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Abstract: The penetration of nonlinear loads on power systems increases the harmonics that can cause detrimental problems to
power systems such as an increase in voltage distortion, equipment failure, system resonance, increase system losses and
decrease system efficiency. Many factors affect the harmonics produced by nonlinear loads. Hence, the aim of this paper is to
evaluate the impacts of system voltage, impedance, frequency and background voltage distortion on the harmonics generated by
a group of Compact Fluorescent Lamps (CFLs). Experimental measurements are performed for this purpose.
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1. Introduction

Recently, due to the widespread use of power electronics
based nonlinear loads and equipment, distortion levels in
power systems are increased. It has been estimated that by

2012, 60% of the loads on power systems will be nonlinear [1].

The proliferation of nonlinear loads increases the harmonic
level in power system networks and can cause severe
problems such as an increase in voltage distortion, system
resonance, a decrease in Power Factor (PF), increase system
losses, equipment failure, thermal effects on rotating machines
and decrease in the overall system efficiency [2-7].

Lighting forms one of the most important loads in power
systems. According to [8], about 25%-35% of the global
generated power is consumed by lighting. Another study
claims that lighting energy constitutes 15% of the total energy
in residential buildings and 30% in commercial buildings [5].

Due to the advance in power electronics technology,
Fluorescent Lamps (FLs) and Compact Fluorescent Lamps
(CFLs) are becoming increasingly more popular for many
reasons. First, the efficiency of FLs is three to four times the
efficiency of Incandescent Lamps (ILs) for the same light
output. FLs efficiency can also be improved by 20%-30%
using a higher switching frequency (>25 kHz) [5, 9]. Second,
lifetime of a typical CFL is two to three times that of an IL.

FLs and CFLs are discharge lamps; hence, they require a
ballast to establish a high initial voltage across the lamp tube
for proper lamp ignition and to limit the lamp current once the

arc is established [5, 6, 9]. There are electronic ballasts and
magnetic  ballasts. Magnetic ballasts use iron-core
transformers for stable operation; however, this might cause
extra heat losses across the ballast [5, 9]. These transformers
also make magnetic ballasts bulky and heavy. Magnetic
ballasts operate at a line frequency of 50 or 60 Hz, which
cause light flickering. Magnetic ballasts need a pre-heat or
switch start circuit to heat up the tube to form the required arc
across fluorescent tubes. A standard magnetic ballast current
distortion is 15% [6]. Typically, lifetime of electronic ballasts
is less than 8 years, while lifetime of magnetic ballasts is more
than 30 years [10]. Magnetic ballasts will be phased out from
the United Kingdom market by 2017 because their efficiencies
are much lower than those of electronic ballasts [11].

Electronic ballasts use SMPSs to convert the power
frequency to a very high switching frequency in the range of
25 to 40 kHz [5]. Due to the fact that Electronic ballasts
employ SMPSs, their current distortion could be as high as
100% or even more [12-15]. Electromagnetic Interference
(EMI) filters are used to minimize the high frequency
conducted noise [5, 6]. In order to minimize their cost and size,
most of the commercial CFLs nowadays do not include Power
Factor Correction (PFC) circuit [9]. Hence, a typical FL with
electronic ballast has a power factor of 0.6 [12, 15].

A number of studies have been conducted to investigate the
factors that can affect the harmonics produced by nonlinear
loads. In [16-22], attenuation, which refers to the interaction
of voltage and current distortions due to shared system
impedance, and diversity, which refers to the partial
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cancellation of harmonic currents due to phase angle diversity,
are discussed. The effects of mixing single and three phase
non-linear loads on harmonic cancellation are also quantified
in [23]. Harmonic cancellation due to different single-phase
nonlinear loads is illustrated in [24].

The influence of supply voltage distortion on the harmonic
currents of a single-phase diode bridge rectifier is discussed in
[25]. Effects of voltage distortion on the harmonics generated
by household appliances are described in [26-29]. However,
all previously mentioned experimental studies have not
employed purely sinusoidal power supplies. Hence,
harmonics quantification due to a particular factor is not fully
assessed.

Notwithstanding, authors in [30] discuss the effects of
voltage, impedance and frequency variations on the harmonics
generated from a single Personal Computer (PC). The impact
of linear loads on the harmonics generated from nonlinear
loads is described in [31]. Different factors that can affect the
harmonics generated by a cluster of PCs are discussed in [32,
33] including system voltage, impedance, frequency,
background voltage distortion, percentage of linear loads,
attenuation and diversity effects.

This paper aims to investigate the effects of source voltage,
frequency, impedance and background voltage distortion on
the harmonics generated by a group of CFLs. One of the key
objectives of this research study is to evaluate experimentally
the effects of different factors individually and precisely. This
is achieved by controlling the input voltage magnitude,
frequency, source impedance and background distortion using
a programmable AC source Chroma™ 61511 [34]. The
Chroma helps in isolating the test rig and filtering out
harmonics and fluctuations from the mains. Also, a high
accuracy KinetiQ PPA1530 Power Analyzer was used to
monitor the input voltage and current of the device under test
[35].

Due to the fact that the current drawn by a single CFL is too
small, its voltage distortion is almost negligible. Therefore,
variation in source voltage, frequency or impedance has a
minor effect on voltage distortion. Hence, only current
distortion is considered. However, the background voltage
distortion affects voltage harmonics notably. Therefore, both
THD; and THD, were evaluated.

Voltage, impedance, frequency and background voltage
distortion variations are within the permissible limits
according to BS 7671, IEEE 519, for National Grid and
Central Networks in the UK [36-39]. One parameter was
changed at a time while the other factors were kept constant at
nominal values. Nominal values for the system were set to be
240V, 50Hz, 0.25Q and zero background voltage distortion (a
pure sine wave voltage source).

The paper is organized as follows: section II presents
harmonic indices calculations based on IEEE 1459 [40].
Section III discusses the CFL Model. The factors that can
affect the harmonics generated from the CFLs are introduced
in section I'V. Finally, Section V presents the summary and
conclusions.

2. Harmonic Indices Calculations

The most commonly used harmonic quantification indices
are the Voltage and Current Total Harmonic Distortion (THD,
and THD;) [40].

The RMS voltage and current are [40]:

Vi=V?:-V2 (1)
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Voltage and current total harmonic distortion can be
calculated as follows [40].
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where
V, V; and Vy: total, fundamental and harmonic voltages, V
I, I,and Iy: total, fundamental and harmonic currents, A

3. CFL Model

In general, a CFL consists of four main block diagrams, the
EMI filter, rectifier, resonant inverter stage with its control
system and lamp [8, 9, 12, 41-43]. According to [5], EMI
filters provide large attenuation for high switching noise
currents that are generated due to the rapid changes of di/dt
and dv/dt at high switching frequency. The rectifier transforms
the S0Hz ac voltage into a dc. The function of the resonant
inverter is to convert the dc voltage to an ac voltage at a very
high switching frequency suitable to drive the lamp. The
harmonics generated by the CFLs are mainly caused by the
ac/dc and dc/ac converters.

4. Factors Affecting the Generated
Harmonics

In this section, different factors that may affect the
harmonics generated by a cluster of CFLs are introduced
through laboratory measurements.

4.1. Supply Voltage Variation

Supply voltages in power system can vary within prescribed
limits. In order to evaluate the impact of voltage variation on
the harmonics produced by a group of CFLs, the input voltage
varies from 228V to 252V, £5% on a 240V supply. It can be
shown from Figure 1 that increasing supply voltage increases
THD;.
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Figure 1. THD; vs. supply voltage variation

Figure 1 also shows that all curves have the same slope;
therefore, the same percentage effect due to the supply voltage
changes.

4.2. Source Impedance Magnitude and X/R Ratio Variations

Cable length and system loading affect source impedance
magnitude and X/R ratio. Figure 2 illustrates that for a group
of up to 20 CFLs supplied through a wide range of system
impedance magnitudes, increasing the source impedance has
almost no impact on the harmonics generated from the CFLs.
In this case, the system impedance magnitude varies from
0.15Q to 0.95Q while the X/R ratio is 15°.
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Figure 2. THD; vs. source impedance magnitude variation

X/R ratio in power networks is quite high. This is because
the impedance of the generation and transmission equipment
is mainly inductive. However, as cable sizes inside
commercial offices and residential buildings are of small sizes,
their X/R ratios are lower. Therefore, the source impedance
seen by commercial and residential loads towards the source
varies depending on their location within the building. Figure
3 proves that for a single CFL, increasing X/R ratio has almost
no effect on the generated harmonics. However, when a group
of 5 or more CFLs is considered, THD; increases with
increasing the X/R ratio.
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Figure 3. THD; vs. source impedance X/R ratio variation (arc tan X/R)

In this case, the system impedance X/R ratio varies from 5°
to 75° while the impedance magnitude is set to be 0.25Q.

4.3. System Frequency Variation

System frequency can change due to faults on bulk
transmission systems or the disconnection of large loads [6].
When a group of up to 20 CFLs are connected simultaneously
to a single supply, changing the system frequency from
49.5Hz to 50.5Hz has very minor impact on the generated
harmonic currents as seen in Figure 4.
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Figure 4. THD; vs. system frequency variation
4.4. Background Voltage Distortion Variation

Due to the ever increasing number of nonlinear loads in
power systems, source voltages are becoming more distorted.
Figure 5 shows the impact of background voltage distortion on
the harmonics generated from CFLs. It can be shown from the
Figure that increasing the background voltage distortion
within the IEEE recommended limits [36] increases current
distortion notably. For example, for a group of 20 CFLs
increasing the voltage distortion from 0% (sinusoidal
waveform) to 5% increases THD; from 117.4 to 125.9%.
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Figure 5. THD; vs. background voltage distortion variation

In power system analysis, it is very important to assess the
harmonics penetration and their impact on the networks and
customers. For this reason IEEE 519 not only recommends the
THD; limits, but also set maximum permissible limits for
individual harmonics. For this purpose, assessing the effects
of background voltage distortion on individual harmonics is
important.

Figure 6 shows that increasing voltage distortion to 5%
decreases the magnitudes of the 3™ harmonic currents. The
percentage decrements tend to be more when more CFLs are
considered.
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Figure 6. 3" harmonic currents vs. background voltage distortion variation
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Figure 7. 5" harmonic currents vs. background voltage distortion variation

Increasing the background voltage distortion has a minor
impact on the 5™ harmonic currents when a cluster of 10 or
more CFLs are turned on simultaneously as shown in Figure 7.
Notwithstanding, it has no effect when 5 or less CFLs are
considered.

However, increasing the background voltage distortion
from 0 to 5% increases the 7" harmonic currents as shown in
Figure 8.
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Figure 8. 7" harmonic currents vs. background voltage distortion variation

As the background voltage distortion increases from 0 to
5%, THD, and individual harmonic voltages increase sharply
as shown in Figures 9 to 12.

As the background voltage distortion is mainly produced by
the Chroma power supply and the voltage distortion caused by
the CFLs are very small compared to the former, the curves
shown if Figure 9 are almost identical. The same is also true
for all curves of Figures 10 to 12.

It should be noted that the different background voltage
distortion levels were obtained by adding individual voltage
harmonic sources in series with the 50Hz fundamental voltage
source which distorts the supply voltage. The Chroma power
supply can be programmed to give voltage distortion up to
5%.
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Figure 9. THD, vs. background voltage distortion variation
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Figure 10. 3" harmonic voltages vs. background voltage distortion variation
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Figure 11. 5" harmonic voltages vs. background voltage distortion variation
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Figure 12. 7" harmonic voltages vs. background voltage distortion variation

5. Conclusion

Power systems harmonics are continuously varying due to
many factors. In this paper the impacts of source voltage,
impedance, frequency and background voltage distortion
variation on the harmonics generated from a group of CFLs
have been evaluated for the normal variation of parameters

within a power supply. Although system voltage, impedance
X/R ratio and frequency affect these harmonics slightly,
system impedance magnitude has a very minor impact on the
produced harmonics.

Notwithstanding, the background voltage distortion affects
THD;, THD, and individual harmonic currents and voltages
significantly when the background voltage distortion varies
within the IEEE 519 recommended limits. Individual
harmonic currents tend to behave differently with increasing
the background voltage distortion as the 3™ harmonic currents
decrease, 5" harmonic currents decrease then increase
whereas the 7™ harmonic currents increase.

Moreover, these factors are not isolated from each other.
Rather, they occur simultaneously and their accumulative
effects can be effectively high or some kind of harmonic
compensation may occur.
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