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Abstract: This article deals with problems related to electromagnetic compatibility, which is a very
important issue due to the fact of ensuring the proper coexistence of devices and systems in a given
electromagnetic environment. The devices manufactured today can, on the one hand, be a source of
electromagnetic disturbance emissions and, on the other hand, be susceptible to disturbance signals
from the environment. A large group of receivers in which electronic specialised circuits are used
are LED lamps. The operation of an RGB LED lamp due to higher harmonic current emissions has
been analysed in this paper. Lamp tests were carried out in several stages. In each of them, the
values of the generated higher harmonics were analysed and related to the parameters of the current
flowing through the lamp. It was shown how the parameters of the current pulse affect the generated
harmonics when the value of the luminous flux was changed, its colour was changed, or the built-in
function was turned on. It is also shown how, for example, changing the value of an electronic
component in the lamp’s power supply changes the parameters of the current and thus the value of
the generated higher harmonics.

Keywords: LED lamp; total harmonic distortions (THD); electromagnetic compatibility (EMC)

1. Introduction
1.1. Background

Electronic devices manufactured today are increasingly functional; they can perform
selected utility functions automatically, thus relieving the burden on human activities.
Furthermore, their design and the way they communicate on the road as the “user—device’
is well thought out and intuitive, and they are now (according to EU regulations) energy
efficient devices. It should be noted that the aforementioned advantages of these devices,
such as functionality, easy communication with the user, and energy efficiency, were made
possible by the use of highly specialised electronic integrated circuits and microcontrollers.
However, this is a group of electronic circuits that are sensitive to electromagnetic dis-
turbance signals from the environment [1], and they themselves can be a source of the
emission of disturbance signals in the electromagnetic environment [2—4].

The disturbance signals generated by electronic systems are characterised by a specific
frequency that depends on the individually adopted design solutions of a given system.
This means that different electronic systems can emit electromagnetic disturbances with
their characteristic frequency. Therefore, electromagnetic compatibility emissivity testing of
electrical and electronic equipment is carried out over a wide frequency range from 50 Hz
to 1 GHz and in some cases above this value. The typical frequency ranges for which EMC
equipment tests are conducted are shown in Table 1.
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Table 1. Summary of typical test frequency ranges implemented in the field of EMC testing.
Higher Harmonics Conducted Interference Radiated Interference
9 kHz to 150 kHz
50 Hz to 2.5 kHz 150 KHz to 30 MHz 30 MHz to 1 GHz

1.2. Literature Review

Electromagnetic compatibility tests conducted in the low-frequency range, i.e., from
50 Hz to 2.5 kHz, are concerned with higher current and voltage harmonics. Higher current
harmonics are generated by receivers that have nonlinear current—voltage characteristics.
Problems related to the current of nonlinear receivers in the power grid and the generation
of higher harmonics are still very relevant. Commonly manufactured and used devices are
equipped with controllable and non-controllable rectifiers, contactless power electronic
switches, current and voltage inverters, electronic converters, etc., which must also be
equipped with specialised electronic circuits that control their operation [5-11]. The devices
mentioned above can, when not equipped with appropriate solutions, contribute to an
increase in the impact of these devices on the electricity grid and on other consumers
operating in the grid [12-14]. In other words, not only has the emission of higher harmonic
currents become a problem, but also the emission of unwanted disturbance signals in
a wide spectrum of frequencies in the environment (e.g., the industrial environment)
in which other electrical and electronic devices operate [2,15,16]. As a result, they may
operate in an unsteady way, the functions they perform may be altered, or, in extreme
cases, these devices may be damaged. Therefore, the growing problem of the emission
of unwanted disturbance signals has required preventive actions to reduce their value by
using appropriate techniques, such as attaching appropriate input filters [17-19].

The dynamic development of electronics, mentioned above, has resulted in the current
significant saturation of the residential environment with various types of electrical and
electronic devices, which is particularly evident in larger urban areas. These are devices
with small unit power ratings, such as household appliances, PCs, and indoor and outdoor
lighting. They can be found in stores, large commercial buildings, or offices. Such devices
can also generate electromagnetic disturbances [13-15,20]. It happens that the mentioned
computers, household appliances, or lighting lamps available for sale do not meet EMC
requirements. If there is a significant emission of low-frequency disturbances (i.e., higher
harmonics of current), the power grid and the operation of other electrical and electronic
equipment can be adversely affected.

Higher harmonics of current [8-10] considered in the range from 50 Hz to 2.5 kHz
are produced mainly by nonlinear receivers and are very often associated with the electric
power system. This is because these types of loads draw distorted current [21] even when
supplied with sinusoidal voltage. In practice, the low-voltage network usually has a
distorted voltage. The voltage distortion is caused by the operation of non-linear loads
installed in the distribution network. An example would be non-linear loads installed in a
large commercial building, office building or housing estate. This can be seen by taking
power quality measurements at the main switchboard supplying the building. An example
of a distorted current and voltage waveform measured at the main switchboard serving
a large apartment block is presented in Figure 1. Non-linear receivers installed in homes,
i.e., PCs, TVs, lighting receivers, etc., can cause the distortion of the supply voltage. The
first element to appear on the mains side in this type of receiver is the electronic power
supply, which, if poorly designed (because it does not use circuits to limit higher current
harmonics), can be a source of higher current harmonics. This problem is described, for
example, in [21,22]. The network supplying non-linear computer and lighting loads in a
commercial building is illustrated in Figure 2.
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Figure 1. Oscillograms of distorted voltage and current measured in a multi-family building.
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Figure 2. Current harmonics in electrical power system of typical commercial building [22].

One of the effects of the consumption of distorted current by non-linear loads is the
distortion of the supply voltage. This is because harmonic currents cause additional voltage
drops across the supply network impedance [10].

As can be seen from Figures 1 and 2, higher harmonic current problems involve
distorted voltage and current waveforms, i.e., non-sinusoidal waveforms. When analysing
distorted (non-sinusoidal) waveforms, they are subjected to decomposition. A periodic
distorted waveform can be represented as a superposition of sinusoidal waveforms that
differ in amplitude, frequency, and phase angle. An example of the decomposition of
a deformed voltage waveform in the time domain is shown in Figure 3. The distorted
waveform is a superposition of the first harmonic at a frequency of 50 Hz and the fifth
harmonic at a frequency of 250 Hz (these are sinusoidal waveforms). The frequency of the
fifth harmonic is five times that of the first harmonic. Figure 3 shows only two harmonics,
the first and the fifth, so the analysis of the deformed waveform and its harmonics is simple.
However, with a larger number of harmonics, e.g., nine or even thirty-nine (harmonics with
odd orders are most often analysed, e.g., 3,5, 7, .. ., n), the analysis would be difficult and
then Figure 3 would be illegible. It is therefore common to analyse distorted waveforms
in the frequency domain by representing them as a frequency spectrum using the Fast
Fourier Transform (FFT). Each harmonic is then represented as a single bar, so the distorted
waveform shown in Figure 3 is represented by two harmonic bars, i.e., the first and fifth
harmonics (Figure 4).
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Figure 3. Decomposition of a time-domain distorted waveform into a first (50 Hz) and a fifth harmonic
(250 Hz).
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Figure 4. Spectrum of first end fifth harmonic distorted signal illustrated in Figure 3.

Modern instrumentation has built-in mathematical functions, including FFT, that
allow the measured signal to be represented in the time or frequency domain. This includes
oscilloscopes, power quality analysers, etc. These and other instruments are used to monitor
the quality of the electricity delivered to the customer. The purpose of these measures is to
ensure that the electricity supplied meets the relevant quality parameters.

Very often in the analysis of distorted waveforms, the coefficient of higher harmonic
content THD (Total Harmonic Distortion) is used, defined as:

\/ Lk= A2
THD = Y =*=2"% 100%

1

@

where the following are defined: Ay—rms value of the k-th higher harmonic (k=2, 3, ..., n);
Aj—rms value of the basic (first) harmonic, n—the highest order harmonic that is taken
into account in the THD calculation [8-10,23].

This coefficient determines the percentage of all harmonics with orders from k = 2
to n compared to the value of the first harmonic for a given distorted (non-sinusoidal)
waveform under analysis.
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Another parameter describing the quality of the supplied energy is the contribution
factor of individual higher harmonics HD (Individual Harmonic Distortion), defined as [10]:

HD = 2% .100% (2)
Aq

Very often, based on this coefficient, the percentages of the contribution of individual
harmonics are calculated, which, as shown in Equation (2), are related to the value of the
first harmonic A;. The calculated percentages of individual harmonics are then presented
in the form of bars on graphs, which makes it very easy to compare them with the value
of the first harmonic, whose value is then 100%. This method of graphical presentation of
higher harmonics is commonly used in publications in this field.

Current harmonics can negatively affect the operation of the power system and the
loads in it [3,4,8,9,11,23]. The distorted current drawn by nonlinear loads causes, among
other things, a distortion of the supply voltage, an increase in thermal losses in the conduc-
tors, additional load on the neutral conductor, accelerated ageing of the insulation, and the
formation of additional dielectric losses.

The consequence of current and voltage distortion in an electrical circuit with non-
linear loads is an increase in active power losses, excessive reactive power consumption,
and distortion power. In the appendage of the transformers, higher current harmonics cause
an increase in active power losses in the core and in the windings [8-10,24]. Transformers,
especially those of older types, loaded with non-linear loads cannot be fully loaded. In the
case of motors, as in transformers, harmonics generate additional power losses, insulation
ageing is accelerated, machine vibration can occur, and its operation generates additional
noise [8-10]. Capacitor batteries are particularly sensitive to current harmonics. They may
experience accelerated ageing and short circuits in insulation, voltage, and current overload.

1.3. Motivation

Taking into account the dangers from higher current harmonics and the problems
described in the Introduction of this paper, the following part of this paper shows an
example of research on the generation of harmonics by an RGB LED lamp adapted to adjust
the value of luminous flux and changes in light colour.

This paper is organised into four chapters. The second chapter provides information on
the role of LED lamps in modern lighting systems and the power supply systems for such
devices, with particular emphasis on the causes of higher harmonic current generation. The
third chapter is a description of the tests carried out on the RGB LED lamp, together with an
analysis of the obtained results. Chapter four concludes with an indication of future work.

2. Harmonics in LED Lamps
2.1. The Role of LED Lamps in Lighting Systems

Lighting receivers are used in industrial, commercial, and office buildings to illuminate
interior spaces with artificial light. Depending on the needs, the lighting systems installed
there can perform different functions; for example, in stores, it will be in addition to the
implementation of the basic function, i.e., lighting of the general and working area (for
example, to illuminate the cash registers), and there will also be a decorative and display
function, whose task will be to accentuate the store goods on the shelves or in the display
windows. Similarly, lighting systems used to illuminate open areas also have a primary
lighting role, and in this case, it will be to illuminate traffic routes, but nowadays, it is very
often used for decorative lighting of building facades, monuments, and other architectural
objects, such as city fountains, bridges, etc. [25]. Examples of contemporary illuminated
shopping malls and cities with architectural objects are presented in Figures 5 and 6.

From the photo examples, it is clear that artificial light plays a significant role in the
modern world. It is estimated that global lighting energy consumption accounts for about
20% of total global electricity consumption. By 2030, lighting consumption is expected to
increase to 60% if no appropriate preventive measures are taken [26]. The use of LED light
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sources as a replacement for previously used incandescent, fluorescent, or discharge light
sources has undoubtedly contributed to the rise in popularity of lighting. This has been
made possible by the great technical and technological progress that has taken place over
the past few years. The popularity of LED lamps has been determined, among other things,
by their high luminous efficiency, which translates into the energy efficiency of these lamps,
long service life, and easy cooperation with intelligent building systems, and in the case
of using RGB LEDs, it has become possible to create any arrangement using light colours.
These are the undoubted advantages of LED lamps, but on the other hand, it has to be
taken into account that these are receivers that must be equipped with special electronic
power supply systems. Their task is to provide appropriate (as required) power supply
parameters for the semiconductor structures of LED lamps.

Figure 5. Example of illumination of a traffic route in a large department store in Rzeszéw in Poland
(own photograph).
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Figure 6. Example of architectural illumination—Rzeszéw Old Town in Poland (own photograph).
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2.2. Power Supplies Used in LED Lamps vs. Current Harmonics

Various power supply systems are used to power LED semiconductor structures [26-31].
In the case of LEDs, one of the key factors that affect the life of the semiconductor structure
is the value of the current. For this reason, every LED lamp power supply should be
equipped with a current stabilisation circuit. Of course, the value of the voltage supplied to
the matrix with distributed LED semiconductor structures is also important. In general,
LED lamp power supplies can be divided into passive and active single- or multi-stage
power supplies based on the circuit solutions and used components. Manufacturers use
various circuit solutions for electronic power supplies in their LED lamps. Some selected
examples, starting with the simplest passive ones (Figure 7), without current stabilisation
with current-limiting resistor R, and ending with more advanced systems that use voltage
converters (Figures 8 and 9) are shown in Figures 7-9. Of course, many other circuit
solutions are used, being more or less complicated. For example, more complex power
supplies are used to power RGB LEDs or monochromatic LEDs adapted to regulate the
emitted luminous flux. The circuit solutions adopted for LED lamp power supplies also
depend on the knowledge and awareness of designers, manufacturers, or importers, as
well as the access to increasingly newer application and system solutions.
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Figure 7. A simple LED power supply with a Graetz rectifier bridge and a capacitor to smooth the
rectified voltage ripple Cf and a current limiting resistor R [29] (a), passive power supply with LC
input filter and Valley-Fill circuit (b) [27], active power supply with EMI filter and buck converter
(c) [27]. Arrow indicates LED diode which emmit the light.
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Figure 8. LED power supply with a specialised RT8402 electronic chip for power factor correction [30].
Arrow indicates LED diode which emmit the light.

However, regardless of the solutions adopted, most power supply systems use a diode
rectifier with a capacitor that filters the ripple of the rectified voltage at the input and
then electronic modules to ensure current and voltage stability for the LED semiconductor
structures that create the light matrix of the LED lamp, which, in the absence of an additional
module in the form of a higher harmonic filter or a power factor correction circuit, causes
the power supply to generate higher harmonic currents to the mains [9,28,29,32-37]. An
LED lamp constructed in this way draws a distorted (non-sinusoidal) current and is
seen as a nonlinear load from the mains. The accumulation of such receivers in, for
example, commercial buildings, offices, or street lighting, can cause clusters of these lamps
to generate harmonic currents of significant values into the power grid. And these, in turn,
can adversely affect the supply voltage in the electrical network, causing its distortion, or
adversely affect the correct operation of other devices installed in the network.

Forward voliage (V&)
across each LED group is
adjustable as desired

v
GHD

Figure 9. LED power supply with specialised electronic chip FL 77904, which allows one to regulate
the luminous flux of the LED lamp [31]. Arrow indicates LED diode which emmit the light.

The power supply with a diode bridge rectifier, which lacks appropriate solutions to
limit the emission of higher harmonics, is illustrated in Figure 10a.
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Rectifiers of this type are often used in low-cost receivers, e.g., compact light sources,
household appliances, etc. The current drawn by this rectifier has an impulse shape and is
characterised by high nonlinearity, which has to do with the operation of a capacitor that
smooths the voltage ripple at the output of the rectifier (Figure 10b). This current shape is a
source of higher current harmonics [9,10,23,24,38].

The odd harmonic spectrum of the current drawn by a full-wave rectifier with a filter
capacitor Cf is shown in Figure 11.

(a)
Full bridge
rectifier
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i 4
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Figure 10. Schematic of the diode bridge rectifier with smoothing capacitor (a) and waveforms of
voltage and current drawn by the diode bridge rectifier with smoothing capacitor (b) [24].

The dominant harmonics are the odd harmonics and, as can be seen, their amplitudes
decrease as the order of successive harmonics increases. Therefore, in comparative analyses,
sometimes only the first few harmonics with significant values are considered.
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Figure 11. The odd harmonic spectrum of the current drawn by a full-wave rectifier presented in
Figure 10.

3. Research of the Content of Higher Harmonics Generated by the RGB LED Lamp

The RGB LED lamp was tested for its higher harmonic current content (Figure 12). It is
an integrated lamp containing a matrix with LED light sources and an advanced electronic
power supply in a single housing.
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B o strobe and smooth.
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Figure 12. An illustration of the RGB LED lamp under test and the dedicated remote control.

The power supply cooperated with an electronic external remote control, which allowed
remote control of the lamp’s built-in functions. With it, it was possible to remotely turn the
lamp on and off, change the colour of emitted light, change the value of white light output
and colour light output, and turn on and off functions such as Flash, Strobe, and Smooth.
On the remote control (Figure 12), only those buttons that were used during the tests carried
out are marked. These will be on/off buttons, white light on and control buttons, buttons to
change the colour of the emitted light, and buttons to select and activate built-in functions.

3.1. Research Methodology

The purpose of the investigation was to determine the values of individual current
harmonics generated by the LED RGB lamp in its various operating states and to relate
the values obtained to the parameters and shape of the current flowing through the lamp.
Since the LED RGB lamp allows for arbitrary control of the value of the luminous flux
and its colour, and has built-in functions, the research was carried out in several stages.
First, the parameters of the current and its harmonic spectrum were determined when the
luminous flux value of the white light was changed. Then, the same tests were carried
out by making changes in the colour of the light, that is, turning on first the red-light flux,
then the green, and finally the blue. At this stage of testing, the lamp emitted a light flux
of a given colour at maximum settings (the value of light flux was not adjusted). In the
next stage of testing, the harmonic spectrum and the parameters of the consumed current
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were determined when individual built-in functions, i.e., Flash, Strobe, and Smooth, were
activated in the lamp. The tested LED lamp performing the mentioned built-in functions
emitted light of different colours, from warm colours (red, orange) to cold colours (green
and blue). The rate of light colour changes varied and depended on the function being
performed; e.g., during the execution of the flash function, the period of a full cycle of
colour change is 23 s, whereas for the strobe function, it is only 4 s. In the next stage of
testing, changes were made to the power supply of the LED lamp under test. The original
factory voltage ripple filter capacitor located behind the rectifier bridge was replaced with
capacitors of different values. This stage of testing made it possible to determine the effect
of changes in the capacitor value on the parameters of the current flowing through the
lamp, and thus on the values of individual higher harmonics of the current.

3.2. Test Stand

The tests were carried out at the Electromagnetic Compatibility Laboratory of the
Rzeszow University of Technology. The main components of the test stand, which include
a programmable single-phase NetWave power supply from EMtest (Reinach, Switzerland),
a PQM-711 power quality analyser from Sonel (Swidnica, Poland), and computer sets for
control and data acquisition, are presented in Figure 13.

] [

Figure 13. Test stand for testing LED lamps: 1—programmable voltage source; 2—PC with in-
stalled specialised software to control the power source; 3—power quality analyser; 4—luminaire
with the LED lamp under test; 5—PC with installed specialised software working with the power
quality analyser.

The wiring diagram between the components of the test stand is illustrated in Figure 14.

3
RGB LED
1 lamp under
230V test
NetWave I L )
@
: "
ODC)
u | 000
: ceo
___________ 3 6
Sonel power 5
quality analyser

1

Figure 14. Illustrative wiring diagram of the test stand.
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3.3. Test Results for the RGB LED Lamp
3.3.1. Change in the Luminous Flux Value of White Light

In the case of the analysed lamp, it was possible to adjust the value of white-light flux
in five stages. A graph of changes in the rms value of the current flow during changes
in luminous flux is shown in Figure 15. The light flux was gradually adjusted from the
maximum value (5) to the minimum value (1). The value of the current drawn at each
step decreased. In the lower stages of regulation (from 4 to 2), oscillations appeared; for
example, in stage 3 the current oscillation has a value of Alpp = 3 mA (Figure 16). The
current flowing through the lamp is pulsed in nature with a steep rise. The oscillograms of
the current flowing through the lamp on control stages 5 and 3 are presented in Figures 17
and 18, respectively. The duration of a single current pulse is very short. For example, in
stage 5, it was t = 2.44 ms, and the amplitude reached im = 250 mA (the rms value of the
current drawn in this stage was about I = 72 mA). In comparison, a further reduction in the
duration of the current pulse, which lasts 1.46 ms, takes place at control stage 3. There is
also a reduction in the value of the current amplitude, which is 180 mA (the rms value of
the current flowing in this stage was about I = 35 mA). The short-duration pulsed shape of
the current flowing through the lamp at the various control stages causes the generation of
higher current harmonics.

80

|

&
L=}

4 __Current oscillations

o
(=]

RMS current [ma)]
W b
(=) [=]

0O 20 40 60 80 100 120 140 160 180
Time [s]
Figure 15. Measured values of the rms current flowing through the LED lamp at each adjustment

stage (on adjustment stages 2, 3, and 4, current oscillations are visible).

37.5

Third stage regulation - current oscillations

RMS current [mA]
w
(3]
(9]
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Time [s]

Figure 16. Oscillations of current flowing through the RGB LED lamp at the third stage of white-light
flux control.
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Figure 17. Oscillograms of the current flowing through the RGB LED lamp in the 5th control stage
(pulse duration t = 2.44 ms, and its amplitude im = 250 mA).
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Figure 18. Oscillograms of current flowing through the RGB LED lamp in the 3rd control stage (pulse
duration t = 1.46 ms, and its amplitude im = 180 mA).

The pulsed nature of the current results in the RGB LED lamp generating higher
current harmonics. The values of the dominant odd current harmonics generated by the
lamp in the 1st, 3rd, and 5th control stages are listed in Table 2. The given values of higher
harmonics have been related to the value of the first harmonic and are expressed as a
percentage according to Equation (2). As can be seen, decreasing the value of the luminous
flux (from stage 5 to 1) causes an increase in the values of individual harmonics. The
greatest increases take place for harmonics 9 and 11. An increase in the odd harmonics
of the current, when the luminous flux is reduced, results in a significant increase in the
THD coefficient of the current (expressed in Equation (1)). The duration of the current
pulse flowing by the LED lamp under test also decreases. Analysing the results in Table 2,
it can be concluded that the increase in the values of individual harmonics and the THD
coefficient depend not only on the value but also on the duration of the current pulse in the
LED lamp.
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Table 2. Summary of analysed parameter values for selected degrees of control of the luminous flux
value of white light emitted by the RGB LED lamp.

Analysed Parameters

Ad{ustl{ient Odd Harmonic Current Value [%]
evels THDI [%] i[mAl t [ms]
3 5 7 9 11
5 89.79 72.13 51.25 32.71 22.48 140.69 250.00 2.44
3 96.31 88.38 77.45 64.54 51.41 190.75 180.00 1.46
1 99.09 96.87 94.03 91.05 86.58 289.78 51.00 0.56

The dominant current harmonics for the case of adjusting the white-light flux value
at control stages 5, 3, and 1 are presented in Figure 19. It can be seen that a reduction in
the value of the luminous flux causes an increase in the value of the generated current
harmonics and thus an increase in the THD value. One factor that causes an increase in
the values of the individual harmonics is a reduction in the duration of the current pulse
(Figures 17 and 18). A particularly large change is evident for harmonics 9 and 11.

5 w3 =1

50 l I g ;
0 ! l I .,
3 5 7 9 11 THDI %]

Qdd harmonic order and THD

Figure 19. Spectrum of odd harmonic currents generated by RGB LED lamp in the 5th, 3rd, and 1st
control stage.

The increase in current THD is shown in Figure 20. At the maximum luminous flux
value (fifth degree of control), the value of the THD coefficient was 140.69%, while on the
third degree, its value increased by 50.06% and reached 190.75%. On the other hand, in
stage 1 (minimum light output value), the coefficient value increased to 289.78%, i.e., by
99.03% compared to stage 3 and by 149.09% compared to stage 5. The relative increase in
the value of the THD coefficient with respect to the value of 140.69% (THD value at stage 5)
was 35.58% for stage 3 and 105.97%, for the stage 1 respectively.

] I I
| | |

@ 1 289.78%
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“« »
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THDI value in [%]

Figure 20. THD values of the current for the individual adjustment steps (5th, 3rd, and 1st) of the
white light flux.
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3.3.2. Changing the Colour of RGB Light

RGB LED lamps allow us not only to change the luminous flux, but also to choose any
colour of the emitted light. This possibility is provided by an advanced controller installed
in the lamp, which allows one to appropriately select the proportion of each primary colour,
ie., red (R), green (G), and blue (B), and thus obtain any colour of light emitted by the
lamp. Therefore, in this part of the study, the colour of the light emitted by the lamp was
changed and the values of the generated current harmonics were determined for each of
them. The recorded changes in the rms value of the current drawn when the lamp emitted
successively switched colours of light R, G, and B are shown in Figure 21. As can be seen,
the current values gradually (stepwise) decrease starting from the highest value of about
72 mA drawn when the lamp emitted white light (W) through the subsequent red (R) and
green (G) colours and ending with the blue (B) colour where the lamp drew a current of
about 10 mA. An example oscillogram of the current drawn by the lamp when the LED
lamp emitted red (R) light is shown in Figure 22.

80
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B - blue
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Figure 21. Measured values of the rms current consumed by the LED lamp at each light colour
adjustment step: W—white light; R—red light; G—green light; B—blue light.
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Figure 22. Oscillograms of current flowing through an RGB LED lamp that emits red (R) light (pulse
duration t = 1.17 ms, and its amplitude im = 101 mA).
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The shape of the current in this case is also pulsed. For the emitted red light colour
(R), the pulse duration is 1.17 ms and its amplitude has a value of 101 mA; for the green
light colour (G), the current pulse lasted 0.88 ms and had a value of 63 mA; and for the blue
colour (B), the current pulse lasted 0.87 ms and had a value of 53 mA. The change in the
value of the duration of the current pulse is reflected in the value of the current harmonics
generated, which, for the different colours emitted by the lamp, are shown in Table 3.

Table 3. Summary of values of selected odd harmonics of current for the individual colours of light
emitted by the lamp: red (R), green (G), and blue (B).

Analysed Parameters

Analysed
Light Odd Harmonic Current Value [%]
Colours 3 5 - 9 1 THDI [%] i[mA] t [ms]
R 99.32 95.05 89.45 82.12 73.75 234.73 101.00 1.17
G 97.22 95.24 92.99 88.37 84.51 272.85 63.00 0.88
B 102.23 100.43 97.36 93.14 89.03 297.94 53.00 0.87

Analysing the current pulse durations (Table 3), it can be seen that the current pulse
taken by the lamp that shone with red light (R) had the longest duration of 1.17 ms, while
for the other colours green (G) and blue (B), the pulse durations are comparable at 0.88
ms and 0.87 ms, respectively. A summary of the current harmonics and THD values is
presented in Figure 23. It should be noted that the effect of the current pulse duration on
the harmonic value is particularly evident for harmonics of the 13th to 27th order. For
example, harmonic 17 has a value of 46.75% for a current pulse lasting 1.17 ms, while the
same harmonic for current pulses with durations of 0.88 ms and 0.87 ms reaches a value
of 67.01% and 74.5%, respectively. This example clearly shows that the duration of the
current pulse is one of the factors influencing the value of the current harmonics and the
THD value. A summary of the changes in the value of the 17th harmonic current for the
three light colours analysed (R, G, and B) correlated with the duration of the current pulses
is shown in Figure 24.
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Figure 23. Spectrum of odd harmonic currents generated by RGB LED for light colours R, G, and B.
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Figure 24. Comparison of the 17th harmonic current values for the analysed three light colours—R,
G, and B.

3.3.3. Built-In Functions (Flash, Strobe, Smooth) vs. Values of Generated Harmonics

The tested RGB LED lamp had built-in ready-made functions to automatically change
the colour and value of the emitted luminous flux. The recorded changes in the rms value
of the current for each built-in function are presented in Figure 25. As can be seen, the
flash function realises light colour changes in a stepwise manner. The strobe function
automatically generates cycles of light flashes of very short duration, and the smooth
function is characterised by very slow lamp illumination combined with changes in light
colour. Warm colours of emitted light are associated with higher current consumption
compared to the current consumed by the lamp when cool colours were emitted.

For example, the LED lamp analysed, while performing the Smooth function, provided
light that changed gradually in a slower way compared to the changes in light colour during
the Strobe function. When the Smooth function was implemented, the light changed its hue
from warm tones (red tones) to cold tones (blue tones) to switch to warm tones again. These
cycles of change were repeated. As can be seen in Figure 25, at point A, when the lamp
provided light in warm hues, the rms value of the current drawn was the highest, at 26 mA,
and its distortion value, determined by the THD coefficient, was 209.03%. The large value of
the THD coefficient is the result of significant values of odd harmonics of the current. Then,
the light colour changes to a warm to cold colour (point B), then the value of the drawn current
decreases to a value of 11 mA and the value of the THD coefficient increases even more, which
reaches a value of 275.32% causing an increase in the values of the individual harmonics of
the current. A summary of the rms values of the current (RMS I), selected harmonics, and the
THDI factor of the current for the points A and B analysed is given in Table 4.
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Figure 25. Measured values of the rms current drawn by the LED lamp implementing the built-in
Flash, Strobe, and Smooth functions.
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Table 4. Summary of the values of the odd harmonics of current selected for points A and B, when
the LED lamp was operated with the Smooth function enabled.

Analysed Parameters

Point Odd Harmonic Current Value [%]
THDI [%] RMS I [mA]
3 5 7 9 11 13 15
A 97.37 91.25 83.43 73.55 63.01 51.68 41.01 209.03 26.00
B 99.57 97.92 94.24 90.13 84.99 80.05 73.63 275.32 11.00

The harmonic current values generated by the RGB LED lamp during the execution of
the built-in functions mentioned above were also analysed. For example, the spectrum of
current harmonics generated by the tested lamp during the implementation of the Flash
function is presented in Figure 26. Changing the value and colour of the emitted luminous
flux causes changes in the value of the current drawn (Figure 21) and changes in the values
of the generated harmonics. Therefore, the values of current harmonics (Figure 22) are
calculated averages from the average values of current harmonics measured in successive
200 ms measurement windows during the Flash function.
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Figure 26. Spectrum of odd harmonic currents generated by an LED lamp implementing an embedded
Flash function.

Similarly, harmonic current values were calculated for the operation of the LED lamp
during the execution of the Strobe and Smooth functions, as well as during changes in the
colour of the RGB luminous flux. The results obtained for each harmonic are shown in
Figure 27.

As can be seen from Figure 18, the lamp operates ‘the best way’ with the Smooth
function enabled, followed by Flash and RGB, while it performs unfavourably when it
implements the Strobe function. During the implementation of the built-in functions (RGB,
Smooth, Strobe, and Smooth), the lamp contains harmonics in its spectrum, which have
significant values even close to the value of the first harmonic of the current, which is
reflected in the calculated THD values of the current.
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Figure 27. Spectrum of odd harmonic currents generated by an LED lamp implementing embedded
RGB, Flash, Strobe, and Smooth functions.

3.3.4. The Effect of Changes in the Value of the Filter Capacitor in the Power Supply

Chapter two describes example power supply systems for LED lamps and shows the
effect of a rectifying bridge and a smoothing capacitor Cf on the distortion of the current
drawn by the LED lamp and thus on the generation of higher harmonics. For the emission
of low-frequency disturbances associated with higher harmonics, the solutions that are
used in the power supply of the LED lamp play a decisive role. These can include the use
of higher harmonic filters, a PFC power factor corrector, or the appropriate selection of a
capacitor to smooth the voltage ripple behind the rectifier bridge. Very often in low-budget
LED lamps in electronic power supplies, manufacturers omit the use of appropriate filters
to limit the emission of higher harmonics of the current, either for design reasons or due
to the limited space in the lamp stem. The RGB LED lamp under test also does not use a
higher harmonic filter.

The block diagram of the lamp under test is shown in Figure 28. It can be seen that the
DC rectified voltage feeds two converters via identical Cf capacitors of 2.2 pF. Converter 1
supplies a chain of white-light emitting diodes (LED W), while converter 2 is responsible
for a chain of RGB LEDs. To investigate the effect of variations in current pulse width on
the value of higher harmonics emitted, the values of the smoothing capacitors Cf located in
the circuits of converter 1 and converter 2 were swapped.

In the tested RGB LED lamp, a 2.2 uF smoothing capacitor is installed behind the
rectifier bridge at the factory. This capacitor was replaced by a 4.7 uF capacitor and the
operation of the lamp modified in this way was analysed with regard to the shape and
duration of the current pulse and the odd harmonics generated. The tests were repeated by
installing a 1.7 pF capacitor in place of the previous one (which is the resultant capacitance
of series connected capacitors of capacitances 4.7 and 2.7 uF). An analysis of the shape
of the current and its angular position relative to the supply voltage for the three cases
analysed is shown in Figures 29-31.
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Figure 28. Block diagram of the RGB LED lamp under test. The figure shows the capacitors that were

replaced with 1.7 and then 4.7 capacitors uF.
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Figure 29. The shape of the current flowing through the RGB LED lamp and its angular position

relative to the voltage of the filter capacitor Cf = 1.7 uF.
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Figure 30. The shape of the current flowing through the RGB LED lamp and its angular position with

respect to the voltage for the filter capacitor Cf = 2.2 uF.



Electronics 2024, 13, 531

21 of 24
400
—uV
T T TS ————F————————— T — i[mA]
165 mA [cr=47.]
200
100
_________ 0 -
-100 | —
1.26 ms
—-200
—-300
,,,,,,,,,, | e =
! —-400
0 4 8 12 16 20

t [ms]

Figure 31. The shape of the current flowing through the RGB LED lamp and its angular position with
respect to the voltage for the filter capacitor Cf = 4.7 yF.

In the next step, a comparison was made of the values of the higher odd harmonics of
the current generated by the LED lamp under test for the three considered cases of changes
in the shape and value of the current. A summary of the harmonics is shown in Figure 32.
The results obtained allow us to conclude that in the case of installing a smoothing capacitor
Cf of 4.7 pF in the power supply, there was a significant increase in odd current harmonics
especially the dominant ones of orders 3 to 19. It can also be concluded that the other
harmonics (from orders 21 to 49) decreased. However, it should be emphasised that it is
the current harmonics of the lower orders, i.e., 3, 5, 7, 9, etc., that affect the distortion of
the supply voltage. The significant increase in these harmonics is due to the parameters
of the current flowing through the RGB LED lamp. As can be seen from Figure 31, the
current pulse is very short, the angle determining the start of the pulse rise has a value of
72°, and the value of the current in the peak is 165 mA. In summary, the use of a 4.7 pF
Cf capacitor in the power supply is not recommended. Favourable results were obtained
by installing a Cf capacitor of 1.7 uF in the lamp power supply. In this case, there was
an increase in the duration of the current pulse, and the peak current value was 148 mA
(Figure 29). This resulted in a reduction in the values of individual harmonics compared to
the other analysed cases (Figure 32).
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Figure 32. Spectrum of odd harmonic currents generated by the LED lamp for three cases of changing
the value of the smoothing capacitor Cf (filtering voltage ripple).
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Reducing the values of individual current harmonics in the case of using a capacitor
Cf = 1.7 uF is beneficial and results in a reduction in the value of current THD to 188.65%.
The obtained value is the lowest compared to the other two cases, in which the capacitors
Cf =22 uF and Cf = 4.7 uF were used. A summary of the results is given in Table 5.

Table 5. Summary of values of selected odd harmonics of current, THD, value, and duration of
current pulse for three cases of changes in the value of capacitor Cf in the power supply of the lamp
under test.

Analysed Parameters

Capacitor Odd Harmonic Current Value [%]
Value THDI [%] i[mA] t [ms]
3 5 7 9 11
1.7 uF 96.60 88.03 76.16 62.64 49.28 188.65 148.00 1.76
2.2 uF 96.31 88.38 77.45 64.54 51.41 190.75 180.00 1.46
4.7 uF 97.63 93.08 86.56 78.35 68.95 215.46 165.00 1.26

When comparing the favourable case in which a capacitor of 1.7 uF was used in the
power supply with the case in which the LED lamp operated with a factory-installed
capacitor of 2.2 pF, one can see an increase in the duration of the current pulse, a decrease
in the value at the peak, and a decrease in THD of about 2%.

4. Conclusions

In this paper, the results of tests on the generation of harmonic currents by an RGB
LED lamp that cooperates with a radio remote control have been reported. The tests were
carried out in a specialised electromagnetic compatibility laboratory.

The RGB LED lamp under test is very functional, as it allows one to make changes
in the value of white-light flux with a dedicated remote control. The multiple functional
possibilities provided by the RGB LED lamp in the study imposed the need to conduct the
research in four stages. Changes in the values of individual harmonics in the situation of
changes in the value of luminous flux, changes in its colour, or during the use of built-in
utility functions have been analysed. The results make it possible to determine to what
extent the values of individual current harmonics change at individual stages of regulation
of the value and colour of the luminous flux and during the implementation of built-in
functions. The comparative analyses performed make it possible to determine in what
situation the harmonic values increase and when they decrease. Analysis of the results
made it possible to conclude that the duration of the current pulse drawn by the lamp is one
of the factors affecting the value of individual current harmonics. Therefore, in the fourth
stage of the study, changes were made in the power supply of the test lamp, changes were
made in the rectifier module, in which the factory-installed rectified voltage ripple filter
capacitor of 2.2 pF was replaced by a capacitor of 4.7 uF and then 1.7 pF (series connection
of capacitors with values of 2.7 and 4.7 uF). The results obtained allowed us to conclude that
the extension of the current pulse flowing through the RGB LED lamp causes a reduction in
the values of individual dominant harmonics and thus a reduction in the value of the THD
coefficient of the current. This is one of several methods of reducing the emitted higher
harmonics. There are more ways to reduce individual harmonics, such as using passive
LC filters before and after the rectifying bridge or PFC power factor correction. In some
solutions, the Cf filter capacitor is eliminated from the power supply of the LED lamp, etc.
In general, it can be concluded that all additional methods to eliminate higher harmonics
involve an increase in the price of the final product, which may affect the solutions used by
lamp manufacturers.

Reducing the value of higher harmonics generated by LED lamps is a very important
research issue due to the widespread use of this type of device. Therefore, the research
results described in this article may inspire further work in this field, e.g., determination
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of system conditions used in LED lamp power supplies related to the mechanism of
harmonics generation, analysis of distorted current waveforms in LED lamps, and selection
of appropriate filters limiting higher harmonics. In addition, the new solutions developed
to limit the emission of higher harmonic currents in LED lamps must be small in size, as
LED lamp manufacturers sometimes have problems fitting the entire electronic circuitry
into the LED lamp stem.

It should also be noted that the tests carried out were not intended to determine
the compliance of the tested RGB LED lamp with the requirements of the relevant EMC
standards. The authors plan to extend the research work to conducted as well as radiated
emissions, which is relevant to the generation of disturbances in the radio frequency range.
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