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Interferences in AC-DC LED Drivers Exposed to

Voltage Disturbances in the Frequency
Range 2—-150 kHz

Selcuk Sakar“”, Student Member, IEEE, Sarah Ronnberg

Abstract—LED lamps are both potential victims and sources
of electromagnetic disturbances in the frequency range between
2 and 150 kHz (“supraharmonics”). Immunity tests for this fre-
quency range are important due to possible performance degra-
dation of light intensity with LED lamps. In this paper, the impact
of supraharmonics (SHs) on light intensity from LED lamps has
been analyzed. LED lamps have been exposed to SH test profiles
based on IEC 61000-4-19. Three phenomena that impact light in-
tensity metrics have been observed and explained by models: 1)
earlier conduction/later blocking caused by SH voltage, 2) inter-
mittent conduction depending on the SH impedance of the LED
driver, and 3) reverse-recovery current of the diodes at higher fre-
quency. It is observed that impact on the light intensity metrics
shows up around the beginning and end of the conduction period.
The results reveal that the profile of the SH voltage could cause
deviations in the modulation depth and the average light intensity.
The immunity of LED lamps against SHs shall be further studied
and discussed by research groups and standard committees.

Index Terms—AC-DC power converters, electromagnetic com-
patibility, immunity testing, LED lamps, lighting, power quality,
power-system harmonics, supraharmonics (SHs), switching con-
verters.

1. INTRODUCTION

NCREASING connection of power electronic-based equip-

ment, such as electric vehicles and inverters, into the> grid
has raised an issue of electromagnetic emission between 2 and
150 kHz also known as “supraharmonics” [1]-[3]. Suprahar-
monics (SHs) are injected by switching of power electronics-
based equipment and by power line communication (PLC)
systems, and can cause interference to devices connected nearby
[3], [4]. Malfunction of electronic meters and household appli-
ances, such as LED lamps, has been reported in both United
States and Europe, especially when they are connected with
photovoltaic inverters and other power electronic-based devices
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LED lamp is considered both as a source of SHs due to
switching and as a victim under SHs, with malfunction or un-
intended operations. LED lamps can be susceptible to SHs due
to fast response characteristic. SHs can interfere with electronic
control unit and cause failed operation of devices [5], [6], [8].
The interferences between smart meters and inverters as well as
touch dimmer and smart meters have been investigated in sev-
eral studies [7], [9]. It shows unintended switching effects on
the touch dimmer lamps. Studies become more of an issue as the
use of power electronic-based equipment continues to increase.
For reduction of customer complaints, standard IEC 61000-4-
19, describing a test method and requirements of immunity in
the SHs range of frequency was published [7]. The interference
between LED lamps and SHs has not been fully understood.
The impact of SHs on LED lamps needs to be understood to
prevent unintended consequences in light intensity variation.

LEDs in an LED lamp are driven by dc current that is created
by an ac—dc converter with a capacitor on the dc side to provide
the LEDs with a smooth dc current [10], [11]. There is however,
always some amount of ripple present in the dc-link voltage
[12]. This ripple produces a light intensity variation at twice the
power system frequency, this variation is not visible to humans
as the frequency is too high. Light flicker is defined by IEC as an
impression of unsteadiness of visual sensation induced by a light
stimulus, whose luminance or spectral distribution fluctuates
with time [13]. The most commonly discussed reason behind
light flicker over the past decade is due to voltage fluctuations
at interharmonics range [14]-[18]. We can thus divide between
two main types of light flicker with LED lamps: light flicker
caused by a disturbance in the grid voltage feeding the lamp
and light flicker caused by the topology and components used
when constructing the lamp. In order to decrease the impacts
of light flicker due to the LED driver and topology, different
techniques are presented, particularly for electrolytic capacitor-
less applications [19], [20].

Several publications study SH currents due to SH voltages
at the lamp terminals, but without analyzing light variations. In
[21] and [22], increasing diode current ripples are observed un-
der SH voltage application when the diode rectifier is in conduc-
tion. The total impedance of the equipment at higher frequency
is lower during the conduction period of the diodes. In another
study [8], it has been shown that end-user equipment exposed
to SHs introduces other frequencies in the current. Interaction
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between LED lamps’ current at the SH range has been studied
by taking into account different driver topologies [23]. It was
observed that resonance can be activated at different frequency
ranges when connecting multiple LED lamps [23], [24].

The impact of SHs on light intensity from LED lamps has
been studied by several papers. The work in [23] and [25]
showed impact particularly around the zero crossing and peak
of the grid voltage. Furthermore, it was shown that the impact of
a SH pulse shorter than one cycle depends on where in the cycle
the pulse occurs. Although those studies cover the application
of SHs on LED lamps, it is limited by the application of discrete
samples instead of sweeping the frequency. In [6], LED lamps
were exposed to the test profiles defined in IEC 61000-4-19 [7].
It was shown that the non-synchronization between the grid and
the SH test profiles could result in intermodulation of the light
intensity variation.

Earlier studies only deal with the rectangular modulated (RM)
test profile defined in IEC 61000-4-19 [6]. For a complete anal-
ysis, it is required to analyze the continuous wave (CW) test
profile, too. In addition, none of the earlier studies paid any
attention to the role of the LED drivers and factors behind the
light intensity variations.

This paper describes the interaction between light intensity
variations and SHs for LED lamps with respect to the CW SH
test profile. Sixteen lamps and two evaluation boards have been
exposed to voltage disturbances from 2 to 150 kHz. The mea-
surements have been analyzed with respect to light intensity
metrics such as modulation depth (MD) and average light in-
tensity. It has been also analyzed how the position of SH test
profiles within a cycle impacts the light intensity. Three phe-
nomena, which can impact the light intensity metrics, have been
observed due to SHs at the lamps’ terminal. A model and rea-
soning have been constituted for verification of the experimental
results

1. METHOD

This section describes the measurement setup and calcula-
tions performed for the study as follows.

A. Testing of LED Lamps

For the testing of the LED lamps, a number of lamps and eval-
uation boards have been obtained from different brands available
on the market. Three examples, two LEDs and one evaluation
board, are shown here to illustrate the phenomena, which can
impact the light intensity metrics. The measurements are per-
formed by using WW5064 arbitrary waveform generator and
AE Techron 7224 amplifier to generate the signals. The light
intensity signal is measured by Hagner S2 photometer that can
measure up to 10 kS/s. The lamps are placed into an enclosure
for proper and reliable data capture of the light intensity. Yoko-
gawa DL850 oscilloscope that has a sampling rate of 10 MS/s
is used for acquiring data. The setup for the measurements is
shown in Fig. 1.

Two main sources of SHs in the grid are PLC systems and
power electronic converter units. For representing such emis-
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Fig. 1. Measurement setup.

sions, two test profiles are defined in IEC 61000-4-19:2012: a
CW test profile and an RM test profile. The emissions due to
power electronics and longer term PLC disturbances, which last
more than 3 s, in the grid are represented by the CW test profile.
The RM profile is representative of the non-intentional current
or voltage from converters as well as intentional PLC signals.
This study is limited to the CW test profile.

The test of the CW profile is performed from 2 to 150 kHz
applying 3 s pulses at corresponding SH, as given in Fig. 2(a),
with 200 ms pause time. Superimposing of the CW profile on
the supply voltage is carried out in MATLAB, synchronized at
the zero crossing, and .wav files are generated to upload into
arbitrary waveform generator. Amplified signal as 230 V=50 Hz
including SH voltages is run at the lamp’s terminal as given in
Fig. 1.

The magnitude of the SH voltage can be chosen based on
the description of the classified environment of the equipment,
as shown in Fig. 2(b), based on IEC 61000-4-19:2012 [7]. In
this study, to be able to study the impact of the SH voltage and
frequency individually, it was decided to perform the test by
sweeping the frequencies with a constant voltage as given in
Fig. 2(b). The test was performed by increasing the voltage with
1 V for each iteration from 1 up to 12 V with respect to IEC
61000-4-19:2012 [7]. Each voltage is applied from 2 to 150 kHz
in 45 steps.

B. Calculation of Metrics

For the interpretation of the light intensity signal, following
metrics have been used.

1) Modulation Depth: MD is a measure of relative modula-
tion amplitude or also known as peak to peak contrast [18]. The
MD is influenced mainly by the component at twice the power
system frequency (2 times 50 Hz in Sweden) showing up due
to limitations in the ac—dc rectification. A light intensity vari-
ation at 100/120 Hz cannot be perceived by an average human
observer but it is considered as a metric that shall be kept low as
it can have adverse health effects [26]. Fig. 3 shows a represen-
tative light intensity signal and the parameters to calculate the
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MD according to the following equation:
Lyax — Lii
MD (%) — 100 x ( max mln) (1)

(Lmax + Lmin)

where Ly, and L,,;, are the maximum and minimum values
of the light intensity signal within the observed period of the
signal, respectively. All calculations performed in the following
sections are performed based on (1).

2) Average Light Intensity: Averaging of instantaneous light
intensity values during one period of 50 Hz indicates the strength
of the light intensity signal. The average light intensity is em-
ployed as a metric for analyzing the impact of SHs on LED
lamps. A representative light intensity signal showing average
magnitude is shown in Fig. 3.

III. OBSERVATION AND ANALYSIS

In this section, experimental results of LED lamps exposed
to SHs are presented and evaluated. All lamps have first been
measured when supplied by the supply voltage (230 V, 50 Hz) to
get a reference level of the considered metrics. This is referred
to as background in the remainder of the paper and the impact
of the applied test signal is related to this level.

Most LED lamps and drivers show a reduction in the MD that
can vary from 17% to 98% when subjected to SHs. The cause
of this impact will be explained and illustrated in the following
sections.
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A. Test#1 LED 02

LED 02 consists of a full-bridge rectifier including a smooth-
ing capacitor and a constant current regulator (CCR) [27]. The
typical circuit diagram of a CCR LED driver is shown in Fig. 4.

SHs from 2 to 150 kHz have been applied on LED 02, as
indicated in the testing method. Fig. 5 shows MD variation as
a function of frequency and SH voltage. It should be noted that
the calculations are performed with respect to background data,
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where there is no injected SH. Per unit (p.u.) system is used,
so that one-unity magnitude represents reference measurement.
The presence of SHs results in a reduction of the MD. The higher
the voltage, the more the MD is reduced. As the frequency of the
SHs increases the impact is reduced, especially at higher voltage.
The biggest impact is seen for voltage of 9 V at frequencies
below 20 kHz and 12 V for frequencies below 40 kHz. A low
MD, i.e., a more constant light intensity, is preferred; hence, the
presence of SHs improves the performance of the lamp [19],
[28].

In order to understand voltage-dependent factors behind the
reduction in the MD, the signals have been analyzed in the time
domain at two points, 3 V at 12.5 kHz [see Fig. 6(a)] and 7 V at
12.5 kHz [see Fig. 6(b)].

As shown in Fig. 6(a), the MD is reduced to 81% of the
background level when the lamp is exposed to 3 V at 12.5 kHz.
Two impacts are observed.

1) The diode starts conduction earlier (¢,) and blocks the
current later (t;) with respect to the background, there-
fore it consists of earlier conduction (¢, — t40) and later
blocking (t7o — ts) as given in Fig. 6.

2) A period of intermittent conduction occurs at the begin-
ning (t, — tir) and at the end (¢;;, — ty) of the current
conduction period.

Definition of earlier conduction/later blocking and intermit-

tent conduction provide the basis for the rest of the paper.

The same phenomenon takes place for 7 V at 12.5 kHz as seen
in Fig. 6(b). In this case, the intermittent conduction is longer
due to the increased SHs voltage. The result shows that the later
blocking proceeds longer than the earlier conduction. This also
leads to a change of the shape of the current waveform. This will
be further discussed in Section IV. The middle of the current
conduction period, the current fluctuates without becoming zero,
is referred to as permanent conduction in the remainder of the
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paper. The MD drops to 27% under 7 V application, the impact
is three times greater compared to the 3 V application for the
same frequency.

The analysis indicates that there is a link between the intermit-
tent conduction and the MD of the light intensity variation. To
calculate the intermittent conduction, a method that can locate
the points where the intermittent conduction starts and stops
is implemented. This is achieved by detecting any deviation,
as the first and the last one found, from the zero current. The
method is verified by manually locating the points of interest
in the figures. The intermittent conduction and the MD are cal-
culated and plotted with respect to the SH voltage as shown in
Fig. 7. It shows that the intermittent conduction increases as the
applied voltage increases. The analysis indicates that the earlier
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Fig. 9. (a) LED 14 internal circuit. (b) Electrical schematic for LED 14.

conduction/later blocking and the intermittent conduction con-
tribute to the decrease in the MD.

An additional experiment has been performed in order to
demonstrate the dependency of the position of SH distortion on
the voltage waveform. Short-duration pulses of the SH profile
have been applied at the beginning and at the end of the con-
duction period on LED 02 with 6 V},cax at 17 kHz. The pulse
profile, the light intensity variations, and the current drawn by
the lamp are given in Fig. 8(a). The MD drops to 50% with
respect to background when the pulses appear at the beginning
and at the end of the background conduction period.

In Fig. 8(b), the same profile is shifted 1 ms such that it
shows up at the peak of the conduction period. The MD is not
impacted in this case. It is also observed that there is no earlier
conduction/later blocking and intermittent conduction.

The results show that the position of the SH on the supply
voltage waveform impacts the MD. The reduction is observed
where the SH appears at the beginning and end of the conduction
period.

B. Test#2 LED 14

LED 14 consists of an electromagnetic interference (EMI)
filter, a rectifier plus smoothing circuit, and a flyback dc—dc
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converter for controlling the LED voltage/current [29]. The cur-
rent is acquired at the output of the EMI filter, just before the
diode rectifier. The lamp has been disassembled for required
modifications. Internal circuit of LED 14 and schematic are
presented in Fig. 9.

Fig. 10(a) shows the MD during frequency sweeping for dif-
ferent SH voltage. The MD drops to 85% for 12 V, particu-
larly for frequencies below 15 kHz. The reduction is present
even for lower voltage. For instance, the SH voltage of 3 V
leads to a reduction of more than 4% for frequencies below
20 kHz.

Increasing the SH voltage reduces the MD but increases the
average light intensity as shown in Fig. 10(b). There is a dramatic
change around 32 kHz in both the average light intensity and
the MD. This will be discussed in Section I'V-C.

Fig. 11 shows the same relation between the MD and the in-
termittent conduction as in LED 02. Increasing the SH voltage
leads to longer intermittent conduction and the longer intermit-
tent contribute to the reduction in MD.

C. Test #3 LV5011IMD Evaluation Board

LV5011MD is a non-isolated buck—boost converter that con-
tains an EMI filter as shown in Fig. 12 [30]. It is used for
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residential and commercial LED lighting applications with dim-
ming function.

The MD and the average light intensity are given in Fig. 13.
The evaluation board exhibits less sensitivity under SHs but
the impact follows the same trend as in the previous tests. In
Fig. 13, the MD is reduced to 96.5% at 12 V and 10.3 kHz. At
the same point, the average light intensity increases by 0.85%
with respect to the background average light intensity.

The relationship between MD and the intermittent conduction
is demonstrated in Fig. 14. The same phenomena as described
for LED 02 and 14 can be observed in the evaluation board
LV5011MD, too. Increasing the intermittent conduction leads
to lower MD as well as an increase in the average light intensity.

When the SH frequency is higher, the diode starts drawing
reverse-recovery current in the forward bias region. Fig. 15
illustrates how the diode conducts at two different frequen-
cies. In Fig. 15(a), the diode reverse-recovery current is limited
at 10.3 kHz compared to 142 kHz case given in Fig. 15(b).
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For a frequency of 142 kHz, the diode reverse-recovery cur-
rent is much higher, as indicated in Fig. 15(b). The impact of
the intermittent conduction on the MD is compensated by the
reverse conduction in the forward bias region. We will further
investigate this point in Section I'V.

D. Summary of Observation

In summary, the following three phenomena can impact the
MD/average light intensity:

1) The earlier conduction/later blocking;

2) The intermittent conduction;

3) The reverse-recovery current of the diodes.

The first two exhibit mainly SH voltage dependency and the
latter mainly a frequency dependency.

IV. DEVELOPMENT OF AC-DC LED DRIVER MODEL
EXPOSED TO SHS

Each of the three mechanisms mentioned in Section I1I-D has
been analyzed individually in terms of circuit theory in order to
constitute a proper model and a qualitative explanation of the
mechanism.

A. Earlier Conduction/Later Blocking

The two states of an ac—dc rectifier circuit are shown in
Fig. 16. The relation between the supply voltage v, (t) and
the dc-link voltage v, (t) defines the duration of the conduction
period.

When the SH voltage is superimposed on the supply voltage,
the input voltage to the diode rectifier e, (vs, vg, ) becomes

fs

where fg, and f; are the SH frequency and the supply frequency,
respectively. Also, w represents the angular frequency of the
supply voltage, while V, and V), are showing the rms value of
supply voltage and SH voltage, respectively.

€o (t) = \/5‘/; sin wt + \/5‘/;11 sin (.fshwt) (2)
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Conduction of the diode starts when the condition given in
(3) is satisfied for the first time

€ (t) > wvg (t) +0.7 V. (3)
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At the beginning of the conduction period, SH voltage os-
cillation adds to e,(t) causing the conduction to start earlier
compared to the background conduction period. At the end of
the conduction period, conduction stops at a current zZero cross-
ing, but restarts once (3) becomes valid again. This period of the
intermittent conduction stops when (3) remains invalid during
a complete SH period. The process (3) continuous until (3) is
violated; very soon after the first violation, intermittent conduc-
tion appears, because of the SH oscillations in the current. The
same phenomenon occurs at both sides of the conduction period;
however, the later blocking takes longer due to the decrease in
the supply voltage and dc-link voltage.

When the length of the conduction period increases, the
load/capacitor is fed by the grid longer, which results in higher
charging energy transfer and the dc-link voltage of the rectifier
vq(t) increases. This increase causes the reduction of the rec-
tifier dc-link voltage ripple and so MD. The impact of this on
light intensity is visible in Fig. 6 for two different SH voltages.

The calculation of the time (¢;), when the diode start con-
duction under SHs, is partly possible if the voltage vq(ts),
when the diode stops conduction, is known. The time domain
solution of v,(t) during the blocking period is expressed as
follows:

vy (t) =y (tf)e_(t_t/>/(CdRz) 4)
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where C} is the dc-link capacitor and R, is the dc-link load. At
start of time (t;), the following equation must be satisfied:

Vg (L‘f) e~ t—tr)/(Cake) — eo (1) . (5)

The increased conduction period will also, generally, result in
an increase in average light intensity. The impact is however not

application.

as easy to quantify and depends, among others, on dc-link volt-
age. This increase can, under certain assumptions, be explained
as follows.

In Fig. 16, where i4(t) is the dc current and 4, () is the
ac current, the charge that enters at AC side is, in steady state
and averaged over a cycle, the same as the charge that leaves
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to the dc-link load. The intermittent conduction due to the SHs
means that the charge that enters the ac side is outside of the
background current conduction period (t0 — tfo). Assuming
this extra charge is equal to Qg), gives

27w 27w
Qs + / liae (1)] dt = / ig (t)dt (6)
0 0

where i,.(t) is the current at ac side in conduction and can be
determined as follows:

, leo (D) = Va

ac t = 5 7

Gac (1) 7 (7
where R is the supply resistance. If it is assumed that the dc
current is constant and calculated by using load power P, and
dc-link voltage, we get (8) after dividing supply frequency cycle
into four parts [31]

(5511) \/2e,sin (wt) 1 P,
Qs +/ - -
h \

dt = ——. 8
R 2m 'V ®)

After performing the integration, it results in

1 1
Var/1—=V7 — %4 [271' — arcsin (Vd)} =57 P, — ViwQ.

©))
The left-hand side expression is the same as in the no-SHs
case [31], the impact of the additional conduction is, in the
equation, the same as reduction in dc-link load P.. As shown
in Fig. 17, an additional conduction results in an increase in dc-
link voltage, and so in average light intensity. The correlation
between the half-cycle conduction period, charging energy, and
average light intensity is given in Fig. 17 for LED 14. The
different points in the curves were obtained by, at the same
frequency of 12.5 kHz, changing the SH voltage.

B. Intermittent Conduction

Once the diode starts conducting, the system is linear. De-
pending on the SH equivalent impedance of the circuit, the SH
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(a) Reverse current duration with respect to frequency under 9 V. (b) Charging energy over a cycle at 9 V.

current could be high enough to change the polarity of the cur-
rent which results in the blocking of the current due to diodes.
The blocking is continuous until the SHs oscillation is back to
the right conduction region of the diode. If the impedance is
lower, the SH current becomes higher. Higher current results in
a longer intermittent conduction.

The measurement of the equivalent impedance as a function of
frequency is shown in Fig. 18 for the three lamps. The impedance
measurement method is defined and explained in [32].

The impedance characteristic defines how the large currents
are drawn at the relevant SH. The larger the SH current, the
longer the intermittent conduction, which results in more re-
duction in the MD. The correlation between the MD and the
impedance characteristic is rather weak when the frequency is
higher, particularly above 20 kHz, due to the diode reverse-
recovery current impact.

C. Diode Reverse-Recovery Current

It has been observed that when the SH frequency increases,
the current can cross to the reverse polarity zone where the
diode is supposed to block it. The difference for two different
frequencies is seen in Fig. 15(a) and (b), where LV5011MD is
subjected to 10.3 and 142 kHz, respectively.

The reverse current duration as a function of frequency has
been calculated within the half-cycle period for the three lamps
as shown in Fig. 19(a). In addition, the charging energy over
one cycle of the supply voltage is illustrated in Fig. 19(b). The
charging energy drops while the diode reverse current duration
increases, particularly above 50 kHz.

With increasing SH frequency, the duration of the reverse
recovery increases. This reduces the charging energy over one
cycle. Itleads to an increase in the MD as shown in Figs. 5, 10(a),
and 13(a), particularly above 50 kHz. The charging energy drops
at 32 kHz for LED 14. It results in decreasing average light
intensity and increasing MD as shown in Fig. 10. It verifies the
link between the charging energy and average light intensity
given in (9) as drop in the charging energy leads to decreasing
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TABLE I
THREE PHENOMENA AND THEIR IMPACT ON LIGHT

Impact on light

Phenomenon Dependency
MD Lavg

Earlier conduction/ Voltage and decreased increased
later blocking position of

disturbance
Intermittent Impedance decreased increased
conduction and position

of disturbance
Reverse- recovery Frequency of  increased decreased

current of the diode disturbance

average light intensity and increasing MD. The reason behind
the drop in charging energy at 32 kHz is not fully understood.
It corresponds to conduction period that changes the charging
energy depending on the intermittent conduction. It should also
be noted that the MD increases toward the background level
due to reversing impact. The diode reverse-recovery current
dominates to variation in the MD above 50 kHz.

V. DISCUSSION AND CONCLUSION

In this study, the impact of SHs on light intensity variations
for LED lamps has been investigated. A test profile has been
applied to the lamps and light intensity variations have been
analyzed.

Three phenomena that can impact the MD have been observed
from the experiments.

1) Earlier conduction/later blocking caused by SH voltage.

2) Intermittent conduction.

3) Reverse-recovery current of the diodes at higher frequen-

cies.

The three phenomena, their dependency, and impact are sum-
marized in Table 1.

The combined impact of the earlier conduction/later blocking
and intermittent conduction leads to an increase in the average
light intensity and a reduction in the MD. There is a strong
correlation between the increase in the conduction period, the
charging energy, and the average light intensity.

The diode starts reverse-recovery current conduction at higher
frequency that decreases the total charging energy, so it results
in decreasing average light intensity as shown in Figs. 10 and
13. The reduction in the transferred energy is notable above
50 kHz as shown in Fig. 19(b), but still effective above 16 kHz
depending on the other variables.

The reduction in the MD is an improvement in terms of light
quality. The issue of earlier conduction and later blocking could
show up in the drivers, which have shorter conduction periods.
If the rectifier’s power factor is corrected as unity or above 95%,
hence the nonlinearities are overcome, no earlier conduction or
later blocking is possible, so the impact can be reduced by using
active power factor correction circuit, yet it cannot be guaranteed
due to possible other type of interactions between the SHs and
the lamp’s driver.
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The test profile has been applied based on the IEC 61000-
4-19 CW signal that exist within the entire cycle of the supply
voltage. It is shown that the impact of the SHs on the MD and av-
erage light intensity occurs when the distortion appears around
the time the device starts or ends its current draw. A distortion
present at these moments leads to earlier conduction/later block-
ing and intermittent conduction. Any distortion that appears in
the conduction time has no or limited effect, unless the current
is of high enough magnitude to cause reverse conduction of the
diodes. This also shows the importance of the position of the
SH distortion in the background waveform, known as “point on
wave.” The standard testing method describes no information
how to test the impact of “point on wave” for equipment. This
issue shall be taken into account by the standard committees.

This study is limited to the application of SHs at one frequency
at a time. However, the emission in the grid consists of the
combination of different SH frequencies, which could lead to
more complex impacts. Descriptive models presented in this
paper can also be used for better understanding of combined
effect of SHs at different frequencies. Also, the impact of actual
signals, measured in the grid, need to be investigated in future
studies.

Since the impact of SHs on the light intensity originates from
the dc-link voltage ripple of the rectifier, the descriptions con-
cluded in this paper are valid for ac—dc rectifiers, in general.
When a rectifier is exposed to SHs, the voltage ripple decreases,
and the average dc-link voltage increases. This is, for most ap-
plications, an improvement in the performance of the rectifier.
The shape of the current waveform changes due to different du-
rations of earlier conduction and later blocking. It shows up as
a shift in the current, which affects the reactive power flow in
the rectifier.

APPENDIX

See Table II.

TABLE II
AC-DC LED DRIVER BOARD AND LAMPS

Symbol Power(W) PF DC Voltage fow
LED 02 11 0.55 14 NA
LED 14 8 0.65 40 100 kHz
LV501IMD 5 0.74 48 70 kHz
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