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Abstract

The article describes the results of research on the power supply quality of selected fluorescent lamps
and solid-state light sources powered by voltage with different waveforms and supply voltage
values. The power factor, total harmonic distortion (THD) factor and values of individual harmonics
were measured and their compliance with international standards was assessed. The measurement
set-up used and the measurement results obtained with it are described. The results of the
experimental research showed that the light sources under consideration did not meet the criteria
specified in international standards for the THD factor and the values of individual harmonics,
regardless of the shape of the supply voltage waveform. However, it was shown that supplying some
light sources with a triangular voltage waveform can increase the illuminance value. On the other
hand, the use of a rectangular voltage waveform leads to an increase in the power factor and a
decrease in reactive power.

Keywords: fluorescent lamp; LED lamp; solid-state light sources; power supply waveform; power
factor correction; power quality; power analysis; total harmonic distortion

1. Introduction

One of the main factors shaping human functioning is light. A breakthrough event that
facilitated the maintenance of the desired level of lighting was the invention of the light bulb in the
19th century, independently by Joseph Wilson Swan and Thomas Edison [1]. An incandescent light
bulb is a lamp containing a filament that heats up when an electric current flows through it. It is
hermetically sealed inside a glass bulb filled with a vacuum or an inert gas [2]. Heating the filament
leads to the emission of radiation in the visible light range. Over the years, other sources of light
powered by electricity have been developed, such as halogen, fluorescent, sodium and mercury
lamps [3].

Contemporary lighting solutions most often consist of lamps based on light-emitting diodes
(LEDs) [3]. White light-emitting diodes are based on semiconductor structures capable of emitting
blue light. The wavelength of the emitted light depends on the energy gap of the semiconductor
material used in the construction of the selected power LED [4,5]. Unlike incandescent bulbs, power
LEDs are powered by low-voltage direct current, which, in the case of mains power supply, requires
the use of an appropriate controller containing a rectifier and a DC-DC converter [6-9].

Power supply circuits for LED lamps contain inductive and capacitive components, which
translates into a reactive load, thus leading to distortion of the current waveform, reduction of the
power factor and an increase in harmonic distortion [10,11]. Therefore, it is essential to use power
factor correction (PFC) circuits and high-efficiency filters, rectifiers and converters. Incandescent
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bulbs have a resistive load, which translates into high power factor values without the need for PFC
circuits [12].

Due to the presence of a power supply circuit, LED lamps are much more susceptible to
distortions in the waveform of the current drawn from the power grid than standard light sources.
In [13], the impact of incandescent bulbs, fluorescent lamps and LED lamps on the quality of
electricity was compared. The power factor (PF) for incandescent bulbs is usually close to one, while
for fluorescent and LED lamps it can drop to around 0.62. The total harmonic distortion (THD:) of the
current was also compared. The harmonic distortion factor for incandescent bulbs is usually close to
zero, while for fluorescent and LED lamps it can exceed 90%. In [14], the same parameters were
determined for other LED lamps. Some of them were characterized by higher power quality,
achieving a PF above 0.9 and a THD: below 5%.

Modern light sources should achieve power factor, individual current harmonics (Ix) and THD:
values within the limits specified in technical standards. The requirements for these parameters are
specified in IEC 61000-3-2:2018, which also specifies the requirement to use a PFC circuit [15]. The
requirements for the total voltage harmonic distortion factor (THDv) and specific voltage harmonics
(Vi) are described in standards IEC 61000-3-3:2013, EN 50160 and IEEE 519-2022 [16-18].

Table 1 presents the permissible values specified in the standard for quantities describing power
supply quality, where P denotes power and ¢ denotes the phase shift between voltage and current.

Table 1. Requirements for power factor and harmonic levels of light sources according to standards IEC 61000-
3-2:2018, IEC 61000-3-3:2013 and IEEE 519-2022 [15-18].

Parameter Light bulb Fluorescent lamp LED lamp
does not normalize (P <2 W) does not normalize (P <2 W)
PF[15] >05(P<25W) >04(2W<P<5W) >04(2W<P<5W)
>09(P>25W) >05(BW<P<25W) >05(BW<P<25W)
>0.9 (P>25W) >0.9 (P>25W)
THD: [15] <23% <23% <23%
<8% [16,17] <8% [16,17] <8% [16,17]
THDv [16-18]
<5% [18] <5% [18] <5% [18]
13<21.6% I 13<21.6% I 13<21.6% h
<10.7% I 5<10.7% h 5<10.7% I
I7<72% I I7<72% I [7<72% I
[0<3.8% I [0<3.8% I 19<3.8% I
1<31%h h1<31% h [1<3.1% h
Ik [15]
h3<2.0% I h3<2.0% h [3<2.0% I
I5<0.7% I h5<0.7% I h5<0.7% I
h7<1.2% I Lh7<1.2% I h7<1.2% h
No<1.1% I Lo<1.1% I ho<1.1% h
21<0.6% I 21<0.6% I 121<0.6% I
V2<2.0% Vi V2<2.0% V1 V2<2.0% Vi
V3<30.0% Vicosep V3 <30.0% Vicosep V3 <30.0% Vicosp
Vi [16] V5<10.0% V1 V5<10.0% V1 V5<10.0% V1
V7<7.0% V1 V7<7.0% V1 V7<7.0% Vi
V9<5.0% Vi V9<5.0% V1 V9<5.0% Vi
Vi, Vi, ..., Va1 <0.3% V1 Vi, Vi, ..., Van1 < 0.3% Vi Vi, Vis, ..., Vani1 <0.3% Va

When analyzing the data contained in Table 1, it can be seen that the same permissible values
for harmonic distortion and power factor are set for fluorescent lamps and LED lamps. They are
mostly the same as for incandescent lamps, with the exception of the power factor, which for rated
powers from 2 to 5 W may be lower, and for light sources with even lower powers does not have to
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fall within the specified range. For all light sources powered from the mains, THD: < 23% and THD:
< 8% or 5% are permitted, depending on the standard. The requirements for voltage harmonic
amplitudes are more stringent than those defined for the current spectrum.

LED lamps are considered to be more environmentally friendly light sources than incandescent
or fluorescent lamps [19]. Power electronic circuits and semiconductor structures can also be recycled
to obtain raw materials necessary for the electronics industry [20]. Manufacturers of energy-efficient
LED lamp controllers can apply for ENERGY STAR® certification. One of the requirements for
certified controllers is a power factor PF > 0.5 for luminaires with a power rating below P =5 W and
PF > 0.7 for luminaires with a power rating above P =5 W [21,22]. Due to the generation of excessive
reactive power, a low power factor can lead to inflated electricity bills [23].

The aim of the experimental research was to evaluate the parameters contained in standards [15-
18] and to compare these parameters for two LED lamps in relation to a fluorescent lamp, depending
on the shape and effective value of the supply voltage. For this purpose, a measuring station was
designed and built. Using this stand, the values of selected parameters describing power quality and
samples of current and power waveforms were measured and calculated for sinusoidal, square-wave
and triangular supply voltages. The results obtained in this way form the basis for assessing the
power quality of the light sources under consideration and their compliance with international
standards.

The second chapter describes the light sources considered, while the third chapter describes the
measuring station used, the measuring method and the mathematical apparatus used. The fourth
chapter discusses the results of the experimental research.

2. Tested Light Sources

Experimental tests were conducted on three selected light sources that were adapted to be
powered from the mains — a fluorescent lamp and two LED lamps with internal power supply
circuits. They were manufactured by different producers. The effective value of the supply voltage
for all three lamps is Vimrms = 230 V. The basic operating parameters of the light sources under
consideration are summarized in Table 2.

Table 2. Operating parameters of the light sources under consideration [24].

Compact fluorescent lamp LED Lamp 1 LED Lamp 2
Parameter
(BRILUX) (Spectrum) (LEXMAN)
Maximum luminous flux @v [Im] 1100 1050 1521
Lifetime #i. [h] 6000 17000 10000
Rated power P [W] 18 11,5 13,5
Correlated Color Temperature CCT [K] 2700 2700 2700

The light sources under consideration are characterized by a luminous flux ranging from 1100
Im for a fluorescent lamp to 1521 Im for an LED2 lamp (LEXMAN), while the maximum lifetime ts.
ranges from 6000 h for a fluorescent lamp to 17000 h for an LED1 lamp (Spectrum). The highest rated
power P is characteristic of a fluorescent lamp and amounts to 18 W. The correlated color temperature
CCT of all tested light sources is the same and amounts to 2700 K.
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3. Measurement Set-Up

Figure 1 shows a diagram of the measuring station used to determine the parameters describing
the quality of electricity drawn from the power grid and the waveforms of supply voltages and
currents, as well as the optical parameters of the tested light sources.
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Figure 1. Diagram of the measuring set-up.

The measuring set-up consists of two blocks: a power supply block and a measuring block. The
first one contains a programmable AC power supply IT7624 manufactured by ITECH (Zhonghe, New
Taipei City, Taiwan) [25]. It has a maximum output apparent power of S =1.5kVA and a maximum
effective voltage value of Vinrms = 300 V. Among other things, it allows the voltage shape and
amplitude to be changed, as well as the power factor (PF) to be measured. The maximum THDv value
is 0.5% for a mains frequency of fin. = 50 Hz. The data was recorded using the IT9000 application,
version 1.0.0.9 [26].

The measurement block includes a Rigol MSO7024 oscilloscope (Suzhou, China) with a
maximum sampling frequency of 10 GSa/s. The embedded software installed in it, extended with the
RIGOL DS7000-PWR option, enables power analysis based on voltage and current waveforms. Using
these, the oscilloscope automatically determines the power waveform p(t) as the product of
instantaneous current and voltage values, as well as the values of active power P, reactive power Q,
apparent power S and phase shift ¢ [27]. A Tektronix TCPA300 current probe (Beaverton, OR, USA)
was used to record current waveforms i(t), while a Pintek DP-25 differential voltage probe (Shulin,
New Taipei City, Taiwan) was used to record voltage waveforms v(t) [28,29].

The PA1000 power analyser manufactured by Tektronix enabled the reading of effective values
of voltage Vimrms, current lirms, and power [30]. It also allowed the determination of the Fourier
transform (FFT) of current and voltage, which enabled the determination of the amplitudes and
phases of individual harmonics and the values of the THDv voltage total harmonic distortion and
THD: current total harmonic distortion [31]. The PWRVIEW application, version 3.1.0, enabled
partially automated spectrum reading [32].

The power supply outputs were connected directly to the E27 socket, in which the light sources
under consideration were placed. The tested light sources were placed inside a light-tight measuring
track with a length of 50 cm. At the other end, a Delta OHM HD2302.0 exitance meter manufactured
by Senseca (Nerviano, Italy) and an L-200P luxmeter with a P-200 panel manufactured by Sonopan
(Biatystok, Poland) were placed [33,34]. Using these instruments, it was possible to measure the
values of excitement . and illuminance E.

The manufacturer of the IT7624 programmable AC source specifies the uncertainty of the built-
in voltmeter as 0.2% of the reading and 0.2% of the total measurement range [25]. The PA1000 power
analyzer, on the other hand, has a measurement uncertainty for effective voltage and current values
of 0.04% of reading and 0.04% of the measurement range. The power measurement uncertainty is
0.075% of reading and 0.075% of the measurement range. For the power factor, it depends on the
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phase shift between voltage and current and is at least 0.002. The uncertainty for the measurement of
effective values of voltage harmonic amplitudes is at least 0.05 V and 0.02% of the reading and 0.1%
of the measurement range, and depends on the frequency of the measured voltage. For the effective
amplitudes of current harmonics, it is 0.2% of the reading and 0.1% of the range, and additionally
depends on the voltage amplitude and the impedance of the external shunt [30]. The measurement
uncertainty of the exitance meter is 0.5%, while for the lux meter it is 2.0% for temperatures from 10
to 40 °C [33,34].

The power factor PF is defined as the quotient of active power P and apparent power S [35]. Its
measurement was made possible by the IT7624 power supply. It uses instantaneous and effective
values of voltage and current [36]:

. jOT W1)-i(t)dt

T VinRMS -1 inRMS

PF )

where T denotes the waveform period, v(t) and i(#) denote the instantaneous values of voltage and
current, Vinrms and linrms denote their effective values. The level of current distortion is characterized
by the waveforms of current i(t) and the total harmonic distortion coefficient THD: [37]. It is
determined by the following formula [38,39]:

THD, = @)

where Ik denotes the effective value of the k-th harmonic of the supply current, and n denotes the
number of harmonics (in this case, n = 50). Similarly, the total harmonic distortion for THDv voltage
can be determined:

©)

where Vi denotes the effective value of the k-th harmonic of the supply voltage, and n again denotes
the number of harmonics (1 = 50). The uncertainty of measuring total harmonic distortion coefficient
can be determined using the total differential method based on the effective values of individual
harmonics and the uncertainty of the PA1000 power analyzer [40]. It is described by the following
formula:

I, Il'zzzz(lk'Nk)"'Nl'Z::zllg
: : @)
THD, .

where Alx denotes the measurement uncertainty of the effective value of the k-th harmonic of the

ATHD, =

supply current. Similarly, the uncertainty can be determined for the total harmonic distortion voltage
(THDv) coefficient:

"o Y Zzzz(Vk 'AVk)—'—AVl 'zzzz sz
THD, (Zzzl sz)z

where AV denotes the measurement uncertainty of the effective value of the k-th voltage harmonic.
To determine the active power P value, samples of power waveforms p(t) were used, and then the

ATHD, = (5)

average active power P values were determined as integrals of these waveforms over time:
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P % [/ pleydi = Z k)~ 2k =D} [p(k) — pk—D)] ©

2T

where 1 denotes the number of samples, #(k) denotes the time of sampling the k-th sample, and p(k)
denotes the instantaneous power value for time (k).

4. Results

The measuring set-up described in Chapter 3 allowed for the determination of parameters
describing power quality. The light sources were powered using a programmable AC power supply
IT7624 with a sinusoidal voltage with adjustable effective value Visrms and a constant mains frequency
fime = 50 Hz. Figures 2 to 8 show the measured and calculated power supply parameters of selected
light sources for a sinusoidal supply voltage waveform with a mains frequency fiine = 50 Hz.

4.1. The Influence of the Effective Value of the Supply Voltage on the Operating Parameters of the Tested
Light Sources

Figure 2 shows the relationship between the effective value of the supply current [irms and the
effective value of the supply voltage Vimrms. This relationship was determined using a Tektronix
PA1000 power analyzer.

0.14

LED Lamp 2

Fluorescent Lamp

— LED Lamp 1

110 130 150 170 190 210 230
VinRMS [V]

Figure 2. Measured dependence of the effective value of the supply current [inrms on the effective value of the

supply voltage Vinrums for the tested light sources.

When analyzing this relationship, a high degree of correlation with the apparent S, active P and
reactive  power relationships can be observed, including the same limit values above which the
current values for both LED lamps increase rapidly. The effective value of the supply current for LED
Lamp 2 reaches a maximum of Iirms = 130 mA for a supply voltage of Vinrms =170 V.

Figure 3 shows the relationship between reactive power Q and active power P for a sinusoidal
supply waveform.

Based on the relationship shown in Figure 3, it can be seen that the active power P increases
almost linearly for all three selected light sources. The highest active power values P for the same
reactive power value Q were obtained mainly for Fluorescent Lamps, while the lowest were obtained
for LED Lamp 1. The reactive power was greater than the active power across the entire range of
values for all three light sources tested.
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Figure 3. Measured relationship between reactive power Q and active power P for the tested light sources.

Figures 4 to 5 describe the relationship between the power factor PF (Figure 4) and the total
harmonic distortion for THDv voltage (Figure 5a) and THD: current (Figure 5b) as a function of the
supply voltage Vinrms. The PF values were measured using the internal measurement system of the
IT7624 AC power supply.

0.8

0.7 1
Fluorescent Lamp

0.6

LED Lamp 2
0.5
LED Lamp 1

0.4 41

PF [-]

0.3 A

0.2

0.1

0.0

110 130 150 170 190 210 230
VinRMS [V]

Figure 4. Measured dependence of the power factor PF on the effective value of the supply voltage Vinrus for the

tested light sources.

Based on the determined relationship, it can be seen that the PF values are generally low. In the
case of Fluorescent Lamps, the maximum PF = 0.7 is already achieved for an effective voltage value
of Vinrms =110 V, while for LED Lamps 2, the maximum PF = 0.65 is achieved for Vimrums = 160 V. For
LED Lamp 1, the power factor stabilizes at PF = 0.55 for an effective supply voltage above Viurms =200
V. The obtained power factor PF value meets the requirements of the international standard IEC
61000-3-2:2018 for exceeding PF = 0.5 for voltages above Viurms = 80 V for Fluorescent Lamp, Vinrums =
200 V for LED Lamp 1 and Viwrms = 130 V for LED Lamp 2.

Figure 5 shows the relationship between the THDv voltage total harmonic distortion coefficient
and THD: current total harmonic distortion coefficients and the effective supply voltage Vinrus value.
They were calculated using formulas (2) and (3) based on the effective amplitudes of the first fifty
harmonics determined using a Tektronix PA1000 power analyzer.
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Figure 5. Calculated dependencies of THDv (a) and THD: (b) total harmonic distortion coefficients on the effective
value of the supply voltage Viirms for the tested light sources.

When analyzing Figure 5, it can be seen that the THDv values for all three light sources are low
and do not exceed 8%, and are therefore lower than the upper limit described in IEC 61000-3-3:2013
and EN 50160 standards and 5% described in IEEE 519-2022 standard. The highest THDv value of
0.25% is achieved for an effective supply voltage of Vinrms =110 V for Fluorescent Lamps and THDv =
0.23% for Vinrms =165 V for LED Lamps 2. The value of this parameter was lowest for LED Lamp 1.
The THD1(Vinrus) relationship indicates very high harmonic content values for the supply current. It
was lowest for Fluorescent Lamp. Depending on the light source, the THD: value ranged from 55%
to 95%, thus never meeting the requirement of not exceeding the limit value of 23% described in the
IEC 61000-3-2:2018 standard.

Figure 6 shows the relationship between the normalized value of the exitance I. and the effective
value of the supply voltage Virms. These were measured using an appropriate radiometric probe
placed 50 cm from the light source using a light-tight measuring track.

12
LED Lamp 2
1.0 4
LED Lamp 1
0.8 1
5 0.6 -
0.4+ Fluorescent Lamp
0.2 1
0.0 T T T T T
110 130 150 170 190 210 230
VinRMS [V]

Figure 6. The measured dependence of the normalized value of the exitance I on the effective value of the supply

voltage Vinrums for the tested light sources.

When analyzing the relationship shown in Figure 6, it can be seen that the Fluorescent Lamp has
a significantly lower normalized exitance value I. compared to other light sources. For effective
supply voltages Vinrms below a certain threshold, the exitance of LED lamp 1 was close to zero, while
above the threshold it increased rapidly. This voltage was Vinrms = 150 V. In the case of LED lamp 2,
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the rate of increase decreased for Vinrms> 150V, and for Viurums > 200 V, the exitance value was relatively
constant.

Figure 7 shows the waveforms of the supply current Ii» (Figure 7a) and the waveforms of the
power p(t) (Figure 7b), while Figure 8 shows the amplitude spectrum of the current drawn from the
power grid (Figure 8a) and the phase spectrum (Figure 8b). The amplitude spectrum of the current
drawn from the power grid is presented in the form of histograms showing the amplitude and phase
values of the first thirty harmonics. The amplitude spectrum is presented as values normalized to the
first harmonic.

06 160
Virss = 230 V LED Lamp 2 Vigrws = 230 V
LED Lamp 1
0.4
LED Lamp 2

0.2
< z
004 =

=
LED Lamp 1
202
-0.4 A
Fluorescent Lamp 1 Fluorescent Lamp
-0.6 T T T r T T
0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.05
t[s] t[s]
(@ (b)

Figure 7. Measured waveforms of current iin (a) and power pi» (b) when powered by a sinusoidal waveform for

the tested light sources.

Vinrms =230 V Viarms = 230 V Fluorescent Lamp
LED Lamp |
200 LED Lamp 2

Fluorescent Lamp
LED Lamp 1
LED Lamp 2

1234567 89101112131415161718192021222324252627282930
Harmonics number

Harmonics number

(@ (b)

Figure 8. Measured amplitude (a) and phase (b) spectra of the current Ii» drawn from the power grid when

supplied with a sinusoidal waveform for the tested light sources.

When analyzing Figure 7a, it can be seen that the waveforms of the current drawn from the
power grid deviate significantly from a sinusoidal shape, which is a consequence of high levels of
harmonic distortion. Much stronger distortions are observed for LED lamps. The peak-to-peak
current value was approximately I, = 800 mA for the fluorescent lamp and approximately I, = 200
mA for both LED lamps. In their case, the presence of a constant current component was also
observed, with an absolute value of approximately Ii» = 60 mA for LED Lamp 1 and Ii» = 80 mA for
LED Lamp 2.
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An analysis of Figure 7b shows that current distortions affect the quality of energy consumed
from the power grid, which is confirmed by the p(t) waveform, whose shape does not resemble a sine
wave. The peak-to-peak power value was Pp = 120 W for Fluorescent Lamp, Py = 150 W for LED
Lamp 1 and Py, =180 W for LED Lamp 2. The occurrence of negative fragments of the p(t) waveform
indicates a clear phase shift between the current and voltage waveforms.

The relationship shown in Figure 8a indicates a very high level of current distortion, which is
confirmed by the very high normalized values of individual harmonics. No even harmonics with
high amplitudes were recorded. The effective values of the spectral stripes for fluorescent lamps were
generally lower than for LED lamps. None of the light sources considered met the requirements
described in IEC 61000-3-2:2018. It is also required that the third harmonic does not exceed the
normalized value of I = 21.6% I1, which is confirmed by the values of the first harmonics, which are
I3 =81.54% I for Fluorescent Lamp, I3 = 92.61% I1 for LED Lamp 1 and Is = 90% I: for LED Lamp 2.

Based on the histogram shown in Figure 8b, significant variability in phase shift between
individual current harmonics was observed. The distribution obtained is not orderly. Therefore,
designing a system that shifts the phase of harmonic currents may be difficult.

4.2. The Influence of Supply Voltage Shape on the Operating Parameters of Selected Light Sources

The second part of the study determined the impact of the supply voltage waveform on the
quality of electricity, distortion and optical parameters of the light sources under consideration. Three
supply waveforms were considered: sinusoidal, rectangular and triangular with a mains frequency
of fiine =50 Hz. The measured and calculated relationships are presented in Figures 9 to 17. The results
of the study presented in this section provide a basis for assessing the correct operation of light
sources in the event of distortions in the power grid causing the mains voltage to deviate from a
sinusoidal waveform [41,42]. As is known from [43], an increased level of harmonic distortion can
lead to a noticeable reduction in luminous efficiency.

Figure 9 shows the relationship between the effective value of current lirms and the effective
value of voltage Viirms for different supply voltage waveforms. Figure 10 shows the relationship
between active power P and reactive power Q, while Figures 11 and 12 show the relationships
between the power factor PF and the voltage total harmonic distortion coefficient THDv and current
total harmonic distortion coefficient THD;, and the effective value of the supply voltage Viurums, for
different supply voltage waveforms. The solid lines indicates the relationship for a sinusoidal voltage,
the dashed lines for a square wave voltage, and the dotted lines for a triangular wave voltage.

0.18

Fluorescent Lamp
0.16 {LED Lamp 2

IinRMS [A]

Square

0.04 .
0.02 1 .
000 F====== 777" - - -
110 130 150 170 190 210 230
VinRMS [V]

Figure 9. Measured relationship between the effective value of current linrvs and the effective value of supply

voltage Vinrms for different supply waveforms for fluorescent lamps and LED lamps 2.

Analyzing Figure 9, it can be seen that the highest current (up to lirms = 147 mA) was obtained
for a fluorescent lamp powered by a triangle wave voltage at Vinrms = 230 V, lower (up to linrms = 120
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mA) for a sinusoidal wave voltage, and lowest (up to lirms = 66 mA) for a square wave voltage. A
similar relationship exists between the characteristics for different voltage, although for voltage
values above Viurms =150 V for a triangular wave voltage, Vinrms =170 V for a sinusoidal wave voltage
and Vinrms >200 V for a square wave voltage, a decrease in the effective current value is observed with
increasing voltage.

Fluorescent Lamp Sine
16 { LED Lamp 2

P[W]

0 5 10 20 25 30

15
Q [Var]
Figure 10. Measured relationship between active power P and reactive power Q for Fluorescent Lamp and LED

Lamp 2.

When analyzing Figure 10, it can be seen that for sinusoidal and triangular wave voltage
supplies, the active power P was lower than the reactive power Q. For Fluorescent Lamps, the
relationship is almost linear, while for LED Lamps 2, it stabilizes relatively above the reactive power
Q =17 Var. For square wave voltage supply, the lowest P and Q values are obtained, but the active
power was much higher than the reactive power. Supplying the considered light sources with square
wave voltage may be more energy efficient.

Fluorescent Lamp
LED Lamp 2

PF [-]

0.0 T T T T T
110 130 150 170 190 210 230

Vinl{MS [V]

Figure 11. Measured dependence of the power factor PF on the effective value of the supply voltage Viurms, for
different supply voltage waveforms, for Fluorescent Lamp and LED Lamp 2.

Based on the relationship shown in Figure 11, it can be seen that supplying the Fluorescent Lamp
with a square wave voltage greatly increases the power factor for Vinrms> 150 V, where the power
factor is PF > 0.97. For Visrms = 230 V, it reaches a maximum value of PF = 0.989. For sinusoidal and
triangular waveforms voltages, the power factor PF values for the Fluorescent Lamp are comparable
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and do not exceed PF = 0.7 across the entire voltage range. In the case of LED Lamp 2 powered by a
square waveform voltage, a linear increase in the power factor to PF = 0.95 is observed at an effective
supply voltage Vimrms = 170 V. For Vinrms = 230 V, the maximum value of PF = 0.985 is again reached.
In the case of sinusoidal wave and triangular wave voltage supply, the power factor never exceeded
PF=0.64.

Figure 12 shows the relationship between THDv and THD: and the effective value of the supply
voltage Vinrms for Fluorescent Lamp and LED Lamp 2. They were calculated using formulas (2) and
(3) and the effective values of the amplitudes of the first fifty harmonics, recorded using a Tektronix
PA1000 power analyzer with the PWRVIEW application.

030 120
Tluorescent Lamp Fluorescent Lamp
50 1 LED Lamp 2 LED Lamp 2
Square 0.25 100 4 Triangle
';:o 40 4 _ -
£ 020 2 80 -
‘c 2 —_
5 304 = 2
£ 0152 260
£ 0] g £
& 0.10 = 40
= Triangle
g 10 0.05 20
=
0 . . . . . 0.00 0 i i i ‘ ‘
1o 130 150 170 190 210 230 110 130 150 170 190 210 230
VinRMS |VI \/inRMS [V]
(a) (b)

Figure 12. Calculated relationship between total harmonic distortion coefficients for THDv voltage and THD:
current and the effective value of supply voltage Viurms for different supply voltage waveforms, for Fluorescent

Lamp (a) and LED Lamp 2 (b).

When analyzing Figure 12a, it can be seen that not exceeding the upper limit of the supply
voltage harmonic content factor THDv = 8% described in standards IEC 61000-3-3:2013 and EN 50160,
and THDv = 5% described in the IEEE 519-2022 standard, only guarantees a sinusoidal waveform
voltage supply. For a triangular waveform voltage, the THDv coefficient values were 12% across the
entire supply voltage range, and 42.6% for a rectangular waveform voltage. The THD: coefficient
values were highest for the triangular waveform voltage, lower for the sinusoidal waveform voltage,
and lowest for the rectangular waveform voltage. However, they were not lower than THD: = 44%,
which is higher than the upper limit of THD: = 23% specified in the IEC 61000-3-2:2018 standard.
Therefore, the requirements specified in this standard were not met.

When analyzing Figure 12b, similar characteristics can be observed for LED Lamp 2. The THDv
values obtained for LED Lamp 2 were comparable to those for Fluorescent Lamp, although this
parameter only stabilized above the effective supply voltage Vimrms = 150 V in the case of a square
waveform voltage. The THD: values were also comparable to those of Fluorescent Lamp, thus not
complying with the IEC 61000-3-2:2018 standard.

Figure 13 shows the relationships normalized to the maximum exitance I. from the effective
value of the supply voltage Vinrus.

Analyzing Figure 13, it can be seen that across the entire range of changes in the effective value of
the supply voltage Vinrus, the exitance I for the Fluorescent Lamp takes on the highest values when
supplied with a triangular waveform voltage, lower values for a sinusoidal waveform voltage, and the
lowest values for a square waveform voltage. Analyzing the relationships for LED Lamp 2, it can be
seen that for all three supply voltage waveforms, significantly higher exitance values are achieved
compared to Fluorescent Lamp. In the case of a triangular voltage supply, it is always higher than for a
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sinusoidal voltage supply. For an effective supply voltage Viirms > 175 V, the highest exitance values are
achieved for square waveform voltage, while below this voltage value, the exitance value is the lowest.

Fluorescent Lamp
LED Lamp 2

-7 Square

150 170 190 210 230
Vinrws [V]
Figure 13. Measured dependence of normalized exitance . on the effective value of the supply voltage Viurums, for

different supply voltage waveforms, for Fluorescent Lamps and LED Lamps 2.

Figures 14-17 show the waveforms of current i(t) and power p(t), as well as the spectrum
describing the effect of the supply voltage waveform on current distortion. The measurements were
made for a supply voltage RMS value of Viirms =230 V and a mains frequency of fine = 50 Hz. Each
harmonics visible in the presented spectra are normalized to the first harmonic.

0.5 120
Fluorescent Lamp, Vs = 230 V.

Fluorescent Lamp
Vinrus =230 V

0.4
0.3
0.2 -
0.1
0.0
-0.1
-0.2 4
-0.3 4
204
-0.5

Square
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Square Wave

Triangle Triangle Wave

0
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0.00 0.01 002 1 003 0.04 0.05 Harmonics number
(a) (b)

Figure 14. Measured waveforms of current Iin for different shapes of supply voltage to a fluorescent lamp (a) and

their spectra normalized to the first harmonic (b).

Analyzing Figure 14a, in the case of supplying the Fluorescent Lamp with sinusoidal and
triangular waveforms voltage, a high level of current distortion can be observed. In the case of
rectangular waveform voltage, it was significantly lower. The peak-to-peak value of the supply
current for the sinusoidal waveform voltage was approximately I,y = 800 mA, and for the square
waveform voltage only about 170 mA.

Figure 14b shows very high levels of odd harmonics for fluorescent lamps, particularly when
powered by a triangular waveform voltage. Only in this case were even harmonics with values above
1% I observed. The lowest values of individual harmonics were obtained for square waveform
voltage. Regardless of the voltage shape, however, it was not possible to meet the harmonic
requirements described in IEC 61000-3-2:2018.
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Figure 15. Measured waveforms of the supply current Ii» for different shapes of the supply voltage of LED Lamp

2 (a) and their spectra normalized to the first harmonic (b).

Figure 15a shows the waveforms of the Iin current for LED Lamp 2 powered by voltages of
different shapes. The effect of voltage shape is more pronounced for Fluorescent Lamp. The highest
level of distortion is observed for sinusoidal waveform voltage, where only one half-wave per period
is observed, and the peak-to-peak value of the supply current was I = 400 mA. In the case of
triangular waveform voltage, the supply current period contained two half-waves with a peak-to-
peak value of I, = 1.3 A, but its shape was far from triangular. The least distorted waveform (with Iy
=100 mA) was obtained for rectangular waveform voltage. The value of the constant component of
the supply current for LED Lamp 2 does not depend on the shape of the voltage and is I = 80 mA.

Figure 15b shows the harmonic spectrum for LED Lamp 2, for the same supply voltage
waveforms. They show a high degree of similarity to the spectrum determined for the Fluorescent
Lamp. Once again, an increase in the effective harmonic values, including even harmonics, was
observed for the triangular waveform voltage relative to the sinusoidal waveform voltage, and a
decrease for the rectangular waveform voltage.

120 300
Fluorescent Lamp, Vi pys =230 V LED Lamp 2, Vpys = 230 V
100 Triangle
250 Triangle
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0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.05
t[s] t[s]
(@ (b)

Figure 16. Measured waveforms of instantaneous power p for different supply voltage waveforms for
Fluorescent Lamp (a) and LED Lamp 2 (b).

When analyzing Figure 16a, it was observed that the level of supply current distortion again
affected the deterioration of the power supply quality. This is indicated by the instantaneous power
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waveforms p(t) obtained for the Fluorescent Lamp, which do not resemble a sine wave, square wave
(constant component) or triangular wave. The peak-to-peak value of instantaneous power was pp =
110 W for sinusoidal waveform voltage, py» = 10 W for square waveform voltage, and py = 100 W for
triangular waveform voltage. The lowest level of distortion was again observed for square waveform
voltage supply.

When analyzing Figure 16b, it can be seen that the supply current distortions introduced by LED
Lamp 2 lead to an even greater deterioration in power quality. The obtained waveforms deviate even
more from the supply waveforms, with the instantaneous power waveform for the square waveform
voltage being the least distorted again. A significantly higher phase shift value compared to the
Fluorescent Lamp can also be observed. The peak-to-peak instantaneous power value was ppy = 180
W for sinusoidal waveform voltage, pp = 30 W for square waveform voltage, and py = 270 W for
triangular waveform voltage. Such high peak-to-peak power values result from a strong phase shift,
leading to the coexistence of high instantaneous voltage and current values.

300 300

Fluorescent Lamp Sine Wave LED Lamp 2 Sine Wave
Viagns =230V Square Wave Vinrus = 230V Square Wave
200 Triangle Wave 200 Triangle Wave
100 100
e =
s 0 s 0 m T m -
! S ST RIF T T 1§ o Hobs Ao 1Bk 27k ho [T of o) 1 113 1 sJRH 19302 2 bs 2B 2728h )
-100 -100
=200 A =200
-300 : 300
Harmonics number Harmonics number
(a) (b)

Figure 17. Measured phase spectrum of the supply current for different supply voltage waveforms, for
Fluorescent Lamp (a) and LED Lamp 2 (b).

When analyzing Figure 17a, one can observe a clear variability in the phase shift values between
individual current harmonics for Fluorescent Lamps. For square waveform voltage supply, the
distribution of these shifts is relatively orderly, with many consecutive odd harmonics assuming
similar values. In the case of sinusoidal and triangular waveform voltages, the distribution is not very
orderly.

Figure 17b shows the distribution of phase shifts of supply current harmonics for LED Lamp 2.
In the case of square waveform voltage, a deterministic pattern was again observed. For sinusoidal
and triangular waveform voltages, no patterns were observed again, which hinders further shifting
of harmonics by power electronic circuits.

The results presented in Figures 14 to 17 indicate a slight improvement in power quality when
the power supply voltage waveform is changed to rectangular or triangular shape. However, only
the rectangular waveform leads to a reduction in harmonic distortion.

5. Conclusions

The article describes the results of measurements of the electrical and photometric characteristics
of a fluorescent lamp and two LED light sources. The characteristics were measured in the range of
effective supply voltage Virms from 110 to 230 V, with sinusoidal, rectangular and triangular
waveforms. The appropriate supply voltage waveforms were obtained using a programmable AC
power supply. Waveforms and spectra describing current distortion and power quality were also
determined.
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Based on the determined power characteristics, it was found that semiconductor light sources
manufactured using different technologies by different manufacturers may have different
relationships between active P and reactive Q power . Some of them may resemble the power
characteristics of fluorescent lamps. In the case of semiconductor light sources, high reactive power
values are observed, which may lead to higher electricity consumption. This phenomenon can be
reduced by supplying the light source with a square waveform voltage. A deterministic relationship
between active power and exitance has also been observed, on the basis of which it has been
concluded that exitance increases with active power, both for LED lamps and fluorescent lamps.
Powering an LED lamp with a triangular or square waveform voltage can increase the ratio of active
to reactive power and also increase the value of the exitance.

Both fluorescent lamps and LED lamps are characterized by a relatively low power factor (PF),
which, when powered by a sinusoidal waveform voltage, never exceeded 0.7 for fluorescent lamps
and 0.65 for LED lamps. Based on measurements taken for other waveforms, it was found that a
rectangular power supply waveform can increase the power factor PF to even above 0.98.

Fluorescent and LED lamps are characterized by high harmonic current distortion, as confirmed
by measurement results showing THD: values ranging from 55% to 95%. The use of a square
waveform supply voltage can slightly reduce the THD: value to 45%. The use of triangular waveform
voltage is not conducive to THD: reduction.

The use of an oscilloscope with a power analysis option allowed us to determine the waveforms
of current and power. The shapes of these waveforms deviated significantly from the expected ones,
which corresponds to a high level of distortion. Powering fluorescent and LED lamps using a square
waveform voltage leads to both an improvement in the shape of the current and power waveforms
and a reduction in the level of harmonic distortion. A triangular waveform voltage improves the
shape of the current and power waveforms to a much lesser extent and also leads to an increase in
the level of harmonic distortion.

The PA1000 power analyzer enabled spectral analysis of the power supply voltage. The phase
spectrum determined for fluorescent lamps powered by square waveform voltage is characterized
by high determinism, thus demonstrating high potential for modelling these distortions, which may
translate into the development of appropriate phase-shifting transformers.

The results obtained may be useful for designers of power electronic circuits for semiconductor
light sources powered from the mains.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating Current

DC-DC Direct Current to Direct Current
FFT Fast Fourier Transform

GaN Gallium Nitride

GaN-FET Gallium Nitride Field Effect Transistor
InGaN Indium and Gallium Nitride

LED Light Emitting Diode

PE Power Factor
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PFC Power Factor Correction

THD Total Harmonic Distortion

THD1 Total Harmonic Distortion of Current
THDv Total Harmonic Distortion of Voltage
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