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AbstracH Supraharmonic background distortions are blamed
for light flickers produced from LED lamps with no clear evidence
in literature . Consequently, thispaper is structured to investigate
the effect of the background distortionsin the harmonic and
supraharmonic rangeson the light flickers produced from low
power LED lamps that are widely used irresidential applications
Four scenarios areperformed: The first and secondscenarics are
doneby exposing the LED lamp to abackground distortion with
harmonic and interharmonic voltage componens, respectively.
The third and fourth scenarios explore the impact of thegrid
voltage distortion in the supraharmonic range with frequencies
that are integer and noninteger multiples of the grid frequency,
respectively, on LED lamp flickers. The conducted study comes to
the conclusionthat visible flicker only appears for scenario 2 in
which the visible flicker effect is in inverse relationship with the
interharmonic frequendes In both scenarios 1 and 3no visible
flicker is detected In scenario 4, the lightflicker is negligible. The
observatiorsare carried out experimentally on acommercial LED
lamp. Then a mathematical analysis is provided taexplain the
observations in the four scenarios. The main outcomes are
validated through a simulation study.

Index Terms® electromagnetic compatibility, electromagnetic
interference, harmonics, interharmonics, LED lamp drivers, light
flickers, supraharmonics.

l. INTRODUCTION

A. Interharmonics and Supraharmonics
upraharmonic (SH) range, defined betweeR Oand

power supplies (SMPS4b,6], electric vehicle (EV)battery
chargersT], etc.

Many researcias beeronducedto identify the origin of the
emissionsn the SH range, the propagation and penetration of
SHsin the grid, the problems associated witHs existence in

the grid and othersThe emissions in that range appear as
sidébands around the switching frequencies and their integer
multiples depending on both the grid and the switching
frequenciesThe low frequency(LF) harmonics below 2 kHz
are related only to the grid frequency. This is because tlse SH
emissionsare produced by thself-comnutated converters
while the low frequency harmonidselow 2 kHz, argroduced

by line commutated converterand nonlinear loads LF
interharmonics are mainly related to ripple control signals.
The propagation behavior of the SHs is different from the LF
harmonics While the LF harmonics tend to propagate into the
grid, the SHK tend to propagateamongthe grid and the
neighboring devicedased on the grid and theeighboring
devicesimpedance The effect of the impedances of the low
voltage (LV) cables on the SH propagation is investigated in
[8]. The study in 8] is performed for a system that consists of
a parallel connection @t LED lampsystemand PV GCI. It is
concluded that the LV grid installation, among the LED lamps,
PV GCI and the grid, affects the SH propagation through the
system.

Many problems are reported due to the existence of 3Win
grid, e.g, equipment malfunctions, unintentional switching,
audible noise, electrical thermal stremsd reduction of the life
time [9-10]. LED lamps are considered both sources and

p L T'Qgattracts the attention of the science society ivictims of SH. The study in1f)] comes to a conclusion that
order to recognize the problems and to convince th@peration failure of LED lamp electronic control units can occur

standardization committees to includienits to the
power quality standards [1,2]. SHare generatednon

due to the interference between LED lamps and SH distortion
in the grid voltage. The interferences in LED driver converters

intentionally by switching gridconnected converters (GCCs)due to the voltagdistortion inthe SH rangearestudied in L1]

such as grid connected inverters (§(B,4], switched mode

and it is found that, the LED lamp light intensity is affedeé
to threemechanismsearlier conduction/later blocking caused
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by SH voltags, intermittent conduction depending on the Shbn the effect of grid distortion in both LF and SH ranges on the
impedance of the LED driver and reverseovery current of light flicker of low powerLED lamps.Low power LED lamps
the diodes at higher frequency. Ii2]lit is observed that, LED arewidespreadn LV installatiors [27]. An experimental test
lamp driver converters interact with themsynchronized SH setup ismplementedand four scenarios are investigatétie
voltage components at the pointafnnection(PoC) with the first scenarias done by subjecting the low power LED lamp to
grid, causing the converter to work asiaterharmonicsource a grid distorted with a harmonic component. The second
of emissions. scenarids carried out byxposing the low power LED lamp to
The components with frequencies that are-imb@ger multiple  aninterharmonidistortion in the grid. The third one is carried
of the grid frequency up to 2 kHz, are defined as outto investigate the effectaSH component withfrequency
interharmonis. The existence ohterharmoniccomponent$n  that isan integer multiple of thegrid frequencyon the low
the backgroundoltageleads to many consequencssch as: power LED lamp flickes. The SH component witafrequency
distortions energy losses leading to equipment heatindhat is an integer multiple of the grid frequenag further
mechanical system oscillations, acoustic disturbganeesl denoted as§H with integer order. In scenario 4, the effechof
interference with power communication lif@8-15]. Limitsto = SH component witta frequerty that isa norrinteger multiple
voltageinterharmonis are given in16, 17] up to the second of the gridfrequencyis observed. The SH component wih
harmonic based on the flicker effect. Thieterharmonic frequencythat isanoninteger multiple of the grifrequencyis
components can exist in the grid voltage intentionally and nooalled SH with nofinteger order in the rest of the papkrs
intentionally. Ripple control systemgypically interharmonis  observed in scenarios 1 and 3 that, visible light flicker is
with frequencies between 100 Hz and 3 kHz, are addetectedVisible light flickeris observed foscenarios 2 and 4.
intentionally to the grid voltage 8. In [12], it is provided that, The paperexplains the phenomem observed in the four
interharmonis are generated unintentionally from GCCs due tsecenariosbased on the construction of the low power LED
the existence of nesynchronized SH components found in thdamps.Theroot causes am@nalyzedand the main outcomes are

grid voltage. verified throughsimulation studiesy MATLAB /Simulink. The
four scenariosire supported by experiments.

B. Flicker The main motivations of this paper can be listed as

Despite thdow power rating of the majority of the LED lamps 1 The SH related EMI interference problerase a hot

it is crucial to study their aggregate emissions and the effects of topic due to the lackf standardizatiomn that range.
their interactions with the background distortions as they are § LED lamps areonsidered onef the most commonly
widely usedn large numbers in office and residential corgext useddevicesfor lighting, which work as both source
One of the consequences that should be clearly studied is the and victim for thegrid distortions inthe LF and SH
light flicker. F1 i cker i s defined as arigd. e i mpression of

unsteadiness of visual sensation induced by a light stimulus § The SH component®riginate in the grid both
whose luminance or spectral distributibl uct uat es Wi tiflentibrialj? &rém pwer line commutation (PLC)

[16, 19]. Thefli cker h&a manynegativeeffects on humandhe systems and neimtentionally from pulse width
flicker increase the human observationreaction time In modulation (PWM)onverters.

addition to that, flickerdecreasg comfort, readiness, ease of §  The SH with norintegerorder exists in the grid due to
maintaining focus and object identificati¢@20] and induces the switching frequenc deviations of PWM
headachesBased on théad consequences of the light flicker converters due tthe impurities in the components and
many studies have been conducted to address the origin and the the unavoidable flaws in the design procésso, the
effects of flicker in LED lampdn [21,22], it is concluded that variable frequency drives (VFDskontribute to
flicker appeas in LED lights due to the existence of LF polluting the grid with Sid with norrinteger order
interharmoniccomponents in the grid voltage. The relationship [28].

between the flicker frequency and the LiRterharmonic
frequency is presented i2F]. The conclusion in43] is that,

the deviation of thénterharmonidrom the nearest harmonics
appears in the LED lamp light intensity as flicker. The results
in [23] arecompatible with the results found i#4]. The study

in [24] came to a conclusion that therharmonicexising in - The contributions of this paper can be listed as

the_grid voltageinterf_eres Wit_h the GCCs resulting in Proving that the harmonicas well as the SH with
addmonal_ subharmonics  emittetfom these GC_:CS' The . integer ordedistortion in the gridhave no effect on
relationship between the generated subharmonic frequencies the visible light flicker for low power LED lamps.

and thanterharmonis s the samasfound in P3]. 1 Observing theffect of theinterharmonidistortion in
the gridon the low power LED lampandclarifying
the inverse relationship between the visible light
flicker and thanterharmonidrequency

1 Explanations for the effect of trexistenceof SH with
norrinteger order on the LED lamp flicker.

1 The interharmonis exist intentionally from ripple
control systems and néntentionally from GCCs due
to the existence of nesynchronized SH components
found in the grid voltage.

C. Research Questiorad Motivations

Many studies claim that one of the main interference problems
in LED lamps due to the SExistencen the gridis the light
flicker [25, 26]. However, lhe effect of SH distortion in light
flicker produced by commercial LED lamissstill vagueAs a
result, this pagr is introduced to give a comprehensive study
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The rest of the paper is organized as folloWee experimental Hered and® are the OC component®f the signal and the
studies and observations ggeven in section Il. Sectiotll  amplitude of each harmoniespectivelyd represerd the
provides discussions and explanations omta@ observations weight function thatspecifies aspecific value for each
of section I1.The simulatiorstudies are presented in section IV frequency(Fig. 2), takinginto consideration the eye sensitivity
and the flicker unconsciously sensed in the peripheral field of
Il. PHOTOMETRICFLICKER ASSESSMENTCRITERIA vision. Furthermore, fig. 2 illustrates the corresponding
A. Brief Review equivalent value for each frequency, ensuar@mprehensive
Several techniquesre used to evaluate the optical flickemch ~consideration of these facto@onsequently, higher weights are
as flicker index[29]and percent flicke specified bylEEE  Clearly allocatedo frequencies that are detectable by the human
1789:2015 B0). As explained in31, 32], those methods have €Y&
various weaknesses, for instance, not being sensitive to tt

=
frequency and appearing to have discontinuity at 90 Ikiz. B - E E
addition, the Light Research Center (LRC) exteritie =y 1::. 5 B
measuring techniques, of the intentional light waveform, callec 8 & | = B
LRC flicker meter B3]. In the LRC flicker meter temeasured g CFD %
light waveformfrom the light sensois analyzed with th&ast 1% 12%  25% 50% 75% 100%

Fourier Transform (FFT)and the resulting components are
weighed in order to take the human eye sensitivity into
consideration. However, a significant drawback of this method

is that it doesiotaccount for the human sensitivity to flicker in 102
the 100200 Hz range.

Fig 1. CFD severity classification

B. Compact Flicker Degree Definition
The evaluation approach in the current researtiei€ompact
Flicker Degree (CFD) metho@82,33]. The degree of the flicker
is estimated bgonverting the light intensity waf@m into an
electrical voltagethen resolvingit into Fourier components,
then taking the root mean squalMS) of the weighted
frequency. The main profit of the CFD is taking into
consideration the frequencies up B®00 Hz rather than
stopping around 100 Hz as LRC flicker meter technique.

Weighting Factor

10 ' '

10 10 10
Frequency in [Hz]

ig 2. Weightfunction CFD

C. Color RegionClarification
The degree of the flicker can be assessed in five differen'rz
regions: imperceptible, acceptable, moderate, strongly affected
and extremely affected. Every area is depicted using a distinct
color, as illustrated in Figure 1. The deep green region,
6i mpearbdeet, is in the CFD p elheexperimentahsetypeis sbown in fgdetgongistsgwf,an i t |
almost undetectable to humans. When the flicker degree is fré&mclosure that contains a commercial PEL0O0530 LED lamp and
12%to 25%, itisinthéight-gr een r egi on, w HaligbtisensogThedexcan befullyuclpsed tg have no influence
and recommended for general use but not recommendedfrigm external lightsThe SEEED STUDIO 314990740 light
offices. Inthed moder at ed regi on, t hsensarisuseddceconved telightirtensitniniqae/tage sigeal
between 25% and 50%this is theyellow region. Thisis that can be captured usiran oscilloscopeThere are two
possibly perceptible, so it is much less appropriate for workirdjfferent powersourcesfor supplyingthe LED lamp The first
places. Flickering between 50% and 7%%lpred ashe orange sourceis the PCR2000 programmable voltage souvdeose
region, is known[33% Fhisdeselhasoan §utpyt voHage cande shaped and controlled up to 1000 Hz. The
high influence, so longerm exposure causes discomfort angecondsourceis the IMU-MGS with the differential mode
headaches. The oOextremel y yotFge/certent odulavhich is used maialyfor gerforming ¢ k e r
degree above 75% arid in the red region, it has extremethe immunity test defined i8g]. The first power supply is used
influence. Regions four and five arezaadous for work and to generateénterharmonis between 50 Hz and 1 kHz. The

I11. EXPERIMENTAL TESTSETUP DESCRIPTION

must be avoidef1]. second power supply is used to add SH components to the grid
voltagethat is applied across the LED lamps.
D. CFD calculations To measure the lamp current, a 100 MHz bandwidth TCP A300

In this approach the light waveform is taken into consideratiohC-DC current probe is used. The voltage of PoC is measured
then converted to a voltage signal. This waveform is analyz#édth a 25 MHz Pico differential voltage probe. The data are
in a series of processeshereaftethe CFDvalueis calculated —captured with a 20 MHz, 4000 series PicoScope. The data is
.o - plotted and analyze using the MATLAB software

6 00 B pmwzU (1) environment.
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Four experimental scenarios are performed; the first and ttie light intensity, which is confirmed by the light intensity
second ones are done by supplying the LED lamp from tineeasurements in both time and frequency domains (fig. 5).
PCR2000 programmable voltage source. In the first two

studies, the effects of LF harmonics and interharmonics

distortion on the grid voltagy on the LED lamp Flicker are E 500 ! ! ! 02 <
studied. The third and fourth ones are done to study the effectg, 300 /ﬂ\ m 0.1 &
of the HF distortions in SH range on the grid voltage on the £ 100 0 E
LED lamp flickers. The CFD method is used for the assessment< -100 / 5
of the flicker. As this method depends the FFT analysis of = -300 - 0.13
thelight intensity for the assessment of the flicker degree, the 5 -500 ‘ ‘ ‘ -0.25

FFT analysis for all cases is providddthe SH components are 0 0.01 0.02 0.03 0.04
added to the grid by the means of the INMIGS with the — (a) Time [Sec.] =
differential mode voltage/current module. % 10° E
on <5
LED Lamp | § ©
v Light Encloser Current | Current = =]
— sensor probe | Amplifier = ]0-5 ‘ 5

T : © 10 100 1000 5000

- = m— (b) Frequency [Hz]
= ey Fig. 4. Voltage and the current measured at the LED l¢
= ... terminalswith no background distortion. (a) Data in tin
= 2 domain. (b) Data in frequency domain.
£z A
PoC Yoltige PicoScope | Computer
Probes 1.05

S
o
n

Light Intensity [p.u.]
o

=]
N
ES

(a) Time [Sec.]

S
2107
>
Computer to IMU- 2 10
PCR2000| control the MGS voltage / current F= g
PCR2000 module =
(b) 5 l l ‘
Fig 3. Experimental setup. (a) LED lamp measuents = 10 r}ol " 10° 10*
setup. (b) Power sources used to energize the LED lam, (b) Frequency [Hz]

Fig. 5. Voltage and the current measured at the LED Ie
terminalswith no background distortion. (a) Data in tin

IV. RESULTS ANDOBSERVATIONS domain. (b) Data in frequency domain.

In this section,the measurementesults and the related o Scenario 1: LED lamp subjected to a harmonic.
observations are discussélthe measurements are performe
for four enarios. The first and the second scesariwver the
effect of harmonic andhterharmonid_F distortion in the grid
voltage on the LED light intensity.The effects of the grid

qn thisscenariq the effect of the LF harmonis analyzedThis
study is performedy adding150 Hzvoltage distortiorwith a
magnitude 06% of the fundamentabltage componenivhich
. : . . is equal tothe limit provided inEN 50160[35]. The measured
distortion with SH components that a0é integerand nor data of theerminal voltage and current of the LED laispas

integer ordersepresenscenarios 3 and.4 C i > o
Before beginning the four scenarios, the low power LED Iamshown in fig.6. It is noticeablethat there is gh frequency

is just connected to the grid as a reference scenario. The t.&stortlon appearingaround 10 kHz due to the switching

i . . :
and frequency domains of the LED lamp terminal voltage anB;e%awor of thePCR200. However, ithasno impacton the

current are as shown in fig. 4. It is obvious that, the LED Iam(rﬁsglﬁogggg‘gﬁ;hoenf?uoewll_r:zg;[)c?:l;rf;?ék-gr]g ?se%ilglczlsseefge?rtl

injects many LF harmonigsas there is no obligation for the ; T .
manufacturer to follow the power quality regulatiossdtion 7 scenarios 3 and #g. 7 shows the correspondifight intensity

o . . ._in both time and frequency domains. It is observed that,
of [35])]. In addition to that, background LF distortion is . L : )
detected in the grid voltagehich is in the limit defined in IEC components detectedn the light intensityoelow 50 Hz. So, it

610003-2 [36]. No subharmonic components are detected in
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can beconcludedhat, the LF distortios are not liable for any that, as thénterharmonidrequencyincreasesthe light flicker
visible light flickersappeaing in low power LED lamps. decreaseswithout further explanation of this phenomenon
This phenomenon is thoroughly addressed in the following

— . " T 02+ . . . . . .
2z 2001 i—t section Fig. 12 illustrates the impact of increasing the
gn k k £ interharmonic frequencies on the flicker degree
S
= 0L 0 = —_ Z
=) = > —
> o = 200 =
=-200 = S )
Lol S < o
O : : : -0.20 = 0 5
0 0.01 0.02 0.03 0.04 > @)
. (a) Time [Sec. =200 - =
> 103" X 150.01 = 5 12023
o | Y 12.5025 10 0 0. 02 0.03 0.04
%D 10° 5 (a) Time [Sec.]
— b ] Y} T 1 p—
o = > 103 X 60 <
; 3 :10 Y 11.8937 110°%
om— ~ = on 0 E
& 107 TIE 5 £1077 =
10! 10 10° 10* S &
(b) Frequency [Hz] = =
Fig. 6. Voltage and currenineasured at the LED lam s10 5

4

terminals at 150 Hz distortion . (a) Data in time domain. 10" 10° 10° 10

Data in frequency domain. (b) Frequency [Hz]

= Fig. 8. Voltage and current measured at the LED la
2 1.05] terminals at 60 Hz distortion. (a) Data in time domain.
s Data in frequency domain.
g
=095 S 11
N Q“ .
= —
s 0.9 \ , ‘ o
S o 1 2 3 £1.0
(a) Time [Sec.] g
3 ' | E
= £0.95
Z 3 0 1 2 3 4
3 —_ (a) Time [Sec.]
- : T T T
é £ 10° X 10
-ﬁo 2 Y 0.00543979
] 10 10 7 i
= (b) Frequency [Hz] £
Fig. 7. Voltage and current measured at the LED la E
terminals atl50 Hz distortion(a) Data in time domain. (b b= ‘ .
: . S
Data infrequency domain. = 10! 102 10° 10*
(b) Frequency [Hz]
B. Scenario 2: LED lamp subjected toiaterharmonic Fig. 9. Measuredight intensityof the LED lamp at 60 Hz

Theinterharmoniddistortioneffectin the LF range in the grid ~ distortion. (a) Data in time domain. (b) Data in frequer
voltage on the light flicker ofthe LED lamp is studied in domain.

scenario 2. Two studies are done in this scendhe firstand

secondstudes are performedby adding 60 Hzand 260 Hz C. Scenarié 8 and 4 LED lamp subjected to a8H with
voltage componentsespectivelywith the same amplitudes to integer orderand noninteger order

the grid voltage at the LED lamp terminals ; ; C ;
P . The LED lamp light flicker under a grid distorted with a SH

fltzlgj){ . restults _arel as Ifhown mdflgusemiig. \'/:\IIE'-IS 1S fohr the with integerorderis nowinvestigatedA v ‘Q'O&H is added to

1lamp termina’ voltages and currents. lle Bgshows the grid voltage at the LED lamp terminaldowever, although
the light intensity of the LED lamp. Figuré8and11represent the measuring devices are fully compliant with the standard
study 2 of scenario 2. The LED lamp terminal voltage an|(|1£C610004 19, a perfect harmonic frequency cannot be
current are shown in figLO. Thelight intensity of the LEDs reachel. This result i u8t p @ RiOWhich isa SH component
pre;ented in f|g_11 In both studies, a V'S'.ble light flicker at .10 ith nonrinteger multiple It means scenario 3 cannot be formed
Hz is spotted in the frequency domain of the LED ligh t a perfect harmonic frequencyoNflicker componentsare

intensity. However, the 10 Hz flicker for the 60 Hz distortion is served in the light intensity measured datfgin14
higher than its counterpart for the 260 Hz distortion. This res@) . g yn '
ther interharmonic frequencies above 2 kHz are tegted.

is compatible withthe studies in41] and[22], which conclude 1% g'Odoltage componenis suppliedto the LED lamp
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terminal voltage. However, as mentioned previously, the 103

19 QOdppears as® x o QIDAThis isno problemin this
scenario as thet® x o QiDwoltage component is also
considered as a SH with namtegermultiple.
The terminal voltage and current of the LED lamp are as 2
illustrated in fig. B, while fig. 16 shows the corresponding light  ~ 10 *
intensity. No visible light flicker isobservedn the frequency S
domain data of the light intensity in fig61 2 *
Fig. 17shows the effect of supraharmonics components on the® )
flicker of LED | amp abviousthat,f er s
the degree of the flicker at the measured frequencies is in the
green region *
# T %
- AN 022 I a0 S S
2200 = ST AT A NS E AT
S lop B » Frequency [Hz]
% or 5 Fig 12. CFD results for the influence of LF interharmonic
Z 200 - - experimentally
g ‘ -0.2'5_
© o 0.01 0.02 0.03 0.04 : : : : .
— 500 05 <
(a) Time [Sec.] = > /m\ /E\ S=
— ‘ X 260.01 0 g g
% X 10 Y 11.9011 1075 g 0w \ ” H 2o =
/ 2 =
%13100 i .Y 0.000353643 ; § g
S o k= 0.55
= = E-500 ‘ ‘ ‘ ‘ 035
% {5 0 0.01 0.02 0.03 0.04 0.05
&) ‘ (a) Time [Sec.]
10! 10 10° 10* - %20 , | —
Z ]03 L Y 304.209 X 5016.15 <
(b) Frequency [Hz.] o L I Y 12.7434 0:
Fig. 10. Voltage and current measured at the LED I é” 0 i 10 §
terminals at 260 Hz distortion. (a) Data in time domain. E 107 5
Data in frequency domain. = c_;
‘T =
St
- © ‘ 1 I 2 3 4 ©
5 11 , ‘ ‘ 10 10 10 10
2 ' (b) Frequency [Hz]|
z Fig. 13. Voltage and current measured at the LED la
2 terminals ab016Hz distortion. (a) Data in time domain. (|
] Data in frequency domain.
=
B " 1 2 3 4 B
q 3
- (a) Time [Sec.] £ 0.96
2 1071 F ' £0.94
= X 10 g
.*E‘ 10_3 .Y 0.00038458 ‘Z' 0.92
E =] E 0.9
=10 2 1 2 3 4 5
= i - (a) Time [Sec.]
= 10 10° 10° 10* 310 ' |
(b) Frequency [Hz] =
. . . . ) -
Fig. 11. Measured light intensity of the LED lamp at 260 £10
distortion. (a) Data in time domain. (b) Data in frequet § 10°
domain. =
%n ‘ :
=5 10! 10? 10° 10

(b) Frequency [Hz]
Fig. 14. Measured light intensity of the LED lamp at 5C
Hz distortion. (a) Data in time domain. (b) Data in frequel
domain.
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V. DISCUSSIONS AND OBSERVATIONS

9]
>
=]

= | | | los < . . .
- = In this section, the results and observations of the measurements
g’ £ of section Il are discussed. This section is divided into three
E 0 \ 0 5 subsections. In the firsubsection, the different types of LED
= - lamp drivers are discusseshowing why the LED lamp used in
5_500 | -0. §'5 the measurements are chosen for these tests. In the second and

0 0. 02 .04 third subsections, explanationfstbe phenomenon found in the

(a) Time [Sec.] . measurements are provided.
= 103 er =X 4173.48 7 107 <
—_ Y 7.26721 - | .
g o } = A. LED lamp construction
% 10 E LEDs are semiconductor devict#sat normally requirea DC
> @) currentsource to operate. However, the public LV grid provides
2 SE AC power. In order tonatch the requirements of the LEBom
c10 P 0 ) . S the LV network,8 approachesan be applied27]. These
10 10 10 10 approaches are illustrated in fig8.1

(b) Frequency [Hz]
Fig. 15. Voltage and current measured at the LED Iz
terminals at 4173 Hz distortion. (a) Data in time domain.
Data in frequency domain.

Type 1 is the simplest and it is callegpacitive divider circuit.
In this type, a diode bridge rectifier (DBR) is used to convert
the AC power into D@ower. Two capacitors are usgtie first
capacitoris connected in series with the grid at the AC side of
the DBR andthe secondapacitoris connected at the DC side
of the DBR. These two capacitofsrm a voltage divider to
reduce the supply voltage magnitude. Additionally, a resistor is
connected in series with the LEDs to limit the LEDs current. In
many commercial LEDs, the AC side capacitor is replaced by a
resistor. This type is the most commonly used one in the low
power applications due to its simplicity. In this typelow 5
w, the LF harmonic limitations can be not applied (section 7 of
2 3 [35]). As a resultthis type is installed with large numbers in
(a) Time [Sec.] LV installations. Consequently, this type of LEAmpis used

Light Intensity [p.u.]

5 107 to perform the tests.

ﬁ The rest of the LED types shown in fig are out othe scope
.‘5;10'3 of the paper Further details about these topologies are
g documented ing7], [38-40].

=107

b= B. Rectifier effect

20 -2 0 2 4 . . . . .

3 10 10 10 10 If the grid contains an injected harmonic current originated

(b) Frequency [Hz]
Fig. 16. Measured light intensity of the LED lamp at 417.
Hz distortion. (a) Data in time domain. (b) Data in
frequency domain.

from the background distortion as in fig 19, the harmonic
current is transferred to the DC side of the DBR. The DBR
function that affects the harmonic current transfer from the AC
to the DC sidecan be represented akl[ 42]:

10 6 o B —OEF+ Al & Jo' 2)
10t | Here,6 is the DBR function)Qis the LV grid frequency
s and i No. Let the current harmonic component be represented
?3 by the following equation:
10'F 3
* o, o, x T M, 3
P Q OAIl ©Q (©)]

-*-

Here,"Qis the instantaneous value of the current harmonic
component,”O is the amplitude of the current harmonic
component, andQ is the harmonic frequency. The current
harmonic component at the DC side of the DBR can be obtained
by multiplying (2) by (3). Equation (4) describes the DBR DC
side current.

CE DD S YN

DD @ XA AN ":b‘%

,\‘Q %B & % \Q Q\%Q\QNQQ\G,QW ,\Q\ b‘ e,b‘
Frequency [kHz]

Fig. 17.Influence of measured SH components on L

flicker
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Fig. 18. Different topologies of LED drivers.
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It can be concluded from equatiaf) that the DBR redvesthe
AC side harmonic int@n infinite number oharmonicswvhich

I

L L - (5)

L

Here, E and k are the phasor

representatiom of the DC-side harmonic current component
through the LEB and through the DCink capacitorat the
visible frequency regiomespectively= is the phasor
representation of the Diihk capaciive reactanceat the
frequency of and'Y is the LEDs branch
equivalent resistanceThen, the LEDs converk

into light intensity a$43]:

O 0tk (6)

Here "O is the light intensity of the LEDst the visible
frequency regiond is theconversion constant from current to
light intensity. The relationship betweé®and Lk is
considered to be linear for simplicity.

in Ihpe in /

Ihpe

h

£,-3f, |—
-1y

fh
fh+f£

frequency
@
in lhoc  Ih-LED
- - —>
— DiSR Ih'0¢+CDC §RLED
(b)

Fig. 19. DBR effect

Now, if ‘Qis an integer value ake onesdone for scenarios 1
and 3 for harmonic and SH rangé#se lower frequency ofO
would be 50 Hz. For example, If tleeirrent harmonidn the
grid occus at¢ v ¢ then@s 3at 100 Hz.As a resultthe
flicker occus at p m'@awhich cannot be detected ke
human eyeOn theother hangfor scenarios 2 and ZDbecomes
anoninteger value. For example, if the grid contaarkt0 Hz
componentthe only value ofQthat gives a frequency in the
visible regionis o. As a result,O appeas with a 10 Hz
component which can lmetected by the human eyeis worth
noting that, from (4),with the increaseof interharmonic

appear as sideband harmoniaround the harmonic frequencyfrequenms k increases andthe amp“tude of thep T[Oa
as shown in fig. 4 (a). Consequently, at a specif@there is a component a0 decreasesConsequentlythe main difference
DC side harmonic componenwith a frequeng located at the petween scenario 2 and ,4is that the frequencies of

visible flicker range.This occurswhenQ "Q'Qies in the

interharmonicomponentare much lower than tfeequencies

visible flicker region. Consequently, as the harmdréquency of SH with nonintegerorders Therefore,Qvalues aremuch
increases, the value &increases. This, in turn, reduces thehigherin senario 4 than its valués scenario 2As a result/O

value of
frequency increasesThe current componenat the visible

flicker regionis divided between the DIthk capacitor and the

LEDs equivalent branch resistanae

—OE¥+ at the visiblefrequencyasthe harmonic effect can be neglible for scenaridt.
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V1. SMULATION VERIFICATIONS T 11
To verify and emphasizethe experimental test results E
observationdiscussionsand explanationgrovided a model of =
a commercial LED lamp that is used in the experimental setup, 5
GP 4.3 watt, is decapsulated aandMATLAB/Simulink LED =
lamp is developed.The construction of the LED lamjafter =
. . . . . . . . . BN 0_9 L L 1
exploring it, is found in the schematic in fig20 which is 5 2 2.5 3 3.5 4
compatiblewith the type 1 construction discussed in subsection _
IV.A. S
A=
2
DBR T 1000hms 13
No.MB6S | [T E
98 Ohms I 3 4.7uf = : : :
5000hms 8l == o 5 10' 10° 10° 10*
No. 501 9 CD11GA(RA) (b) Frequency [Hz]
g Fig. 22. Simulatedlight intensity of the LED lamp at ni
0.82uF I background distortion. (a) Data in time domain. (b) Dat:
No. CBB22 No. 204 frequency domain.
8243400V
ggdio a 4.3 LED lamp construction used for the simulat A. Scenario 1: LED lamp subjected to a harmonic.

A 150 Hz distortion okcenariol of the experimental study is

The reference scenard the experimental studg performed done in simulation The simulated results of the terminal
in simulationby just connecting a puginusoidal voltage to the Voltage and currerdre as shown in fig23. The resultantight
LED lamp model. The simulated results of the terminal voltag@%tens'ty simulation results in both time and frequency domains
and currents are shown in figl, whereas the relad light areillustrated in fig. 2. As clarified in section I\Mhat the 150
intensity is shown in fig22. From the simulated resultthe Hz component is dissolved in the DC side of the rectifier into
LED lamp emis multiple LF emissions which, in turn, pollute infinite. components following equatiord)( One of these

the terminal LED lamp voltage. However, nadditional components appesat 100 Hzwhich is not a visible flicker.
componentgreobserved in théght intensity results in fig. 18.

= 0.2 = 300F 10.2 =
g} 200 E > %
] = s =
0 0 s 0 0 5
S o > o
2-200 = = <
.: ': St =
o ‘ : ‘ : : -0.20 ©-300 ; ' : 12020
0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.1 0.17 0.18 0.19 0.2

(a) Time [Sec.] (a) Time [Sec.] _
= : , , = = T x10 77 <
o . o Y 16.2808 -
@ 0l X 50 - Y : 110° §
F10 @ 110°8 10 10" 2
: - s
= © o =
= = = =
&) . = &) ‘ S

© 1 2 3 4
10 10? 10° 10 10 10 10 10
(b) Frequency [Hz] (b) Frequency [Hz]

Fig. 21. Simulated voltage and current at the LED la Fig. 23. Simulated voltage and the current calculated at
terminalswith no background distortion. (a) Data in tin ~ LED lamp terminals at 150 Hz distortion . (a) Data in il
domain. (b) Data in frequency domain. domain. (b) Data in frequency domain.
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(a) Time [Sec.]

=: T T

=

=

=

o

=

L=

| 10! 0* 0’ 10

1 1
(b) Frequency [Hz]
Fig. 24. Simulatedight intensity of the LED lamptal50 Hz Fig. 26. Simulatedlight intensity of the LED lamp at 60 H

distortion. (a) Data in time domain. (b) Data in frequer distortion. (a) Data in time domain. (b) Data in frequer
domain. domain.

B. Scenario 2: LED lamp subjected toiaterharmonic

Scenario 2 of the experimental study is simulated by adding the
same twointerharmonis at@ 1Odand¢ ¢ ‘®dwith the same
magnitudesforming study 1 and study, 2espectively.The
simulation results of study &re shown in fig. 5 for the
terminal voltages and currents and in figg for the light
intensity The study 2 results are presented in fig. far the
terminal voltage and currenthile the simulation results of the
light intensity of study 2 are given in fig82Forboth studies,
the light flicker at 10 Hz appearndowever, the flicker at 10 Hz
in study 2 is less than the one of study 1. This is bedigse
order of the 10 Hz of the DC side reflection of ithierharmonic
components as Q p and Q o for study 1 and 2
respectively.This in turn, based on equatiord), leads to

having a lower 10 Hz component in the DC side current of the )
DBR in study 2 than study 1. Fig. 27. Simulated voltage and curreraiculated at the LELC

lamp terminals at 260 Hz distortion. (a) Data in time dom.
(b) Data in frequency domain.

E 500 g
S S
S 0 :
- @
= =
St =
0-500 ‘ ‘ ‘ ! €)
0.16 0.17 0.18 0.19 0.2
_ (a) Time [Sec.] —_
Z. X 50 : =<
o Y 325.247 | | X 60 =
& Y 16.2573 08
] 10" =
S 10°F E
= O
=2 =
S =
&) : ‘ &}
10° 10° 10*

Fig. 25. Simulated voltage and current calculated at the L

lamp terminals at 60 Hdistortion. (a) Data in time domair ~ Fig. 28. Simulatedight intensity of the LED lampt260 Hz
(b) Data in frequency domain. distortion. (a) Data in time domain. (b) Data in frequet

domain.



