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The electrical performance of modern compact fluorescent lamps

Abstract

Compact Fluorescent Lamps (CFL) are highly non-linear devices which are likely to experience very high
growth in penetration levels, especially in domestic environments, in Australia over the next 2 — 3 years.
This will occur due to the decision taken by the Australian Federal Government to ban the sale of
incandescent light globes after 2009 as measures towards meeting the needs for demand side
management and climate change abatement. While CFL technology has been in existence since the late
1980s penetration levels are now increasing to a point where the total CFL load cannot be considered
negligible compared to other non-linear domestic loads. This paper seeks to redress the lack of concise
data available describing the performance of modern CFLs over a range of influence factors such as input
voltage magnitude and harmonic distortion. It seeks to provide definitive characterisation of the modern
CFL in terms of harmonic and power factor performance over a range of input supply conditions. This aim
is achieved through laboratory testing of 25 CFLs of different brands, construction types and rated power
levels.
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Abstract

Compact Fluorescent Lamps (CFL) are highly non-
linear devices which are likely to experience very high
growth in penetration levels, especially in domestic
environments, in Australia over the next 2 — 3 years.
This will occur due to the decision taken by the
Australian Federal Government to ban the sale of
incandescent light globes after 2009 as measures
towards meeting the needs for demand side
management and climate change abatement. While
CFL technology has been in existence since the late
1980s penetration levels are now increasing to a point
where the total CFL load cannot be considered
negligible compared to other non-linear domestic
loads.

This paper seeks to redress the lack of concise data
available describing the performance of modern CFLs
over a range of influence factors such as input voltage
magnitude and harmonic distortion. It seeks to provide
definitive characterisation of the modern CFL in terms
of harmonic and power factor performance over a
range of input supply conditions. This aim is achieved
through laboratory testing of 25 CFLs of different
brands, construction types and rated power levels.

1. Introduction

The electrical performance characteristics of CFLs are
strongly dependant on the design of the ballast used to
drive the lamp. Development of the CFL over the last
20 years has seen magnetic ballasts replaced
exclusively with electronic ballasts. Electronic ballast
technology has developed to a point where there are
now several ballast types available including some
which aim to minimise the impact of the CFL on the
quality of the ac supply feeding the CFL.

It is well known that CFLs are a non-linear load with
significant current waveform distortion and poor power
factor (without distinction being made between true
and displacement power factor). With rising CFL
penetration levels there are concerns that CFLs will
lead to increased voltage harmonic distortion problems
which will be difficult to mitigate given the distributed
nature of domestic lighting loads.

There are several studies (Etezadi-Amoli & Florence,
1989; Finn & Ouellette 1992; Topalis, 1993; Pilleggi et

al, 1993; Verderber et al 1993) from late 1980s and
early 1990s which investigate the harmonic and power
factor characteristics of the CFL. At that time,
electronic ballasts for CFLs were an emerging
technology and many of these studies report the
outcomes of testing and analysis of both magnetically
ballasted and electronically ballasted CFLs. As
expected the majority of these studies report high
current THD levels (greater than 100%). The studies
which examine power factor find true power factors
between approximately 0.4 and unity. However, power
factor is not dealt with care in many of the studies with
the distinction between true and displacement power
factor regularly omitted. Without this distinction, the
concept of leading or lagging power factor cannot be
applied as it is not relevant to true power factor.

Although there is no reason to doubt the veracity of the
studies reported in the aforementioned studies, they are
now quite dated. At the time of these studies, CFLs,
especially those with electronic ballasts were an
emerging technology. It is evident that some
developments to CFL ballast technology have occurred
since their inception in the 1980s. An example of
ongoing CFL technology development can be found in
(Finn & Ouellette, 1992) and (Verderber et al, 1993)
which refer to a new technology in ballasts which can
limit harmonic distortion, although no reference is
made to studies on these new devices.

In recent years, energy efficiency has become an issue
that has received a considerable attention for various
environmental, commercial and political reasons.
Consequently, the introduction of CFLs is now seen as
an important energy saving initiative.

Recent studies covered in (NEMA, 1999; Watson et al,
2007; Hansen, 2006; Watson, 2005; Gonos et al, 1999)
present electrical characteristics of the CFL. Modern
CFLs without power factor correction circuitry have
been noted to produce current THD levels greater than
100%. Power factors ranging between 0.4 and 0.48 are
reported in (Gonos et al, 1999). Studies of CFLs which
include power factor correction circuitry indicate that
this type of CFL is characterised by current THD levels
significantly less than those of standard CFLs. The
study presented in (NEMA, 1999) appears to be the
first to report the performance of a power factor
corrected CFL. It reports that standard CFLs have
power factors of 0.5 compared to 0.8 or 0.9 for power



factor corrected types. The study presented in (Watson,
2005) is a comparison of the performance of a high
power factor type CFL with a standard un-corrected
CFL. The high power factor CFL is found to perform
significantly better than the standard CFL with respect
to harmonics and power factor. For the high power
factor CFL, current THD has been found to be
approximately 17% compared to 124% for the un-
corrected CFL.

While more recent studies covered in (NEMA, 1999),
(Watson et al, 2007), (Hansen, 2006), (Watson, 2005)
and (Gonos et al, 1999) have been conducted utilising
modern instrumentation with modern CFLs, they are
less than comprehensive in describing the methodology
or reporting of findings or both. Studies (Hansen,
2006) and (Watson, 2005) use un-calibrated and
unregulated sources to conduct the experiments. This is
less than ideal as any distortion on the input voltage
waveform can affect the results of the tests. None of
the studies investigate the full harmonic spectrum of
the input current waveform, instead only reporting on
THD. It is important to identify the characteristic
harmonics of the current waveform due to the fact that
high order harmonics have behaviour, limits and
potential effects which can be quite different to those
of lower order harmonics. Reporting of power factor in
these studies is also often ambiguous.

Notwithstanding the limitations of the above studies
which report on the electrical characteristics of CFLs,
very few studies examine the electrical characteristics
of modern CFLs over a range of operating conditions
and influence factors, such as variation in supply
voltage levels and/or background voltage harmonic
distortion, conditions which are likely to be present on
electricity distribution networks in general, let alone
the specific case of Australian electricity networks. The
studies presented in (Ouellette & Arseneau, 1992) and
(Cunill-Sola & Salichs, 2007) investigate the impact of
voltage variations on CFL performance. Both find that
input voltage magnitude will have an impact on CFL
performance. However, the results found in each are
contradictory. CFLs connected to the electricity
distribution network are also likely to be exposed to
some level of harmonic distortion on the input voltage
waveform. The study presented in (Watson, 2005)
indicates that this will affect the current harmonics
drawn by the CFL. However, this study does not
explore the effects of voltage input waveform
distortion on the electrical characteristics of the CFL.
Effects of supply voltage harmonics on CFLs are
covered in (Arseneau & Ouellette, 1992) where both
magnetic and electronic ballasts have been tested. It
has been found that CFLs with magnetic ballasts are
less affected by supply harmonics than those with
electronic ballasts. Current THD has been found to
deteriorate as the supply voltage harmonic distortion
levels are increased.

This paper seeks to redress the lack of concise data
describing the performance of modern CFLs over a
range of influence factors. It seeks to provide a

definitive characterisation of the modern CFL in terms
of harmonic and power factor performance over a
range of input supply conditions. To achieve this, 25
modern electronically ballasted CFLs of various ratings
of various brands and designs have been laboratory
tested using a programmable voltage source. Such
testing allows understanding of the behaviour of the
CFL under a range of conditions so that accurate
modelling and simulations can be undertaken in order
to assess the potential impacts of high CFL penetration
levels on electricity networks. Some past studies have
been carried out using simplified CFL models applied
to distribution networks. However, if the performance
of CFLs is heavily influenced by network operating
voltages these studies can be considered as overly
simplistic.

This paper is organised as follows: Section 2 describes
the CFLs tested and the testing methodology adopted.
Section 3 details the performance of the CFLs when
subjected to a range of input voltage conditions.
Conclusions are given in Section 4.

2. CFLs Tested and Testing Methodology
2.1 Test CFLs

As listed in Table 1, a total of 25 different modern
CFLs have been tested. These CFLs represent a range
of brands, construction types and ratings from a cross
section of manufacturers, designs and price levels. All
of the CFLs tested, with the exception of Lamp P, are
standard non-power factor corrected types. Lamp P is a
power factor corrected type CFL which contains
additional components designed to mitigate input
harmonic currents.

Table 1: List of CFLs Tested

Reference | Construction Nominal
Label (Spiral/Straight) | Rating (W)

A Spiral 15
B Spiral 8
C Straight 15
D Straight 14
E Straight 11
F Straight 20
G Straight 11
H Spiral 15
| Straight 15
J Straight 15
K Straight 11
L Spiral 20
M Straight 15
N Straight 11
6] Straight 15
P Spiral 15
Q Straight 11
R Spiral 15
S Spherical 20
T Straight 11
U Spiral 11
\Y% Straight 14
W Straight 18




X Straight 18
Y Straight 10

2.2 Test Methodology

At the commencement of testing, each CFL under test
was brand new. Prior to application of test voltages,
each CFL was operated using an input voltage of 230V
for a minimum of 1 hour to ensure correct operation.
For testing, the CFLs were mounted with their base
down in a test board. All tests were performed in an air
conditioned laboratory where the temperature was
regulated.

The testing procedure for all tests was as follows:-

e At the commencement of each testing period, the
CFLs were first stabilised at 230V for 10 minutes

e Once stabilised, each test level was applied for 5
minutes to allow the CFL to stabilise at the test
level.

e  Measurements were then taken using a Hioki 3196
power quality monitor over a 10 minute period.
The measuring instrument was configured to log
fundamental and harmonic voltages and currents to
the 50" order, as well as power parameters (real,
active and non-active power and displacement
power factor) at 1 minute intervals.

The test data was then averaged to provide indicative
values.

Test voltages were applied using a California
Instruments MX30-3P1 programmable source. When
programmed for undistorted output waveforms, this
device has a very low output voltage distortion level
(~0.24% THD).

3. CFL Performance over a Range of Influence
Factors

The Australian voltage standard, AS60038:2000
(Standards Australia, 2000), specifies a nominal low
voltage range of 230V +10%/-6%. A further 5%
voltage drop is allowed for in installation wiring. Thus
any equipment connected to Australian public low
voltage supplies is expected to operate over a voltage
range of 230V +10%/-11%. In addition, every
distribution network will have some level of
background voltage harmonic distortion present. In this
section of the paper, the performance of the CFLs
when subjected to varying input voltages is examined.
To begin, analysis of the CFL performance with
undistorted nominal voltage (230V) is examined. This
is followed by characterisation of the CFL for
undistorted voltages at the upper and lower ends of the
voltage range. Finally, the impact of background
voltage harmonics on CFL performance is assessed.

3.1 Basic Characteristics

3.1.1 Current Waveforms

The majority of CFLs tested were characterised by
highly distorted input current waveforms. Figure 1
shows a sample of 3 current waveforms observed, with
the sinusoidal input voltage waveform shown for
comparison. It can be seen that there is considerable
variation in the shape of the current waveform drawn
by the 3 different CFLs with these waveforms
demonstrating the least distorted waveform, most
distorted waveform and a waveform in between. The
current waveform of Lamp P which has been designed
to correct the power factor by minimising waveform
distortion is particularly distinct.

Example Input Current Waveforms at 230V
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Figure 1: Selected CFL Input Current Waveforms
3.1.2 Harmonic Performance

The shapes of the current waveforms in Figure 1
suggest that the input current of the CFLs are rich in
harmonics. Figure 2 shows the measured Current Total
Harmonic Distortion (ITHD) for each CFL. It can be
seen that all CFLs except Lamp P have ITHD levels
close to or exceeding 100%. The maximum current
ITHD level is 171% (Lamp Y). It can be noted that
lamps with similar construction and rating display
different ITHD behaviour. This indicates that while
many CFL circuits are similar different manufacturers
must produce lamps with different components values
and circuit construction. Figure 3 shows the harmonic
spectra of the CFLs displayed in Figure 1. Again, it can
be seen that Lamp P has considerably better harmonic
performance compared to other two CFLs. Of
particular interest is the fact that the CFLs show
harmonic currents of significant magnitudes up to very
high harmonic orders which is not characteristic of
most domestic appliances.

Lamp Current Total Harmonic Distortion (ITHD) Values at 230V
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Figure 2: Current THD Levels for each Lamp



Sample Current Harmonic Spectra of Lamps for Undistorted 230V Supply
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Figure 3: Sample Current Harmonic Spectra for Lamps Supplied by Undistorted 230V RMS

3.1.3 Power Factor Performance

Based on the displacement and true power factor
values illustrated in Figures 4 and 5 the following
observations can be made:

1. The displacement power factor of the CFLs is
relatively high, averaging 0.89. The maximum is
0.98 for Lamp P, while the minimum is 0.81 for
Lamp D. Displacement power factor is found to be
leading in all cases. This suggests that the CFLs
may provide some power factor correction to the
traditionally inductive residential load. This is in
agreement with results presented in (Watson et al,
2007).

2. The true power factor (ratio of active power to
apparent power), for all CFLs with the exception
of Lamp P can be found to be poor, averaging,
0.58. The high true power factor of Lamp P, at
0.92, indicates the effectiveness of the power
factor correction technology included in this CFL.

3. The relatively high displacement power factor and
poor true power factor associated with CFLs is
due to harmonics and other non-fundamental
components of the input current. This leads to
apparent power levels that are considerably greater
than active power levels.

Lamp Displacement Power Factor (DPF) at 230V

DPF (leading)
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Figure 4: CFL Displacement Power Factor

Lamp True Power Factor (TPF) at 230V

Lamp A
Lamp B
Lamp C
Lamp D
Lamp E
Lamp F
Lamp G
Lamp H
Lamp |
Lamp J
Lamp K
Lamp L
Lamp M
Lamp N
Lamp O
Lamp P

3.2 Effect of Varying Input Voltage Magnitude

In this section, the impact of variation of undistorted
input voltage magnitudes on the performance of the
CFLs is examined. To achieve this, three input voltage
levels based on Australian Standard Voltages
(Standards Australia, 2000) were applied to the CFLs.
These were 253V RMS, which is the maximum
allowable, 230V RMS which is the nominal and 207V
RMS which is the lower end of the allowable voltage.

Figure 6 shows the variation of the RMS input currents
for the CFLs when the input voltage magnitude was
varied. The variation for each parameter for each CFL
is calculated as a percentage difference between
minimum and maximum values. This is achieved by
subtracting the minimum value obtained for each test
from the maximum value and then dividing by the
minimum value to result in a percentage value. It can
be seen that the RMS input current levels are relatively
insensitive to changes in input voltage level with the
average variation being approximately 5% and the
maximum is approximately 10%. In all cases except for
Lamp P RMS current levels increased as voltage
magnitude was increased.



Variation in RMS Current For Varying Input Voltage Levels
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Figure 6: Variation in the RMS Current Levels for Different
Lamps for Varying Input Voltage Magnitudes

A similar calculation can be carried out to assess the
impact of variable input voltage magnitude on the
fundamental current levels. It was found that the
fundamental current drawn by the CFLs is even less
sensitive to input voltage magnitude than the RMS
current, with average variation across CFLs being 2%
and maximum variation being 6%. In terms of the
effect of input voltage variation on total current
harmonic levels (total harmonic current is preferred to
current THD as it is not reliant on the value of the
fundamental current) the small variation in RMS
current tends to suggest a small variation in harmonic
currents as well. This is found to be the case for all
CFLs with the exception of Lamp P which is the high
power factor CFL. If Lamp P is excluded, the average
variation in the total harmonic current is 8% and the
maximum is 12% which is of the same order as the
RMS current variation. In all cases (except lamp P),
total harmonic current increased with voltage
magnitude. Interestingly, Lamp P shows a 170%
variation in current THD levels when the input voltage
is varied, with total harmonic current levels decreasing
with increasing supply voltage magnitude. This
suggests a characteristic operation which is
significantly different to that of the other CFLs with
harmonic currents being highly dependant on input
voltage levels.

For displacement power factor (DPF), the variation
was found to be small, with the average being
approximately 1.5% and the maximum being
approximately 3%.

The information given above is summarised in Table 2
which shows the variation of key parameters as input
voltage magnitude is varied.

Table 2: Variation of Key Parameters with Varying Input
Voltage Magnitudes

Average Maximum
Parameter Variation Variation
(%) (%)
RMS Current 5 10.5
Fundamental Current 2.6 6.1
Total
Harmonic Current 8.1 170.3
Displacement Power
Factor 15 2.6

3.3 Effect of Varying Input Voltage Distortion
Levels

In order to gain an understanding of the impact of
distorted input voltages, a number of tests were carried
out on the CFLs using input voltages with varying
harmonic distortion levels.

Data collected by the Australian Long Term Power
Quality Survey (Power Quality Australia, 2008) as well
as other field monitoring campaigns indicate that
voltage THD levels will be less than 3.67% at 95% of
Australian sites with the dominant harmonic order
being the 5™. Other orders which make meaningful
contributions are low order odd harmonics such as 3™
and 7™. Higher order harmonics have been noted to be
generally small. Further, most supply voltage
waveforms exhibit a flat top characteristic. This allows
basic determination of the phase angle of the harmonic
voltages. Such flattening can be shown to be caused by
a 3" harmonic component which has a phase angle of
close to 0 degrees with respect to the fundamental and
a 5™ harmonic component which has a phase angle
close to 180 degrees with respect to the fundamental.
Field monitoring confirms these observations. Field
monitoring also demonstrates a 7" harmonic phase
angle close to 50 degrees. Given this data, the
following two test waveforms were developed (note all
values in % of 230V):

e Test Waveform 1 — 1% 3" harmonic with a phase
angle equal to 0, 3% 5™ harmonic with a phase
angle equal to 180 degrees, 1% 7™ harmonic with a
phase angle equal to 50 degrees.

e Test Waveform 2 — 2% 3" harmonic with a phase
angle equal to 0, 4% 5" harmonic with a phase
angle equal to 180 degrees, 1.5% 7" harmonic with
a phase angle equal to 50 degrees.

The above waveforms have THD levels of 3.3% and
4.7% respectively.

Table 3 shows the variation of key parameters for the
case of the undistorted waveform and the case of Test
Waveform 1. It can be seen that the variation of key
parameter values between the undistorted case and the
distorted case is quite small. For tests using Test
Waveform 1, on the 25 CFLs, 17 CFLs recorded an
increase in RMS current with increased input voltage
distortion and 18 showed increases in total harmonic
current with increased input voltage harmonic
distortion. All of the CFLs recorded a decrease
(worsening) of leading displacement power factor
although the change could be considered insignificant.



Table 3: Variation of Key Parameters for Distorted Input
Voltages — Test Waveform 1

Average Maximum
Parameter Variation Variation
(%) (%)
RMS Current 1.7 6.9
Fundamental Current -0.7 5.1
Total
Harmonic Current 2 7.1
Displacement Power
Factor -1.6 -2.9

Table 4 shows the variation of the key parameters
between the undistorted case and Test Waveform 2. It
can be seen that the values obtained are larger than
those for test waveform 1 but still considerably smaller
than those obtained using the basic tests. For tests
using test waveform 2, 23 CFLs recorded an increased
RMS current with increased input voltage distortion
and all recorded increased total harmonic current with
increased input voltage distortion.

Table 4: Variation of Key Parameters for Distorted Input
Voltages — Test Waveform 2

Parameter Average Maximum
Variation Variation
(%) (%)
RMS Current 4.6 9.1
Fundamental Current -2 3.3
Total
Harmonic Current 7.9 23.7
Displacement Power
Factor -1.2 -2.2

Comparing the values in Table 3 with the values
obtained for the tests involving varying input voltage
magnitude in Table 2, it can be seen that similar
variations are observed in key parameters when either
input voltage magnitude or input voltage distortion are
varied with variation in voltage magnitude being
slightly more important than variation in input voltage
distortion levels.

4. Conclusions

This paper has provided a definitive characterisation of
the electrical behaviour of the modern CFL. While a
number of studies have been undertaken in this area
many are now quite dated. The more recent studies
give ambiguous results with regards to data reporting
techniques or testing methods.

The basic operation of the standard CFL, based on
testing of 25 modern CFLs from a variety of
manufacturers, when subjected to an undistorted 230V
RMS voltage is as follows:

1. Current THD levels are generally >100%. The
maximum is 171%

2. Displacement power factor is high, with the
average being 0.89 and is leading for all CFLs
tested.

3. True power factor is poor due to high current
harmonic content, with the average being 0.58 and
the minimum being 0.47.

The high power factor CFL behaved quite differently to
the standard CFL and was characterised by a current
THD level of 34%, a displacement power factor of 0.97
and a true power factor of 0.96, when an undistorted
230V supply was used. This represents a significantly
better performance compared to the other CFLSs tested.

The effect of various influence factors on CFL
performance has also been examined. Tests were
carried out to assess the impact of variation in input
voltage magnitude as well as variable input voltage
harmonic distortion levels.

Overall it was found that variations in input voltage
magnitude and distortion levels for values likely to be
encountered on electricity distribution networks has
little effect on the performance of the standard CFL.
However, interestingly, the total harmonic current of
the high power factor CFL was found to be highly
sensitive to input voltage magnitude. All CFLs were
found to be slightly more sensitive to input voltage
magnitude than input voltage distortion level for
realistic values of each. Little change was observed in
fundamental current and displacement power factor
levels, however, RMS current and total harmonic
current was affected to some extent when input voltage
magnitudes and distortion levels were increased.

These results are significant because they provide an
indication of the performance of CFLs under a range of
influence factors. This is necessary if accurate models
of CFLs are to be developed for use in simulations
designed to assess the impact of CFLs on the electricity
distribution network.
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