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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 and several standards cover the area.
For higher-frequency phenomena, above 2 kHz, there is no such general understanding,
nor is there anything close to a complete set of standards covering this area. Modern energy
efficient equipment connected to the grid, like fluorescent lamps but also solar panels,
often uses switching technology, with switching frequencies that can range from a couple of
kHz up to several hundreds of kHz. The grid is also used for communication of e.g. meter
readings, system controls etc. This so-called power-line communication is using the same
frequency range.
The main frequency range of interest for this thesis has been the range from 2 to 150
kHz. There are two completely different measurement methods covering this frequency
range: time-domain based and frequency-domain based. Time domain based measurements
are used throughout the thesis. This gives an opportunity to choose between different
analysing tools where among others the joint time-frequency domain has shown to be a
useful tool for describing waveform distortion in our frequency range of interest.
The majority of the measurements presented in this thesis have been directed towards
fluorescent light powered by high frequency ballasts. This type of load has been, due to
stringent harmonic limits, one of the first to use a more advanced switching technology
called active power factor correction. This technique is also getting more frequently used in
other small-power equipment, like computers. Installations of lights in stores etc. normally
contain a large number of ballast connected together and the interaction is of importance,
for example for setting emission and immunity standards.
The measurements on ballasts presented in this work have shown that distortion in the
frequency rage 2-150 kHz comes in three types: narrowband distortion; wideband
distortion; and recurrent oscillations. The recurrent oscillations are a new type of powerquality disturbance that had not been recognized as such before. The measurements
further have shown that the three types of distortion spread in a completely different way
from the individual devices to the grid. This knowledge is essential for the setting of
emission requirements on energy-efficient equipment.
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1 Introduction
1.1 Background
Disturbances in the power grid have been of interest to power engineers ever since the
beginning of electrification. The focus has though shifted around mainly with the change
in the types of equipment used in the power system. Some power quality parameters and
their origin that remain of interest today are:
x Transients from opening and closing of breakers and other switchgear
x Overvoltage due to lightning strokes
x Light flicker due to fast voltage fluctuations from fast load variations, mainly
due to arc furnaces, welding and traction loads
x Frequency fluctuations due to unbalance between power production and
consumption
x Voltage sags and swells due to faults in the grid and due to energizing of large
loads
x Waveform distortion (often referred to as harmonics) that will be discussed in
more detail below.
Harmonics were in early power grids especially known to originate from generators and
transformers. Loads were not considered as a source of harmonics. From the 1960’s with
the introduction of the thyristor controlled valves in HVDC, industrial installations,
railways etc. big loads became known as emitter of harmonics. As these were large loads of
which there were not too many, measures could be taken on a case-by-case basis. It was
often possible to make changes in the installation, for example the installation of filters, to
limit the distortion. Starting with television sets already in the 1970’s and growing in the
1980’s towards smaller loads like computers, video players, washing machines, etc. small
loads also became a emitter of harmonics that had to be considered. These loads contain a
diode rectifier which produces a rather well predictable harmonic spectrum. Because of the
large number of loads it was no longer possible to address the distortion on a case-by-case
basis and a more overall mitigation approach became necessary. This has resulted among
others in the setting of compatibility levels and voltage characteristics and in the setting of
emission limits for end-user equipment.
From the 90’s onwards active power converters became more common. These switched
mode power supplies use switching technology which reduces the losses, size and weight.
The switching technology has also introduced new emission at frequencies above 2 kHz.
The frequency of 2 kHz is the normal upper limit for what is referred to as the harmonic
range. Frequencies above 2 kHz are normally not considered in harmonic studies [1].
1
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In order to reduce the harmonic distortion, standards like IEC 61000-3-2 [2] and IEC
61000-3-4 [3] set limits on the harmonic emission of loads. Under this standard, light
equipment with a rated power above 25 W has to comply with strict harmonic emission
limits compared to other equipment. As a result, lighting equipment larger than 25 W,
almost exclusively uses active power factor correction to reduce the harmonic emission.
Light is one of the few products that also has to comply with emission limits in the range
between 9 and 150 kHz.
When looking upon illumination a decision was taken by the European Union,
effective from the 1 of September 2009, to stop the sales of larger incandescent lamp [4]
and replace them with lamps with higher lumens per watt. By 2012 the last step of
forbidding the smallest (< 25 W) incandescent lamps will be taken. By 2016 the halogen
lamp will also face harder restrictions on lumens per watt. Also the fluorescent lamp has
been driven, among others by higher requirements on efficiency, towards the use of power
electronic ballast instead of the formerly-used magnetic ballast [5]. These developments will
lead to that almost all illumination products will be using power electronics in the future
and almost no light products will be purely resistive anymore.

1.2 Motivation to the work
As was mentioned in the previous section, there are some downsides to the use of power
electronics in loads. Power electronics result in a non-sinusoidal current which in turn
results in non-sinusoidal voltages at the terminals of the equipment and, more importantly,
for other equipment and customers connected to the grid.
Much of the work done within the power quality area has been directed towards the
subjects mentioned in Section 1.1 and most of those phenomena are well investigated and
understood [6][7]. Waveform distortion in the frequency range above about 2 kHz has not
been investigated much and there is limited knowledge and understanding of the
waveform distortion in this frequency range. The frequency range up to 2 kHz is covered
by several standards. In the frequency range starting at 150 kHz several standards applies.
The highest frequency covered in standards is 30 MHz for conducted disturbances. With
some exceptions, the frequency range 2 to 150 kHz is not covered in standard documents.
The exceptions are: CISPR 15 [8], which deals with illumination products starting at 9
kHz; and power line communication standards, regulating the power line communication
products [9][10]. Some special application standards such as military standards and some
local standards and regulations also cover the range between 2 and 150 kHz. These have
not been further considered in this thesis.
Recently the frequency range between 2 and 150 kHz is receiving more interest
[11][12][13]. The rather sudden interest has a number of reasons. The amount of devices
containing active power electronics is increasing, which could result in an increase in
voltage and current distortion in this frequency range. A second reason and the one that
2
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has triggered the sudden interest is what are by many referred to as “smart metering”:
communication between the electricity meter and the network operator and/or the
electricity retailer [14]. Such meters are already common practice in Italy and in Sweden,
whereas many other countries plan to introduce such meters on a large scale within a few
years. In many cases the power grid is used for this communication. The frequency range
used for power-line communication is between 3 and 148.5 kHz. The range consists of
several frequency band and the bands between 3 and 95 kHz is reserved for power
companies to use. Other bands are for “in door” communication, by residents, industries,
public buildings etc. In Sweden the use of power-line communication has increased
together with the introduction of legislation to read the revenue meter monthly for
domestic customers. Larger customers are required to be read more often. In November
2010, the energy regulator proposed to have the consumption of all larger domestic
customers (annual consumption more than 8000 kWh) read every hour from 2015 [15].
One of the aims is to make the customers more aware of the power consumption in order
to get them to save energy. The introduction of hourly-meter reader for so many customers
(over 1 million in Sweden) will increase the interest in power-line communication even
more. Similar developments are planned in other European countries and elsewhere in
the industrialized world.
A short and incomplete list of potential problems with waveform distortion in the
frequency band 2-150 kHz is presented below.
x

Such distortion in the current and in the voltage could 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.

x

Audible noise can occur due to mechanical resonances at frequencies with a
sufficient amount of waveform distortion. This could in principle occur with
every frequency; the 100-Hz hum with power transformers is a well-known
example. However recently complaints have started to occur of audible noise at
1 kHz and higher due to high-frequency emission from modern drive systems
[16].

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. As two important potential sources
of distortion between 2 and 150 kHz are energy-saving lamps and renewableelectricity 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 where many devices with active power electronics have their switching
frequency. This may also become a barrier against the use of power-line
communication.
3
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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.

1.3 Scope
The work within this thesis focuses on waveform distortion between 2 kHz and 150
kHz, so-called “high-frequency distortion”, as opposite to “low-frequency distortion” below
2 kHz. Frequencies below or above this band have been studied only in correlation with
the high-frequency distortion.
The aim of the study described in this thesis is to map the distortion that can be found
in this frequency range and to evaluate some of the analyzing methods that can be applied
to evaluate and understand these signals.
The work presented in this thesis is to a large extent based on measurements performed
either in our laboratory or in the field using equipment from our research group. Ensuring
sufficient measurement accuracy has been an important aspect from the beginning,
especially verifying that the observed phenomena are physical phenomena and not some
artefact for example from the measurement instrument used. The accuracy of the
measurement has however not been a specific focus of the research. But the accuracy is
deemed sufficient to support the conclusions drawn in this thesis.
Various simulation tools are available to reproduce voltage and current waveforms due
to power-electronics equipment using active converters. By using appropriate models with
sufficient details it is most likely possible to reproduce and further study the phenomena
presented in this thesis. No such simulations are part of this thesis; the work is instead
completely based on measurements.
Where reference is made to standard documents in this thesis, only IEC and Cenelec
standards have been considered. No other standards, like military or national standards,
nor local regulations, like connection agreements for wind parks, have been considered in
this thesis. It is however most likely that some of these also cover the frequency range of
interest to this thesis.
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 of highfrequency distortion expected and also here new interference problems may 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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1.4 Terminology
From a measuring point of view the sampled voltage or current y(t) is the sum of the
actual signal f(t) present in the grid plus an error H(t).

yt

f (t )  H (t )

The error H(t), commonly referred as noise, can be due to several different sources. It
can be due to a quantization error. It can also be due to noise from the filters, cables and
other external sources and it can be due to internal noise of the instrument.
When measuring in the power system the signal f(t) can be described as a sum of
components normally consisting of a fundamental component at the power system
frequency plus a number of other components both below and above the power system
frequency. The most common components and the ones normally having the highest
amplitude beside the fundamental are the traditional harmonics which are synchronized
with the fundamental. The harmonics are integer multiples of the power system frequency.
Commonly there are also other components part of f(t), namely what are called the subharmonics and interharmonics, which are non-integer multiples of the power system
frequency. To this we also can add modulated components as in the case when voltage
fluctuations (also referred to as “flicker”) are present in the grid.
In this view we can present the actual signal f(t) as the sum of the fundamental
component; low frequency components and high frequency components. There are of
course components that can be found above 150 kHz but these are left out in this model.

f (t )

f1 t  f LF t  f HF t

Where f1(t) represents the power system frequency components, fLF(t) the harmonic
components up to 2 kHz and fHF(t) the high frequency components between 2 to 150 kHz.
In Chapter 3 the different components that form the third term on the right-hand side
of the equation are discussed in detail.

1.5 Metrological aspects
Measurement of high-frequency components in the power system is not trivial and there
are many sources of errors and risks for additional components generated by the measuring
system (the term “measurement artifacts” is sometimes used). During the project resulting
in this thesis the accuracy of the measurements has been discussed intensively and the
measurements have been verified in a number of ways. This is shown in more detail in
Section 3.4 and in Section V of Paper B.
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In this thesis, mostly in Chapter 5, the results from a measurement campaign in a, for
power quality, rather new frequency range are presented. This makes that additional care
should be taken to ensure that the observed phenomena are real and not some artifacts
due to the measurement. The following arguments support the existence of the
phenomena described in this thesis:
x The same phenomena, including the appearance and disappearance of the
phenomena with time, are observed at different locations.
x Each location is showing individual details but at the same time similar
phenomena.
x The observed phenomena can be described by physical and objective
explanations.
x Simultaneous measurement of the current, not presented in this thesis, in
different points in the grid shows a propagation of the signals that can be
described by simple electrical models.
x Simultaneously conducted measurement of voltage and current shows the same
components in both voltage and current and the resulting calculated impedance
reveals a value that is reasonable in this frequency range.
x Measurements with another measurement instruments show the same
phenomena and the same voltage and current magnitudes in the time-frequency
domain. The measurements obtained with a 12-bit instrument showed more
details than the measurements obtained with a 9-bit instrument.
x Measurements with and without analogue high-pass filter show the same
phenomena, but the high-pass filtered version shows, as expected, more details
for small-amplitude components.
No error estimation has been made, but this is not deemed necessary for the purpose of
this thesis. The aim of the work is not to obtain very accurate values for the amplitude of
the different frequency components, but to show the presence of new phenomena and to
obtain an estimation of the amplitude of these phenomena.
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1.6 Outline of the thesis
The first chapter gives a short introduction, motivation, scope and main contribution of
the work. Also terminology and meteorological aspects are introduced.
The second chapter gives a brief description of the topology of the switched-mode
power supply and some measured examples of harmonic distortion of some equipment’s.
The third chapter is describing difference between measurement technologies below
and above 2 kHz and the chosen method is described more in detail. Also some
standardized measuring methods in the frequency range are brought up. Some verification
of the current- and voltage- measurements is presented together with instrument
verification.
The fourth chapter brings up some analyzing technologies used together with explaining
some characteristic examples of different types of distortions that can be found in the
frequency range from 2 to 150 kHz.
The fifth chapter shows some results from field and laboratory measurements of
fluorescent lights.
The sixth and final chapter concludes the work and brings up some suggestions of
future work.

1.7 Main contributions of the work
x

Identifying different components in the public low voltage grid in the frequency
range and their sources. Most of this is shown in [17].

x

From laboratory measurement it is shown that waveform distortion in the
frequency range 2 to 150 kHz consists of three distinctive components:
narrowband; broadband; and recurrent oscillations.

x

How the different type of emissions are propagating in the grid. In an
installation consisting of a large number of lamps, the broadband component
(45 – 70 kHz) mainly flows between the lamps without impacting the grid. The
recurrent oscillations (2 – 5 kHz) mainly flow towards the grid.

x

Standardized EMC test is normally done at single equipment but this is a work
where a large number of equipment is investigated when forming a whole load
connected to an “ordinary” grid as the normal situation in reality. Emission tests
performed on a single device against an idealized grid, will not give a useful
estimation of the currents that will flow between the device and a real grid.

x

The broadband signals can in fact be a narrowband signal that shifts over time.

7

1 Introduction
x

Emission of recurrent oscillations from small loads. These components have a
similarity with notches but have however never been described for high-volume
equipment used by non-industrial customers.
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2 Signal emitting equipment
Today the use of power electronics is getting more common and one of the main
driving forces is the flexibility, control benefits and energy saving features that many times
outweigh the higher investment cost. Smaller equipment has additional benefits such as
lower weight and size. Switched-mode power supplies (SMPS), further allows better control
of electrical parameters such as voltage and current.
From the grid point of view the power electronics is known to produce harmonics. The
emissions of harmonics are well known and the effect and spread is described in various
textbooks [6][7][18][19][20]. Some examples of current waveforms from different types of
electronic loads are shown in the forthcoming section.

2.1 Small equipment
Electronic devices can have a range of diverse topology depending upon the application
but the front-end (grid-side of the device) is often similar. The front-end typically contains
an EMC-filter, a rectifier, a smoothing capacitor and a chopper. Since this thesis mainly
looks upon signals in the grid generated by electronic loads the main focus is upon the
front end of the device. In Fig. 2.1 a simplified scheme of SMPS is shown.

Grid

Load

EMC filter

Rectifier

Smoothing
capacitor

Active PFC

Chopper

Transformer

Rectifier

Fig. 2.1 Scheme of SMPS for power conditioning

The rectifier is normally in single-phase applications a two-pulse rectifier. Mainly in
older applications (some early generations of televisions) occasionally a one pulse rectifier
with only one diode was used. The drawback with the single-diode solution is a much
higher ripple on the DC-side. The use of this solution also produces a DC component in
the current which can be stressful for the distribution transformer.
The purpose of the smoothing capacitor is to reduce the ripple in the pulsating voltage
from the rectifier. The active power factor correction unit following the smoothing
capacitor is used in some cases to maintain the harmonic contents below certain limits.
The chopper is typically working in the kHz range and in most cases we can find the
switching-frequency in the range from a few kHz up to more than 100 kHz. The benefit of
using a high switching frequency for the chopper is that the transformer can be much
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smaller. This in its turn leads to smaller and lighter power supplies and still maintains the
galvanic insulation which is desirable e.g. for laptops, mobile chargers etc. The reason for
the smaller transformer can be understood from the transformer formula:

U1

2S ˆ
B  f  A  N1
2

Where U1 is applied voltage across a winding on an iron core, f is the frequency of the
applied voltage, A is the cross section, N1 represents the number of turns of the winding
and B̂ is the resulting maximum flux density. Consider the maximum flux density
B̂ before saturation, number of primary turns N1 and input voltage U1 to be constant and
increase the frequency f 1000 times from 50 Hz to 50 kHz. The required cross section A of
the iron core is also reduced by 1000 times. This is the main reason to use a higher
frequency. Older equipment, from a time when power-electronics components were
expensive, used an ac/ac transformer to bring the ac voltage down to the appropriate level.
A four-diode bridge and a smoothing capacitor were next used to obtain the required dc
voltage. This resulted in much lower harmonic distortion but was a more bulk and heavy
solution mainly due to the iron core in the ac/ac transformer.
Since a high frequency is used by the chopper an EMC filter is needed to avoid the
remains from the switching frequency to reach the grid. The limitation of the emission is
for most products starting at 150 kHz with an exception for lighting equipment which
starts at 9 kHz, as mentioned in Section 1.2. There is also a step to a lower emission limit
in CISPR 15 [8] at 50 kHz and an additional step at 150 kHz. These frequencies at which
the emission limits becomes lower, may also impact the choice of the switching frequency.

2.2 Low-frequency distortion (0 – 2 kHz)
As mentioned in the previous section, the front-end has in almost all cases about the
same topology. But small changes in the topology can result in differences in the current
waveform.
A time domain waveform containing no harmonic is perfectly sinusoidal at the powersystem frequency of 50 or 60 Hz. Any deviation from this perfect sine wave indicates the
presence of harmonics. Fig. 2.2 shows some examples of the current waveform drawn by
low-voltage equipment. The different current waveforms show different deviation from the
ideal sine wave. Note that these measurements are just showing some examples and not
claimed to be fully representative for all types of electronic loads. The top left graph shows
the current drawn by a single-phase adjustable speed drive feeding an idling 0.75 kW
asynchronous motor at 8 Hz. By the shape of the waveform it is likely that this speed drive
has a so-called voltage-stiff DC link (a capacitor that keeps the dc voltage constant). The
next example, an 11 W compact fluorescent lamp (CFL) is shown in the top right graph.
The experience from many measurements on CFL’s is that the spike on the waveform is
quite characteristic for this type of load [21]. The next two examples are for a laptop (left)
12
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and for an LCD-TV (right). These currents have a similar general shape: they are close to
sinusoidal except from some deviations around the zero-crossing. These deviations look
like the current takes some small pause around the zero-crossing. This so-called “zerocrossing distortion” will be discussed more in more detail in Chapter 3, 5 and 6. The next
two measurements shown are for a 25 to 30-year old video recorder (VCR) and Cathode
Ray Tube (CRT) TV. These two devices also show large deviations from a sinusoidal
waveform. This shows that the emission of harmonics is not a new phenomenon that
comes only from modern equipment. The current waveform at the bottom left is taken
from a mobile charger. The current magnitude is quite low and the shape of the waveform
shows some similarities to the one of the CFL. The current waveform shown to the bottom
right is taken with a 100 W incandescent lamp. The incandescent lamp is a linear load, for
which the current waveform follows the voltage waveform. This one is added as a reference.

Fig. 2.2 Examples of small electronic devices containing power electronics (plus an incandescent
lamp). Note the difference in vertical scale between the different waveforms.

Even if the front-end topology is about the same the resulting current waveform is
different, as shown above. There are a number of reasons for this: different loading of the
power supply; different bulk capacitor size; different control of the chopper; or the
presence of an active power-factor correction [22][23].
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Due to the diversity of the topology the harmonic spectra from these electronic loads
are also different. The resulting spectra of the measured current waveforms in Fig. 2.2 are
shown below in Fig. 2.3. Note that the measurement is done with an oscilloscope and not
with classified power quality instrument since the purpose here is just to show some
examples of waveform distortion. In all cases the spectrum is obtained over a window of
exactly 200 ms. Both the adjustable speed drive and the CFL have a large harmonic
content while the Laptop and the LCD-TV have a much smaller harmonic content. The
older equipment (VCR and CRT-TV) also present a large harmonic content as this load is
using power electronics as well.

Fig. 2.3 Harmonic spectra of the current waveforms shown in Fig. 2.2. Note the difference in
vertical scale between the different spectra.

Table 2.A summarizes the rms value of the current and the THD, in percent, of the
measured current with the fundamental value as reference, as given by (5.2). The apparent
power S is given in volt-ampere and the active power P in watt. The power factor (PF),
which is a common performance index for light products, is close to 1 for the laptop, LCDTV and the incandescent lamp. This index gives some indication on how distorted the
current is but note that if the load current is leading or lagging the voltage it will also
produce a low PF without any distorted current. The displacement power factor (DPF) is
only determined by the angle between the fundamental voltage and current.
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Table 2.A
Adjustable speed drive
CFL 11 W
Laptop
LCD-TV
VCR
CRT-TV
Mobile Charger
Incandescent lamp

IRMS
(A)
0.34
0.076
0.41
1.0
0.1
0.40
0.037
0.41

ITHD (% of
fund.)
212.8
98.8
20.0
21.3
82.1
137.9
183.6
1.43

S (VA)

P (W)

PF

DPF

76.6
17.1
93.0
228.3
23.4
91.2
8.4
92.95

32.4
10.5
89.5
218.5
17.2
53.3
3.9
92.93

0.423
0.614
0.962
0.957
0.733
0.584
0.464
0.999

0.998
0.886
0.983
0.981
0.948
0.999
0.982
0.999

The reported trend over a time of several years of the harmonic content in the grid is a
little diverse. Some reports show an increase of harmonic content [24][25][26][27] while
others report a decrease in harmonic content [28][29]. Note that references [27] and [28]
are from the same survey but looking upon different timespans.
There is concern expressed [30][31][32] by some researchers that the replacement of
incandescent lamps by other types of lighting will remove the last linear device from the
system. This could, according to those researchers, result in very high levels of harmonic
voltage distortion. There is however no indications yet, neither any detailed studies
showing, that this will be the case
Since 2002 a series of power quality measurements at LAN-Parties in Skellefteå have
been performed. To study LAN-parties brings some advantages; the load consists of mainly
modern and state of the art computers. The computers that the participants (almost
exclusively youngsters in the age group of 13 to 20 years) are bringing are always reasonable
new models since the computer gaming requires that. The main conclusion from
measurements at these LAN-parties over this 7 years period is a decrease in harmonic
content in the load current. More details of this study can be found in Paper A.
IEC 61000-3-2 [2] and IEC 61000-3-4 [3] are the international standards regulating the
harmonic emission from loads. These standards are adopted by Sweden and most other
European countries. The first mentioned standard applies to small loads, up to and
including 16 A. This standard divides small loads into four different classes: A trough D;
where A includes most of the equipment not specified in other classes, B includes portable
tools and non-professional arc welding equipment, C includes lighting equipment and D
includes PC, monitors and TV receivers.
When it comes to lighting equipment, Class C, harmonic emission limits are more
restrictive than for the other classes. Some type of power factor correction (PFC) is needed
to comply with the standard. Note that this class is restricted to equipment above 25 W;
lighting equipment below this is restricted by Class D or a similar limit. The most common
way to handle these harmonic limitations at lighting equipment with HF-ballast is to use
active PFC. A number of different solutions and topologies are in use for this.
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Even though the main topology is about the same, the time-domain measurement
shown above shows that the current drawn can differ quite extensive between different
types of equipment. There are however also differences between same types of equipment.
Fig. 2.4 shows the current taken by six different high-frequency (HF) 2x49 W ballasts.
From the time-domain measurement we can tell that the current waveform is close to
sinusoidal for all these ballasts. The harmonic emission of light equipment over 25 W is
regulated by IEC 61000-3-2 [2] which means in reality that almost all HF-ballasts have a
close-to-sinusoidal current waveform. Note that these waveforms are quite similar to the
ones for the Laptop and LCD-TV in Fig. 2.2. The deviations from a sinusoidal waveform
can be observed around the current zero crossing and around both negative and positive
peak of the waveform.

Fig. 2.4 Current waveforms for six different HF-ballast feeding 2x49 W fluorescent tubes.

The resulting harmonic spectra, from the measured window of exactly 200 ms,
presented in Fig. 2.5 show also that the harmonic content of the current is very low for this
type of loads.
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Fig. 2.5 Resulting spectra of the currents shown in Fig. 2.4.

The use of active PFC, used in all the ballasts shown in Fig. 2.4, is also becoming more
frequent for equipment that has to comply with Class D requirements. This can be seen
from the current waveforms drawn by the Laptop and LCD TV in Fig. 2.2 as well. An
active PFC may not be the only solution to comply with the less strict limits for Class D
equipment. However many manufacturers appear to choose for active PFC. This may have
to do with lower costs and/or smaller size than passive elements like an inductor. One can
see in advertisements for SMPS for computers that the advantage with active PFC is sold
under the argument of being beneficial for both the user and power companies
[33][34][35][36][37]. There are also incentive programs to ingrate more energy efficient
power supplies into computers [38][39].
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2.3 High frequency distortion (2 to 150 kHz)
The main frequency components in this frequency range that have been identified
during our studies are:

x

Power line communication

x

Remains from switching in power electronic equipment.

The focus has in this thesis has been turned towards remains of switching at small
equipment and HF-ballast in particular. Emissions from other types of equipment can be
found in [17].
A simple schematic of a high frequency ballast is shown in Fig. 2.6. A ballast larger then
25 W has almost exclusively two separate parts where switching takes place: at the active
PFC and at the output stage.
In reality there are many different types of active PFC having different characters used
for light equipment. In principle an active PFC circuit is a dc/dc converter. The commonly
used converter types are e.g. boost, buck or buck-boost converters. All these converters
contain an inductor, switching element, diode and a capacitor. A distinction is made
between whether the current in the inductor is continuous or discontinuous operating
mode [22]. Beside this there is a large variety of control of the switching pattern as well
such as PWM, average, peak, and hysteresis.
The output stage is, in this case, a half-bridge driven resonant stage. Normally the
switching of this output stage takes place at constant frequency in the range from 30 to 90
kHz. The load, in this case the fluorescent tube, provides a constant loading of the ballast
except for the starting sequence.
active PFC

~ Vnet

Out-put stage

EMCfilter

Fig. 2.6 A simplified scheme of a high-frequency ballast. The front end with active PFC using a
boost converter and a half-bridge driven resonant stage.
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3.1 Differences below and above 2 kHz
Measurement in the frequency range above 2 kHz is rather different from those in the
harmonic range (below 2 kHz). The main amplitude of the current and voltage signals in
the range above 2 kHz is often much smaller than for lower frequencies. Also the fact that
the frequency is higher makes measurements more difficult. Measurements of currents
above 2 kHz require current transformers or other transducers that have a sufficiently-high
accuracy for both amplitudes and phase angle of the signal components. The voltage needs
to be high-pass filtered to obtain sufficient dynamic range. This filtering in its turn should
have minimal impact on the signal. When using signal conditioners a correction might be
needed to compensate for the frequency dependency of the transfer function.
As will be shown below the signals in this frequency range have different characteristics
than lower frequency signals. Therefore the analyzing techniques need to be different. The
spectra are rather often of a broadband form when compared with LF harmonics where
discrete or narrowband components are found in most cases at integer multiples of the
power-system frequency. The signal is often not stationary and will change amplitude over
time in the millisecond range. These changes are often synchronized with the power system
frequency. The signals can also have other features as like time-frequency varying which is
not so likely to find in the LF harmonic range.

3.2 Standardized methods for measuring and analysis
The measurement technique and description of instruments in this range is covered by
two different standard documents: IEC 61000-4-7 [40] and CISPR 16 [41]. The first
mentioned describes measurements in the range from 2 to 9 kHz, in an informative annex.
The method can be seen as a guideline on how the IEC recommends to perform and treat
the obtained measurement data. This document proposes the use of a time-domain
sampling instrument with a high-pass filter starting at 2 kHz for suppressing the amplitude
of the power-system frequency by more than 55 dB. This is to achieve a higher resolution
in magnitude of the high frequency components. The recommendation is to take a 200 ms
time-domain sampled window of signal which later is analyzed for frequency components.
This means in reality the use of a filter that should have at least a 2nd order filter curve up
to 2 kHz and a stop band above the frequency range in interest to avoid aliasing. The
resulting 5 Hz frequency channels of the DFT are grouped into 200 Hz bands to
harmonize with the lower CISPR 16 [41] frequency band A, starting at 9 kHz. Note that no
recommendation of a minimal amplitude resolution of the measurement instrument is
made.
The CISPR 16 [41] standard prescribes measurements with a measuring receiver. This is
a principally-different method compared to the time-domain measurements in IEC 610004-7 [40]. In a simplified description a measuring receiver scans the frequency bands with a
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specified resolution bandwidth in the same way as an analogue radio receiver when
searching for a radio station. The amplitude of the signal within each band is decided by
the detector, of e.g. type RMS, Quasi-peak, Peak or Average. The detected amplitudes are
then presented over the frequency span of interest. Only limited information about the
time-domain can be achieved from this.
Measurement above 9 kHz according to the CISPR standards are mainly performed for
controlling the emission levels of equipment. These types of measurement are done in a
controlled environment with only one emitting load connected to fairly noise-free voltage
and known source impedance. The purpose is to make the measurement time and place
independent so it will be possible to reproduce at a different time and location. This
means that there is no need for simultaneously measurements at different points and these
types of instruments have often only one channel available.
Measurement and also analyzing according to standard documents are important and
necessary to be able to make useful comparisons between different equipment or between
different locations in the grid. But during research and development the use of standard
methods can be quite limiting and restricting. There is a chance to miss things since
measurement according to standards are not covering all situations. Standards can however
serve as basis for some of the measurements and for the development of new measurement
and analysis methods.

3.3 Measurement technology used
In this project it was decided to use time-domain sampling even above 9 kHz for the
following reasons:
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9

Provide the possibility to measure several channels simultaneously

9

Standard frequency-domain methods give only a magnitude as a function of
frequency. As there is no phase information available, it is not possible to
reproduce the time-domain waveform.

9

When the frequency content of the signal changes fast, the spectra could be
hard to interpret. A priory assumption has to be made, which could again be a
barriers for research and new developments. Such a limitation is not needed
with time-domain data.

9

Time domain information can easily be used together with frequency domain
information to give a better presentation/explanation

9

Time domain fits better with the approach used at lower frequencies

9

A time domain instrument is cheaper for the frequency range of interest.
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9

Once the time-domain data is available, it is possible to obtain the output from a
measurement receiver by modeling that receiver [42].

The choice of instrument for this project was an oscilloscope type instrument. The
difference between an ordinary oscilloscope and this instrument is that this instrument has
room for up to 8 exchangeable measuring input modules and has a larger memory for
recording signals. The larger memory provide the ability to use higher amplitude resolution
and with more samples. During the measurements 12-bits amplitude resolution and 10
MS/s sampling speed was used. Each input module has a number of low-pass filters
available and a 1 MHz cut-off frequency is used for anti-aliasing. The frequency of interest
is up to 150 kHz and with a Nyquist frequency at 5 MHz that means that the lowest
frequency possibly interfering with the measurements could appear at 9.850 MHz. This
signal will be attenuated 9.9 dB or about three times as shown in Fig. 3.1.

Attenuation (dB)

0
-10 dB/dec

-9.9 dB
-10
Frequency (MHz)
1

5
Nyquist f

10
9.85

Fig. 3.1 The attenuation of the anti-aliasing filter as a function of the frequency. With the setting
used the lowest frequency resulting in aliasing, at 9.85 MHz will be attenuated about 9.9 dB.

All of the current measurements done in this frequency range are achieved with Pearson
current probes model 411 which is a permanently closed model. This current probe has a
transfer of 100mV/A, the lower 3 dB cutoff at 1 Hz and the high cutoff at 20 MHz, shown
schematic in Fig. 3.2. In the frequency range of interest the accuracy is -0, +1 %. The phase
error of the probe is less than 1 degree from 60 Hz to 333 kHz and increasing to 6 degrees
at 2 MHz.
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+3dB
-3dB

1 Hz

20 MHz

Fig. 3.2 Frequency response of the current probe used for the measurements.

As indicated before there is a need to use a low-pass filter (LPF) and a high-pass filter
(HPF) with this type of measurements. The HPF is used to suppress the power-system
frequency and the LPF is used for anti-aliasing purpose. Note that a band-pass filter would
also do the job, but two separate filters are easier to implement. Almost all voltage
measurements in this project are done using an analogue filter. At first, the market was
scanned for a suitable filter to use but none were found. So an analogue filter, using a
transformer for galvanic insulation for safety, was build that had a suitable filter curve. A
drawback with that filter is that the input impedance in the pass-band is only around 110
. This is quite low and will attenuate the signal dependent upon the source impedance.
On the other hand is the impedance not so different then from the input impedance that a
“normal” electronic load provides to the network in this frequency range. One good aspect
of using an analogue filter is the robustness of it. It can handle large impulses without any
problems. More detailed information about the analogue filter can be found in [17].
At a later stage a differential probe with operational amplifiers that filtered the voltage
was build. This filter has higher input impedance, 6 kȍ, in the pass-band which is better
but the drawbacks with this solution are the addition of noise and the fact that the
operational amplifier has an limited amplitude range. The frequency range is in this case
not so hard to handle.
The analogue filter used in the measurements shows a constant transfer throughout the
pass-band, but this transfer is not equal to 0 dB. The filter introduces about 3 dB damping.
However in most of the figures presented in this thesis and in the attached papers no
correction has been made because the interest is mainly in a description of the
phenomena. When a correction has been made, this is noted in the text.
A way to get around the use of an analogue HPF for voltage measurement is to use a
higher resolution. The attenuation of 55 dB (about 562 times) would relate to almost 9-bits
higher resolution. Filtering the power-system frequency component remains an attractive
method however.

22

3 Measurements in the range 2 to 150 kHz
No analogue filter was used on the current due to the fact that this does not seem to be
necessary. Often is the relative amplitude of the high frequency content in the current so
high that a digital filter is enough for showing these components.

3.4 Verification of the measurements
There are many possible sources of errors when measuring in a higher frequency range.
This holds even more for measurements in the field (on site) than for measurements in the
laboratory. Below examples are given of some of the ways used to verify the measurements.
Note that the measurements in this thesis are not claimed to be fully accurate; the
measurements are used for showing phenomena on the grid in this frequency range. But
the strive is to make the accuracy as good as possible.
3.4.1 Current measurement verifications
Fig. 3.3 shows the experimental setup of a measurement of the currents feeding two
different loads, a Compact Fluorescent Lamp (CFL) and a fluorescent lamp driven by a
high frequency ballast. The current was measured simultaneously at three different points.
According to Kirchhoff’s current law these current should sum up. Kirchhoff’s current law
holds under the assumption that the radiated emission from the currents is small, which
holds for this frequency range. Deviations from Kirchhoff’s current law, any external
influence on the measurement signal, and measurement errors, will likely show up as a
difference.
IA
HF-fluorescent
lamp

Itot

IB
CFL

Fig. 3.3 Scheme of laboratory setup of test measurement to verify current measurement

From Kirchhoff’s current law we obtain:

I tot

I A  IB

When dealing with reality from measurements there is always a non-zero error in the
measurement signal denoted 'I below. This error can originate from e.g. an induced
signal in the circuit, current probes, off-set error, amplitude error etc. From this we can
formulated the measured signal as follows:
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*
I tot

I tot  'I tot

I

*
A

I A  'I A

I

*
B

I B  'I B

When joint together we receive:
*
I tot
 I A*  I B*

'I tot  'I A  'I B

When the left-hand statement is close to zero this is likely due to the fact that the
individual errors given by the right-hand part of the expression are small. It can however
not be ruled out that the individual errors are larger but cancel each other out in
comparison. With an external influence, capacitive or inductive coupling, it is more likely
to be about the same for the three signals, so that it will give a non-zero result and thus
show up in the comparison. Aliasing can however not be detected by this method, because
Kirchhoff’s current law also holds for those frequency components.
The two upper curves in Fig. 3.4 show the measured current to the HF-fluorescent lamp
(left) Ia and the CFL (right) Ib. The total current Itot (lower left) shows the summation of the
two individual currents and when subtracting the individual currents from the total
current we end up with a current close to zero (lower right). The “noisy” signal shown
contains mostly quantification steps which in this case is 0.005 A and a small 50 Hz
component. The 50 Hz component is about 0.5% of the amplitude of I tot signal, which is
an acceptable error.
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Fig. 3.4 Resulting time domain data from the measurement according to the scheme in Fig. 3.3.

For verifying the measurement in the high frequency part of the spectrum the IEC
grouping method, according to (4.1), has been used, Fig. 3.5. From this some components
are visible in both Ia and Ib and all components are visible in Itot. The resulting spectra of
the subtracted current are almost zero except from the component visible around 122.5
kHz that originates in the measurement instrument. Note the difference in the vertical
scale. This component is going to be more visible later in the spectrograms from the STFT.
The component is most likely originating in the measurement cards. This was verified by
measuring with a spectrum analyzer and a “sniffer” antenna.
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Fig. 3.5 Resulting spectra of the measured currents grouped into 200 Hz bands.

Fig. 3.6 is the resulting spectrogram of the three measured currents from the previous
figures. See Section 4.2 for more details of the spectrogram. The last one down on the right
side where the two currents Ia and Ib are subtracted from the measured total current, shows
almost only noise. The only pattern showing up is the faintly visible signal at around 122.5
kHz which has been mentioned above, and which originates in the instrument.
Note that the color scale has been scaled to the minimum and maximum value for each
figure. The fact that certain features are visible in the individual currents but not in the
total current has to do with this choice of colors by the spectrogram algorithm. This has
nothing to do with any measurement error.
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Fig. 3.6 Resulting spectrogram of the three measured currents.

3.4.2 Voltage measurement verifications
To get some indication on how the analogue voltage filter used affects the result, a
simple test measurement with and without the analog filter was conducted at the terminals
of a HF fluorescent lamp. Also a measurement of the background voltage with and without
the filter was carried out. The measurement without analog filter was later digitally filtered
using a second order high-pass Butterworth filter with a cutoff frequency at 2 kHz. The
resulting spectra from each measurement are shown in Fig. 3.7. The measurement of the
background voltage without filter (upper right graph) shows the higher level of
quantization noise (the flat part of the spectrum) compared to the measurement with a
filter.
At the low-frequency side of the spectrum (a few kHz) the signal level without filter are
higher than without filter; which is a normal behavior of the filter. For higher frequencies
there are only some minor differences in magnitude. These are due to the beforementioned low impedance of the analogue filter and due to the variation of emission with
time.
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Fig. 3.7 Measurement without a filter (upper) and with filter (lower).

Comparing the four plots gives the following conclusions:
9 No new signal components are introduced by the filter;
9 The filter does not remove any signal components within the pass band;
9 The impact of the filter on the magnitude of the signal components is within the
uncertainty due various contributions.
3.4.3 Instrument verification
A final measurement has been performed in which the instrument itself was verified.
The HIOKI 8855 instrument used in the earlier verification was connected in parallel with
a Tektronix TDS3034 oscilloscope. Simultaneous measurements were performed on
current feeding a HF-fluorescent (2x54 W) lamp with one Pearson 411 current probe. The
output triggering signal from the Hioki was used to synchronize the two instruments.
Since the oscilloscope only produces 10 000 samples per recorded window the total
window of both instruments were set to 40 ms. That results in a sampling speed of 250
kS/s for the oscilloscope. The sampling speed was kept at 10 MS/s for the Hioki. The plot
in Fig. 3.8 below shows the resulting time window of the current feeding the lamp from
both instruments. The black curve is the Tektronix measurement and the red is from the
Hioki instrument. The difference between the two curves is very small: the two instruments
measure the same signal components, within the accuracy of the instruments.
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Fig. 3.8 Same current measured simultaneously with two different instruments: Tektronix
oscilloscope with 250 kS/s sampling rate (black); Hioki 8855 instrument with 10 MS/s (red).

A large difference between an “ordinary” oscilloscope and the Hioki is the amplitude
resolution and memory capacity. The Hioki has 12-bits resolution while the Tektronix
oscilloscope has 9-bits resolution and there are cards available to the Hioki that allow up to
16-bits resolutions. The Hioki instrument gives a much clearer result of the measurement
and this is a strong reason why this instrument is chosen for this project.
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Fig. 3.9 Resulting spectrogram of the current measurement of the two instruments: 12-bit
resolution (top) and 9-bit resolution (bottom).
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4.1 High-frequency components and characteristics
Dependent upon network characteristics, different equipment, different amount of
equipment and for other reasons the voltage and current distortion in the frequency range
between 2 and 150 kHz is quite diverse at different locations. Different components are
present at different locations and at different periods in time at the same location. When
analyzing the measurements with the right analyzing method many sources can be traced
and found in this frequency range. In this chapter the different analysis methods and the
main type of components will be introduced. The analysis methods will be applied to
measurement results in Chapter 5.
A number of measurements have been performed in low-voltage networks both on site
at different locations and in the laboratory. A part of these measurements are presented in
Paper B, Paper C and Paper D, in Chapter 5 and in [17]. An overall conclusion from all
these measurements, including the ones not published, is that distortion in the frequency
range from 2 to 150 kHz comes in three different forms, where the same voltage or current
signal can contain all three components:
x

Narrowband components

x

Broadband components

x

Recurring oscillations

These three types of disturbances will be described separately in Section 4.3 to 4.5 with
reality based synthesized examples. The first two, narrowband and broadband are in some
case mentioned and defined in different standards for different purposes but the recurrent
oscillations is not mentioned specifically in the literature.

4.2 Analyzing technology used
According to standards the frequency domain is most dominantly used to analyze
voltage and current signals and to quantify the distortion of a signal. In the higher
frequency range, 9 kHz and up, as mentioned in Paper B little information about the time
domain is used. Even in the range from 2 to 9 kHz the time-domain information is not
used according to the standard even though the measurements are done in time-domain.
As will be shown later important signal characteristics can be found in the time-domain
data. Therefore it is important to use an analyzing tool that also takes in consideration the
time-domain information.
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The frequency domain data is obtained by applying the Discrete Fourier Transform to
the measured time domain data. For the 200 ms window, sampled at 10 MS/s, this results
in 5 Hz frequency separation and a Nyquist frequency at 5 MHz. When looking upon the
resulting spectra it is rather “noise-like”, i.e. there are big differences in amplitude between
adjacent frequency values. The grouping method proposed by IEC 61000-4-7 [40], as in
(4.1), has been applied to group the 5 Hz channels into 200 Hz channels. This results in a
smoother spectrum, which is easier to interpret. A rectangular window, as recommended
by IEC has been used.

Gb

b 100 Hz

¦C

f b 95 Hz

2

(4.1)

f

To achieve and display information in the joint time and frequency domain the Short
Time Fourier Transform (STFT) has been used. There are other ways of achieving joint
time-frequency domain information; for example filter-bank methods such as wavelet
transforms or model-based methods like ESPRIT, or MUSIC using sliding window
[19][43]. Some of the other methods could perform better in some cases compared with the
STFT e.g. at frequencies below 10 kHz or resulting in better magnitude and frequency
accuracy. For the purpose in this thesis the STFT analyzes has proven to provide satisfying
result to explain the behavior in the grid.
The STFT and the spectrogram will be illustrated in this section using a number of
synthetic signals. The signals in this section will be for illustrative purposes only. They are
synthesized versions of signal components observed during the measurements.
Fig. 4.1 shows an example of a waveform f t in time-domain obtained as a sum of
three sinusoidal components f1 t  f 2 t  f 3 t where:

f1 t

100 cos(2S 200t )

f2 t

50 cos(2S 400t )
®
¯0

f3 t

25 cos(2S 500t  40 sin(2S 10t ))

if

0 d t  100 ms

otherwise

Component f1(t) is representing a continuous component reaching 100 in peak,
oscillating at 200 Hz. Component f2(t) is representing a discontinuous component reaching
50 in peak, oscillating at 400 Hz between 0 and 100 ms. The third component f3(t) is
frequency modulated with the carrier frequency at 500 Hz and an amplitude at 25 in peak.
The modulation frequency is 10 Hz and a 400 Hz frequency deviation from the carrier
frequency.
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Fig. 4.1 A time-window example signal consisting of the sum of three different signals.

Fig. 4.2 shows the result when applying the DFT to the signal. The frequency separation
is 5 Hz. The magnitude of the DFT is representing the rms value of the signal. The 200 Hz
component, f1(t), with a peak amplitude of 100 is showing up with the amplitude at 68.9 in
the DFT. This component should be around 70.7. The next component f2(t), at 400 Hz,
which is a non-stationary component with a peak amplitude of 50 reaches 19.8 in the DFT.
The DFT is only presenting a correct amplitude value if the component is continuous with
the same amplitude through the whole window. The third component, f3(t) with a peak
amplitude of 25, is only showing up in the resulting DFT as a broadband spectra, between
45 and 1000 Hz, with a maximum amplitude of 3.5.
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Fig. 4.2 Result of the DFT when applied on the signal in Fig. 4.1.

The STFT algorithm divides the measured time window into smaller subwindows and
applies the Discrete Fourier Transform (DFT) to each subwindow. The spectra are
combined again in the time domain as a matrix to display either in an intensity graph or in
a 3-dimensional plot. The resulting matrix represents in this thesis time on the horizontal
axis, frequency on the vertical axis and the amplitude by the number in the matrix. The
benefit is that one can retrieve information about non-stationary signals within the
measured window, e.g., if a signal is modulated with another frequency or if the signal is
synchronized with other frequencies.
The maximum frequency that is achieved from the DFT depends on the sampling rate
which is the same for each subwindow. But since the time length of subwindow is smaller
than of the total measurement window, the frequency resolution is affected. As shown in
Fig. 4.3 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.
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Fig. 4.3 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).

When dividing the measurement window into subwindows, the risk of leakage
increases, 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. All spectrograms shown in this thesis are produced with a
Hanning window with the same width as the subwindow.
The frequency separation can however be increased without impacting time resolution.
This is done by adding zeros to the end of each subwindow, which will reduce frequency
separation. 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 used
to explain the way in which zero padding works.
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.
Applying the STFT to the signal shown in Fig. 4.1 gives a two-dimensional complex
function. Only the magnitude of this function is further considered. When referring to
the STFT result we refer to the magnitude of the complex values. This function can be
presented in a number of ways. One way of presenting is as shown below in Fig. 4.4 where
the function is presented in a 3-dimentional plot with the frequency- and time-axis forming
the base and the amplitude along the vertical axis. The presentation of the amplitude is
also done by colors in this example where blue is representing the lowest amplitude and
the red the highest. The three different components described above are visible in the plot.
The 3-dimentional plot has the benefit of giving an illustrative picture of the different
signal components. There are however some disadvantages of the use of a 3-dimentional
plot. Depending upon the rotation of the plot some components, plotted as mountains,
can obscure other components.
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Fig. 4.4 Results of the STFT algorithm when applying it on the time-signal shown in Fig. 4.1.

Another common way of showing the STFT of the signal in Fig. 4.1 is shown in Fig.
4.5. The figure shows how the matrix from STFT can be presented as an intensity plot with
the time on the horizontal axis, frequency on the vertical axis and the amplitude as shifting
colors. The same colormap is used in the intensity plot as in the above shown 3dimensional plot. The amplitude is shown in a logarithmic scale as 20  log10 A where A is
the two-dimensional function resulting from the STFT. The frequency resolution is 50 Hz
and time resolution is 20 ms. Note that e.g. A should be multiplied by the factor,
N
Subwindowlength to get the amplitude in rms. This is not done in this thesis since the pattern
in the spectrogram is not impacted by this multiplication.
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Fig. 4.5 Resulting spectrogram of the time-domain signal shown in Fig. 4.1.

From the spectrogram it is easy to notice that the constant narrow band component,
f1 t , is present the whole time while the narrowband component, f 2 t , disappears after
0.1 ms. This component is discontinuous and a leakage is visible as a frequency spill from
almost 0 Hz up to several kHz. The frequency modulated component, f 3 t , is visible as a
broad component due to leakage.
In this thesis the STFT algorithm is used frequently since it is suitable for many signals
of interest within this project. Many frequency components are above 10 kHz and with an
alternating period synchronized with the power-system frequency around 50 Hz. This leads
to a desired time resolution of 1 ms or less and above 10 kHz we often are satisfied with a 1
kHz frequency resolution.

4.3 Narrowband components
There are different definitions of a “narrow band” depending on the application. In
power line communication standards like EN 50 065-1 [9] and IEC 61000-3-8 [10] a
narrow band signal is defined as a signal with a bandwidth less than 5 kHz. A definition by
telecommunication is that narrow band is less than 4 kHz since that is the frequency span
that can hold an analogue voice channel [44]. According to IEC 60050-161 [45] a
“narrowband disturbance” is: “An electromagnetic disturbance, or spectral component
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thereof, which has a bandwidth less than or equal to that of a particular measuring
apparatus, receiver or susceptible device.”
Under this definition the border between narrowband and broadband depends on the
measurement or analysis method. Using a 200-ms time window without grouping, a
narrowband signal would be at most 5 Hz bandwidth. However after grouping into 200 Hz
bands, every signal up to 200 Hz bandwidth would be classed as narrowband.
In this thesis we will not go further into the discussion of the borderline between
narrowband and broadband. There will certainly be borderline cases, but the experience
from the measurements is that there is in most cases a clear distinction between
narrowband and broadband components.
In the frequency range 2 to 150 kHz narrowband voltage and current components are
found as a small ripple on the fundamental component. The amplitude of this ripple is
normally much smaller than the amplitude of the fundamental. Fig. 4.6, upper graph,
shows a synthesized signal:
f(t)=sin(250t)+0.01sin sin(230000t)+0.01sin(250t)sin(270000t)
The signals contains two superimposed narrowband components at 30 respectively 70
kHz and 0.01 p.u. peak-value amplitude where the 30 kHz component is continuous and
the 70 kHz component is amplitude modulated at 50 Hz. The resulting spectrum, shown
below in Fig. 4.6, is showing the two signal components. The spectrum is obtained by
applying a DFT to a 200 ms window and then using the grouping algorithm as described in
Section 4.2 according to IEC 61000-4-7 [40] resulting in 200-Hz frequency resolution.
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Fig. 4.6 An example of a 50 Hz signal at 1 p.u. with two superimposed signals at 30 resp. 70 kHz,
in time-domain (upper) and the resulting spectrum (lower) with 200-Hz bands according to IEC
61000-4-7 [40].

The STFT is applied to the same synthetic signals shown in time-domain in Fig. 4.6.
The resulting spectrogram is shown in Fig. 4.7. From the spectrogram we can notice that
the component at 30 kHz is constant while the 70 kHz component is varying synchronized
with the power system frequency. The fundamental frequency at 50 Hz is also visible at the
lower frequency due to leakage. In most of the measurements presented in later chapters,
the fundamental frequency has been removed from the signal before the spectrogram was
obtained, to prevent this leakage.
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Fig. 4.7 Resulting spectrogram of the time-domain signal shown in the upper graph in Fig. 4.6.

Note that both the 30-kHz and the 70-kHz component have the same peak-value, since
the 70 kHz component is modulated the resulting spectrum in Fig. 4.6 shows a lower
amplitude. The example above shows the benefits of using additional analysing methods
beside the frequency spectrum.

4.4 Broadband components
Broadband components come in different variations as well and it is hard to define a
typical broadband signal. In this section we will present two examples of broadband
components; they look similar in time and in frequency domain but different in the timefrequency domain.
The upper graph in Fig. 4.8 shows the first example of an artificial signal with a
superimposed broadband component in time-domain. The signal consists of a
fundamental component at 50 Hz plus band limited noise
f (t )

sin( 2S 50t )  n(t )

where n(t) is band-pass filtered, 40 to 60 kHz, uniform white noise.
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In the example below as shown in the grouped DFT of the signal shows a broadband
signal around 40 to 60 kHz.
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Fig. 4.8 A broadband component superimposed on a fundamental 50 Hz component. In timedomain, upper, and frequency domain, lower.

The resulting spectrogram of the signal is shown in Fig. 4.9. The spectrogram shows that
the signal is stationary over the time window shown. Also is the leakage from the 50 Hz
fundamental component visible. In this case the broadband signal is not varying on the
sub-cycle level.
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Fig. 4.9 Resulting spectrogram of the time-domain signal shown in Fig. 4.8.

The next example of an artificial broadband signal shown in time-domain is shown in
Fig. 4.10 (upper). The signal consists of a fundamental component at 50 Hz plus a
frequency-shifting component.
f (t )

sin( 2S 50t )  p (t )

Where p (t ) is a typical high-frequency component generated by the active PFC circuit
in many modern devices. The signal is obtained by calculating the switching pattern from a
data-sheet of a common PFC controller. The controller operates as average critical
conduction current mode controller [46] which means that the current is switched between
zero and a predefined peak value which is dependent on the phase of the fundamental
voltage waveform. In time-domain the component is only visible as overlaid noise especially
around the peak. The grouped DFT of the signal shows a broad band component starting
at 40 kHz and declining slowly with frequency above the peak.
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Fig. 4.10 A broadband component superimposed on a fundamental 50 Hz component. In timedomain, upper, and frequency domain, lower.

When applying the STFT algorithm to the broadband component, as shown in Fig.
4.11, we can notice that this type of broadband component is of more complex nature.
The signal is actually a narrowband signal repeatedly shifting frequency over a 10 ms
period. By definition in standards like IEC and Cenelec this is a broadband signal.
To analyse these sub-cycle variations in distortion neither the frequency domain nor the
time domain is a suitable tool. Instead the time-frequency domain spectrogram has shown
to be a successful tool to give additional information.
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Fig. 4.11 STFT of the time-domain signal shown in Fig. 4.10.

4.5 Recurrent oscillations
The third common signal presented here is the type which has been named “recurrent
oscillations”. This signal consists of damped oscillations that occur repeatedly with twice
the fundamental frequency i.e. for a 50 Hz system every 10 ms. The origin of the signals
can be found in active PFC circuits but some other equipment may also emits this kind of
components. An example is the oscillation in the voltage associated with commutation
notches at the terminals of thyristor-controlled drives [6][20].
Fig. 4.12 shows a synthesized example of a waveform containing “recurrent oscillations”
added to a similar signal as shown in second broadband example in the previous section.
The waveform has a “deadbeat” added near the zero crossing of the signal.
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Fig. 4.12 Synthesized signal showing recurrent oscillations.

When applying a band-pass filter to attenuate the fundamental we end up with the timedomain signal shown in Fig. 4.13. The filtered waveform shows a damped oscillation close
to every zero-crossing of the fundamental signal In between the oscillations the broadband
component shows up as a high-frequency oscillation.
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Fig. 4.13 Band-passed filtered version of the signal shown in Fig. 4.12.

When comparing the spectrum of the signal containing recurring oscillations, in Fig.
4.14 (upper), with the spectrum of the signal without such oscillations, in Fig. 4.10 (lower),
the oscillations only show up as broadband signal in the lower frequency range, decaying
with frequency. When applying the STFT to the signal containing recurrent oscillations,
shown in lower Fig. 4.14, the oscillations show up as a vertical band.
Since these oscillations are strongly damped the DFT is not a suitable tool to analyze
these. Instead of the DFT, a model-based method, EPRIT has been applied in Paper D to
estimate the frequency and amplitude of the recurrent oscillations.
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Fig. 4.14 Frequency spectrum (upper) and STFT (lower) of the signal shown in Fig. 4.12
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5 Emissions
This chapter presents measurements of the emission in the frequency range 2 – 150
kHz, originating from lighting installations. The size of the installation ranges from one
lamp in the laboratory up to hundreds of lamps in a grocery store.
Emission from other types of loads has also been measured but the focus has been
turned towards fluorescent lamps powered by HF ballast. The emission in the harmonic
range is normally very low due to active PFC but in the frequency range from 2 to 150 kHz
these types of loads emit a non-negligible amount. This chapter will first present a
measurement at a store with a large number of fluorescent lamps powered by HF-ballast.
Some measurement in the laboratory is then focusing on different types of ballast and how
the effect of the distortions is when a large number of similar ballast is connected together
in a similar way as in existing installations.

5.1 Measurements at a store
Several measurements at different department and grocery stores have been performed
but only one is presented in more detail in this section. The interest of investigating stores
in this frequency range has become from the large number or high amount of fluorescent
lamps powered by HF-ballast used in such installations. During all of the field
measurement performed only the voltage has been measured because it was not possible to
measure the current without disconnecting the installation.
The measurement shown in Fig. 5.1 is done at toy-store where fluorescent lamps are the
dominating type of illumination. There are totally 111 lamps connected. Out of these
where 55 connected to phase L1, 56 to phase L2 and 9 to phase L3. Fig. 5.1 shows a 60 ms
window of the measured analogue filtered (from 2 kHz, explained more in detail in Section
3.2 and 3.3) phase to neutral voltage in each of the three phases. The voltage is measured
in all three phases at the same moment. The recurrent oscillations are visible every 10 ms
in each of the phases, but less prominent in L3 than in L1 and L2. The amplitude of these
oscillations reaches about 5 V peak in phase L1 and up to 4 V in L2. The HF component
occurring in between the recurrent oscillations is about the same amplitude in all three
phases.
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Fig. 5.1 High-pass filtered voltage in phase L1, L2 and L3.

Fig. 5.2 shows the result when applying a DFT to the measured voltage and grouped in
200-Hz bands as given by (4.1). Phase L1 and L2 shows similar looking spectra with similar
amplitudes with some broadband and narrowband components. The spectrum in phase L3
contains the same frequency components but different amplitude. The broadband
component between 40 and 60 kHz is somewhat smaller in phase L3 (with 9 lamps) than
in phase L1 and L2 (with 55 and 56 lamps). The narrowband component at 17.5 kHz is
much higher in L3; the narrowband component at 27.5 kHz is about equal in the three
phases.
On the low-frequency side of the spectrum, the level in L1 and L2 is about twice the
level in L3.
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Fig. 5.2 Resulting spectra of the measured voltage

Fig. 5.3 shows the result when applying the STFT to the measured waveform, with 1 ms
sub-window and 0.5 ms overlap. The spectrogram shows the broadband component in Fig.
5.2, starting above 40 kHz, is in fact a frequency changing narrow band component that
has a period of 10 ms or half the fundamental power system frequency. The spectrograms
of the voltage in L1 and L2 are very similar, whereas the spectrogram of the voltage in L3
shows some differences.
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Fig. 5.3 Resulting spectrogram of the measured voltages in the three phases

From the measurements on this and other installations we conclude that there are three
types of components in the emission from large installations, in the frequency range 2 –
150 kHz: narrowband components; broadband components due to narrowband
components that vary fast in frequency; recurrent oscillations.

5.2 Primary and secondary emission
In Chapter 4, a number of different types of distortion have been introduced:
broadband, narrowband and recurrent oscillations. All three are present, in different ratio,
in emission from individual devices with active electronic converter and in installations
containing many of such devices. The term “emission” will be used generally for any nonpower-system-frequency component in the current at the interface between the device or
installation and the grid.
Not all the emission is however due to the device itself; part of the emission originates
elsewhere. It is therefore distinguish between primary emission and secondary emission.
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Primary emission is the current that would flow at the interface when the device would be
connected to a sinusoidal voltage. The secondary emission is the current due to the
background voltage already being distorted before the device is connected.
The secondary emission originates from other loads connected to the grid and is
recognized when measuring the background voltage. The secondary emission is also
typically non-stationary due to the fact that the loads that cause this emission are not
connected the whole time [47]. For more discussion on primary and secondary emission
see [48][49] and Section 5.5.
When testing equipment against emission standards it is important that only the
primary emission is measured. These secondary emissions can be minimized in several ways
such as using a separate transformer or using a filter e.g. Artificial Mains Network (AMN)
or Line Impedance Stabilization Network (LISN). The disadvantage of such measurements
is however that they may give an incorrect impression of the emission that can be expected
when a device is used as part of a real installation. Therefore all measurements in this
thesis have been performed by connected the device directly to the low-voltage grid. The
measurement currents thus include both the primary and the secondary emission.

5.3 Measurement on individual lamps in the laboratory
5.3.1 Measurement of one of the lamps from the store
One of the lamps from the store described in Section 5.1 was brought into the lab to
perform measurements under more controlled condition.
The laboratory in which the measurements were performed is, together with a number
of offices and a lecture room, supplied from a dedicated distribution transformer. The part
of the laboratory used for this experiment is supplied by a dedicated cable from the
secondary side of the distribution transformer. No other equipment is connected to that
cable.
A 60 ms window of the result of the filtered voltage is shown in Fig. 5.4. The filtered
voltage is showing high frequency components that reach almost 2 volt in peak. Note that a
small 50-Hz component is making the peaks of the waveform oscillate. The measurement
of the voltage due to one lamp can be compared with the voltage due to many lamps, as
was shown in Fig. 5.1. The broadband emission due to one lamp is about the same as due
to nine or 55 lamps. The amplitude of the recurrent oscillations is smaller for one lamp
than for many lamps.
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Fig. 5.4 Filtered voltage due to one lamp measured in the laboratory

The resulting spectrum of the voltage, in Fig. 5.5, shows a narrowband signal at 17 kHz
and a broadband signal starting slightly above 40 kHz and decreasing with the frequency.
These components are also visible in the emission from an existing installation with many
lamps, shown in Fig. 5.2. The narrowband component at 27.5 kHz is however only visible
in the existing installation and not in the laboratory. This component might be a secondary
emission generated by another load. Note that the “strong” component at 122.5 kHz is due
to measuring artifact, as described in Section 3.4.1.
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Fig. 5.5 Resulting spectra of the voltage due to one lamp in the laboratory

The spectrogram of the measured voltage due to one lamp, Fig. 5.6, shows the same
components as observed at the store. The broadband signal is actually a narrowband signal
shifting frequency over time with a cycle of about 10 ms. In this case only one such signal is
present in the spectrogram.
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Fig. 5.6 Spectrogram of the voltage due to one lamp

The conclusion from these measurements is that the voltage due to one lamp contains
the same components as the voltage due to ten to fifty lamps. The ratio in amplitude
between the different components is clearly different however.
5.3.2 Voltage distortion due to individual lamps
To get a better view of lamp emission, eight individual ballasts of five commonly used
brands of ballast where selected and measurements were performed in the laboratory.
Ballast 6 and 7 are from the same manufacture and ballast 1, 2 and 3 are from the same
manufacture. These brands are commonly found at stores in Sweden. All ballast has a
power rating of 2x49 W and powers two T5 fluorescent tubes.
Below in Fig. 5.7 the filtered line to neutral voltage is shown for the 8 different lamps
connected. The background voltage is also shown. The measured voltage shows a large
difference in amplitude between the different ballasts. Ballast 4, 5, 6 and 7 shows
amplitudes of around 1 V peak to peak or higher. These peaks correspond in time close to
the negative and positive peak of the fundamental which is not shown here.
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Fig. 5.7 Filtered line to neutral voltage due to 8 different lamps. The measurement in the upper
left corner shows the background voltage while no lamps are on.

5.3.3 Emission from individual lamps
Fig. 5.8 shows the measured current drawn by the 8 different ballasts with the same
corresponding numbers, 1 through 8, as in the previous Section. The sinusoidal power
system frequency component is strongly dominating the waveform but next to that some
other components is visible. Ballast number 5 shows obvious recurrent oscillations close to
the zero-crossing of the current. From this view all ballasts, except 1 and 3, shows a clear
visible HF component visible around both the positive and negative peak of the current
waveform. There is also a change in the deadbeat of the current close to the zero-crossing.
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Fig. 5.8 Current drawn by 8 different ballasts.

Fig. 5.9 shows the resulting spectra in the range from 2 to 150 kHz obtained from the
DFT, grouped into 200 Hz bands, of the currents shown above. The current spectra of the
different ballasts show that the highest emission can generally be found as a broadband
component starting between 40 to 50 kHz. The spectra of ballast 1 and 3 deviate somewhat
from the rest: the amplitude of the broadband component is much less. Some other
frequency components are visible below 20 kHz for all ballasts.
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Fig. 5.9 Resulting spectra of current drawn by the eight different ballasts.

If analyzing the signal further with STFT it can be noticed that the wideband
component is a time-frequency shifting component as in the case shown above in Fig. 5.6.
Some of the ballasts also show a fixed frequency component that change in amplitude. In
the spectrogram the recurrent oscillations show up as a vertical band close to the zerocrossing, most visible at ballast 5.
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Fig. 5.10 Spectrogram of the current drawn by 8 different ballasts.

Some parameters of the measured voltage and current are selected and presented in
Table 5.A. Even though the rated power of the ballast is the same the actual consumed
power differs quite a lot. The difference is about 26 percent between the lowest (ballast 2)
and the two highest ones (ballast 1 and 3). The same fluorescent tubes were used with all 8
ballasts.
When it comes to illumination the power factor (PF) is often used to describe the
performance of a ballast according to (5.1).

PF

P
S

( 5.1 )

The values of all ballasts are really good, ranging from 0.98 to 0.99.
The total harmonic distortion of both the voltage and current is given as percent of the
fundamental as in (5.2) described by IEC 61000-4-7/A1 [50] .
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Note that these measurements where done in the laboratory; the VTHD without any load
connected is around 1.7 %. The variation in the voltage distortion is most likely due to
variations in the background distortion not due to difference in emission between
individual ballasts. The ITHD is however varying from 3.97 at the lowest to 9.53 percent.
The impact of a single ballast on the voltage distortion is expected to be low and there is
also no relation between the voltage and current distortion.

TABLE 5.A
P (W)
VTHD (%)
ITHD (%)
PF

1
114
1.94
4.49
0.99

2
90.2
2.03
9.53
0.98

3
114
1.79
8.12
0.99

4
111
1.70
9.29
0.98

5
107
1.69
3.97
0.99

6
106
1.67
4.89
0.98

7
103
1.72
6.12
0.98

8
103
1.69
4.96
0.99

Some more details of the measurements on these 8 ballasts are presented in Paper C.
From these measurements it is concluded that the emission in the frequency range 2 –
150 kHz varies significantly between different ballasts. However all ballast show two
distinct components in their primary emission: a narrowband signal with varying frequency
that shows up as a broadband component in the spectrum; and recurrent oscillations.
These were the same components that were observed in the voltage due to a large number
of lamps in an existing installation.

5.4 Result from 48 lamps
To get further insight in the emission from large installations, 48 identical lamps where
mounted in the laboratory. The installation is shown, in Fig. 5.11. The lamps where
equipped with ballast number 1 shown above in Section 5.3.2. The purpose of the
installation was to bear a resemblance to a typical installation with a large number of lamps
for example is a supermarket. A supermarket is normally holding much more light
(measurements were performed in a supermarket with 1100 lamps) but the laboratory
experiment was limited both of space, economy and the power/heat so therefore it was
settled with 48 lamps.
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Fig. 5.11 Picture of the installation of the lamps in the laboratory.

When doing measurements at the supermarkets it was noticed that the wiring of the
lighting system can differ. The lamps can be fed via a three phase cable all the way to the
lamps or a split of the three phases is made earlier in the feeding system. The lamps can
also either be directly connected to the feeding cable or via an outlet and a short
connection cable. So one typical method has been used for the installation in the
laboratory where the lamps are connected with a three phase cable where only one phase is
used. This was done to at a later stage be able to evaluate how different wiring methods
effect the emission from the installation. The outlet at the lamps is also used when making
the measurements. The 48 lamps where hanged on twelve insulated wires with four lamps
on each wire.
Fig. 5.12 shows a simple scheme of the installation in the laboratory. Measurements of
the voltage where taken at PCC and the current was measured both at the PCC indicated
in the figure and at one of the lamps. Note that other parts of the building, containing
power electronic equipment, are also connected to the same transformer bus. The emission
from these devices, connected elsewhere, will have the potential to show up as secondary
emissions in the installation.
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Fig. 5.12 Experimental light system setup in the lab.

5.4.1 Emission from the total installation
The upper graph in Fig. 5.13 shows the total current feeding the 48 lamps. The high
frequency components at the peak of the fundamental component are no longer visible
and the only remaining distortion is around the zero crossing. There is no large difference
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in the harmonic content with ITHD at 5.0 % (4.5% for a single ballast) and PF at 0.99, the
same as for a single ballast.
When applying the high-pass filter to the current, as shown in the lower graph of Fig.
5.13, the recurrent oscillations close to the zero crossing become more visible. This
oscillation repeats every 10 ms and is due to the distortion close to the zero crossing. From
the measurement of one lamp these where not dominating as in this case.

40
20
0

Current (A)

-20
-40
0

10

20

30

40

50

60

10

20

30
Time (ms)

40

50

60

1
0.5
0
-0.5
-1
0

Fig. 5.13 Total current feeding the 48 lamps (upper) and filtered version of the current (lower).

The resulting spectrum, in Fig. 5.14 (upper graph), in this case divided by 48 to get the
same vertical scale as for an individual lamp, shows also that almost no part from the
remains of the active PFC switching is visible in the current compared with the spectra for
one lamp shown in Fig. 5.17. This becomes even clearer when viewing the resulting
spectrogram of the total current feeding the lamps shown in Fig. 5.14 (lower graph).
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Fig. 5.14 Spectrum of the total current feeding the 48 lamps (upper) and spectrogram of the
current feeding the 48 lamps (lower)

5.4.2 Emission from an individual lamp as part of an installation with 48 lamps
The individual current measured at one of the lamps while the 47 other lamps where lit
is shown in Fig. 5.15. The THD of the current is 3.5 % (compared to 4.5% for an
individual lamp connected to the grid) and the total power factor remains at 0.99. Note
that this snapshot of the current feeding one lamp is taken at the same moment as the
above presented result of the total current feeding all 48 lamps. In this measurement of the
current the high frequency content at the positive and negative peak is clearly visible while
the recurrent oscillation close to the zero-crossing is barely visible.
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Fig. 5.15 Current drawn by one lamp when all 48 lamps are turned on.

A filtered version of the current in Fig. 5.15 is shown in Fig. 5.16. From this it is clearly
visible that the high frequency content is dominating the filtered current and almost no
recurrent oscillation is visible. Note that when comparing the measurement of the total
current and the current drawn by one individual lamp the input range of the instrument is
changed by a factor of 40.
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Fig. 5.16 Filtered current drawn by one lamp when all 48 lamps are turned on.

In Fig. 5.17 the current feeding one of the lamps is shown when only one lamp is on
(upper) and when all 48 lamps are on (lower). The resulting spectra of the current feeding
one of the 48 lamps, in Fig. 5.17 (lower), show that the main component of the current in
this frequency range is the remains from the switching of the active PFC between 50 and
90 kHz. Compared with the resulting spectra of one lamp, Fig. 5.17 (upper), the current
amplitude is slightly lower but this component is spread over a somewhat broader
frequency range when all the lamps are on.
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Fig. 5.17 Resulting spectrum of the filtered current feeding one lamp (upper) and filtered current
feeding one of the 48 lamps (lower).

Fig. 5.18 below is showing the resulting spectrograms in the same way as the spectra
above. The spectrogram of the current when one lamp is on (upper) and the spectrogram
of the current feeding one lamp when all 48 lamps are on (lower). The spectrogram, in the
lower plot in Fig. 5.18, of the current feeding the 48 lamps is showing that the broader
component actually consists of several frequency alternating signals which are most likely
remains from other lamps burning at the same time. This indicates that the switching
frequency is not exactly the same at all ballasts at the same moment.
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Fig. 5.18 Spectrogram of the filtered current feeding one lamp (upper) and spectrogram of the
current feeding one of the 48 lamps (lower).

From these measurements we conclude that the emission of one lamp as part of an
installation is similar to the emission of one individual lamp connected to the grid. The
current spectra of one of 48 lamps are though showing slightly lower amplitude but a
broader frequency range. The spectrogram is showing that this is most likely due to slightly
different switching frequencies at the individual ballasts. The emission of a complete
installation is however completely different from what would be expected from the
emission of one lamp. Whereas the recurrent oscillations are almost absent in the emission
from one lamp, they dominate in the emission due to the installation. The remains of the
active switching are almost non-present in the emission from the total installation.

5.5 Result from 1 to 48 lamps
5.5.1 Voltage distortion
The next step was to turn on one by one lamp and see how the distortion changes with
the number of lamp. The resulting voltage spectra’s, in Fig. 5.19, are plotted in an intensity
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graph where the frequency is represented by the horizontal axis and the number of lamps
being turned on by the vertical axis. The amplitude is represented by the color where blue
represent the lowest levels and dark red the highest levels. Note that Fig. 5.17 is not a result
from the STFT. The measurement started with all lamps turned off (bottom) and then they
are turned on one by one. From the first spectrum, when all lamps are turned off, some
components are visible in the background, especially at the frequencies below 15 kHz.
There are also some narrowband signals at e.g. 20, 24 and 28 kHz. These components are
most likely secondary emission generated elsewhere. When turning on the first lamp some
of these background components increase in amplitude, especially the one at 28 kHz.
There is also another component, with the highest peak at approximately 51 kHz and
decreasing with the frequency, which becomes visible only when turning the lamps on.
This component is primary emission from the switching of the active PFC at the front end
of the ballast. This component has the largest amplitude when one lamp is on and then
decreases with the number of lamps being turned on.
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Fig. 5.19 Voltage spectrum as a function of the number of lamps turned on.

To get a clearer picture of what happens with the different components in the voltage
spectra, the rms value over different frequency ranges for each measurement has been
calculated. This is done by grouping the 200 Hz bands in the frequency range of interest,
from flow to fhigh, into one value according to (5.3) and then plot this against the number of
lamps (n) turned on.
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Fig. 5.20 plots the rms of the voltage over the spectral band between 50 and 60 kHz.
This frequency band holds most of the remnants of the active PFC switching. Notice that
when turning on the first lamp the rms value is increasing about 15 times but is decreasing
rapidly with the number of lamps being turned on. When about half of the lamps is turned
on the voltage rms is just about twice of what it was when all lamps where turned off.
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Fig. 5.20 RMS value of the spectrum of the voltage in the range from 50 to 60 kHz as a function of
the number of lamps being turned on.

The voltage scale of the instrument used was the same during the whole experiment.
When looking upon the rms value of the voltage spectra in the range from 27.4 to 29.2
kHz, which covers one of the secondary emissions, it doubles when the first lamp is turned
on and reaches a peak when two lamps are turned on. The voltage then decreases down
towards the noise level.
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Fig. 5.21 Resulting rms value of the spectrum of a secondary voltage distortion in the range
from 27.4 to 29.2 kHz as a function of the number of lamps being turned on.

5.5.2 Emission from the total installation
The total current feeding the group of 48 lamps is shown in Fig. 5.22 when the lamps
are turned on one by one. The current spectra are plotted the same way as before, see Fig.
5.19. When performing the measurement of the total current the scale of the instrument
had to be changed with increasing fundamental current. The maximum scale, when
measuring one lamp was 1 A; when measuring 48 lamps it was 40 A. In the figure this
change in settings can be noticed as horizontal lines where the noise level shifts. In the
total current the primary component becoming visible at 51 kHz when turning one lamp
on but this component decreases when turning on several lamps. The secondary emissions
however increase, especially for the first lamps being turned on. The vertical line, visible at
121 kHz, is known to be a measuring artifact generated by the instrument itself.
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Fig. 5.22 Resulting spectra of the total current feeding 0 to 48 lamps.

In the same way as in Section 5.5.1 some frequency ranges have been selected to show
how the rms of the total current, in different frequency bands, changes with the number of
lamps being turned on. From Fig. 5.23 it can be noticed that the disturbance levels
increase when one lamp is turned on but decrease when the second lamp is being turned
on. Since the setting has to be changed during the measurement of the total current there
is a step between 14 – 15 lamps and between 27 – 28 lamps being turned on since the
noise level increases.
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Fig. 5.23 Resulting rms of the spectrum of the total current in the range from 50 to 60 kHz as a
function of the number of lamps being turned on.

Fig. 5.24 shows the rms of the secondary emission in the total current around 28 kHz.
Again notice that during the first two lamps being turned on the rms of the current
increases and after this it decreases.
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Fig. 5.24 RMS value of the spectrum of the total current of the secondary emission in the range
from 27.4 to 29.2 kHz as a function of the number of lamps being turned on.

5.5.3 Emission from one of the 48 lamps
The current feeding one of the 48 lamps has also been measured when the rest of the
lamps were turned on one by one. Thus: the current shown is feeding the first of the 48
lamps while the rest is turned on. The resulting spectrum from the measurement is shown
in Fig. 5.25. The spectrum shows that the primary emission at 51 kHz decreases when the
second lamp is turned on but then increases again as the other lamps are being turned on.
The secondary emission also decreases with the number of lamps being turned on.
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Fig. 5.25 Resulting spectra of the current feeding one lamp while turning the rest on.

When looking closer at the rms in the frequency band covering the primary emission,
shown in Fig. 5.26, it confirms that the level in this frequency band is at first getting a
value when one lamp is turned on but when the second lamp is also turned on there is a
decrease which increases later with the number of lamps being turned on. The
measurements have been repeated several times and this phenomenon has shown to be
reproducible.

76

5 Emissions

8

x 10

RMS of lamp current spectrum (50 to 60 kHz)

-3

7

Current (RMS)

6
5
4
3
2
1
0
0

5

10

15

20

25
n (lamps)

30

35

40

45

50

Fig. 5.26 Resulting rms of the spectra of the current feeding one lamp while the others are
turned on in the range from 50 to 60 kHz.

The rms of one of the secondary emissions at approximately 28 kHz is shown in Fig.
5.27 for a single lamp increases when the two first lamps are turned on and then decreases
with the number of lamps.
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Fig. 5.27 Resulting rms value of the spectra of the current feeding one of the lamps of one of the
secondary current emission in the range from 27.4 to 29.2 kHz as a function of lamps being
turned on.

5.5.4 Recurrent oscillations
In Fig. 5.28 the filtered version of the total current feeding the lamps is shown when
one lamp (upper) and when 48 lamps are lit (lower). Note the difference in vertical scale. In
general it can be seen that when only one lamp is on there is a high frequency component
visible around 5 and 15 ms into the window. This component is not visible when all lamps
are on. From previous results it is know that the primary emission of the ballast is at 51
kHz. As shown in the spectra of Fig. 5.22 this component is most visible when only one
lamp is turned on. This component decreases with the number of lamps being turned on.
Visible is also the recurrent oscillation. From the scale it can be noticed that this oscillation
increases when a larger number of lamps are on. Notice also that the frequency of the
oscillation is lower with 48 lamps compared to the frequency with one lamp.
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Fig. 5.28 Filtered total current when one lamp is on (top) and when all 48 lamps are on (bottom).
Note the difference in vertical scale.

The lamp type used for the measurements presented in this paper does show a recurrent
oscillation but is not as prominent with this type of lamps as with other brands or series of
ballasts as shown in Fig. 5.7 above and in Fig. 6 in Paper C. But it has been shown before
that this component is increasing with the number of lamps being turned on Paper B and
in [51]. So from experience it is know that the component that is close to the zero-crossing
shown around 10 ms is generated by the ballast. Measurement of the background voltage,
not shown here, reveals that the oscillation at around 8 and 12 ms is a secondary emission
generated elsewhere. Fig. 5.29 shows the result when taking the absolute value of the
maximum during 9.5 to 11 ms into each window of the filtered total current. The figure
shows an increase with the number of lamps being turned on. A visual inspection shows
that the increase is close to linear up to about 15 lamps and increases slower after that.
Curve fitting presented in Fig. 18 in [47] show that the peak current increases with the
number of lamps to the power of 0.7.
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Fig. 5.29 Maximum value of the filtered current in a 1.5 ms window around the zero-crossing of
the current.

Fig. 5.30 shows a zoom of the zero-crossing of the total current for 1 (blue), 24 (green)
and 48 (red) lamps. In this case the current is normalized by dividing the measured current
by the number of lamps being switched on. All the measurements were made with a
triggering on the voltage zero-crossing. One can notice an oscillation with a frequency
around 40 kHz, in the current when one lamp is on. This oscillation is not present when
24 or 48 lamps are on. In this case it looks like that the recurrent oscillations starts at 10.2
– 10.3 ms into this window. Thus: 0.6 to 0.7 ms after the downward current zero crossing.
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Fig. 5.30 A zoom of the zero-crossing of the total current when 1 (blue), 24 (green) and 48 (red)
lamps are turned on.

Fig. 5.31 shows a band-pass filtered version of the current. In this case a 2nd order filter,
attenuating below 1 kHz and above 10 kHz, was used to only focus on the recurrent
oscillations. The recurrent oscillations appear have lower frequency with the number of
lamps on.
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Fig. 5.31 Band-pass filtered version (1 to 10 kHz) of the current, for 1, 24 and 48 lamps close to
the zero-crossing.

The characteristics of the recurrent oscillation have been quantified using a signalprocessing tool called ESPRIT. ESPRIT stands for Estimation of Signal Parameters via
Rotational Invariance Techniques and this method fits the measured waveform to an
exponentially damped sine wave [52]. The frequency, magnitude, initial phase and
damping that fit best to the measured signal are next used to characterize the measured
signal [19][53].
The ESPRIT algorithm has been applied to the band-pass filtered version (1 to 10 kHz)
of the filtered current over the time window from 10.2 to 10.7 ms into the measured
windows while the 1 to 48 lamps were turned on. The result is shown in Fig. 5.32. The
frequency of the oscillation decreases from 3.0 kHz with one lamps being turned on down
to about 1.5 kHz when all the lamps are turned on. It is important to notice that the
emission for one individual lamp is outside of the frequency range 0 to 2 kHz, where the
emission for an installation with 48 lamps is within this frequency range.
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Fig. 5.32 Oscillation frequency as a function of the number of lamps being turned on, estimated
using ESPRIT

The cut-off frequencies of the filter have been varied and the calculation repeated. The
filter parameters shown to have some impact on the frequency estimation but the decrease
in frequency with increasing number of lamps remained.

5.6 Signal characteristics
Based upon measurement in the grid so far three different types of components have
been identified in the named frequency range which can be classified as: narrowband
signals, broadband signals and recurrent oscillations.
5.6.1 Narrowband components
The narrowband components observed are present in almost the spectra at all of the
individual ballasts, shown in Fig. 5.9 and Fig. 5.10. The most plausible origin of these
signals is the secondary switching in the ballasts at the output stage, shown in Fig. 2.6. This
switching can be kept at a constant frequency. When looking upon, both voltage- and
current spectra, these components do not seem to be the dominating one.
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In the measurements there are also some narrowband components present in the
background voltage. These cause a secondary emission in the measured current feeding the
equipment. This secondary emission decreases with the number of lamps connected, both
in the voltage and in the current.

5.6.2 Broadband components
The broadband components in the spectra are also present with most ballasts when
looking upon Fig. 5.9. Most of the ballasts have a characteristic broadband component
starting at 40 to 50 kHz which is declining with frequency. All of the ballasts also show a
broadband component in the lower frequency range, in general below 20 kHz. Which of
these broadband components are primary emission and which are secondary emission is
harder to tell. When comparing the voltage spectra due to the different ballasts with the
background voltage, shown in Fig. 4 and Fig. 5 in Paper C, this gives no clear information
about the origin of the broadband components.
The broadband component starting at 40 to 50 kHz is shown to be in fact a narrow
band signal that shifts frequency over time. This is revealed when looking upon the
spectrogram of both the voltage and the current. When performing measurement
according to the IEC and CISPR standard this component will be observed as broadband
component but in the spectrogram it shows up as a narrowband component. This further
shows the difficulty in distinguishing between broadband and narrowband components.
Whereas the broadband component starting at 40 to 50 kHz dominates the emission
from most individual lamps, it disappears in a large installation. This holds for the voltage
as well as for the current emission. One likely cause to this is that when an additional lamp
is connected to the light installation it also provides an additional attenuation in the
frequency range mainly by the grid-side capacitor of the EMC filter, shown in Fig. 2.1. A
simple model of an installation with many devices has been used in [48] to explain the
emission of a total installation. That simple model predict that the total current is
decreasing with the number of lamps being turned on, as is confirmed by the
measurements shown here.
The current drawn by one lamp as part of an installation is however not disappearing
with increasing number of lamps. The measurements show that in frequency domain the
emission from one lamp is increasing with the number of lamps turned on.
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5.6.3 Recurrent oscillations
The existence of narrow- and broadband components has been known and is also
considered in standards (see for example the overview of standards in the range 2 to 150
kHz in Paper E). The recurrent oscillations that are observed with individual lamps and
with large installations are not covered by any standard. The characteristics of the recurrent
oscillations observed here show similarities with the characteristics of commutation
notches due to dc motor drives or certain types of UPS. Some examples are shown on
p.150 and 151 of [54] where the term “repetitive disturbance” is used. An example is also
given on p.28 of [6] and on p.36 to 38 in [20]. These recurrent oscillations have however
never been described for high-volume equipment used by non-industrial customers. From
voltage measurement in stores with larger quantities of ballasts the recurrent oscillations
reach values up to several volt. From the laboratory measurement of 48 lamps the voltage
only reaches about 0.5 V but note that this is different ballast and Fig. 5.4 shows that this
particular lamp is already showing a peak voltage at 0.5 V for only one lamp.
From the measurement shown here it follows that the amplitude of the recurrent
oscillations in the total current of an installation is increasing with the number of lamps
turned on. Since the oscillations are synchronized to the voltage zero crossing, they occur at
about the same moment for all ballasts in the installation. The result is a summation in the
total current. The increase is however not linear and curve fitting shows that the increase is
approximately proportional to the number of lamps to the power of 0.7. The cause of the
oscillation is not fully understood yet but various studies point to a resonance between the
grid-side capacitor of the EMC filter and the grid reactance. An increase of the capacitance,
with the number of lamps connected, with constant grid reactance would however cause a
faster decrease in the oscillation frequency than the measurements are showing.

5.7 Consequences for standardization
A classical way to obtain electromagnetic compatibility is to set levels on the emission
and immunity on a single equipment in the frequency range. The equipment is tested one
by one in controlled environment in a laboratory. In the grid, there are standards like EN
50160 [55] that sets compatibility levels and IEC 61000-3-6 [56] set planning levels. The
immunity and emission levels should have satisfying coordination to the compatibility
levels but there is also an economical balance to take into consideration. In the range
between 2 and 150 kHz few standard documents exist. A proposal based upon the classical
way of obtaining compatibility is presented in Paper E.
The above shown measurements show that the current flowing between a lamp and the
grid consists of primary emission and secondary emission. The primary emission is due to
the power electronics in the lamp and it is this emission that is measured when using a
LISN. Modeling studies show however that the primary emission is dependent on the
source impedance seen by the lamp [48]. The secondary emission is driven by the
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background voltage and thus by other power-electronic devices connected to the grid. The
emission measured using an LISN, as in standardized emission tests, gives only a limited
picture of the emission as it will be when the device is used in a real installation.
The emission from a large installation differs significantly from the emission of an
individual device. The remnants from the active switching are almost non-present in the
emission from a large installation, whereas the recurrent oscillations add significantly in
the current from the large installation.
The different emission components, both primary and secondary, show a strong
variation with time within one cycle of the power-system frequency. The remnants of the
switching frequency are only present around voltage maximum and minimum and show
large amplitude modulations in installations with multiple lamps. The standardized
measuring technology does not disclose any of this information. The emission level in
frequency domain is thus no reliable indicator for the levels in time domain and therefore
for the risk of interference.
When comparing with the harmonic range one can conclude that the behavior of the
emission is different and from the above given reasons one should be careful when setting
limits on emission and immunity.
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6.1 Characteristics of signal components
Signal components in the frequency band 2 to 150 kHz emitted from small equipment
have been identified and characterized into narrowband components, broadband
components and recurrent oscillations. The general trend is that the emission level
decreases with frequency. This is the same general trend as for emission below 2 kHz.
The narrowband components mainly originate from remains of the switching at the
output converter of the ballast. These components are typically found in the frequency
range from 10 kHz up to about 100 kHz. When observing the narrowband components in
time-frequency domain some ballasts show that this component is changing in amplitude
synchronized with the power system frequency. In the laboratory measurement the
narrowband components appears both as a primary and secondary emission.
The broadband components originate from remains of the switching as part of the
active PFC. A closer look at the broadband component, using the time-frequency plane
with sufficient time resolution, shows that it is a narrowband signal that shifts frequency
over time. The highest amplitude is found at the lowest frequency. The switching
frequency of the active PFC is shifting, every 10 ms, from about 40 kHz up to slightly above
100 kHz.
The recurrent oscillations are a signal component that normally has a frequency lower
than the narrowband or broadband components mentioned before. Since it is a damped
oscillation, the use of the DFT to determine the frequency is not optimal. Instead ESPRIT
was deployed and the oscillations frequency is shown to be well below 10 kHz. This type of
oscillation has a similar appearance as the oscillations that are sometime associated with
commutation notches due to large rectifiers.

6.2 Individual lamps
The measurement of the emission from individual fluorescent lamps with highfrequency ballast shows that the majority of them contain all three signal components
presented in Section 5.3. The magnitude of the different components which one
dominates varies strongly between different brands and models of the ballast.

6.3 Component aggregation
A measurement on 48 lamps equipped with the same type of ballast was carried out.
Simultaneously measurements of the total current, the voltage and the current feeding one
of the 48 lamps where carried out.
The measurement of the total current shows that the remains of the active PFC
switching stays within the groups of lamps. This component in the total current from the
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group of lamps decreases quickly with an increasing number of lamps. The measurement of
an individual lamp that is part of the installation shows that the emission is still present so
this concludes that this type of emission rather travels between the lamps instead of
heading towards the grids.
The recurrent oscillation is however acting differently. The measurement of the total
current shows that this type of emission, which is synchronized with the fundamental,
adds. The summation is however somewhat less than linear. These recurrent oscillations,
which resemble commutation notches, have never been described for high-volume
equipment used by non-industrial customers. In larger groups of lamps, of a different type
as used in the laboratory experiment the recurrent oscillations have been shown to reach
up to about 5 V in peak.

6.4 Measuring and analyzing technology
As mentioned in Chapter 3 standards are prescribing time domain sampled
measurement up to 9 kHz and above that the use of a measuring receiver. Within this
project, measurements up to 150 kHz have been conducted with a time domain sampling
instrument. This has proven to be an important way to observe the signals. The use of a
measuring receiver would not have provided the same opportunities since little or no
information about the time-domain would have been obtained. Also these types of
instruments normally only comes with one channel it would have been difficult to make
several simultaneously measurements.
When measuring the voltage IEC 61000-4-7 [40] suggest the use of a high-pass filter. No
filter was found on the market so it was decided to build one. This proved not to be so easy
and several of the solutions had their drawbacks. Since the main focus was just to look
upon signals and find their characteristics and not a perfect amplitude accuracy it was
concluded to settle with an analogue filter due to robustness and better dynamic range.
Time-domain, frequency-domain and joint time-frequency domain have been used in
this thesis and all of them contribute to the knowledge in this frequency range. Beside this,
for the recurring oscillations, an additional analyzing tool for this was needed. The ESPRIT
has been applied.
Most of the work presented in this thesis is based upon measuring results. The
knowledge about the characters and nature of the signals in this frequency range was very
limited and not found in any text books or papers when this work was started. A first step
taken was to find out if any signals were present in the frequency range in the low-voltage
grid at different locations. The results from that mapping showed that a number of
different signal components are present in the voltage and current. Those components
were appearing and disappearing with a daily variation due to equipment coming on and
off [17]. The next step during the study was to look at individual equipment and try to
characterize the components originating from that equipment in more detail by means of
controlled laboratory experiments. The results of these measurements showed the diversity
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of the signal characteristics. The step after that was to study the aggregation and spread of
these components from the equipment through the grid. Again control laboratory
experiments were used for this and it was shown that some of the components are going
between the loads while others are going towards the grid.
Most of these results would have been almost impossible to achieve with only the use of
simulation tools or with a combination of a small number of measurements and
simulation. Neither the emission from individual equipment, nor the interaction between
equipment, nor the behavior of all power-system components were sufficiently known
before these measurements and experiments were conducted. Future studies will require
the development of suitable simulation models for this frequency range, but measurements
will still be required to verify those models.

6.5 Standards
The classical way of achieving electromagnetic compatibility is to put limits on emission
and immunity on individual equipment. Measurements on a whole group of lamps show
however that the emission of the total installation is completely different. This should be
taken into consideration when setting limits on emission and immunity in this frequency
range.

6.6 Future work
There are lots of questions still to answer and continuo with. Below is a list, which is
incomplete and without any order, of subjects that needs more attention.

x

This thesis mainly presents the results from a large number of measurements.
Conclusions about the origin and propagation of signal components have been
drawn from a set of controlled laboratory experiments. Qualitative models have
been used to explain these results. As a next step more detailed simulation
models should be developed to reproduce the measurements. This holds for the
origin of the emission from individual devices, but also for the propagation of
the emission into the grid and the aggregation from a large number of devices.

x

Once suitable simulation models have been developed and verified, these can be
used to further study the emission, propagation and aggregation of distortion in
the frequency band 2 to 150 kHz.

x

The effects of the emission in this frequency range on neighboring equipment
are not known. For example the recurrent oscillation can reach several volts and
since it is a repeating “spike” with a frequency in the kHz range it might have
some adverse effects on dielectric of a capacitor or other components in the
power system.
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x

Alternative, more advanced, frequency-analysis methods might be used or
developed for the time-frequency domain in the future when the need arises.
This could be a dyadic wavelet filter which gives better time resolution at higher
frequencies. Model-based analysis methods like ESPRIT with a sliding window
or other time-frequency analysis methods like the Gabor-transformation.

x

Only one type of installation is tested so far. The impact of different
installations, both larger and smaller can be tested and the influence of the
source impedance (changing the resistive, inductive and capacitive level) on the
emission.

x

Trying to excite electronic instability, for instance with the change of supply
impedance or supplying the whole group of lamps with an uninterruptible
power supply or connecting the lamps to a weak power source like a photovoltaic panel. All this can be done much better in a controlled laboratory
environment than by simulations.

x

The spectrogram of the voltage from the store shows that components are
visible in all phases. This indicates the presence of “cross-hearing” between the
phases. Complimentary measurements of this with three-phase coupled lamps
followed by model development are needed.

x

The measurements have concluded that different types of ballast show different
emission. The experiment should be repeated for other types of ballast and even
for other types of equipment for checking the aggregation under mixed loads.

x

Translating the results from this work into results that form the base for a new
set of standards in the frequency range 2 to 150 kHz. Is there a hosting limit on
high amounts of electronic loads within the same “zone”? This is rather urgent
as the standard development is likely to start soon.
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artificial mains network

CFL

compact fluorescent lamp

DFT

desecrate Fourier transform

DPF

displacement power factor

EMC

electro-magnetic compatibillity

HF

high frequency

HPF

high-pass filter

LF

low frequency

LISN

line impedance stabilization network

LPF

low-pass filter

LV

low voltage

PF

power factor

PWM

pulse width modulation

rms

root mean square

SMPS

switch mode power supplies

STFT

short time Fourier transform

THD

total harmonic distortion
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Measurements of High-Frequency (2–150 kHz)
Distortion in Low-Voltage Networks
E. O. Anders Larsson, Math H. J. Bollen, Fellow, IEEE, Mats G. Wahlberg, C. Martin Lundmark, and
Sarah K. Rönnberg

Abstract—This paper presents different methods to describe
voltage and current distortion in the frequency range 2 to 150
kHz. The time–frequency domain was shown to give additional
information next to the time- and frequency-domain representations. Measurements of different devices and at different locations
showed remnants of the switching frequency of the power electronics as well as lower frequency oscillations around the current
zero crossing to be present in voltage and current. The voltage
distortion is shown to vary a lot during the day and between
locations.
Index Terms—Electromagnetic compatibility (EMC), power
quality (PQ), power system harmonics, switched-mode power
supplies.

I. INTRODUCTION
HE USE OF high-frequency switching techniques for
use in power supplies is becoming more popular. Some
beneﬁts of using these switching techniques are lower weight,
smaller size, and higher energy efﬁciency, which is important in
order to save energy and provide products that are manageable.
These techniques are also used to reduce the harmonic content
generated by the loads, so-called active power factor correction
(PFC) circuits.
The reduction in harmonic contents, however, only concerns
lower order harmonics, up to about 2 kHz. For higher frequencies, the devices actually introduce additional distortion. In this
paper, the distortion above 2 kHz will be referred to as “high-frequency distortion.”
The origin, spread, and impact of waveform distortion up to
1 or 2 kHz is well understood and described in a large number
of papers and several textbooks [1]–[3]. For frequencies above
2 kHz, the available information is limited. To obatin a better
understanding of the distortion present in the frequency range
above 2 kHz, a serious measurement effort is needed, including
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the development of new tools to analyze and interpret the measurements.
It remains unclear, for example, what the impact of distortion in this higher frequency range is on end-user equipment
and on equipment in the grid. However, there are indications of
rising disturbance levels and anecdotal but consistent information on equipment damage [4]–[7]. Another reason for concern
is the possible interference of high-frequency distortion with
power-line communications (e.g., for automatic meter readings
[8], [9]). The communication for power-line companies is today
allowed in the range from 9 to 95 kHz [10] which is the same
range that is often used when switching in SMPS, high-frequency (HF) ballasts, etc., these are also shown later in this
paper.
The interest in distortion at higher frequencies is also increasing due to sources of emission, including energy-efﬁcient
generation (solar, wind, micro-CHP) and energy-efﬁcient
lighting. Lack of knowledge on the cause, spread, and consequences of disturbances may result in equipment damage
or in excessive ﬁltering requirements, based on whether the
consequences are overestimated or underestimated.
All of this justiﬁes a closer study of this frequency range.
A research project was started to increase knowledge about
voltage and current disturbances in the frequency range 2 to
150 kHz and to develop tools to quantify the disturbance levels.
This paper presents some of the results from this project. The
next step will be to use this knowledge to study the potential
impact of disturbances on equipment.
Section II discusses measurements and the processing of
measurements in the frequency range 2 to 150 kHz. Measurements of the emission for a number of common devices are
discussed in Section III, whereas Section IV presents some
results of measurements of the voltage distortion.
II. MEASUREMENT 2 TO 150 KHZ
A measurement in the frequency range below 2 kHz is normally accomplished by using a time-domain sampling instrument and from this, it is transformed into the frequency domain
using a discrete Fourier transform (DFT).
A. Time- or Frequency-Domain Measurements
When it comes to measurements above 2 kHz, the IEC standard documents covering this frequency range consider two frequency bands: 2 to 9 kHz and 9 to 150 kHz. The main differences between these two bands concern the instrument used.
The instrument used to cover the lower frequency band is given
in an informative annex in IEC 61000-4-7 to be a time-domain
sampling instrument. For the higher frequency band, CISPR 16
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prescribes the use of measuring receivers. The differences between these two measuring methods is not dealt with in this
paper but when this project began, the aim was to measure for
frequencies higher than about 2 kHz. Since time-domain instruments and computers can handle large amounts of data, the decision was made to use a time-sampling instrument also for the
frequency range above 9 kHz. The use of time-domain measurements gives us full ﬂexibility in further data analysis. Note that
similar measurements have been conducted with an ordinary oscilloscope showing the same result. The phenomena observed
are thus instrument independent. We did not further use the oscilloscope because of its limitations in recording multiple measurement windows for multiple channels.
B. Frequency Aggregation
Frequency aggregation above 2 kHz is, in a similar way,
possible as for the lower frequency range. Annex B in IEC
61000-4-7 recommends a frequency aggregation, according to
Parseval’s theorem, of the frequency components as in (1) from
5-Hz bands into 200-Hz bands
Hz
(1)
Hz
The main difference compared to the lower frequency range is
that the frequency components are grouped into exactly 200-Hz
components to harmonize with the CISPR 16 standard rather
than with the power system frequency.
For the measurements presented in this paper, the sampling
speed used was at 10 MSamples/s. The basic measurement
window used was 200 ms. The spectrum resulting after applying the DFT, has been aggregated into 200-Hz bands as in
(1).
C. Analog Filters
The amplitude of the signals in the frequency range above
2 kHz is very low compared with the power system frequency
at 50 or 60 Hz, especially when measuring the voltage. This
makes the use of an analog band-pass ﬁlter necessary. The lower
stopband is used for attenuation of the power system component around 50 or 60 Hz and the upper stopband is used for
antialiasing. IEC 61000-4-7 recommends that the damping of
the power system frequency exceed 55 dB which, in reality,
means that a least a second-order ﬁlter should be used. For the
voltage measurements shown in this paper, a second-order passband ﬁlter has been used with 3-dB levels at about 3 kHz and at 1
MHz. The ﬁlter used also has about 3-to-4–dB attenuation in the
passband. This was veriﬁed by sweeping the ﬁlter using a function generator. This attenuation is corrected for in the results
shown in Figs. 14 and 15. Fig. 1 shows a schematic diagram of
the equipment used for the voltage measurement shown in this
paper.
The current probe, Pearson model 411, used for the measurements, has a 0.1-V/A transfer ratio and has the low 3-dB cutoff
point at 1 Hz, and the high cutoff frequency at 20 MHz. However, an antialiasing ﬁlter, built into the instrument, with the

Fig. 1. Diagram of the measuring system used.

cutoff frequency at 1 MHz is used for current and voltage measurements.
No analog ﬁlter is used for the current measurements, apart
from the mentioned antialiasing ﬁlter. Digital ﬁltering of the
sampled current waveform is applied where needed.
D. Measurement Accuracy and Interfering Signals
Due to the aforementioned ﬁlter, the small signal compared
to the fundamental signal and high frequency, the measuring
system is becoming complex. So when performing measurements on this type of signal, the uncertainty is also getting
larger. In addition, there is not any standard onsite measuring
equipment for this special case that can be found on the market.
The input impedance of the ﬁlter also impacts the accuracy.
The ﬁlter used has an input impedance above 400 at 2 kHz
down to around 110 from a few tens of kilohertz and upwards. This is over the whole frequency band of interest (2–150
kHz), higher than the impedance of a 200-nF capacitor which
is commonly used in the EMC ﬁlter of low-voltage equipment.
Although the connection of the ﬁlter results in measurement uncertainty, this uncertainty is not bigger than the one due to the
connection of one more or one less electronic devices. More
about the measuring system used can be found in [11].
When measuring at higher frequencies, there is an increased
risk of induced signals in the current probes due to radiation
from various sources or due to inductive coupling with other
equipment. The measurements have been repeated with and
without current taken by the load. When the load current was
switched off, the signal measured by the recorder was much
smaller than any of the features that will be discussed. The
measurements were further repeated at different locations and
at different times of day. This did not inﬂuence the result.
E. Joint Time-Frequency Domain
When considering (low-frequency) harmonic distortion, a
frequency resolution of at least 50 Hz is needed. As a result, a
time resolution of better than 20 ms is not possible. However, at
higher frequencies, the spectrum becomes more of a continuous
nature and is no longer dominated by harmonic components.
The recommended frequency band of 200 Hz corresponds with
a time resolution of 5 ms. There is, however, no reason for not
looking at even shorter time windows. After a tradeoff between
time and frequency resolution, it was found that around 1 ms
and 1 kHz would be reasonable values for time and frequency
resolution.
In this case, short-time Fourier transform (STFT) was applied to the measured data but also other analyzing tools (e.g.,
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a dyadic wavelet transform could be used). The results from the
STFT are presented in a spectrogram in Section IV.
The STFT is a 2-D function, for which the representation
requires a third dimension. Different methods are available for
presenting this, including contour maps, intensity, or color plots
and 3-D surfaces. In speech processing, intensity and color
plots, called “spectrograms,” are commonly used tools. There
are, however, drawbacks with the use of this: The viewer can
have problems with perceptions of different colors and it can
be hard to know the order of the magnitude as well as the effect
of color saturation and contrast, etc. [12]
In this paper, the Matlab “JET” color map with the logarithmic color scale is used. This color map ranges from blue to
red, and passes through the colors cyan, yellow, and orange.
Note that when presenting the joint time-frequency domain,
analyzing the amplitude is of less interest. The importance is
more the nature of the signal which is shown by the pattern
of the signal. The spectrogram should also not be used as the
sole way of representing the results; instead, it should be used
in combination with time-domain and frequency-domain representations.
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Fig. 2. Unﬁltered (top) and ﬁltered current feeding a ﬂuorescent lamp.

III. EMISSION
Current measurements have been performed with several
low-voltage end-user devices. The focus has been on modern
power-electronic switching loads, such as ﬂuorescent lamps
powered by high-frequency (HF) ballasts, switch-mode power
supplies, etc. Only a limited amount of measurement results
are shown here. A more comprehensive overview is presented
in [11].
Fig. 3. Filtered current for one, three, and nine lamps.

A. Time Domain
The example in Fig. 2 shows unﬁltered and ﬁltered current
feeding a ﬂuorescent lamp equipped with a high-frequency ballast. The measurement took place in the laboratory of EMC-onSite in Skellefteå. Note that the supplying voltage was obtained
directly from the public supply. This implies that any signals
generated elsewhere in the building may affect the measurement. From the unﬁltered current, it is concluded that the waveform is rather sinusoidal except from some notches especially
slightly after the zero crossing of the waveform. In Europe, this
type of lighting equipment has to comply with the harmonic regulations of EN 61000-3-2. As a result, almost all ﬂuorescent
lights with high-frequency ballasts use active PFC circuits to
reduce the harmonic content in the current.
The ﬁltered current in Fig. 2 is obtained by applying a secondorder Butterworth high-pass ﬁlter with a cutoff frequency of
2 kHz. The ﬁltered time-domain current waveform shows recurrent oscillations that correspond with the end of the notches
shown in the nonﬁltered current. The same oscillations are also
visible in the voltage waveform (not shown here). This phenomenon was also described in [5] where the term “commutation
oscillations” is used. The frequency of these oscillations ranges
from several kilohertz up to more than 10 kHz.
The cause of the notches and the associated oscillations is
the fact that the converter with active PFC is not able to con-

trol the current close to its zero crossing. The resulting disturbance is called “zero-crossing distortion” or “crossover distortion” [13], [14]. The distortion does not occur exactly with
the current zero-crossing at the equipment terminals because
of the presence of an electromagnetic-interference (EMI) ﬁlter
between the equipment terminals and the terminals of the converter.
Both the ﬁltered and the nonﬁltered current show a high-frequency nondamped oscillation that is only present in between
the zero-crossing oscillations (i.e., with current maximum). This
oscillation is associated with the switching used in the active
PFC circuits.
Since the occurrence of the oscillation is synchronized with
the fundamental waveform, there will be an adding effect due to
multiple lamps. Fig. 3 shows the total measured and ﬁltered current feeding one through nine lamps. The amplitude of the oscillations increases with the number of lamps. The amplitude of the
HF signals visible in between the notches (at the top or bottom
of the fundamental waveform) seems not to increase with the
number of lamps.
Fig. 4 shows the ﬁltered and unﬁltered current from a computer equipped with active PFC measured in an apartment. The
ﬁltered current shows a similar pattern as with the ﬂuorescent
lamp: recurrent oscillations close to the zero-crossing while the
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Fig. 4. Unﬁltered (top) and ﬁltered (bottom) current feeding a computer
equipped with active PFC.
Fig. 6. STFT spectrogram of the current feeding a ﬂuorescent lamp.

Fig. 5. The 5-Hz band spectrum (upper) and 200-Hz band spectrum (bottom)
of the current feeding the ﬂuorescent lamp in the range from 2 to 150 kHz.
Fig. 7. STFT presented as a 3-D surface.

unﬁltered current contains low total harmonic distortion. The
zero-crossing oscillations clearly dominate the ﬁltered current.
B. Frequency Domain
Whereas the spectrum in the lower frequency range, up to
about 2 kHz, is typically discrete, the higher frequency range
spectrum is typically of a continuous nature. The frequency-aggregation algorithm (1) groups the frequency components into
200-Hz bands and, therefore, any discrete harmonics of the
power system frequency will merge and are no longer visible.
Fig. 5 shows the grouped (frequency-aggregated) and ungrouped spectra of the measurement on the ﬂuorescent lamps
shown in Fig. 5. Both spectrums show the same pattern but
the advantages to grouping the components into 200-Hz bands
become obvious. Without grouping, it is hard to observe any
features in the spectrum of the measured signal.
The 200-Hz spectrum shows narrowband components at
28 kHz and at 123 kHz. The higher amplitudes are found
at lower frequencies, which is a common trend in harmonic
measurements. Although in this case there is an increase in
amplitude around 40 kHz, which decreases with frequency. As
will be shown later, the 40-kHz component is associated with
the switching frequency. Also note the second harmonic of this
component at 80 kHz.

C. Time-Frequency Domain
Next to the time-domain and frequency-domain representations of the waveform, a combined time-frequency domain can
be used. The spectrogram for the ﬂuorescent lamp is shown in
Fig. 6. The algorithm used has a frequency separation of 1 kHz
and time separation of 0.5 ms using a 1-ms sliding window.
For comparison, the amplitude of the STFT is presented in
Fig. 7 as a 3-D surface using a linear scale in the third dimension.
This better shows where the main signal energy is concentrated
but it is harder to observe the time-frequency behavior.
The signal that varies in amplitude and frequency can be
traced back to the use of average conduction-mode control for
[15] active power-factor control. The switching frequency alters
from about 40 kHz near the current maximum up to more than
100 kHz near the zero crossing. The variation of frequency with
time is very similar to the one predicted theoretically for this
type of control in [16].
The waveform and spectrogram for the current taken by
another device are shown in Fig. 8. The measurements were
performed at the grid side of the switch-mode power supply
(SMPS) equipped with an active PFC serving a computer.
The ﬁgure shows how the current amplitude is changing at the
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Fig. 8. Current waveform (top) and STFT spectrogram (bottom) of the current
feeding a computer.

same time that the switching frequency changes. A low-current
amplitude corresponds to a high frequency. Note that in this
example, the frequency range shown is increased to 300 kHz.
The spectrograms from these and other measurements show
that the distortion in the frequency range 2 to 150 kHz consists
of a number of different components:
• signals with constant frequency and amplitude;
• signals with constant frequency and varying amplitude;
• signals with varying frequency and amplitude;
• time-limited broadband signals (transients and spikes).
A combination of time-domain, frequency domain, and timefrequency domain representation is needed to analyze the signals.
D. Long-Term Measurements
It was already mentioned before that the background voltage
may impact the current waveform. As the background voltage
shows changes in amplitude and in distortion, this may result
in changes in the (high-frequency) current distortion. To assess
this, a 200-ms window of the current taken by a group of
ﬂuorescent lamps in an ofﬁce was obtained every 5 min during
a one-day period. The frequency spectrum was then calculated
with a discrete Fourier transform (DFT) for each of the 200-ms
windows. All of these spectrums are then put together and
shown in a spectrogram plot, “long-term spectrogram,” where
again the intensity increases from blue to red. The results are
shown in Fig. 9; note that this plot is not the result of an STFT.
The result is that each horizontal line in the ﬁgure represents
the spectrum obtained over one 200-ms window. The overall
spectrum remains the same during the one-day period, but there
are still some obvious changes including changes in the frequency of some components.
Some components come on and off during the measurement
period (e.g., around 100 and 125 kHz). This indicates signal
components generated at other loads visible in the current
feeding these lamps. Another interesting phenomenon is the
change in spectrum between 18.00 and 06.00 the following day.
IV. ELECTROMAGNETIC ENVIRONMENT
The electromagnetic environment (voltage distortion) has
been measured at ﬁve different locations:
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Fig. 9. Long-term measurement results of the current distortion for a group of
ﬂuorescent lamps, presented in the form of a spectrogram.

1) ofﬁce;
2) school;
3) private residence;
4) shopping mall;
5) hospital.
All of these locations are in North Sweden and all of the
facilities are fairly modern with modern equipment. Due to
energy-saving demands, most of the ofﬁces, hospitals, schools,
and shopping malls in Sweden are equipped with energy-saving
lighting, such as ﬂuorescent lamps powered by HF ballasts.
Only the results for the private residence are shown here in
detail. A detailed description of the results from the other
locations can be found in [11].
A. Result From Two Snapshots
The measurements shown here were obtained at a residential
location in a rural area. The voltages in the three phases at the
CB panel were monitored during approximately 30 h from 11.50
on a Thursday to 18:00 the following day. 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. The “active
period” for the use of electronic equipment was from approximately 17.30 to midnight.
Fig. 10 shows the voltage waveform in one phase at 6.40 P.M.
(during the “active period”) and at 0.30 A.M. (outside the active
period). When comparing the time-domain plots, it shows that
the amplitudes of the narrow spikes are greater in number and
slightly higher during the “active” period.
Similar to the current measurements shown earlier, these
spikes reoccur with the power-system frequency.
The voltage during the “active” period also shows more highfrequency noise compared with the snapshot at 0.30 A.M.
A spectrogram has been obtained by applying a DFT to the
same voltage signals in Fig. 10. The result is shown in Fig. 11.
The spectrum obtained during the active period contains more
frequency components, especially the time-varying frequency
around 120 kHz is no longer visible at night.
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Fig. 12. Daily variation of the voltage spectrum at the residence.
Fig. 10. Measurements of ﬁltered voltage waveform at the residence in the time
domain at 18.40. (top) and 0.30 (bottom) at a rural residency.

Fig. 13. Daily variation of the voltage spectrum at a shopping mall.
Fig. 11. Spectrogram of the voltage waveform at 18:40 (top) and at 0:30
(bottom).

B. Long-Term Measurement
To obtain a picture of the long-term variations, such as, for
example, daily variations, of the voltage distortion, all spectra
are plotted together in a spectrogram such as the one in Fig.
6. The result is shown in Figs. 12 and 13. This type of plot
shows how the presence of different frequency components alters during the day. This variation in spectrum is most likely due
to loads coming on and off. Beside the fact that different electronic equipment produces different frequency components, this
plot also indicates that some of these signals are present all the
time but change in amplitude. This can be seen, for example, at
the narrowband signal at approximately 27 kHz. The reason for
the change in amplitude can either be the fact that the emission
(the current distortion) varies with time or changes in attenuation by other loads coming on and off.
Fig. 13 shows a measurement at a shopping mall. The measurement was made at the fusebox serving the lights in a store at
the shopping mall, during about 20 h. The measurements again
show how the spectrum of the voltage varies during the day.
Some signals seem to be present the whole time while others
clearly are coming on and off. During this measurement, the
current feeding the lights in the store was also monitored and
from that, we know that the light was turned off around 19.30

and lit up again 08.40 the day after. We can see that some components are there the whole time (e.g., up to 10 kHz) and a constant signal at 24 and 27 kHz. These signals seem to increase
when the light is turned off. There are also components that disappear when the light is turned off especially slightly above 40
kHz. When looking upon this in the spectrogram from the STFT,
not shown here, the 40-kHz signal shows a pattern very similar
to the active PFC. There are also components not following the
pattern of the light coming on and off. This can, for example, be
seen at 72 kHz.
C. Statistics
Another way to look upon the trend of variations in the frequency domain over time is to use statistics. Fig. 14 shows the
peak values, 95% values, and mean values for the measurement at the residence. When interpreting the differences between the spectra, one has to consider that the difference between the 95% spectrum and average spectrum is due to daily
variations, whereas the differences between the 95% spectrum
and the peak spectrum are due to short duration peaks. In this
case, there were signiﬁcant daily variations, but only limited
variations in form of short duration peaks (with the exception
around 40 kHz).
As mentioned before, the measurement has been carried out
at ﬁve different locations. The peak, 95%, and average spectra
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V. DISCUSSION

Fig. 14. Peak, 95%, and average voltage spectrum at the residence.

Fig. 15. Peak, 95%, and average spectrum from ﬁve different locations.

for these ﬁve locations are shown in Fig. 15. It can be concluded from this ﬁgure that there are large deviations between
different locations: around 10 to 100 times (note the logarithmic
vertical scale). Also, every site seems to have its own characteristic spectrum.
Spectra of the voltage distortion in the range 2 to 10 kHz
are shown in [17]. After converting their results to the same
200-Hz windows as in Fig. 15, the highest distortion over 250
measurement locations decreases from about 0.4 V at 2 kHz to
0.1 V at 4 kHz and further to 0.05 V at 10 kHz. This is very
close to the upper curve in the upper plot in Fig. 15.

This paper contains the results from a measurement campaign, for power quality, in a rather new frequency range. As
a result, additional care should be taken to convince ourselves
that what we observe is real and not some artifacts due to the
measurement. Arguments supporting the existence of the phenomena described in this paper are as follows.
• The same phenomena, including the appearance and disappearance of the phenomena with time, are observed at
different locations.
• Each location is showing individual details but at the same
time similar phenomena.
• The observed phenomena can be described by physical and
objective explanations.
• Simultaneous measurement of the current, not shown here,
in different points in the grid shows a propagation of the
signals that can be described by simple electrical models.
• Simultaneously conducted measurement of voltage and
current shows the same components in voltage and current,
and the resulting calculated impedance reveals a value that
is reasonable in this frequency range.
• Measurements with another measurement instrument show
the same phenomena and the same voltage and current
magnitudes in the time-frequency domain. The measurements obtained with a 12-b instrument showed more details
than the measurements obtained with a 9-b instrument.
• Measurements, with and without analog high-pass ﬁlters,
show the same phenomena, but the highpass-ﬁltered version shows, as expected, more details for small-amplitude
components.
No error estimation has been made, but this is not deemed
necessary for the purpose of this paper. The aim is not to obtain
very accurate values for the amplitude of the different frequency
components, but to show the presence of new phenomena and
to obtain an estimation of the amplitude of these phenomena.
To verify the measurement reliability, simultaneous measurefeeding a CFL and HF-ﬂuoresments of the total current
cent lamp, and the individual lamp currents (called and )
were conducted. Fig. 16 shows the resulting spectrogram of the
sum of and (lower) and the spectrogram of the total current
(upper) feeding the lamps. The spectrograms are almost identical which indicates that the three current coils pick up the same
signals from the current. The 120-kHz signal visible in the upper
spectrogram originates in the circuitry of the measurement instrument, which is something noticed in the early stages of the
measurements. The signals appear to impact the different channels with opposite magnitude; hence, the signal has disappeared
in the calculate spectrogram.
As mentioned before, this is not a proof that the measurements are correct, but another argument supporting the actual
existence of the observed phenomena.
VI. CONCLUSION
Remnants of the power-electronic switching in electronic devices can be found in voltages and currents in the low-voltage
network. Since the distortion is time-frequency dependent, there
is a need to use time-frequency-domain representation, besides
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High-frequency (2 to 150 kHz) emission from fluorescent lamps with
high-frequency ballast. Part I: Individual lamps
E.O.A. Larsson and M.H.J. Bollen
Power Engineering Group, Luleå University of Technology, Sweden

Summary
This paper presents measurements of the emission from fluorescent lamps with different
types of electronic ballasts. The emphasis is on emission in the frequency range 2 – 150 kHz
where two components are distinguished: remains from the switching frequency and zerocrossing distortion. Both are present with most of the ballasts, but their amplitude and
character differ strongly between different types of ballasts. The switching frequency is
however for all ballasts slightly below 50 kHz, and the frequency of oscillations associated
with the zero-crossing distortion is in all cases several kHz.
KEY WORDS: power quality, electromagnetic compatibility, power system harmonics,
lighting, fluorescent lamps.

1. Introduction
The ongoing research of harmonic emission by end-user equipment remains almost
exclusively concentrated on the frequency range up to harmonic 40 (2 or 2.4 kHz). The reason
for this is among others the presence of well-defined standards and measurement methods for
this frequency range (for example [1][2]). Research and development of power-electronics
equipment with low waveform distortion only considers the lower frequencies, in most cases
not even exceeding 1 kHz (for example [3][4][5][6]). The generation of higher frequency
components by active power-electronics converters is known: a number of authors have
presented theoretical models for the spectrum of the switching current (for example [7][8][9]);
measurements are presented among others in [10][11][12][13].
Emission limits and voltage distortion limits in the frequency range 2 to 150 kHz are sparse.
Voltage emission limits of equipment is merely set on power line communication [14][15] in
the range of 3 – 148.5 kHz and limits of light equipment in the range from 9 kHz is found in
[16]. EN 50160 [1] also gives some information on how large levels of signaling voltages that
can be expected in the grid in the frequency range. Emission limits for other equipment is in
general starting at 150 kHz, where interference with radio communication is the main
concern.
No limits exist on the permissible voltage distortion in the frequency range above 2 kHz, but
assumptions can be made on what would be reasonable limits. An extrapolation of voltagedistortion limits below 2 kHz resulted in a recommendation for the frequency range 2 to 9
kHz [17]. A proposal for voltage distortion limits in the frequency range 2 to 150 kHz is given
in [18]. The discussion on what are reasonable voltage-distortion limits is ongoing, even for
frequencies below 2 kHz, but even an agreement on such limits will not directly result in
emission limits for equipment. Before a decision can be made on the need for emission limits
the impact of the current emission on the voltage emission should be better understood. This
concerns the impact of individual devices, groups of identical devices and groups of different
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devices. The complexity of high-frequency emission due to multiple devices is illustrated in
[19].
In this paper fluorescent light equipment has been chosen for a systematic investigation.
Earlier measurements on fluorescent lamps have shown that two different kinds of distortion
can be distinguished; “time varying frequency” and “recurrent oscillations”. Lighting
equipment with a rating above 25 W is almost always equipped with active power factor
correction (PFC) in order to comply with the emission limits for current harmonics [2]. Even
though no other products have the same strict requirement it is getting more common to find
active PFC in other products, such as computers and television sets, as well. The highfrequency emission from these products show large similarities with the one from fluorescent
lamps as presented in this paper.
A fluorescent lamp consists of the actual lamps (the fluorescent tubes), electronic drivers to
power the lamps, and an AC/DC converter to connect this electronics to the low-voltage grid.
The converter and the drivers are referred to as the ballast. It is this ballast that determines the
harmonic emission of the installations and that has been studied in this paper. The same
fluorescent tubes have been used for all measurements and in all cases ballasts for a 230-Volt
supply have been used.
Section 2 of this paper describes some of the measuring equipment and analyzing technique
used. Section 3 gives some results of a measurement on eight individual ballasts of different
type. Section 4 shows some result from a measurement on eight individual ballasts of the
same type. The recurrent oscillations are discussed in further detail in Section 5. A brief
discussion on emission limits is given in Section 6. Finally, Section 7 presents the main
conclusions from this work.

2. Disturbances and measurement technique
When it comes to measurement above 2 kHz the international standard documents covering
this frequency range consider two frequency ranges: 2 to 9 kHz and 9 to 150 kHz. The main
differences between these two ranges concern the instrument used. The instrument used to
cover the lower frequency range is given in an informative annex in IEC 61000-4-7 to be a
time domain sampling instrument. For the higher frequency range CISPR 16 prescribes the
use of measuring receivers. Since time domain instruments and computers can handle large
amounts of data it was decided to use a time sampling instrument also for the frequency range
above 9 kHz. The use of time-domain measurements gives a full flexibility in the further data
analysis using other analyzing tools e.g. the STFT, ESPRIT, wavelet etc. The differences
between these two measuring methods are briefly addressed in Section 6.
According to IEC 61000-4-7 when performing measurement in the frequency range from 2
to 9 kHz an analogue filter should be used that attenuates the fundamental component by
more than 55 dB. The filter used in the measurements shown in this paper is a band-pass
filter: the attenuation of lower frequencies according to IEC 61000-4-7; the upper attenuation
is needed for anti-aliasing which is set to 1 MHz.
The measurement instrument used has a sampling speed of 10 MS/s and has 12 bit
amplitude resolution. The instrument has 8 channels that are sampling simultaneously and
each channel uses an internal anti-aliasing filter starting at 1 MHz. Currents are obtained by
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using a Pearson 411 probe. This probe has the lower 3 dB cut-off at 1 Hz and the upper cutoff at 20 MHz. The probe can handle up to 40 Ampere at 50 Hz.
Standard IEC 61000-4-7 further suggest that the snapshot of the voltage and the current be
200 ms long and a DFT with a rectangular window should be applied. This result in a
frequency separation of 5 Hz and the standard recommends grouping these 5 Hz components
into 200 Hz components according to (1), where b is the center frequency of the 200-Hz band.
This results in less “noisy” spectrum and also harmonizes with the CISPR standards starting
at 9 kHz. Note that this algorithm has been extended up to 150 kHz in this paper.
Gb

b 100 Hz

¦C

f b 95 Hz

2
f

(1)

The measurement instruments and methods used here have been verified in a number of
ways [10]. Among others, measurements have been conducted with an ordinary oscilloscope
in parallel with the instrument used for this paper. Both instruments showed the same result.
The phenomena observed are thus instrument independent. The oscilloscope was not further
used because of its limitations in recording multiple measurement windows for multiple
channels. The voltage measurements have been verified against using an instrument with a
higher resolution and applying a digital filter and the current measurements have been
compared with measurements with a current shunt and another instrument. The difference
between the results from different instruments and measurement methods is less than 1% and
all the signal components were shown to be realistic. The only exception is the 120 kHz signal
that is visible in several of the measurements shown in this paper. This signal is an artifact
originating in the measurement instrument.

3. Emission from different types of ballast
A.

Disturbances

As mentioned before, earlier measurements have shown different disturbance components in
the frequency range 2 to 150 kHz. The primary emission from high-frequency ballasts
consists of two components: high-frequency oscillations that are remains of the switching
used in the power-electronics circuit; recurrent oscillations that occur every 10 ms, also
known as “zero-crossing distortion”.
Next to this, so-called “secondary emission” occurs that is driven by the background
distortion in the voltage. These components, recognized when measuring the background
voltage and typically also seen in the current when the load is turned on, are generated
elsewhere by other loads connected to the same grid. Sometimes a third type of distortion can
be traced, like when secondary distortion is fed into the equipment and then due to its
nonlinearity harmonics of the secondary emission appear.

B.

Current waveform

Measurements have been performed on eight different ballasts. All the measurements where
conducted at the same point in the grid of the laboratory, which means that the source
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impedance and the background disturbances are the same. Fig. 1 shows the current drawn by
the eight different ballasts. Next to the sinusoidal component, which strongly dominates, the
above-mentioned primary emission is visible. Both the remains of the switching frequency
(with current maximum and minimum) and the zero-crossing distortion (with current zero
crossing) are visible. Their character and magnitude vary between ballasts. Some ballasts
show a larger deadbeat around the zero-crossing while some even clearly show recurrent
oscillations.
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Fig. 1 Current drawn by 8 different ballasts.

C.

Voltage and current THD in different frequency ranges

Table I gives some parameters of the current and voltage feeding the different ballasts seen
in Fig. 1. The active power deviates from the rated power of 2x49W (with T5 tubes). The
power consumption is about 26 percent higher for the lowest power in relation to the highest.
The output light has however not been measured so the illumination per W is not known. The
power factor PF is close to unity at 0.98 to 0.99. The total harmonic distortion of both the
voltage and current is given as a percent of the RMS of the fundamental component as in (2)
described by IEC 61000-4-7/A1.

THD

§ 40 YH , h ·
¸
¨¦
¨h 2 Y ¸
H ,1 ¹
©

2

(2)

Note that these measurements were done at the laboratory and the THD of the voltage
without any load is about 1.7 %. ITHD (from 2nd to 40th harmonic) varies from 4.49 to 9.53
percent for different types of ballast. The variations in voltage distortion are most likely
mainly due to the variations in background distortion. The impact of one individual device on
the voltage distortion is expected to be small. There is also no relation between voltage and
current THD.
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Table I
Some parameters for the eight different ballasts
1
2
3
4
5
6
P (W)
114
90.2 114 111 107 106
UTHD (%)
1.94
2.03 1.79 1.70 1.69 1.67
ITHD (%)
4.49
9.53 8.12 9.29 3.97 4.89
PF
0.99
0.98 0.99 0.98 0.99 0.98

7
103
1.72
6.12
0.98

8
103
1.69
4.96
0.99

The expression used to calculate the THD (2) is defined by standards for the traditional
harmonics up to about 2 kHz. Above this frequency range there is no standard expression to
quantify the distortion. As stated before, IEC 61000-4-7 is also recommending to group
frequency components above 2 kHz into 200 Hz bands. This has been used here to calculate
distortion levels in relation to the fundamental RMS component YH,1 in the same way as in
(1). The result will show the distortion in different frequency ranges relative to the system
fundamental frequency at approximately 50 Hz. Here is the range between 2 and 150 kHz
divided into four sub-ranges: 2 to 9 kHz, 9 to 30 kHz, 30 to 95 kHz and 95 to 150 kHz as
given by (3) to (6).
2

THD29 kHz

§ 9 kHz YH , f
¨ ¦
¨ f 2 kHz Y
H ,1
©

·
¸
¸
¹

THD930 kHz

§ 30 kHz YH , f
¨ ¦
¨ f 9 kHz Y
H ,1
©

·
¸
¸
¹

THD3095 kHz

§ 95 kHz YH , f
¨ ¦
¨ f 30 kHz Y
H ,1
©

·
¸
¸
¹

THD95150 kHz

§ 150 kHz YH , f
¨ ¦
¨ f 95 kHz Y
H ,1
©

·
¸
¸
¹

(3)
2

(4)
2

(5)
2

(6)

In Table II the THD in the different frequency ranges is presented for the eight different
ballasts. The result is a measure for the total distortion energy in each frequency range relative
to the fundamental. We can notice that some frequency ranges of the current distortion
contain as large distortion as the lower traditional frequency range given by Table I. Note
however that the frequency ranges are much wider and contain many more frequency
components and therefore more energy can be fitted into that frequency range. The voltage
distortion in all cases shows the highest value for the frequency range up to 2 kHz (as given in
Table II).
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Table II
Total harmonic distortion (in %) of the current and voltage in different frequency ranges
between 2 and 150 kHz
1
2
3
4
5
6
7
8
UTHD(2-9kHz)
0.157
0.174
0.095
0.028
0.041
0.028
0.028
0.028
ITHD(2-9kHz)
0.999
0.866
4.104
0.767
4.763
2.854
2.686
1.163
UTHD(9-30kHz)
0.069
0.077
0.043
0.008
0.028
0.009
0.019
0.007
ITHD(9-30kHz)
0.150
0.278
2.030
0.716
3.254
1.003
2.795
0.475
UTHD(30-95kHz)
0.043
0.073
0.023
0.147
0.086
0.090
0.117
0.081
ITHD(30-95kHz)
1.126
4.203
0.498
8.174
4.924
5.448
6.742
4.895
UTHD(95-150kHz)
0.015
0.017
0.009
0.002
0.004
0.002
0.003
0.002
ITHD(95-150kHz)
0.147
0.050
0.188
0.186
0.169
0.152
0.185
0.166
In Fig. 2 the THD of the current is plotted for the different frequency ranges with
corresponding ballast number, one through eight, from the left to the right. In the harmonic
range (100 Hz to 2 kHz) we can divide the ballasts into two groups. Ballast 1 and 5 to 8 have
a THD of 4-6 % while ballast 2, 3 and 4 have a value of 8 to 9.5 %. In the frequency range
between 2 to 9 kHz ballast 1, 2, 4 and 8 have a THD about 1 % while the rest is between 3 to
5 %. In the range from 3 to 30 kHz ballast 3, 5 and 7 reach about 2 to 3.5 % while the rest is
below 1 %. Between 30 and 95 kHz the amplitude is 4 to 8 % for all but 1 and 3 for which it
is below 1%. In the 95 to 150 kHz range the distortion is low for all ballasts.
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Fig. 2 Current THD in the harmonic range up to 150 kHz

D. Voltage distortion
In Fig. 3, the filtered voltage (having passed through a high-pass filter with a cut-off
frequency of 2 kHz) is shown. The first measurement up in the left corner shows the
background voltage without any lamps connected; the rest is the voltage with each of the eight
ballasts. The filtered voltage shows large differences in amplitude. For some ballasts,
especially 4 and 7, the voltage shows large amplitude every 10 ms. This corresponds with
maximum and minimum of the fundamental voltage (not shown here). Recurrent oscillations
are visible with some ballast close to the zero-crossing of the voltage. These are of especially
high amplitude with ballast 5.

7

Background

1

1

1

0

0

0

-1

-1

-1

0

20

40

60

0

20

3
Voltage (V)

2

1

40

60

0

1

0

0

0

-1

-1

-1

20

40

60

0

20

40

60

0

20

7
1

0

0

0

-1

-1

-1

40

60

0

40

60

40

60

8

1

20

60

1

6

0

40
5

1

0

20

4

1

20
40
Time (ms)

60

0

20

Fig. 3 Filtered line to neutral voltage. The measurement in the upper left corner shows the
background voltage while no lamps are on.
Fig. 4 shows the result with the same vertical scale when applying a DFT to the filtered
voltage shown in Fig. 3 according to (1). When comparing the result to the filtered signal in
time-domain we can notice that the highest amplitude shows up as a wideband component
starting at 40 to 50 kHz (depending upon the model) rising fast it its peak and slowly
decreasing with frequency after the peak.
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Fig. 4 Resulting voltage spectrums when applying a DFT to the signals.
To analyze a step further the short time Fourier transform (STFT) has been applied to the
filtered time-domain data. The sub-window was set to 1 ms with 0.5 ms overlap which results
in 0.5 ms time-separation and 1 kHz frequency separation. The result, shown in Fig. 5, is
presented in a spectrogram where the amplitude is presented as a change in color. The color
scale is ranging from blue (low) to red (high). The wideband component starting at 40-50
kHz, in several of the spectrums in Fig. 4, is showing up in the corresponding spectrogram as
a time-varying narrowband signal that repeats every 10 ms. These narrowband signals are due
to the varying switching frequency from the active PFC. Ballast number 5, with the highest
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recurrent oscillations seems to show a wideband signal at each zero-crossing in the
spectrogram. Note that this signal has more of a transient (non-stationary) character and is not
analyzed so well by the DFT used in the STFT algorithm.
0

1
150

150

100

100

100

50

50

50

0

10

20

30

0

10

3
Frequency (kHz)

2

150

20

30

0

150

150

100

100

100

50

50

50

10

20

30

0

10

6

20

30

0

10

7
150

150

100

100

100

50

50

50

10

20

30

0

30

20

30

20

30

8

150

0

20
5

150

0

10

4

10
20
Time (ms)

30

0

10

Fig. 5 Resulting spectrogram of the voltage for 8 different ballasts. The top left corner
shows the background voltage.
The background voltage shows just some minor components, mainly with lower
frequencies. These components are most likely generated elsewhere in the same low-voltage
grid. When turning on the different ballasts some additional components become visible in the
spectrogram.

E.

Current distortion

Below, in Fig. 6, the filtered versions of current of the same ballasts as shown in Fig. 1 are
shown. The vertical scale is the same for all eight ballasts. The filtered current shows about
the same components as the voltage. Most of the ballasts show some high frequency signals
especially at both the negative and positive peak of the current. The filtered version of the
current also shows, for some ballasts the recurrent oscillations close to the zero-crossing.
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Fig. 6 Filtered current drawn by the eight different ballasts.
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When applying the DFT to the filtered current the same pattern as in the voltage spectrums
shows up in the current spectrums. Most of the highest emissions can be found as a wideband
signal starting between 40 and 50 kHz. Some other components are showing up lower in the
spectrum, below 20 kHz.
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Fig. 7 Resulting spectrum of current drawn by the eight different ballasts.
When applying the STFT to the filtered current, the resulting spectrogram for each lamp is
obtained. As is the case with the voltage above the wideband signal shows as a narrowband
signal that changes frequency and amplitude and has a period of 10 ms.
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Fig. 8 Resulting spectrogram of the current drawn by 8 different ballasts.

4. Emission of eight ballasts of the same model
Fig. 9 shows the filtered current for 8 lamps equipped with the same type of ballast (the one
labeled as 1 in Section 3. The filtered current in time domain shows the same pattern for the
eight ballasts. When comparing with the measurement of eight different types of ballast it
becomes obvious that design of the ballast has a major impact on the emission.
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Fig. 9 Filtered current drawn by eight different ballasts of the same type.
When applying the DFT to the filtered current (shown in Fig. 10) the spectrum also shows
an almost identical pattern, with only some minor differences in amplitude visible.

Fig. 10 Spectrum of the filtered current feeding 8 lamps with the same type of ballast.
Also the spectrograms of the currents (not shown here), did not reveal any major differences
between the ballasts.
In the above measurement of 8 different ballasts, in Section 3 the first three ballasts are from
the same manufacturer. The first two are also of the same type but have different
manufacturing dates. When comparing these two in further detail, a change in design was
noticed. The difference in characteristics is most likely due to this change.
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5. Recurrent oscillations
As could be seen above, especially in the filtered version of the current shown in Fig. 6, a
recurrent oscillation close to the zero-crossing is repeated every 10 ms. In Fig. 11 a zoom of
the zero-crossing of the current feeding the eight different ballasts is shown. The instant of the
voltage zero-crossing is shown as a vertical line in the measurements. All ballasts, except
ballast 5, show a deadbeat where no current is taken apart from a small capacitive current to
the EMC filter. The recurrent oscillation occurs either at the beginning and/or at the end of the
deadbeat. By measurement of the time period of the oscillation it has been found that these
oscillations have a frequency in the range between 2 and 9 kHz. The amplitude and the
character of the zero-crossing distortion and the recurrent oscillations vary significantly
between ballasts.

Fig. 11 Close-up of 2 ms of the current close to the zero-crossing. The vertical lines indicate
the voltage zero crossing.

6. Emission limits
In the frequency range up to harmonic 40, the emission from a lamp is regulated by IEC
61000-3-2. This standard sets limits on the harmonic components in the lamp current. Both
the source impedance and the grouping methods used to determine the magnitude of the
harmonic component are accurately defined. In the frequency ranges from 9 kHz and up the
emission is limited by CISPR 15. CISPR 15 prescribes measurements of the emission with a
measuring receiver with a quasi-peak (QP) detector as defined by the CISPR 16 standard.
Note that the distorted current emitted by the lamp in this frequency range is measured as the
voltage across a reference impedance, which is also defined in CISPR 16.
By dividing the emitting voltage limit by the reference impedance the emission current limit
shown in Fig. 12 is obtained. Note that this limit is representing current amplitude as
measured with a QP detector with a bandwidth of 200 Hz. This limit cannot be directly
compared to the emissions measured and shown in the earlier sections since the right
impedance and detector have not been used. There has however been work done on emulating
time sampled signals into achieving the same result as using measuring receivers [20].
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The resulting emission limit of the current, shown in Fig. 12, shows a step at 50 kHz. When
designing ballasts it is therefore wise to keep the switching frequency below 50 kHz. There is
also a step at 150 kHz (not shown in the figure) and this will put limits on the third harmonic
of the switching frequency. This is another reason to keep the switching frequency below 50
kHz. The measured spectra (as shown in Fig. 7) all show their main emission just below 50
kHz. The impact of the limits set in the standard on the resulting emission is obvious.
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Fig. 12 Resulting limit for emitting current from light equipment in the range from 9 to 150
kHz according to CISPR 15.

7. Conclusions
Measurements have been performed on the current and voltage emission due to fluorescent
lamps with eight different ballasts. The emission in the frequency range below 2 kHz is small
for each of the ballasts. The total power factor is 0.98 or higher. The current THD, up to
harmonic 40, is between 4.5 % and 9.5 % of the rated current. The high power factor and low
distortion are at least in part due to the strict requirements placed on lighting equipment in
IEC 61000-3-2. However, also other equipment is increasingly equipped with similar power
supplies, resulting in similarly low distortion.
The emphasis in this paper has been on the emission in the frequency range between 2 and
150 kHz. This emission mainly consists of two components: zero-crossing distortion and
remains of the switching frequency. The amplitude of these two components varies strongly
between different ballasts.
When comparing the emission of the different ballasts in the ranges 2-9 kHz, 9-30 kHz, 3095 kHz and 49-150 kHz it is shown that a different ballast has the highest emission in each of
these frequency ranges. There is thus no relation between the emissions in different frequency
ranges.
The zero-crossing distortion consists of a deadbeat around the current zero crossing and
recurrent oscillations with a frequency range of several kHz, which appear at the start or at the
end of the deadbeat. The amplitude of these oscillations differs a lot between ballasts.
The remains of the switching frequency are, for all ballasts, found somewhat below 50 kHz
and are highest in amplitude around the current maximum and minimum. The choice of
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switching frequency, just below 50 kHz, is most likely due to the much stricter emission
limits above than below 50 kHz.
A reference measurement has been made in which the emission is measured for eight lamps
with ballasts of the same type. There are only minor differences in emission between the
ballasts in this case, much less than in case ballasts of different types are used. The reason for
the differences in emission between different types of ballasts is most likely the difference in
design for the different types.
The use of active power-electronic circuits for power-factor correction results in a de-facto
shift of the waveform distortion from frequencies below 2 kHz to frequencies up to about 50
kHz. The consequences of this remain unknown and require further studies.
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High-frequency (2 to 150 kHz) emission from fluorescent lamps with highfrequency ballast. Part II: Multiple lamps
E.O.A. Larsson and M.H.J. Bollen
Power Engineering Group, Luleå University of Technology, Sweden

Summary
This paper presents measurement result from an installation containing up to 48 fluorescent lamps. The
emission of individual lamps as well as from the total installation is shown as a function of the number of
lamps being turned on. Recurrent oscillations, which are found in the lower part of the frequency range
increases in the total current with the number of lamps being turned on. The remains from the switching
frequency, around 45 kHz, decrease with the number of lamps turned on, in the total current but show a
minor increase for the current for individual lamps during the same procedure.
KEY WORDS: power quality, electromagnetic compatibility, power system harmonics, lighting,
fluorescent lamps.
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Introduction

Measurements of the emission from individual lamps in the frequency range 2 to 150 kHz have been
presented in a companion paper, Part I. In that paper it was shown that the emission consists of two main
parts: zero-crossing distortion consisting of recurrent damped oscillations with an oscillation frequency of
a few kHz reoccurring every 10 ms; remains of the switching frequency from 40 to 50 kHz with a varying
magnitude and frequency.
Earlier measurements have shown that the emission from a complete installation can be significantly
different from the emission of an individual device [1][2]. One of the consequences of this is that the
emission from an individual device cannot be the base for setting emission standards. Instead the emission
of a complete installation should be considered.
In this paper the emission from an installation with fluorescent light has been investigated. The
individual lamps were of 49 Watt each and equipped with high-frequency ballast containing active-powerfactor correction. Lighting equipment having a power rating above 25 W is almost always equipped with
active power factor correction to fulfill harmonic emission requirements [3]. But also equipment that does
not have to fulfill the same strict requirements is increasingly equipped with active power factor correction.
Section II describes the measuring technique used. Section III presents the measurement results from an
installation containing up to 48 ballasts of the same type. These measurements were performed in the
laboratory. Section IV shows some result from a field measurement on an installation containing roughly
1100 ballasts. In Section V a discussion of the result is given.
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Measuring standards and analyzing technique

When it comes to measurement above 2 kHz the international standard documents covering this
frequency range consider two frequency ranges: 2 to 9 kHz and 9 to 150 kHz. The main differences
between these two frequency ranges concern the instrument used. The instrument used to cover the lower
frequency range is given in an informative annex in IEC 61000-4-7 to be a time domain sampling
instrument. For the higher frequency range CISPR 16 prescribes the use of measuring receivers. For the
measurements described in this paper time domain sampling instruments where used to cover both
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frequency ranges. The advantage to use a time-domain measuring instrument is the possibility to use other
analyzing methods besides the one prescribed by the standards.
To analyze the measured 200 ms, according to IEC 61000-4-7, a discrete Fourier transform (DFT) with a
rectangular window should be applied. This results in a frequency separation of 5 Hz and the standard
recommends grouping these 5 Hz components into 200 Hz bands according to (1). This results in less
“noisy” spectrum and also harmonizes with the CISPR standards starting at 9 kHz. Note that the
application of this algorithm has been extended up to 150 kHz in this paper.
Gb

b 100 Hz

¦C

f b 95 Hz

2
f

(1)

More details about the measuring equipment, probes, filters and accuracy can be found in Section II of
the companion paper.

Multiple lamps; laboratory measurements

3

An installation in the lab consisting of 48 lamps has been built. The aim was recreate in the laboratory as
much as possible the lighting installation in, for example, a grocery store. When comparing several such
stores with large numbers of lamps, several different ways are used for the wiring of the lamp system. The
installation can be coupled, to one, two or three phases and either be connected directly or via an outlet and
short cable. It is impossible to get a system that emulates all installations, so one commonly-used method
has been chosen. The lamps in the laboratory, in groups of four, where hanged on 12 insulated wires as
shown in Fig. 1. Each lamp is connected to an outlet via a 1.8 m cable. The outlets were supplied from a
point of common coupling (PCC) via a three conductor cable consisting of a line, neutral and protective
earth (PE). The cable also contains a concentric wire connected to the PE wire. The feeding cable is
directly connected to the distribution transformer but other loads in other parts of the building are
connected to the same transformer. Each of the fittings consists of two 49 W T5 fluorescent tubes powered
by one 2x49 W ballast. The number of lamps being switched on (i.e. being connected to the supply) could
be varied at will from zero to 48.
The voltage was measured at the PCC for different numbers of lamps being turned on. The current was
measured both at the feeding cable, denoted here as “total current”, and at one individual lamp, denoted
“lamp current”.
1
Feeding
cable

2
3

….12

Fig. 1 Experimental light system setup in the laboratory.

3.1 Voltage distortion
The voltage has been measured and analyzed as described in Section 2. The resulting voltage spectrums,
in Fig. 2, are plotted in an intensity graph where the frequency is represented by the x-axis and the number
of lamps being turned on by the y-axis. The amplitude is represented by the color where blue represent the
lowest levels and dark red the highest levels. The measurement started with all lamps turned off (bottom)
and then they are turned on one by one. From the first spectrum when all lamps are turned off it can be
noticed some components visible in the spectrum in the background especially at the lower frequencies,
below 15 kHz. There are also some narrowband signals at e.g. 20, 24 and 28 kHz. These components are
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most likely generated elsewhere in the building. When turning on the first lamp some of these background
components increase in amplitude, especially the one at 28 kHz. There is also another component, with the
highest peak at approximately 51 kHz and decreasing with the frequency, which becomes visible only
when turning the lamps on. This component is primary emission from the switching of the active PFC at
the front end of the ballast. This component has the largest amplitude when one lamp is on and then
decreases with the number of lamps being turned on.
Voltage spectrum (n)
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Fig. 2 Voltage spectrum as a function of the number of lamps turned on.
To get a clearer picture of what happens with the different components in the voltage spectrum, the rms
value over different frequency ranges, fstart to fstop, has been calculated according to (2) and is plotted
against the number of lamps n turned on.
f stop

¦V

VRMS (n)

2

( n)

(2)

f start

Fig. 3 plots the RMS of the voltage between 50 and 60 kHz. This frequency range holds most of the
remains of the active PFC switching. When turning on the first lamp the RMS value at first increase about
15 times but is decreasing rapidly with the number of lamps being turned on. When about half of the lamps
are turned on, the voltage RMS is about twice the value with all lamps turned off.
RMS of voltage spectrum (50 to 60 kHz)
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Fig. 3 Resulting RMS value of the spectrum of the voltage in the range from 50 to 60 kHz as a function of
the number of lamps being turned on.
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When performing the measurements the voltage scale of the instrument used was the same during the
whole experiment. When looking upon the RMS value of the voltage spectrum in the range from 27.4 to
29.2 kHz, which covers one of the secondary emissions, it doubles when the first lamp is turned on and
reaches a peak when two lamps are turned on. The voltage then decreases down towards the noise level.
RMS of voltage spectrum (27.4 to 29.2 kHz)
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Fig. 4 Resulting RMS value of the spectrum of a secondary voltage distortion in the range from 27.4 to
29.2 kHz as a function of lamps being turned on.

3.2 Current distortion in the total current
In the same way as the voltage spectrums where plotted before in Fig. 2, the total current feeding the
group of 48 lamps is shown in Fig. 5. When performing the measurement of the total current the scale of
the instrument had to be changed with increasing fundamental current. The maximum scale when
measuring one lamp was 1 A; when measuring 48 lamps it was 40 A. In the figure these change in settings
can be noticed as horizontal lines where the noise level shifts. In the total current the primary component
becomes visible at 51 kHz when turning one lamp on. This component decreases when turning on more
lamps. The secondary emissions however increase, especially for the first lamps being turned on. The
vertical line, visible at 121 kHz, is known to be a measuring artifact generated by the instrument it self.
Total current spectrum (n)
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Fig. 5 Resulting spectrums of the total current feeding 0 to 48 lamps.
In the same way as in Section 3.1 some frequency ranges have been selected to show how the RMS value
of the total current changes with the number of lamps being turned on. From Fig. 6 it can be noticed that
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the disturbance levels increase when one lamp is turned on but decrease when the second lamp is being
turned on. Since the setting has to be changed during the measurement of the total current there is a step
between 14 – 15 lamps and between 27 – 28 lamps being turned on since the noise level increases.
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Fig. 6 Resulting peak value of the spectrum of the total current in the range from 50 to 60 kHz as a
function of the number of lamps being turned on.
Fig. 7 shows the RMS value of secondary emission around 28 kHz of the total current. Again it is noticed
that during the first two lamps being turned on the RMS value of the current increases and after this it
decreases.
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Fig. 7 Resulting RMS value of the spectrum of the secondary current emission in the range from 27.4 to
29.2 kHz, as a function of the number of lamps being turned on.

3.3 Current distortion for one of the 48 lamps
The current feeding one of the 48 lamps has also been measured when the rest of the lamps were turned
on one by one. Thus: the current shown is feeding the first of the 48 lamps while the rest is turned on. The
resulting spectrums from the measurement are shown in Fig. 8. The spectrum shows that the primary
emission at 51 kHz decreases when the second lamp is turned on but then increases again as the other
lamps are being turned on. The secondary emission also decreases with the number of lamps being turned
on.
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Current spectrum for one lamp (n)
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Fig. 8 Resulting spectrums of the current feeding one lamp while turning the rest on.
The RMS current in the frequency range covering the primary emission (50 to 60 kHz) is shown in Fig.
9. This figure confirms that the level in this frequency range decreases from one to two lamps but increases
after that with the number of lamps being turned on.
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Fig. 9 Resulting peak value of the spectrum of the current feeding one lamp while the others are turned on
in the range from 50 to 60 kHz.
The RMS of the secondary emission, at approximately 28 kHz, in the current feeding a single lamp, is
shown in Fig. 10. The level decreases with the number of lamps being turned on, with the exception of the
level for two lamps, which is higher than the level for one lamp.
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Fig. 10 RMS value of the secondary current emission in the range from 27.4 to 29.2 kHz, as a function of
lamps being turned on.

3.4 Recurrent oscillations
In Fig. 11 the filtered version of the total current feeding the lamps is shown when one lamp (upper) and
when 48 lamps are lit (lower). Note the difference in vertical scale. When only one lamp is on the
waveform is dominated by the high frequency component visible close around 5 and 15 ms into the
window. This high-frequency component is not visible when all lamps are on. From previous results it is
known that this is the primary emission at 51 kHz. As shown in the spectrums of Fig. 5 this component is
most visible when only one lamp is turned on. It decreases with the number of lamps being turned on.
Visible is also the recurrent oscillation. From the vertical scale it can also be noticed that this oscillation
increases when a larger number of lamps are on. It can also be noticed that the frequency of the oscillation
is lower with 48 lamps compared to the frequency with one lamp.
Filtered total current with one lamp
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Fig. 11 Filtered total current when one lamp is on (top) and all the 48 are on (bottom). Note the difference
in vertical scale.
The lamp type used for the measurements presented in this paper does show a recurrent oscillation but is
not as prominent with this type of lamps as with other brands or series of ballasts as shown in Fig. 3 in the
companion paper. But it has been shown before that this component is increasing with the number of lamps
being turned on [1][4]. It should be noted that the measurements described in [1] and [4] concerned another
brand of ballasts. So from experience it is known that the component that is close to the zero-crossing
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shown around 10 ms is generated by the ballast. Measurement of the background voltage, not shown here,
reveals that the oscillations at around 8 and 12 ms is a secondary emission generated elsewhere. Fig. 12
shows the result when taking the absolute value of the maximum during 9.5 to 11 ms into each window of
the filtered total current. The figure shows an increase with the number of lamps being turned on. The
increase is however not linear.

Max value of current above 2 kHz from 9.5 to 11 ms into the window
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Fig. 12 Maximum value of the filtered current in a 1.5 ms window around the zero-crossing of the
current.
In Fig. 13, a zoom of the zero-crossing of the total current for 1 (blue), 24 (green) and 48 (red) lamps. In
this case the current is “normalized” by dividing the measured current by the number of lamps being
switched on. All the measurements where made with a triggering on the voltage zero-crossing. One can
notice a oscillation with a frequency around 40 kHz, in the current when one lamp is on. This oscillation is
not present when several lamps are on. In this case it looks like that the recurrent oscillations starts at 10.6
– 10.7 ms into this window. Thus: 0.1 to 0.2 ms after the downward zero crossing.
0
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Fig. 13 A zoom of the zero-crossing of the total current when 1 (blue), 24 (green) and 48 (red) lamps are
turned on.
Fig. 14 shows a band-pass filtered version of the current in Fig. 13. In this case a 2nd order filter,
attenuating below 1 kHz and above 10 kHz, was used to only focus on the oscillations. The plots show that
slightly after the “deadbeat” there is a positive pulse of the current but when the lamps start drawing
current another negative pulse starts off.
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Fig. 14 Band-pass filtered version (1 to 10 kHz) of the current, for 1, 24 and 48 lamps close to the zerocrossing.
The characteristics of the recurrent oscillation have been quantified using a signal-processing tool called
ESPRIT. ESPRIT stands for Estimation of Signal Parameters via Rotational Invariance Techniques and
this method fits the measured waveform to an exponentially damped sine wave. The frequency, magnitude,
initial phase and damping that fit best to the measured signal are next used to characterize the measured
signal [5][6].
The ESPRIT algorithm was applied to the band-pass filtered version (1 to 10 kHz) of the filtered current
over the time window from 10.2 to 10.7 ms into the measured windows. By the result, in Fig. 15, the
frequency of the oscillation decreases from 3.0 kHz with one lamps being turned on and drops down to
about 1.5 kHz when all the lamps are turned on. It is important to notice that the emission for one
individual lamp is outside of the frequency range 0 to 2 kHz, where the emission for an installation with 48
lamps is within this frequency range.
Frequency according to ESPRIT
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Fig. 15 Oscillation frequency as a function of the number of lamps being turned on, estimated using
ESPRIT
The cut-off frequencies of the filter have been varied and the calculation repeated. The filter parameters
were shown to have some impact on the frequency estimation but the decrease in frequency with
increasing number of lamps remained.
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Field measurements

A number of measurements were performed at different grocery stores. In all cases the measurements
were performed after complaints were received about the lifetime of the ballast. The upper graph in Fig. 16
shows the current feeding one lamp out of approximately 1100 2x49 W fluorescent lamps. From the time
domain measurement of the current (black) in one phase it can be seen that the current is close to
sinusoidal except from zero-crossing distortion and remains from the switching frequency, similar to the
ones observed for individual lamps in the companion paper and for smaller installations in this paper. The
total harmonic voltage of the current, ITHD is 5.9 %, whereas the total harmonic distortion of the voltage,
VTHD is 1.8 %. The current is slightly leading the voltage (red) but the power factor (PF) is, with 0.99, very
close to unity.
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Fig. 16 Measured current waveform feeding one of the 1100 lamps (black) and voltage (red).
The remains from the switching are especially visible at, both positive and negative peak, of the current
waveform.
When applying a DFT to both the currents (shown in Fig. 17 (upper) and voltage (lower) the remains
becomes visible as a wideband spectrum starting at 35 kHz and decreasing with frequency. The other
components visible in the spectrum might be generated elsewhere in the building (secondary emission), or
be generated by the ballast itself (primary emission).
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Fig. 17 Current spectrum (upper) and voltage spectrum at the lamp.
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When applying the short time Fourier transform (STFT) to the measured current and voltage this shows
that the remains of the wideband signals are indeed a component that is shifting the frequency with time.
This is again the same behavior as was observed in the companion paper and in [1] for individual lamps.
The filtered voltage, shown in Fig. 18 shows the voltage at the terminals of an installation containing 70
fluorescent lamps with high-frequency ballast. It shows large recurrent oscillations reaching up to about 4
V in peak every 10 ms.
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Fig. 18 Filtered voltage.
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Conclusions

Systematic measurements have been performed at an installation containing up to 48 fluorescents lamps
containing high-frequency ballast with active power factor correction. Like with individual lamps the
emission of the complete installation contains zero-crossing distortion in the form of recurrent oscillations
and remains of the power-electronics switching.
The amplitude of the recurrent oscillations in the current of an individual lamp is independent of the
number of lamps in the installation. The amplitude of the recurrent oscillations in the current by the whole
installation increases with the number of lamps with an exponent between 0.7 and 1.0.
The frequency of the zero-crossing oscillations increases with the number of lamps being turned on. The
switching frequency is not noticeably impacted by the number of lamps in the installation.
The remains of the switching frequency in the current drawn by the total installation reduce quickly with
an increasing number of lamps. The remains of the switching frequency in the voltage also reduce fast in
amplitude with an increasing number of lamps. The remains of the switching frequency in the current
drawn by one lamp increase somewhat with the number of lamps turned on in the installation.
Secondary emission, due to sources elsewhere in the grid, is present in the current by the total
installation.
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Abstract--This paper gives an overview of emission and
immunity standards in the frequency range from 2 to 150 kHz.
Based on existing standardization a complete set of limits is
proposed by the authors. A distinction is thereby made between
narrowband emission, broadband emission and recurrent
oscillations.
The measuring technique is vital to the results. In this
frequency range, there are two different sets of standards
covering measurement equipment. Due to fact of development of
time-domain based instrument we propose to only use this type of
instruments for the whole frequency range.
Index Terms--Power quality, electromagnetic compatibility
(EMC), low-voltage equipment, low-voltage networks.

I. INTRODUCTION

T

HE frequency range from 2 to 150 kHz is not sufficiently
covered in international standards. The contrast with the
frequency range below 2 kHz is striking. There have
traditionally been good reasons to emphasize on the lower
frequency range, where the absence of mitigation measures
would lead to serious problems.
For frequencies above 150 kHz, potential interference with
military and public radio broadcasting has been the driving
force for standardization.
In the frequency range 2 – 150 kHz no significant sources
of emission used to exist. Also no widespread problems due to
high disturbance levels in this range have been reported yet.
There are however two good reasons for turning the
attention to this frequency range. The first is the use of (part
of) this frequency range for power-line communication. The
second is the increasing use of end-user equipment emitting
conducted disturbances in this frequency range.
This document will give an overview of the existing
standards in this frequency range and propose additional
standardization towards a more complete set of standards. The
proposals are based on a range of measurements of voltage
and current disturbances in this frequency range.
II. DISTURBANCES IN THE FREQUENCY RANGE 2 TO 150 KHZ
Measurements have been performed of the voltage
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distortion to which equipment is exposed in the frequency
range from 2 to 150 kHz. The results of these measurements
are presented among others in [1][2][3]. This work and other
publications have resulted in the following subdivision of
disturbances occurring in this frequency range:
x Narrowband signals appear in the form of individual
frequencies, mainly due to power-line communication.
x Broadband signals are due to individual end-user
equipment with active power-factor correction.
x Recurrent oscillations (typically every 10 ms) are due to
limitations of the power-electronic converters around the
current zero crossing.
Also equipment occasionally emits narrowband signals,
e.g. remnants of switching-frequency components emitted by
HF ballasts of fluorescent lamps. But these are normally much
lower than the voltage emitted by mains signalling equipment.
“Broadband signals” can also be found at some power line
communicating techniques. E.g. “Direct Sequence Spread
Spectrum” modulation is used by some manufactures of PLC
and some manufactures use “Frequency Hopping Spread
Spectrum” modulation. However from our experience of
measurements in the grid these modulation techniques are not
that commonly used. Most “broadband signals” can be traced
to power supplies and HF ballasts with APFC circuits.
“Recurrent oscillations” might also occur due to other
sources such as remains from commutation at controlled
rectifiers from e.g. variable speed drives. If this is the case the
commutation will likely occur as recurrent oscillation which
might be shifting over time due to different firing angle.
For each of these three types, emission, compatibility and
immunity levels should be defined. The setting of these levels
will be discussed in Sections III, IV and V. Based on the
compatibility levels, voltage characteristics and planning
levels can next be chosen. The measuring and analyzing
technique also play a important role.
The aim of the above subdivision in three types of
disturbances is not to uniquely classify every measured
disturbance into one unique type. Instead the aim is to provide
a framework for standardization, Classification of measured
disturbances into these three types, especially automatic
classification, is an interesting signal-processing challenge but
far beyond the scope of this paper.
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III. NARROWBAND SIGNALS
A. Example of measured Narrowband signals
As mentioned before narrowband signals are normally
emitted by PLC equipment but also certain types of loads can
generate these signals. Fig. 1 below shows the resulting
spectrum from an example of a measurement where both
power line communication equipment and an induction cocker
is connected to the grid at the same time. The spectrum is
obtained by using a time-domain sampling instrument of 200
ms and then transforming the measured signal into the
frequency domain and grouping the resulting 5 Hz band into
200 Hz band according to IEC 61000-4-7. The induction
cocker uses a narrow band signal most dominant at 40 kHz
and the power line communication is at 43 kHz.

and the voltage characteristic is to allow for the presence of
multiple devices and for amplification of voltage distortion
due to resonances.
At 100 kHz, the emission limit according to EN 50065 is at
120 dBPV (about 0.5% of 230 Volt) whereas the voltage
characteristic is at slightly above 1%. We see the same factor
of two as before.

Induction cooker

PLC
Fig. 2. Emission limits for narrow band signals according to EN 50065
(blue solid line) and IEC 61000-3-8 (blue dashed line). Up to 95 kHz the
limits are the same. Voltage characteristics according to EN 50160 (green
solid line).

Fig. 1.

Resulting spectrum from induction cooker (40 kHz) and PLC (43 kHz)

B. Existing limits
Maximum emission due to power-line communication is
given in the form of voltage limits in EN 50065-1 and in IEC
61000-3-8. Voltage characteristics are given in EN 50160,
where they are referred to as “voltage levels of signal
frequencies”.
The emission limits according to EN 50065 and IEC
61000-3-8 are reproduced in Fig. 2 The two vertical lines
indicate the frequency range of interest for this document (2 to
150 kHz). Note that the emission limits are expressed in terms
of voltage. There is no reference impedance associated with
this limit; the voltage after injection of the communication
signal shall not exceed the indicated limit. For frequencies up
to 95 kHz the limits are the same for both standards. EN
50065 does not cover frequencies above 150 kHz. IEC 610003-8 does give limits but these are an order of magnitude more
restrictive than below 150 kHz. This is to prevent interference
with commercial broadcasting (the long-wave band starts at
150 kHz).
The limit according to EN 50065 and IEC 61000-3-8 is at
134dBPV (about 2% of 230 Volt) for frequencies between 3
and 9 kHz. The voltage characteristic according to EN 50160
is equal to 5%. The large margin between the emission limit

C. Proposed emission limits
We propose to use the existing emission limits for
communication equipment as shown in Fig. 2 for noncommunication equipment. We propose to set the limit for
narrow-band emission the same as the limit for broadband
emission to be discussed in Section IV. As the emission limits
for narrowband signals are much higher than for broadband
signals it is important to define in the emission tests what
constitutes a narrowband signal. A possible method would be
to obtain the spectrum over a 200-ms window resulting in a
value for every 5 Hz. Only a limited number of these values
are allowed to exceed the limit for broadband emission and all
values should be below the limit for narrowband emission.
D. Proposed compatibility level
We propose to set the compatibility level equal to the
voltage characteristic according to EN 50160 and shown in
Fig. 2 for frequencies up to 100 kHz. For frequencies between
100 and 150 kHz we propose to set the compatibility level at
130 dBPV, independent of the frequency.
E. Proposed immunity limit
According to IEC guidelines, the immunity limit for
equipment should at least be equal to the compatibility level.
There is no guidance available on the size of this immunity
margin. As there are many uncertainties in the emission within
this frequency range a relatively large immunity margin seems
desirable. We propose to set the immunity level for noncommunication equipment against narrow-band signals 6 dB
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above the compatibility level.
IV. BROADBAND SIGNALS
A. Example of measured broadband signals
As mentioned above loads can produce broadband signals.
Fig. 3 shows an example of the spectrum measured from a
HF-fluorescent lamp. The spectrum generated by the lamp
starts at around 50 kHz and seems to reach to 110 kHz. The
resulting spectrum shown in the figure is obtained in the same
way as prescribe above to the measurement of the narrow
band signal shown in Fig. 1. This resulting spectrum consists
of the remains from the active power-factor correction circuit
that in this case use variable switching frequency. The
variable switching frequency changes from about 50 kHz at
the voltage maximum or minimum up to about 110 kHz close
to the voltage zero crossing. That results in that the switching
frequency changes from about 110 kHz down to 50 kHz and
up again about every 10 ms. Since this spectrum is achieved
over a 100 ms window it will show up as a broad band
spectrum. A more detailed explanation is given in [1].

Fig. 3. Resulting spectrum from HF fluorescent lamp with
APFC.
B. Existing limits
Emission limits for broadband signals by lighting
equipment are given in CISPR 15. Those limits are
reproduced as the blue solid line in Fig. 4. The limits are given
as a voltage against a reference impedance. Limits for the
emission by power-line communication equipment at
frequencies not used for communication purposes is given in
EN 50065. For frequencies above 150 kHz those emission
limits are the same as those in CISPR 15. Fig. 4 also gives the
voltage characteristics for narrowband signals, according to
EN 50160, as a reference.

Fig. 4. Emission limits for broadband signals according to CISPR 15 (blue
solid line) and EN 50065 (dashed line). The voltage characteristics for
narrowband signals (green solid line) are given as a reference.

C. Proposed emission limit
From the previous section it follows that emission limits
only exist for lighting equipment and only in the frequency
range 9 to 150 kHz.
We propose to extend these emission limits to all devices
equipped with an active interface. We also propose to extend
the limits to the frequency band 2 to 9 kHz. The emission
limits between 2 and 9 kHz should be the same as the limits
between 9 and 150 kHz.
Recent measurements [4][5] have shown that the emission
of individual equipment strongly depends on the presence of
neighbouring equipment. This will have to be considered in
the tests, without infringing on the requirement that the tests
should be reproducible.
For broadband signals it is important to define a basic
measurement window and even a method for frequency
aggregation. The method recommended in IEC 61000-4-7, a
200-ms window with aggregation into 200-Hz bands, would
be a suitable approach.
D. Compatibility levels
A proposal for planning levels in the frequency range 2 to
9 kHz is presented in [6]. The planning levels for frequencies
just below 2 kHz have been used as a starting point in [6].
Next the assumption is made that planning levels above 2 kHz
should be the same as the ones just below 2 kHz. This results
in a planning level equal to 0.5% (1.15 V).
The compatibility level should be equal to or higher than
the planning level.
The emission limit (against a reference impedance) is equal
to 0.3 Volt in the frequency range 9 to 50 kHz.
It is recommended to use the same limit in the frequency
range 2 to 9 kHz.
Using 1.15 V as a compatibility level gives a factor 3.8
between the emission and compatibility levels.
It is difficult to know, without much more detail about the
emission source, how the emission from different sources will
add. However, some estimation can be made. If we assume
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that emission is random between sources, about 14 emitters
can be connected to the same locations before the
compatibility level is exceeded, assuming the compatibility
level is equal to the 0.5% and assuming that the source
impedance is equal to the reference impedance.
If we assume that the emission of all sources is identical,
about 4 units will result in the voltage disturbance exceeding
the compatibility level.
For higher frequencies, above 9 kHz, no guidance exists
for the choice of compatibility level. Therefore it is proposed
to maintain a constant ratio between emission limit and
compatibility level. This results in the following compatibility
level
x 1.15 V between 2 and 50 kHz;
x Linearly decreasing from 1.15 to 0.4 V between 50 and
150 kHz.
E. Proposed immunity limits
We propose to set immunity limits 6 dB above the
compatibility level.
This results in the following immunity limits:
x 2.3 V between 2 and 50 kHz;
x Linearly decreasing from 2.3 to 0.8 V between 50 and
150 kHz.
Note that the immunity of equipment should be tested
against a broadband signal with a spectrum as defined by the
two bullet points above. It is not sufficient to generate
individual frequencies as test signals, but the equipment under
test should be exposed to all frequencies at the same time.
F. A final observation
The compatibility levels proposed in this section are to a
large extent based on existing disturbance levels. The
proposed limits are “safe limits” for which we are reasonably
certain that no widespread interference will occur. However,
there are voices that point to unexplained equipment
maloperation and damage that might have been due to
disturbance levels within what is perceived as safe limits. On
the other side are voices that express doubt on the need to set
strict limits on emission in the frequency range above 2 kHz.
Their argument is that these limits would pose unnecessary
costs on equipment manufacturers and possibly also on
network operators without that there is a well-documented
case of the adverse consequences if no such limits would be
set. Recently there have even arisen calls for increasing the
permissible levels of harmonic voltage distortion of higher
orders (15 to 40).
The expected introduction of equipment like microturbines,
solar panels and battery chargers for electric cars, makes the
choice of immunity and emission limits an important issue. An
incorrect choice could form an unnecessary barrier against the
introduction of such equipment.
V. RECURRENT OSCILLATIONS
From measurements it is known that these oscillations exist
[1][2][3] and Fig. 5 shows an example of this. The figure is

the result from a filtered phase to neutral voltage measurement
of a HF-fluorescent lamp. There is however a lack of
knowledge on the levels and frequencies that occur in lowvoltage installations but there are some measurements
showing amplitude of several volts. Therefore it is not
possible to propose any limits at this stage but it is important
to keep this phenomenon under observation.

Fig. 5.

Recurrent oscillation generated by HF fluorescent lamp.

The further work needed includes:
x A systematic measurement campaign to determine the
existing disturbance level. This could next be used as a base
for setting a compatibility level and immunity limits.
x A method for characterizing this disturbance as well as
suitable indices and measurement methods.
x A study of the impact of this disturbance on different
types of equipment. This should give us information on the
failure mechanisms (if any) due to these recurrent oscillations.
This information will be of additional help in the setting of
suitable immunity levels.
x A study on the spread of recurrent oscillations through
the network and the resulting oscillations in voltage due to
oscillations in current from multiple sources. This information
will be of help in relating a compatibility level with suitable
emission limits.
VI. MEASUREMENT AND ANALYZING TECHNIQUE
The frequency range 2 to 150 kHz is covered by two
standard defining the equipment and analyzing methods. IEC
61000-4-7 define in an informative annex a method to
measure between 2 to 9 kHz. This method is basically to
sample a 200 ms time window and convert this to the
frequency domain with the Discrete Fourier Transform. The
200 ms time window will result in 5 Hz frequency separation
which is later grouped into 200 Hz channels. This grouping is
done to harmonize this frequency range with the higher
frequency range, from 9 kHz and up, covered by CISPR 16
standard. One big difference is that the CISPR 16 prescribes
to use scanning receiver. The use of scanning receiver e.g.
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super-heterodyne analyzer, spectrum analyzer etc is historical.
Back in time this was the only way to determine all the
frequency components within a signal and for the highest
frequencies this is still the case today. The development of
digital sampling technique, increased computational capability
and storage capacity has made it possible today to go quite
high in frequency with time domain based measurements.
The existence of different measuring standards below and
above 9 kHz makes it necessary to use different measuring
equipment to cover the frequency range from 2 to 150 kHz.
The characteristics of different signals do also affect the
result of measurements. For example the magnitude of the
broad-band signal shown in Fig. 3 is actually higher but the
signal is not present during the whole measurement window
(200 ms). This will result in a lower average value of the
signal. Compared with spectrum analyzer using either peak or
quasi-peak detector this would result in difference in
magnitude. There are some articles [7][8] dealing with
analyzing methods of time domain measurement that make
them as similar to spectrum analyzing equipment with
different detectors are possible.
The benefits of using time-domain measurement make it
however worth to develop this further. To be able to use
multiple measurements with the same measurement equipment
is good. Just to stick to the same measuring technique because
it has been used up to now is not a good argument. Note for
instance that the load has shifted techniques today. To use the
quasi-peak detector which was developed according to the
human ear and the use of analogue technique doesn’t justify
that we should still use that detector. So we propose to use
time domain measurements throughout the whole frequency
band 2 to 150 kHz.
VII. CONCLUSIONS
Based on the measurement of voltage and current
distortion, disturbances in the frequency range 2 to 150 kHz
are divided into: narrowband signals, broadband signals and
recurrent oscillations. For each of these disturbance types,
compatibility levels, emission limits and immunity limits are
needed to come to a working EMC framework.
Proposals are made for narrowband and broadband signals.
No proposal has been made for recurrent oscillations due to
the lack of information available at the moment.
Development of time-domain measurement equipment and
analyzing techniques has made it possible to use only one
instrument. We propose to use the time domain for
measurements throughout the frequency band 2 to 150 kHz.
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