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Abstract—This paper presents measurements of voltages and 

currents taken by fluorescent lamps with high-frequency ballast. 
The results are discussed in time domain, in frequency domain 
and in time-frequency domain. A number of different high-
frequency components are present: recurrent transients, narrow-
band time-invariant signals, and time-dependent signals.  The 
increase in distortion with increasing number of lamps is studied 
as well. The distortion increases about linear with the number of 
lamps in the frequency range 2-9 kHz but shows only a minor 
increase or no increase at all in the frequency range 9-150 kHz.  
 

Index Terms--Power quality, electromagnetic compatibility 
(EMC), energy-efficient lighting, high-frequency distortion. 

I.  INTRODUCTION 
luorescent lamps are used, among others, for their higher 
energy efficiency than incandescent lamps. Also the 

longer lifetime of fluorescent lamps is an argument that 
compensates the higher costs compared to incandescent 
lamps. A disadvantage of the use of fluorescent lamps is that 
they take a non-sinusoidal current that may lead to distortion 
of the supply voltage [1]. 

Modern fluorescent lamps with high-frequency ballast are 
the most efficient and flicker-free [2], [3] and have a low total 
harmonic distortion so as to comply with the emission limits 
in IEC 61000-3-2 [4]. This standard document states that the 
3rd harmonic distortion is at most 30% (for unity power 
factor; proportionately less for non-unity power factor) and 
for example 3% for odd harmonics of order 13 through 39. 

The low distortion at lower frequencies goes however at 
the expense of higher frequency components in the current 
[5]-[7]. The low distortion at lower frequencies is commonly 
obtained by means of an active power-factor correction circuit 
using e.g. variable switching frequency strategies.  

The knowledge on voltage distortion in the frequency 
range above 2 kHz is very limited, but there are a number of 
reasons for expending that knowledge. 

• The increasing amount of equipment with active 
interface (next to fluorescent lamps also adjustable-speed 
drives and uninterruptible power supplies) leads most 
likely to an increase in distortion in this frequency range. 
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• A large contribution to the high-frequency distortion 
is played by energy-efficient equipment (fluorescent 
lamps, adjustable speed drives) and interfaces to 
renewable sources of energy (double-fed induction 
generators, inverters for solar cells and microturbines). 
The high-frequency distortion may become a barrier 
against the introduction of such equipment. 
• Communication via the power network is taking 

place in the frequency range between 9 kHz and 148 kHz, 
both by network operators for example for remote-meter 
reading and by customers for example for load control. 
• The availability if relatively cheap equipment to 

measure voltages and currents up to about 1 MHz makes 
research into this frequency range feasible. 

For this paper, measurements have been conducted on a 
number of fluorescent lamps with high-frequency ballast. The 
aim of this work has been to describe the voltage and current 
distortion due to such lamps. Measurements were performed 
on individual lamps and on up to 9 lamps operating together. 

The measurement setup and the data analysis to be 
performed on the measurements are described in Section II. 
The measurement results for one lamp and for multiple lamps 
are presented in Section III and IV, respectively. 

II.  MEASUREMENT SETUP AND DATA ANALYSIS 
Measurements have been carried out on one to nine HF-

fluorescent lamps in order to get a closer look upon the HF 
signals generated by the HF-ballast. The voltages were 
analogue filtered with a band pass filter with the low cutoff 
frequency around 2 kHz and the high frequency cutoff around 
1 MHz and a 3dB attenuation in the pass-band. The current is 
measured with a Pearson current monitor, model 411, with LF 
3 dB point at 1 Hz and the HF 3 dB point at 20 MHz. The 
measurement was carried out with a Hioki 8855 memory 
recorder. The sampling rate was 10 MS/s and the window 
length 200-ms and a 1 MHz anti-aliasing filter applied. The 
measurements were carried out in the laboratory and Fig. 1 
illustrates the connection of the instrument. 
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Fig. 1. The measurement setup 

 
The lamps are equipped with a HF-ballast with a voltage 

range of 230 to 240V and nominal current between 0.33 and 
0.29A. The power factor is 0.96. The HF-ballast powers one 
58-W fluorescent tube.  

In order to get a better view of the current a second order 
Butterworth high-pass filter with a cut-off frequency at 2 kHz 
was applied to the measured signal. 

An initial spectrum is obtained by applying a DFT 
algorithm to the measured 200-ms windows resulting in 5Hz 
frequency separation. The informative annex B in IEC 61000-
4-7 [8] gives a suggestion on how to merge 100ms/10-Hz 
components into 200-Hz band by adding the signal energy, as 
in 1, in the frequency range between 2 and 9 kHz.  
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The same algorithm is used here except for using a 200-ms 
window and merging the 5 Hz components in the same way 
into 200-Hz bands. Cf is than in our case the rms value of each 
5-Hz component and the upper limit is extended up to 150 
kHz. Note that normally the frequency range from 9 kHz and 
up is measured with a “super heterodyne analyzer”.  

Total harmonic distortion can be a useful tool to get indices 
of the distortion levels of a signal. Traditionally within 
electrical power standards the THD is calculated up to the 40th 
harmonic, e.g. as described in IEC 61000-4-7. In this paper 
the THD is obtained over three different frequency ranges; up 
to the 40th harmonic using the traditional expression for THD, 
from 2 kHz up to 9 kHz and from 9 kHz up to 150 kHz 
applying the same algorithm to the 200 Hz bands. 
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III.  INDIVIDUAL LAMPS 

A.  Time domain 
The first measurement was performed on one fluorescent 

lamp in the laboratory. Both phase to neutral voltage and 
phase current drawn by the lamp are displayed in Fig. 2 and 
Fig. 3. The rms voltage is 226V and the rms current 0.25A. 
The power taken by the lamp, obtained from integrating the 
product of voltage and current, is 51.2W. Dividing the active 
power by the product of rms voltage and current gives a total 
power factor equal to 0.92. Comparing voltage and current 

waveforms shows that the current leads the voltage by 23 
degrees. 

Fig. 2 shows two cycles of the voltage and current 
measured without filter. Fig. 3 shows voltage and current after 
the above-mentioned second-order filter.  

 
Fig. 2  Non-filtered voltage (upper) and current (lower) drawn by the lamp 

 
The non-filtered current shows a kind of notches slightly 

after the current zero crossing. The current also contains a 
high-frequency ripple, especially visible around the current 
maximum. 

After filtering the notches show up as recurrent oscillations 
every 10ms. The high-frequency ripple is visible as well. Note 
that the oscillations in current have corresponding oscillations 
in the voltage; there are however differences between the 
relative amplitude of the oscillations present. Note also that 
the high-frequency ripple in the voltage occurs at same time 
interval than the one in the current. 

 

 
Fig. 3 Filtered voltage( top)  and current (bottom) drawn by the lamp 

 
The main oscillations in the current occur 26 degrees after 

both the upward and downward zero crossings. Minor 
oscillations occur 8 degrees before and 52 degrees after the 
zero crossings. 
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The oscillations are shown in more detail in Fig. 4. The 
non-filtered waveform (top figure) shows a notch followed by 
an oscillation. After filtering, only the oscillation remains. The 
oscillation frequency is about 7 kHz. The other, somewhat 
smaller, oscillations occur about 2ms before and 1.5ms after 
the main one.  

 

 
Fig. 4 Oscillations in the non-filtered current (top) and in the high-pass 
filtered current (bottom). 

 
A clear explanation of these recurrent oscillations is not 

found yet but the phenomenon referred to as zero-crossing 
distortion in [9], [10] could be a possible explanation.  

 

B.  Frequency domain 
Fig. 5 shows the spectra of voltage and current in 200-Hz 

bands as described before. The current spectrum shows two 
main signals above 20 kHz: around 28 kHz, and upwards from 
41 kHz. These signals also appear in the voltage spectrum 
when the lamp is in operation but they disappear when the 
lamp is not present. It is therefore reasonable to assume that 
these signals are generated by the ballast. 

 

 
Fig. 5 Spectrum of the background voltage without the lamp being connected 
(top), the voltage at the lamp terminals (centre) and the current take by the 
lamp (bottom) in range 2 to 150 kHz. 
 

 
Table I shows both the voltage and current THD 

calculated, as in (2), in three different frequency ranges. The 
main current distortion in terms of THD is still found in the 
low-frequency range (0-2 kHz), but the contribution from 
higher frequencies cannot be neglected and may have a much 
bigger impact. 

TABLE I 
THD IN DIFFERENT FREQUENCY RANGES IN PERCENT OF FUNDAMENTAL 

 
 

C.  Time-frequency domain 
The spectrogram of the voltage and current (also known as 

"short-time Fourier transform") is shown in Fig. 6 and Fig. 7. 
The time-resolution is 0.5ms and the frequency resolution is 1 
kHz. Both spectrograms show about the same pattern. Many 
of the higher frequencies are synchronized with the 
fundamental frequency, in this case 50 Hz. The frequency 
around 28 kHz shows an almost constant frequency that has 
only a minor change in amplitude but the signal around 41 
kHz shows an arc-like function and is probably due to 
variable switching frequency. The notches are visible as small 
lines in the lower frequency range between the variable 
switching frequency, which probably explains the high-
frequency ripple, discussed above, in the lower plot in Fig. 3 
and Fig. 4
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Fig. 6 Spectrogram of the filtered voltage (NFFT=10000S, Window=10000S 
and Noverlap=5000S) in the range between 2 and 150 kHz with 0.5ms time 
resolution and 1kHz frequency resolution. 

 

 
Fig. 7. Spectrogram of the filtered current. 

 

IV.  MULTIPLE LAMPS 
Measurements on one to nine lamps were carried out in the 

same way as with one lamp. The comparison on how the 
number of lamps affects the disturbances is of interest, among 
others as a high number of lamps is often found in buildings 
were unexplained break down of the HF-ballast has been 
reported. 

A.  THD as a function of number of lamps 
The total harmonic distortion as a function of the number 

of lamps is shown in Fig. 8 and Fig. 9. The former figure uses 
the fundamental component as a reference; the latter figure 
gives the THD in Ampére. The latter is a better measure for 
the way in which the load impacts the supply voltage. In the 
frequency range 2-9 kHz, the distortion (in Ampére) increases 
about linearly with the number of lamps, whereas it increases 
only a small amount in the frequency range 9-150 kHz. It is 
clear that different mechanisms are responsible for the 

distortion in these two frequency ranges. 
 

 
Fig. 8  The current THD as function of the number of lamps in percent of the 
fundamental current. 

 
 

 
Fig. 9  The current THD as a function of the number of lamps, in Ampere. 

 

B.  Oscillations as function of the number of lamps 
The current waveform for increasing number of lamps 

(one, three and nine) is shown in Fig. 10. It shows that there 
are no significant changes in character of the signal other than 
that the amplitude of the recurrent oscillations increases and 
the HF noise between the notches is relatively higher with a 
lower number of lamps. These observations are consistent 
with Fig. 8 and Fig. 9 where the THD in absolute terms 
increase about linearly 2-9 kHz and remains about constant 9-
150 kHz. The oscillations show up between 2 and 9 kHz in the 
spectrum, whereas the high-frequency oscillation shows up 
between 9 and 150 kHz. 
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Fig. 10 Filtered current for one, three and nine lamps. Note the difference in 
vertical scale. 
 
It is clear from Fig. 10 that the amplitude of the oscillations 
increases with the number of lamps. To quantify this increase 
in amplitude, the maximum absolute value of the current has 
been calculated:  

( ) ninI maxmax =  (3) 

This value is shown in Fig. 11 as a function of the number of 
lamps. The amplitude of the oscillations increases more than 

N but less than linear. Note that an increase with N  is 
expected for fully random sources. 
 

 
Fig. 11.  Shows the maximum value of the high-pass-filtered current as a 
function of the number of lamps. 

 

C.  Frequency spectra as function of the number of lamps 
How the frequency contents of the current changes with the 

number of lamps is shown in Fig. 12 and Fig. 13. The former 
shows the frequency contents in the range from 2 to 9 kHz 
and the latter from 9 to 150 kHz using the 200-Hz bands as 
described above.  

 

 
Fig. 12  The FFT of the current grouped into 200-Hz band with one to nine 
lamps 

 
The increase in current distortion in the 2-9 kHz band is 

significant. The increase is approximately linear up to about 5 
kHz and becomes less after that. In the frequency band 9-150 
kHz the distortion appears to be rather independent of the 
number of lamps. Note that the distortion is shown in absolute 
terms: the distortion in Ampére is about the same for 9 lamps 
as for one lamp for frequencies above 25 kHz. 

These observations are again in accordance with the THD 
versus the number of lamps in Fig. 8 and Fig. 9. 

 
Fig. 13  The FFT of the current in 200Hz band with one to nine lamps 

V.  CONCLUSIONS 
The current taken by fluorescent lamps with high-

frequency ballast has a low total harmonic distortion when 
only the "classical" harmonics up to 2 kHz are considered. 
This performance is achieved by using an active power-factor 
correction circuit. The drawback of the use of such a circuit is 
that high-frequency components are injected into the power 
system. 

Measurements of voltage and current reveal a number of 
high-frequency components: oscillations at specific points on 
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the current waveform, with high oscillations occurring twice 
per cycle and lesser oscillations four times per cycle. The 
distortion in the frequency band 2-9 kHz (dominated by these 
recurrent oscillations) increases somewhat less than linearly 
with the number of lamps. 

The behavior in the frequency band 9-150 kHz is 
completely different. A number of narrow-band distortions are 
present as well as a broadband distortion starting at 41 kHz. 
The latter shows a time-varying frequency during one half-
cycle when presented in the time-frequency plane. The 
distortion in absolute terms is independent of the number of 
lamps. No clear explanation for this behavior is found. 

Further work should include simulations and additional 
measurements to get a better understanding of the origin of the 
high-frequency distortion both for individual lamps and for 
the interaction between multiple lamps. 
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