
houses fed by the same distribution transformer, which is a low number in Sweden. Normally,
in a suburban district this number can be up to 400 customers. This leads, of course, to less
equipment within the low voltage area, but normally, the 50-Hz impedance is also higher due
to the smaller transformer and longer medium voltage lines.
The measurement was carried out from a Thursday at 23:50 to a Friday at 18:40 at the CBP of
the house. The electrical load in the house consists only of household equipment and no
electrical heating. The linear load consists of incandescent lamps, a stove, a freezer, a
refrigerator, and small circulation pumps. The main electronic equipment is a television set, a
decoder, a stereo, a computer, and compact fluorescent lamps. Main activity in the house was
between about 17:00 and 24:00 during the measurement period.
At this location the voltages were measured in all three phases, but only one phase is shown
here. The measurement of the other two phases can be found in Appendix D. Fig. 5.25 shows
the filtered voltage at 18:40 (upper) and 00:30 (lower). The magnitude of the high-frequency
distortion at 18:40 seems to be higher in general than at 00:30. Also some high-frequency
notches are visible. These high-frequency notches can on first impression appear to be more or
less random, but a closer look indicates that their pattern of occurrence is periodic with the
power-system frequency (50 Hz).
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Fig. 5.25. The filtered voltage at the residential location at 18:40 (top) and 00:30 (bottom)
during three cycles of the power-system frequency.
A DFT was then applied to the measured windows shown in the previous figure, and the
grouping algorithm described in Chapter 4 was used. The resulting spectrum is shown in Fig.
5.26 for the frequency range from 2 to 150 kHz. The spectrum shows, at least in this
frequency range, that the high-frequency distortion is higher at 18:40 than at 00:30 in this
phase. At 18:40, some narrowband frequency components are visible at 27, 52, 120 and 124
kHz, and at 00:30, a 40-kHz component shows up, while the 52-kHz component is missing.
The 27-kHz component is visible at both times, but lower at 00:30, while the components at
120 and 124 kHz have about the same amplitude. Also, some broadband components starting
around 103 kHz are visible in the 18:40 measurement, but are gone at 00:30.
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Fig. 5.26. DFT of the voltage in UL1 from 2 to 150 kHz at 18.40 (upper) and at 00.30
(lower).
The STFT of the measured signal in Fig. 5.27 shows that the narrowband frequency
components at 27, 40 and 52 kHz are not stationary and have a shorter duration compared
with other narrowband frequency components. The typical duration of the signals present in
this measurement is between 5 and 10 ms. An exception is the component at 120 kHz that is
more or less stationary. This shorter duration also seems to be the case for the broadband signal
starting at about 103 kHz. This latter component changes not only in amplitude, but also in
frequency. It appears to be just half of the frequency-versus-time pattern that was found in the
current drawn by high-frequency fluorescent lamps.
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Fig. 5.27. STFT spectrogram of the filtered voltage at 18:40 (upper) and 00:30 (lower) from 2
to 150 kHz during 60 ms.
Fig. 5.28 shows the daily variation of the high frequency spectra from 2 kHz to 1 MHz. In
general, the higher amplitudes occur in the lower frequency range except for some small
narrowband components. Some broadband components show up at approximately 100 kHz
and above between 17:00 and midnight. This is very likely the distortion seen in this
frequency band in the spectrum at 18:40 in Fig. 5.26 and in the corresponding STFT in Fig.
5.27. As this period corresponds with the active period in the house, the source of this
distortion component should be sought locally. Lighting is a likely explanation.
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Fig. 5.28. The daily variation of the voltage spectrum at a residential location, 2 kHz to 1
MHz.
Fig. 5.29 is the same as the previous figure, but for the frequency range between 2 and 150
kHz. The 27 kHz signal visible in both spectra shown earlier does not seem to be present all
the time. It seems to be more or less randomly on and off. The broadband component starting
slightly above 100 kHz also seems to shift a bit in frequency while it is present. The 50-kHz
component also seems to come and go, and the presence of this frequency does not seem to be
fully synchronized with the 100-kHz component. In the time period between 21:00 and
01:30, the low-frequency components, that is, from about 2 to 40 kHz, seem to be lower, but
not fully gone, and this may indicate that some other load was connected that attenuated the
signals in this frequency range (Andersson et al, 2006).
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Fig. 5.29. The filtered voltage in phase 1 between 12:00 and 19:00 the following day.
The three spectra representing the whole measurement period are shown for this measurement
location in Fig. 5.30. With the exception of the 27-kHz peak, the distortion at the residential
site is higher than at the shopping mall. The residential location also shows more daily
variations and more short-duration peaks. It should be noted that the attenuation of the
analogue filter used has been included in Fig. 5.30.
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Fig. 5.30. The Peak (red), 95% (green) and Average spectrum (blue) over all 10-minute
measurements at the residence in the range from 2 to 150 kHz.
Some conclusions from this location are:
x

The highest amplitudes are found in the lower frequencies.

x

There are larger differences (more daily variations) between the average spectrum and
95% spectrum.

x

In the range from 110 to 150 kHz, there seem to be more short-duration peaks. Also,
the 40-kHz component seems to have a short duration peak. This can also be seen in
Fig. 5.29 around 21:00.

x

The component slightly above 120 kHz seems to change frequency, or else there are
two different sources. This also visible in Fig. 5.29.

5.3.3 Multiple measurement locations.
As mentioned previously, measurements were performed at three more locations, and they are
included here to get a better overview of amplitudes at different locations. Among the
measurements are residence, shopping mall, hospital, and two different offices.
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Fig. 5.31 shows Peak, 95% and Mean value from five different locations. So far, the magnitude
of all analyses has been used for comparative results due to the fact that the accuracy of the
amplitude is a matter of discussion. Of course, this should be extended to more measurements
at other places to get a good idea what levels can be expected, but this is only a first step to get
an idea of the kinds of results that will be obtained.

Fig. 5.31. The Peak (top), 95% (middle) and Average spectra (bottom) at five different
locations. Each location has the same colour in each diagram.
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Some conclusions from these five locations are:
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x

What can be seen and has been shown before is the tendency of amplitude to be lower
in the higher frequency range.

x

Every site seems to have different background levels, and a theory is that this is to a
great extent dependent on the types of equipments connected to the grid and partly
dependent on the net it self (impedance, etc.).

x

There are quite large differences between the sites. A first impression is that there are
larger differences between sites in this frequency range than in lower frequencies.

6 Conclusion
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6.1 High-frequency distortion
Measurements were performed after the high-frequency distortion of currents taken by
commonly-used equipment and of voltage in low-voltage networks. The frequency range of
interest was from 2 kHz up to 150 kHz or 1 MHz depending on the measurement. Highfrequency distortion was treated as a “power-quality variation”, i.e. the measurements were
performed at pre-defined time instances, without any triggering mechanism. The underlying
assumption was that the 100-ms windows were representative for the waveform during a
longer period of time. There are some indications from the long-term voltage measurements
that this assumption does not always hold: some spectra are significantly different from those
measured 10 minutes earlier or later.
The high-frequency distortion measured both in the voltage and current in all measurements
gives the same results. As typical with (low-frequency) harmonics, the amplitude decreases
with frequency.
We can see typical high-frequency distortions from different types of loads and the cause of
many high-frequency distortions can be found at the load. Often the generation of frequency
components can be traced back to the load by simply turning the load on or off. There are
however cases where the high frequency distortion measured in the voltage and current is most
likely coming from other parts of the LV network. This can be seen with the measurement of
fluorescent lamps in Fig. 5.3 and with long term measurement at location 1 in Fig. 5.23. A
preliminary conclusion from this is that at least some of the high-frequency distortion spreads
to other parts of the low-voltage network.
From voltage and current measurements the following types of distortion components were
found:
x

Components with constant frequency and constant amplitude. These are found
throughout the frequency range studied.

x

Components with constant frequency and variable amplitude. The component was
often shown to be of pulsating character. These are also found throughout the
frequency range studied.

x

Components with variable frequency and variable amplitude. The variation in
frequency and amplitude is synchronized with the power-system frequency and repeats
itself every half cycle.

x

Damped oscillations recurring at specific phase angles of the power-system frequency.
Typical frequencies of the oscillations are several kHz; damping time constants are less
than 1 ms; and they occur two to six times per cycle. These damped oscillations are
referred to as “high-frequency notches”.

The STFT showed that the occurrence and variation of many of the high frequency distortions
are synchronized with the fundamental frequency. In some cases when a load is equipped with
APFC the frequency of the high-frequency distortions is varying with the power system
frequency.
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This pattern of variable switching frequency was first observed for fluorescent lamps with highfrequency ballast but a measurement of a computer equipped with an APFC circuit with a
similar pattern is shown in Fig. A37 to A42 in Appendix A. From comparing the results, it can
be concluded the variable switching frequency is probably dependent upon the current drawn
by the load. Computers with APFC will fill up a larger frequency band than fluorescent lamps.
There are also differences in amplitude of the high-frequency distortion between different
fluorescent lamps. Note that the characteristics in the STFT analyses of the signal shows slightly
different pattern for different fluorescent lamps. The Fluorescent lamp 2 shown in Appendix A
12 even shows, what is believed to be harmonics of the variable switching frequency.
Other loads for which measurements were performed, shown in appendix A, such as laptops,
computers, compact fluorescent lamps, and TFT screens do not show any particular variable
switching frequency.

6.2 Emission from multiple devices
Measurements were performed of the emission of multiple fluorescent lamps with highfrequency ballast.
An important conclusion from the measurements is that the total harmonic distortion above 9
kHz reduces in relative terms and that the distortion in the frequency range 2–9 kHz remains
about the same in relative terms. The preliminary conclusion is that the main issues for a large
number of lamps will be in those lower frequency ranges. It is suspected that the highfrequency notches are the main reason for this result (See discussion in Section 6.3).
The long term measurement shows in general that there are daily variations of the highfrequency distortion and mostly this is due to when loads are turned on and off. It is also
shown that equipment both can attenuate the high-frequency distortions and add highfrequency distortions.
The creation of the Peak-, 95%- and Mean-value reveals that there are quite large differences
between locations. Quite unexpected was the result that the highest high-frequency distortion
was found at the residence.

6.3 High-frequency notches
High-frequency notches were observed in the current and in the voltage at most locations.
The occurrence of the high-frequency notches is in the most cases synchronized with the
fundamental like with (low-frequency) commutation notches. The likely explanation is that
these high frequency notches, generated by the fluorescent lamp as described in section 5.1 are
not commutation notches but oscillations created by the APFC circuit.
Distortion around the zero crossing of the current taken by devices with active power-factor
correction, is mentioned in a number of publications (Sun, 2002; Liu et al, 2004; Kim et al,
2005). The control circuit is somewhat instable around the current zero crossing. One of the
results is the oscillation as found in our measurements. Note that the oscillations occur at the
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zero crossing of the current through the APFC circuit. The device measurements in this study
were performed at the equipment terminals, i.e. on the grid side of the EMC filter.
However, the fact the high-frequency notches are synchronized leads, as in the case with the
fluorescent lamps in Section 5.2.2, to the result that the high-frequency notches add up for
several loads connected in a group. The increase does not seems to be linear but the
measurement only cover 1-9 lamps and we are curious about the extension of the line and this
may be a study in the future.
The oscillation frequency of the high-frequency notches is hard to determine exactly but the
results indicate that the oscillation frequency is in the range from 2 to 9 kHz. It is also shown
that the oscillation frequency of these does not change much with the number of lamps as can
be seen in Fig. 5.14 and 5.15.

6.4 Analysing and presentation methods
Three different methods have been used for analyzing the high-frequency distortion:
x

time domain

x

frequency domain

x

time-frequency domain

Only looking upon the signal in the time domain makes it difficult to draw conclusions. When
applying the DFT to the measured window some extra results are obtained but the time
information is lost. The STFT gives most of the time and frequency-domain information plus
some additional information. Where possible it is recommended to use all three ways of
presenting the results.
But the STFT has some drawbacks and one is the time and frequency resolution. Based upon
the fact that many of the frequency components are synchronized with the power system
frequency it is impossible to get a good frequency resolution in the lower frequency range and
still be able to detect differences related to the power system frequency. The general
conclusion is that at least 1 ms subwindows are needed to detect variations within a 50 Hz
cycle. This results in 1 kHz frequency separations and this is too low under about 10 kHz. This
means that in the lower frequency range, between 2 to 9 kHz, the STFT is a less suitable
analyzing tool.
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7.1 Terminology
The terminology used in this thesis resulted from intensive discussions with the research group
at EMC on SITE. The only agreement that was reached was that it is very difficult to define
these terms. The lack of existing terminology for this frequency range did not help either. In
the early stage of the project the term “high-frequency harmonic” was used to refer to
disturbances in the frequency range above 2 kHz. This term is also used in papers publicised
earlier. This term was chosen as the frequency range of interest is above the frequency range
covered by the traditional or “low-frequency” harmonics. But it was realized later that many
of the components found in this frequency range have a different character than in the
frequency range below 2 kHz. This was the reason the term “high-frequency harmonics” was
changed to “high-frequency distortion”. The possible use of some other term as e.g. noise,
harmonics, component, signals etc. is still open for discussion. The term “high frequency” was
added to emphasize that this distortion is in a higher frequency range than the harmonics and
distortion normally studied in power quality. Of course, is “high-frequency” to an e.g. radio
amateur in a much higher frequency range but to a power engineer this is in the high
frequency range.
The same discussions were behind the term “High frequency notches” and also here no
general agreement could be reached. Other words used in the discussed were recurrent
oscillations, recurrent spikes, and recurrent transients. The term “High frequency” was again
added since the content of these spikes have a frequency that is much higher than the “lowfrequency harmonics”. Note that this does not necessary mean in any way that these “Highfrequency notches” are “Commutation notches” but it may be the case. Some papers call a
phenomenon, that looks like these signals, “zero-crossing distortion” or “cross over distortion”
and point out this as a problem for APFC (Sun, 2002; Liu et al, 2004).

7.2 Analysing methods
The problem with “losing” the time information seems to be obvious when looking upon
these type of signals in the frequency domain and in this case was STFT shown as a suitable
tool. The dilemma with using the STFT, is the time versus frequency resolution limit. If we
want to be able to detect subcycle variations at 50 Hz (20 ms) we need a time resolution well
below 20 ms. A time resolution of 1 ms was considered acceptable. This gives a frequency
resolution of only 1 kHz which is too low to obtain details in the frequency range 2–9 kHz.
That concludes that this analyzing tool is not suitable to use below 9 kHz. The use of zero
padding could somewhat improve the time resolution but its impact is very limited. Different
analysis methods may be needed for the frequency ranges 2-9 kHz and 9-150 kHz. The
emphasis in this report has been very much on the latter frequency range. Future work should
concentrate specifically on the range 2-9 kHz.
Advanced signal-processing techniques may give a better time and/or frequency resolution.
Dyadic wavelet filters give a better time resolution at higher frequencies. Model-based
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methods like ESPRIT or Kalman filters give a better frequency resolution for the same time
resolution (Bollen and Gu, 2006).
The measurement results showed that every spectrogram (STFT) has a very specific
characteristic related to the different spectrogram characteristics of the load current. This makes
it difficult to describe the spectrogram in simple terms and to tell exactly what type of load
causing certain frequencies components. On the other hand, pattern recognition methods
could be applied e.g. as done by Marklund (2003) to detect the load or load type responsible
for different pattern in the spectrogram. Advanced signal-processing techniques have been
development in other areas, only a small part of which have been applied in electric power
engineering. The application of such a method should consider the continuous changes in load
composition and even in current taken by individual loads.

7.3 Equipment used
The instrument used for the measurements described in this thesis was quite satisfying due to
its high number of input cannels and its high sampling rate and resolution. The drawback was
the limited data transfer capacity but the results obtained to date do not indicate that this was a
serious limitation.
The current probes used performed quite good in order to capture these signals but a drawback
with this type of probes was that they were closed so that the supply had to be interrupted for
the current to be measured. This was not acceptable at the measurement locations in the field,
so that no current measurements are available for most sites.
In a future work a very important task is to reconsider the filter to get better accuracy of the
measurements. The accuracy of the measurements was of a lesser concern in this research
project. For a future measurement campaign, e.g. towards choosing suitable compatibility
levels, the accuracy of the measurements is of a more importance. However for comparison
purposes (as was mainly done in this thesis) the filter used was considered satisfying.
In the future the phase angle of the measurements has to be considered as well. It may not be
easy in this frequency range but it should be tested and evaluated. In this project so far the
phase angle has been neglected.
The study, this far, has only considered variations in long-term measurement. Events were not
dealt with but in the future this should also be studied. The triggering methods for detecting
events are an essential part of these studies. The choice of triggering method comes very close
to the definition of the event. The existing work on voltage and current transients can be used
as a starting point. Alternatively the output of narrowband filters around specific frequencies of
interest can be used as triggering signals.
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7.4 Results
The results presented in this report were obtained from a limited number of measurements.
This makes it difficult to draw any general conclusions. The work should therefore be viewed
as part of the development of measurement and analysis methods and not too much aimed at
obtaining quantitative information on distortion levels. Measurements of the emission by more
types of equipment are needed. Also voltage measurements at more locations are needed.
However some preliminary conclusions can already be drawn from this early study (see
Chapter 5), the most important being that there is a huge difference between different sites.
To get some further results from measurement in this frequency range a number of things
needs to be focused upon. Below is a list, not complete and without any special order, that
gives some suggestions for future work to extent the knowledge in this area.
x

Propagation of the signal from the source through the system needs to be further
investigated. In order to get the knowledge how these signal are a problem we need to
get some understanding of the propagation of the signals in the LV systems. The
measurements should even be extended to the MV network. Performing measurements
at MV level will require additional emphasis on measurement equipment and methods.

x

The loads looked upon in this work was just a small selection, with emphasis on
fluorescent lamps with high-frequency ballast. Other types of loads using switching
technology e.g., converters, softstarters, dimmers, etc. have to be studied. Different
types of equipments connected to the same LV network, has to be included in the
work as well. The interaction between different types of equipment connected to the
same location or close together should also be studied. This work should, certainly
initially, be performed in the laboratory. The electrical environment in the laboratory
has to be evaluated due to the presence of high-frequency notches in the background
voltage (see Fig. 5.3).

x

So far have only measurement in the laboratory on a single-phase system been carried
out. Further measurements should it be done with single-phase loads in a three-phase
system. Some of the three-phase aspects of high-frequency distortion (especially
currents in the neutral and protective-earth wire) are also studied in (Lundmark, 2006).

x

An important question to be addressed is whether there is a limit to the amount of
equipment that is possible to connect to the grid before problems occur. Before such a
study can be performed it is necessary to agree on planning levels and voltage
characteristics in this frequency range. This in turn requires a better understanding of
the impact of high-frequency distortion on equipment and on the system. A start of
this discussion can be found in an article by Bollen et al (2006).

x

Modelling of the LV network in this frequency range is important to be able to
understand and predict the propagation and spread of high-frequency distortion.
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Appendix A
A 1.

No load (background voltage)

Fig. A1. Background voltage in the laboratory in the time domain.

Fig. A2. Spectrum of the background voltage in the laboratory.
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Fig. A3. Background voltage at the laboratory in the joint time-frequency domain.

A 2.

Incandescent lamp 40W, 230V

Fig. A4. Current (top), filtered voltage (middle) and voltage (lower).
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Fig. A5. Filtered current (upper) and filtered voltage (lower) in the frequency domain.

Fig. A6. Current (upper) and voltage (lower) in joint time-frequency domain.
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A 3.

Compact Fluorescent Lamp (CFL) 4W

Fig. A7. Current (top), filtered voltage (middle) and voltage (lower).

Fig. A8. Filtered current (upper) and filtered voltage (lower) in the frequency domain.
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Fig. A9. Current (upper) and voltage (lower) in joint time-frequency domain.

A 4.

Compact Fluorescent Lamp (CFL) 9W

Fig. A10. Current (top), filtered voltage (middle) and voltage (lower).
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Fig. A11. Filtered current (upper) and filtered voltage (lower) in the frequency domain.

Fig. A12. Current (upper) and voltage (lower) in joint time-frequency domain.
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A 5.

Compact Fluorescent Lamp (CFL) 20W

Fig. A13. Current (top), filtered voltage (middle) and voltage (lower).

Fig. A14. Filtered current (upper) and filtered voltage (lower) in the frequency domain.
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Fig. A15. Current (upper) and voltage (lower) in joint time-frequency domain.

A 6.

Computer

Fig. A16. Current (top), filtered voltage (middle) and voltage (lower).
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Fig. A17. Filtered current (upper) and filtered voltage (lower) in the frequency domain.

Fig. A18. Current (upper) and voltage (lower) in joint time-frequency domain.
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A 7.

TFT screen

Fig. A19. Current (top), filtered voltage (middle) and voltage (lower).

Fig. A20. Filtered current (upper) and filtered voltage (lower) in the frequency domain.
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Fig. A21. Current (upper) and voltage (lower) in joint time-frequency domain.

A 8.

Computer and Screen

Fig. A22. Current (top), filtered voltage (middle) and voltage (lower).
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Fig. A23. Filtered current (upper) and filtered voltage (lower) in the frequency domain.

Fig. A24. Current (upper) and voltage (lower) in joint time-frequency domain.
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A 9.

Laptop battery charger 1

Fig. A25. Current (top), filtered voltage (middle) and voltage (lower).

Fig. A26. Filtered current (upper) and filtered voltage (lower) in the frequency domain.
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Fig. A27. Current (upper) and voltage (lower) in joint time-frequency domain.

A 10.

Laptop battery charger 2

Fig. A28. Current (top), filtered voltage (middle) and voltage (lower).
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Fig. A29. Filtered current (upper) and filtered voltage (lower) in the frequency domain.

Fig. A30. Current (upper) and voltage (lower) in joint time-frequency domain.
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A 11.

Fluorescent lamp 1

Fig. A31. Current (top), filtered voltage (middle) and voltage (lower).

Fig. A32. Filtered current (upper) and filtered voltage (lower) in the frequency domain.
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Fig. A33. Current (upper) and voltage (lower) in joint time-frequency domain.

A 12.

Fluorescent lamp 2

Fig. A34. Current (top), filtered voltage (middle) and voltage (lower).
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Fig. A35. Filtered current (upper) and filtered voltage (lower) in the frequency domain.

Fig. A36. Current (upper) and voltage (lower) in joint time-frequency domain.
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A 13.

Computer 2

This measurement (A 13 to A 15) is performed not in the laboratory but at a residential
location on a computer with APFC. Therefore a new background measurement is shown. The
background measurements are shown in Section A15.

Fig. A37. Current (top), filtered voltage (middle) and voltage (lower).

Fig. A38. Filtered current (upper) and filtered voltage (lower) in the frequency domain.
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Fig. A39. Current (upper) and voltage (lower) in joint time-frequency domain.

A 14.

Computer 3

This measurement is done under “startup” phase of the computer system in the previous
section. During the start the current is changing over time.

Fig. A40. Current (top), filtered voltage (middle) and voltage (lower).
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Fig. A41. Filtered current (upper) and filtered voltage (lower) in the frequency domain.

Fig. A42. Current (upper) and voltage (lower) in joint time-frequency domain. Note that
frequency is changing in relation to the current drawn by the computer. Lower current
amplitude gives higher frequency.
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A 15.

Background at the residential location

Fig. A43. Background voltage in the time domain at the residential location. Filtered voltage
(top) and voltage (lower).

Fig. A44. Filtered current (upper) and filtered voltage (lower) in the frequency domain.
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Fig. A45. Background voltage at the residential location in the joint time-frequency domain.
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Appendix B
B 1.

Fluorescent lamp current as function of the number of lamps

Fig. B1. Current spectrum between 26 and 30 kHz.

Fig. B2. Current spectrum between 39 and 48 kHz.
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Fig. B3. Current spectrum between 121 and 123 kHz.

B 2.

Fluorescent lamp voltage as function of the number of lamps

Fig. B4. Voltage spectrum between 26 and 30 kHz.
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Fig. B5. Voltage spectrum between 39 and 48 kHz.

Fig. B6. Voltage spectrum between 125 and 127 kHz.
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Appendix C
C 1.

Shopping mall. Phase UL2

Fig. C1. The spectrum of the filtered voltage in phase 2 every ten minutes between 14:00 and
10:30 the following day. 2 kHz to 1 MHz grouped into 200-Hz bands.

Fig. C2. The spectrum of the filtered voltage in phase 2 between 14:00 and 10:30 the
following day. 2 kHz to 150 kHz in 200-Hz bands.
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Fig. C3. The filtered voltage in phase 2 at the shopping mall at 18:00 (top) and at 03:00
(bottom).

Fig. C4. Spectrum of the measured voltage in phase 2 at 18:00 (top) and at 03:00 (bottom)
grouped into 200-Hz bands.
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Fig. C5. The STFT of the filtered voltage in phase 2 at 18:00 (upper) and at 03:00 (lower).

C 2.

Shopping mall. Phase UL3

Fig. C6. The spectrum of the filtered voltage in phase 3 every ten minutes between 14:00 and
10:30 the following day. 2 kHz to 1 MHz grouped into 200-Hz bands.
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Fig. C7. The spectrum of the filtered voltage in phase 3 between 14:00 and 10:30 the
following day. 2 kHz to 150 kHz in 200-Hz bands.

Fig. C8. The filtered voltage in phase 3 at the shopping mall at 18:00 (top) and at 03:00
(bottom).
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Fig. C9. Spectrum of the measured voltage in phase 3 at 18:00 (top) and at 03:00 (bottom)
grouped into 200-Hz bands.

Fig. C10. The STFT of the filtered voltage in phase 3 at 18:00 (upper) and at 03:00 (lower).
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D 1.

Residence. Phase UL2

Fig. D1. The spectrum of the filtered voltage in phase 2 every ten minutes between 11:50 and
18:40 the following day. 2 kHz to 1 MHz grouped into 200-Hz bands.

Fig. D2. The spectrum of the filtered voltage in phase 2 every ten minutes between 11:50 and
18:40 the following day. 2 kHz to 150 kHz grouped into 200-Hz bands.
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Fig. D3. The filtered voltage in phase 2 at the residence at 18:40 (top) and at 00:30 (bottom).

Fig. D4. Spectrum of the measured voltage in phase 2 at 18:40 (top) and at 00:30 (bottom)
grouped into 200-Hz bands.
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Fig. D5. The STFT of the filtered voltage in phase 2 at 18:40 (upper) and at 00:30 (lower).

D 2.

Residence. Phase UL3

Fig. D6. The spectrum of the filtered voltage in phase 3 every ten minutes between 11:50 and
18:40 the following day. 2 kHz to 1 MHz grouped into 200-Hz bands.
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Fig. D7. The spectrum of the filtered voltage in phase 3 every ten minutes between 11:50 and
18:40 the following day. 2 kHz to 150 KHz grouped into 200-Hz bands.

Fig. D8. The filtered voltage in phase 3 at the residence at 18:40 (top) and at 00:30 (bottom).
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Fig. D9. Spectrum of the measured voltage in phase 3 at 18:40 (top) and at 00:30 (bottom)
grouped into 200-Hz bands.

Fig. D10. The STFT of the filtered voltage in phase 3 at 18:40 (upper) and at 00:30 (lower).
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Two different places in a hospital were monitored during a certain time: Laboratory-medicine
& Skin-therapy and Radiology. Both of these departments have quite lot of modern
technology. The laboratory-medicine department contains electronic equipment for processing
patient tests such as blood samples and the skin-therapy solariums etc. The measurements at
the radiology department are not presented here.
The measurement at Laboratory-medicine & Skin-therapy took place at the CBP feeding
mostly the Skin-therapy department. The load consisted of fluorescent lamps but also
solariums, saunas and cooling equipment. So there was a variety of loads connected.

E 1.

Hospital Lab & Skin. Phase UL1

Fig. E1. The spectrum of the filtered voltage in phase 1 every ten minutes between 10:50 and
09:10 the following day. 2 kHz to 1 MHz grouped into 200-Hz bands.
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Fig. E2. The spectrum of the filtered voltage in phase 1 between 10:50 and 09:10 the
following day. 2 kHz to 150 kHz in 200-Hz bands.

Fig. E3. The filtered voltage in phase 1 at the hospital at 12:05 (top) and at 00:05 (bottom).
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Fig. E4. Spectrum of the measured voltage in phase 1 at 12:05 (top) and at 00:05 (bottom)
grouped into 200-Hz bands.

Fig. E5. The STFT of the filtered voltage in phase 1 at 12:05 (upper) and at 00:05 (lower).
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E 2.

Hospital Lab & Skin. Phase UL2

Fig. E6. The spectrum of the filtered voltage in phase 2 every ten minutes between 10:50 and
09:10 the following day. 2 kHz to 1 MHz grouped into 200-Hz bands.

Fig. E7. The spectrum of the filtered voltage in phase 2 between 10:50 and 09:10 the
following day. 2 kHz to 150 kHz in 200-Hz bands.
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Fig. E8. The filtered voltage in phase 2 at the hospital at 12:05 (top) and at 00:05 (bottom).

Fig. E9. Spectrum of the measured voltage in phase 2 at 12:05 (top) and at 00:05 (bottom)
grouped into 200-Hz bands.
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Fig. E10. The STFT of the filtered voltage in phase 2 at 12:05 (upper) and at 00:05 (lower).

E 3.

Hospital Labb&Skinn. Phase UL3

Fig. E11. The spectrum of the filtered voltage in phase 3 every ten minutes between 10:50
and 09:10 the following day. 2 kHz to 1 MHz grouped into 200-Hz bands.
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Fig. E12. The spectrum of the filtered voltage in phase 3 between 10:50 and 09:10 the
following day. 2 kHz to 150 kHz in 200-Hz bands.

Fig. E13. The filtered voltage in phase 3 at the hospital at 12:05 (top) and at 00:05 (bottom).
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Fig. E14. Spectrum of the measured voltage in phase 3 at 12:05 (top) and at 00:05 (bottom)
grouped into 200-Hz bands.

Fig. E15. The STFT of the filtered voltage in phase 3 at 12:05 (upper) and at 00:05 (lower).
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Several measurements were performed at an office and some are shown here. The
measurement shown here was made between Tuesday 11:25 to 15:45 the following day. Fig.
F1 shows the variations in the voltage spectrum during this time period. Note that this
measurement was made at an outlet close to the loads and not at the CBP as at other locations
and therefore is only one phase monitored.
Fig. F3 shows the measured voltage at the office around 00:05. There are typical highfrequency notches repeating about every 10 ms but there is also a high frequency component
visible about 80 ms starting about 30 ms into the window. This is probably a package sent by
the automatic meter reading taking place in the building. Many of the measured windows
showed the same phenomenon.
Fig. F4 shows the spectrum of the voltage shown in Fig. F3. This type of communication is a
wide band type, which is visible in the upper curve and described a little bit further in
(Andersson et al, 2006).
The spectrum in Fig. F5 together with Fig. F4 shows that the wide band signal has it main
magnitude slightly below 50 kHz but it seems to be visible in a large frequency range as
revealed by these analyzing methods.

Fig. F1. The spectrum of the filtered voltage every ten minutes between 11:25 and 15:45 the
following day. 2 kHz to 1 MHz grouped into 200-Hz bands.
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Fig. F2. The spectrum of the filtered voltage between 11:25 and 15:45 the following day. 2
kHz to 150 kHz in 200-Hz bands.

Fig. F3. The filtered voltage at the office at 00:05 (top) and at 00:15 (bottom).
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Fig. F4. Spectrum of the measured voltage at 00:05 (top) and at 00:15 (bottom) grouped into
200-Hz bands.

Fig. F5. The STFT of the filtered voltage at 00:05 (upper) and at 00:15 (lower).
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Appendix G
Several measurements were performed at a second office and some results are shown here. The
measurement was made from Thursday 10:40 to 13:30 the following day. Fig. G1 shows the
variations in voltage spectrum during this time period. Note that this measurement was made
at an outlet close to the loads and not at the CBP as at other locations and therefore is only one
phase monitored.
Fig. G3 shows the measured voltage at the office at 12:00 (upper) and 22:00 (lower). There are
typical high-frequency notches repeating about every 10 ms but there seems to be more of
them at 12:00. The main notches visible at 22:00 seem to be more asymmetric than in other
cases.
According to Fig. G4 the largest difference is in the lower frequency range between the two
times and it may indicate that the high-frequency notches are in that range.

Fig. G1. The spectrum of the filtered voltage every ten minutes between 10:40 and 13:30 the
following day. 2 kHz to 1 MHz grouped into 200-Hz bands.
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Fig. G2. The spectrum of the filtered voltage between 10:40 and 13:30 the following day. 2
kHz to 150 kHz in 200-Hz bands.

Fig. G3. The filtered voltage at the office at 12:00 (top) and at 22:00 (bottom).

154

Appendix G

Fig. G4. Spectrum of the measured voltage at 12:00 (top) and at 22:00 (bottom) grouped into
200-Hz bands.

Fig. G5. The STFT of the filtered voltage at 12:00 (upper) and at 22:00 (lower).
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