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Abstract

LED lamps have not been demonstrating the durability claimed by their manufacturers.
One hypothesis is that switching transients may contribute to this. This study investi-
gated switching-induced transients in LED lamps operated through dry contacts: manual
switches and contactors. Using an oscilloscope, automated acquisition of waveform records
was performed while several lamps were switched on in a 220 Vrys/60 Hz electrical
network. LED lamps of different models and manufacturers, one incandescent lamp, and
a group of 48 LED lamps, subdivided into six sets of eight lamps, were all switched si-
multaneously. A total of 56 waveform-record files were obtained from the oscilloscope,
comprising 2920 captured screens and 170 measurements. Transient voltage peaks of
380 and 391 V at the supply side, and 357 and 370 V at the lamp side, as well as voltage
slew rates of up to 12 and 13 V/us at the supply side and up to 16 and 19.5 V/ s at the
lamp side, were measured, without considering statistical variations, which may indicate
values exceeding the ordinary sinusoidal voltage peak (2311 V) and its typical worst-case
slew rate (=20.12 V/us). Future studies are suggested, such as tests in real installations, in-
vestigations of transient amplification or attenuation within electrical networks, assessment
of the effects of wiring and impedance discontinuities, switch bounce, and semiconductor
degradation, among others, to continue these studies.
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European Union. This volume corresponds to approximately 2.4 billion discarded lamps,
containing a variety of critical materials [2].

In the case of LED lamps, these devices contain a complex electronic circuit, technically
referred to as the LED driver. This driver, integrated into the lamp/luminaire assembly,
enables a direct connection of the lamp to the AC mains supply, thereby exposing it to
the same electrical disturbances present in power networks. Among these disturbances
are interruptions, undervoltage, overvoltage, electrical noise, harmonic distortions, and
transients [3].

In this context, numerous innovations related to LED drivers have been proposed.
Examples include: an efficient soft-switching multi-input LED driver [4], a multi-output
LED driver allowing independently controlled channels and current regulation [5], an
active-control driver using parallel boost converters to reduce source current by adjusting
the switching duty cycle [6], a passive LED driver designed for extended lifetime without
the use of electrolytic capacitors [7], a driver with a complete input-stage protection circuit
acting directly on voltage transients [8], development of a protection and control circuit
capable of regulating current and maintaining constant power in LED lamps regardless of
supply variations [9], a complete soft-start and voltage stabilization device acting at the
input to protect against energization transients and overloads [10]; and a driver imple-
menting zero-cross switching to avoid undesirable transients and inrush current during
turn-on [11], among many other initiatives.

Electric voltage, measured in volts (V) and also known as electric potential difference,
is the fundamental physical quantity responsible for the operation of electrical equipment
in general. The sinusoidal waveform is predominant in everyday applications, as it is rela-
tively easy to produce and is the standard form in the generation, transmission, distribution,
and consumption chain. Characterized by its repetition at regular intervals, it is classified
as a periodic function, for which the period is an important parameter. Represented by ¢
and measured in seconds (s), the period indicates the time required for the waveform to
complete one full cycle of its possible values. The inverse of the period, 1/t, is the frequency
(F), measured in hertz (Hz).

Voltage transients, therefore, refer to momentary and temporary variations in volt-
age and frequency within an electrical system. They are temporary and rapid electrical
disturbances, generally caused by events such as switching faults, lightning strikes, or
switching operations. A transient represents the external manifestation of a sudden change
in circuit conditions relative to a steady-state voltage, exhibiting a frequency different from
the nominal operating frequency [3].

However, virtually all lighting circuits are switched through dry-contact devices,
which means that these circuits are inherently exposed to the same switching transients
examined in this experiment. Such transients arise from normal operation and load
commutation—that is, from the opening and closing of switches—and are triggered by
sudden changes in load conditions [12].

Switching transients in wires and cables of low-voltage electrical installations—particularly
those associated with load commutation—can exhibit significant peak values, especially
when energizing LC loads, where the initial current can be much higher than the steady-
state operating current [13]. Cable impedances between the connection point and adja-
cent circuits tend to influence the magnitude and propagation of these transients [14,15],
as observed in the LED-AII configuration, in which 48 lamps from six different manu-
facturers, models, and power ratings were switched simultaneously through a single
dry-contact device.

Laboratory verification indicates that switching transients are generated not only at
the load but also at the supply point of the circuit, where the source—depending on the
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available short-circuit current—can significantly affect the dissipation of total transient
energy [14,16,17].

Their propagation within electrical systems is influenced by the connected loads and
by the overall configuration of the installation. As a result, the transients interact with
the loads and undergo reflections at connections and terminals, which are determined
by impedance differences between the various loads and the feeder line itself [14-16,18].
Distributed loads, branched circuits, and installation length add further complexity by
introducing delays and resonances that can amplify certain transient phenomena [17].

As verified in this study, the magnitude of the voltage generated during switching
events depends strongly on the characteristics of the switching device, which may induce
overvoltage capable of damaging electrical equipment—particularly those containing
semiconductor devices. Overvoltage approaching 400 V peak was recorded during the
tests. These short-duration and often high-magnitude transients were observed in the
laboratory, specifically during switching operations [19].

It was observed that accurately determining the magnitude of switching surges is
difficult due to the variability in switch characteristics [20]. Such variability arises from
differences in manufacturing processes and manufacturers, mechanical wear over time, the
physical manner in which contacts operate, and even the manual action of the operator,
who may apply greater or lesser force and switch at higher or lower speeds.

As also observed in the present study, the transients did not exhibit homogeneous
behavior; instead, they varied in amplitude, duration, and frequency, which implies that
different mitigation approaches may be required depending on the type of disturbance [18].

Short-duration, high-amplitude transients can produce overvoltage and overcurrent
that are harmful to cable insulation and to installation components. If such conditions
persist, they may lead to insulation failures and excessive heat generation, compromising
overall safety and proper operation [13]. Electrical stresses can damage circuit structures,
causing them to fail earlier than their expected lifetime [21]. In other words, there are surge
voltage values capable of exceeding or breaking dielectric limits, and there exists a critical
energy threshold above which the circuit will degrade; for higher energy levels, failure
becomes inevitable [16,17].

The transients generated during switching may, in some cases, cause immediate dam-
age to components (catastrophic failures). In other situations, however, the damage is not
immediate and goes unnoticed because the LED lamp continues to emit light; nonetheless,
gradual failures may develop, such as reductions in luminous output and degradation of
dielectric capacities [19,21,22].

The overall reliability of LED luminaires—unlike older lighting systems that were
simpler and less efficient—is considerably more susceptible to failure. As reported by
the U.S. Department of Energy, the complexity of LED construction and manufacturing
processes significantly increases the likelihood of failures, whether due to the final assembly,
subsystem composition, circuitry, components, or other factors. The most frequently
observed failures are associated with the driver (power supply), LED-related defects (short
circuits, connection failures, board issues), moisture ingress, corrosion, and power quality
problems (surges, noise, etc.). Notably, 73% of the failures recorded in the DOE tests were
attributed to the power supply portion of the LED luminaire [23].

To extend the service life of these systems, increasingly sophisticated circuits have been
proposed, such as those developed by Qin et al. [24], Tao and Hui Ron [25], Lam, El-Taweel
and Abbasi [26], Barwar et al. [27], Pang and Cai [28], among many others. These studies
consistently reinforce that, in general, the LEDs themselves are not the components most
prone to failure; rather, it is the preceding circuitry—typically the driver—that fails first.
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Numerous solutions, some considered classical, have long been developed to improve
power quality at the end-use level and to protect electronic equipment [3]. However, as-
sessing the actual electrical conditions to which LED lamps are subjected under alternating-
voltage operation, particularly during their switching process, became both the motivation
and the focus demonstrated in this research.

Given the inherent fragility of electronic equipment in relation to electrical transients,
and considering the factors that can either aggravate or mitigate the effects of such phe-
nomena depending on the quality of end-use electrical installations, gaining a clearer
understanding of transient behavior during switching is the central objective of this study.

Accordingly, the work examined the behavior of lamps at the moment of switch-
ing. Using dry-contact switching devices—both a manual switch and an electromagnetic
contactor—together with an oscilloscope, multiple switching events were applied to dif-
ferent LED lamps as well as to an incandescent lamp. This allowed the investigation of
voltage behavior precisely at the instant these loads were energized.

From a reliability standpoint, the combination of elevated voltage peaks, accentuated
dU/dt, and relatively long oscillation intervals establishes an electrical environment that
may promote cumulative stress in dielectric layers, semiconductor junctions, and passive
components. In this context, transient voltage elevations may result in localized increases in
the electric field within dielectric elements of electronic devices, which, when repetitive, are
discussed in the literature as conditions that can contribute to time-dependent degradation
mechanisms, including those associated with time-dependent dielectric breakdown [29-33].

Pronounced transients were observed during switching, exceeding both nominal and
peak voltage limits. These findings indicate the relevance of further testing, including
experiments conducted in actual lighting installations, which could provide additional
insight into how such transients manifest under real-world electrical conditions. In this
context, the present study adopts an experimental and exploratory character, focused on
the empirical characterization of real transient phenomena, and does not aim to propose
normative methodologies or to directly quantify degradation mechanisms, which are
indicated as natural extensions of this research.

2. Materials and Methods

To evaluate the transient conditions to which LED lamps are subjected when connected
to AC mains and during their switching process, laboratory tests and measurements were
conducted on several LED lamps of different models and manufacturers to observe their
behavior at the moment of switching.

Methodologically, this research can be classified according to the following criteria:
Nature: applied research with experimental development;

Approach: quantitative;

Objective: to explore and explain the phenomenon of switching transients;

Technical procedures: literature and document review, followed by laboratory
experimentation.

The experiments were conducted to assess the transients generated during switching
through dry-contact devices. To this end, the behavior of an incandescent lamp—used
as a reference—and of several LED lamps was examined and measured individually
when switched by a manual switch (single-pole wall switch, rated for residential lighting
applications, 10 A, 250 V). Subsequently, the same lamps were subjected to switching by an
electromagnetic contactor, also individually.

Finally, the LED-All configuration was assembled to enable the simultaneous switching
of 48 LED lamps through a single electromagnetic contactor.
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Table 1 presents the configuration of the lamps tested, as well as the subse-
quent grouping of the lamps (All LEDs) for executing tests with multiple lamps
switched simultaneously.

Table 1. Test Lamp Specifications.

1 CRI Production
Lamp u(w) P (W) ) F (Hz) PF T (K) LF (Im) %) Type Model Date
Incandescent 220 100 0.456 60 1 2700 1350 100 Bulb F7Rdison before 2016
LED1 100-240 9 0.076-0.049  50/60 >0.70 3000 803 >80 Compact E27 Edison May /2022
Bulb Screw
LED2 86-265 8 N/A 50/60 N/A 3200 >320 70 Compact EZ;§S£°“ N/A
LED3 100-240 8 0.075-0.050  50/60 >0.70 6500 806 >80 Bulb Ezgiﬁiﬁ"“ March/2021
LED4 86-265 12 N/A 50/60 N/A 6000 >1200 70 CSP‘“‘I E27 Edison N/A
ompact Screw
LED5 100-240 9 0.072-0.045  50/60 >0.92 3000 900 >80 Linear Tube T8 G13 December/2021
LED 6 100-240 18 0.170-0.084  50/60 >0.92 6500 1850 80 Linear Tube T8 GI3 May /2020
Set of 8 LED 1 lamps from the same production batch.
Set of 8 LED 2 lamps from the same production batch *.
Set of 8 LED 3 lamps from the same production batch.
LED-All Set of 8 LED 4 lamps from the same production batch *.

Set of 8 LED 5 lamps from the same production batch.
Set of 8 LED 6 lamps from the same production batch.
Alllamps are grouped into a single set of 48, connected in parallel.

* For two lamp models, the manufacturing dates were not available. However, since 20 lamps of each model were
acquired at the same time, it is likely that they belong to the same manufacturing batch.

Using an oscilloscope, data were collected during the switching of various lamps. A
simple switch and, subsequently, an electromagnetic contactor (both of which have dry con-
tacts) were employed. The equipment was configured to record data over a predetermined
period, during which the switch or contactor was operated multiple times.

The electrical supply used in the experiments was the220 Vryms (Root Mean Square Volt-
age), 60 Hz utility mains system composed of Phase (L), Neutral (N), and Protective Earth
(PE). The oscilloscope employed was a Keysight® DSOX2014A (Keysight Technologies,
Bayan Lepas, Penang, Malasia) a 100-MHz, 4-channel instrument, as shown in Figure 1.

Figure 1. Oscilloscope DSOX2014A.

Data acquisition was performed through what can be referred to as record files, contin-
uously generated by the measuring equipment, triggered by the operator command and
the oscilloscope’s trigger edge. By repeating this process, a series of record files containing
oscilloscope screenshots was obtained for subsequent measurement and analysis using the
instrument’s own software.

The experimental setup off oscilloscope was as follows: 50 V/div vertical scale,
10:1 probe, single-ended type with common ground, and a measurement range compatible
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with peak values of up to approximately 390 V, with a vertical offset position of 130 V.
The oscilloscope’s measurement range did not allow coverage of the entire peak voltage
span (from +311 V~ to —311 V~). Therefore, a four-channel oscilloscope was used, with all
channels operating simultaneously as follows:

e  Channel A: connected to the supply terminal of the switching device, referenced to
the positive (+) half-cycle of the sinusoidal waveform (monitoring the mains signal).

e  Channel B: connected to the supply terminal of the lamp, referenced to the positive (+)
half-cycle of the sinusoidal waveform (monitoring the lamp signal).

e  Channel C: connected to the supply terminal of the switching device, referenced to the
negative (—) half-cycle of the sinusoidal waveform (monitoring the mains signal);

e  Channel D: connected to the supply terminal of the lamp, referenced to the negative
(—) half-cycle of the sinusoidal waveform (monitoring the lamp signal).

The electrical measurement signal corresponded to the phase conductor (L), referenced
to the protective earth (PE) from the oscilloscope, in a single-phase AC system of 220 Vgys,
60 Hz, composed of L + N + PE.

The ordinary peak voltages of a symmetric sinusoidal waveform, for the aforemen-
tioned RMS values, are given by the following equation:

Urms = %Up
Urms = %
V2.Urms = Uy 1
V2220 = U,
U, =~ 311V

Considering the sinusoidal waveform, the following characteristic moments can
be highlighted:

initial instant at 0 V.

positive (+) growth of the function.

attainment of the positive (+) peak value.
decrease of the positive (+) half-cycle.

return of the function to 0 V.

negative (—) growth of the function.

attainment of the negative (—) peak value.
decrease of the negative (—) half-cycle.

return of the function to 0 V (negative crossing).

restart of the cycle.

Considering a sinusoidal power, it can be observed that the point of most significant
growth, or steepest slope, of the sinusoidal function occurs when the waveform crosses the
0V point. The instant immediately after this crossing corresponds to the highest rate of
change (either increase or decrease) of voltage (U) per unit of time. Conversely, the point of
most excellent stability occurs when the waveform reaches its peak value (Up), at which,
within an infinitesimal interval of time, the rate of change becomes zero.

For this sinusoidal waveform, therefore, the critical values of the voltage rate of change
over time (dU/dt)—that is, the derivative of the function, occur precisely at the instants
when the waveform crosses the 0 V point, as follows:

U(t) = Up-sen(wt + ¢) ()
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Its derivative is given by
du(t
% = Up-w-cos(wt + @) 3)
where:
w=2mf=2m60=2377rad/S 4)

Considering Up value as Equation (1) and initial angle 0°, it is observed:

() o~ 311.377-cos (377 + 0) -
AU~ 117.247-cos(377t)

and considering that at an angle of 0° is the initial instant, t = 0. Therefore,
() o~ 117.247.c0s(377.0)

t
() ~ 117.247.cos(0)

dU(t) ~
) ~ 117.247.(1)

du(t) ~ v
= = 117.247;
or,

au(t) ~ 14
S = 012.8

(6)

In this work, the voltage slew rate (dU/dt) is expressed in V/us to facilitate visual-
ization and interpretation of the results, avoiding the use of excessively large numerical
values. For reference, 1 V/us corresponds to 10° V/s.

No external stabilization of the supply voltage was applied during the experiments.
This choice was considered appropriate since the analysis is not based on isolated events
but on a large and representative set of experimental records. In total, 2920 waveform
records were acquired, as summarized in Table 2, comprising simultaneous measurements
of the supply voltage and the lamp voltage under four distinct operating states: lamps
off, transition to the on state, lamps on, and transition to the off state. Thus, the dataset
includes two transient states, associated with the switching instants, and two steady-state
conditions. During the steady-state conditions—lamps either on or off—the supply voltage
was observed to remain stable throughout the acquisitions, allowing the discussion to focus
on the transient phenomena occurring during switching events without the need for prior
voltage stabilization.

Table 2. Total Captured Screens.

Manual-Switch

Lamp Switching Contactor Switching TOTAL
Captured  Measured  Captured Measured  Captured Measured
Screens Screens Screens Screens Screens Screens

Incandescent 600 19 380 5 980 24
LEDs 460 19 1280 19 1740 38
LED-All - - 200 5 200 5
Total LEDs 460 19 1480 24 1940 43
TOTAL 1060 38 1860 29 2920 67
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Evaluation of Lamp Behavior During Switching

The incandescent lamp was tested and measured to establish it as a reference for
performance, as it is considered the fundamental and standard benchmark for electric
lamps. Subsequently, tests and measurements were conducted during the switching of
LED lamps, using both a manual switch and a contactor.

In addition to the aforementioned tests, further measurements were performed on a
set of 48 lamps, composed of six subgroups of eight lamps each, to observe their behavior
when switched on simultaneously. The experimental procedures were as follows:

e  Switching of the incandescent lamp using a manual switch (Figure 2);
e  Switching of LED lamps using a manual switch (Figure 2);
e  Switching of the incandescent lamp using a contactor (Figure 3);
e  Switching of LED lamps using a contactor (Figure 3);
e  Switching of the LED-AII group (48 lamps) using a contactor (Figure 4).
220 V / 60 Hz (L+N+PE)
L N PE
— 5
5 0 ot
- . : R ldg
B.“E.j;...fx
e Ae e e
[ : o 8 ’..,,._..?'—3,—3
L S BT T
9 '
220 V /60 Hz (L+N+PE) | 6
oty REF
; .,
2 LR
P1+
._G_
-~ LED CJ INC
P3-
| p4_ L R
) —
S
f P2+
N
P R s

: N
+C>PE

Figure 2. Switching of the incandescent and LED lamps using a manual switch. The electrical
power supply used in the experiments was 220 V, 60 Hz, consisting of line (L), neutral (N), and
protective earth (PE) conductors, adopting a TN-S grounding system, in which the neutral conductor
is grounded exclusively at the origin of the power supply. All of the probes, single-ended type with
common ground, are generically denoted as REF in the figure.
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220 V /60 Hz (L+N+PE)
L N PE

b
220 V / 60 Hz (L+N+PE)
OE}% REF
L]
PLC s
oo P1+
= | LEDCJ INC
P3.
I l P4_ * e
\_ . ——
P2+
N
P Y
; N
+PE

Figure 3. Switching of the incandescent and LED lamps using a contactor. The electrical power supply
used in the experiments was 220 V, 60 Hz, consisting of line (L), neutral (N), and protective earth
(PE) conductors, adopting a TN-S grounding system, in which the neutral conductor is grounded
exclusively at the origin of the power supply. All of the probes, single-ended type with common
ground, are generically denoted as REF in the figure.

220 V/ 60 Hz (L+N+PE)
L N PE
PR

L
b

v | | e el
o CoE o
e T
e ol

b

Figure 4. Switching of the LED-All lamps using a contactor. The electrical power supply used in the
experiments was 220 V, 60 Hz, consisting of line (L), neutral (N), and protective earth (PE) conductors,
adopting a TN-S grounding system, in which the neutral conductor is grounded exclusively at the
origin of the power supply. All of the probes, single-ended type with common ground, are generically
denoted as REF in the figure.
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No switching test was performed for the LED-AIl group using a manual switch, as the
large number of lamps involved made this impractical.

With the switching performed through a contactor, the objective was to verify whether
the transient potential affecting the lamps is similar to that produced by a manual switch,
considering that contactor-based switching is indirect, unlike the direct manual operation
of a switch.

Figure 5 illustrates an example of the grouping of two lamp types that were

tested together.

Figure 5. Example of two lamp groups.

Figure 6a,b show the 48 lamps being simultaneously switched by a contactor during
the testing phase.

(b)
Figure 6. LED-All lamps under test: (a) tubular LED lamps; (b) LED lamps with Edison screw base.

In the tests involving multiple lamps, the branch wiring and cable lengths were
kept equivalent across the evaluated groups, following the same topology and conductor
type. Although they were not strictly identical, minor length variations inherent to the
experimental setup were present and were considered insufficient to compromise the
comparability of the results or to significantly affect the observed transient phenomena.
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3. Results

Several automated acquisitions were performed using the oscilloscope, which was
configured to capture waveforms at the moment of lamp switching on or off. These
acquisitions were distributed among incandescent lamps and various LED lamps, which
were switched either by a manual switch or a contactor, as well as the LED-AIl group,
which was controlled by a contactor, as presented in Table 2 above.

The acquisitions automatically performed by the oscilloscope are listed in the table
under Captured Screens, and among these, those used for measurement are indicated as
Measured Screens.

Each data acquisition period comprised four lamp operating conditions:
steady-state—lamps off;

transition to the on state;
steady-state—lamps on;

LN =

transition to the off state.

Through this procedure, 56 record files were obtained from the oscilloscope, totaling
2920, which were automatically acquired, covering both steady-state and transient condi-
tions, without prior screening during acquisition. These 56 record files, or 2920 captured
screens, represent an observation time of 95.45 s (or 95,450 ms). Considering that one
complete sinusoidal cycle lasts 16.67 ms, this corresponds to approximately 5726 cycles of a
60 Hz waveform.

In this context, 67 screens were suitable for measurement, resulting in a total of
170 measurements, as presented in Table 3. These were distributed among incandescent
lamps and various LED lamps, which were switched either by a manual switch or a
contactor, as well as the LED-AII group, which was controlled by a contactor.

Table 3. Total measurements.

Lamp Manual-Switch Switching Contactor Switching TOTAL
Incandescent 35 15 50
LEDs 35 72 107
LED-All - 13 13
Total LEDs 35 85 120
TOTAL 70 100 170

Some lamp switching operations did not exhibit transients, or these were considered
insignificant; therefore, no measurements were taken for those acquisitions. In other
cases, multiple transients were recorded, and a single acquisition could contain several
measurable events. In several situations, the number of transients was so high that not
all details were measured. These analyses focused on transient events associated with
switching-on and switching-off transitions. It is noted that not all recorded transient events
were measured, since some exhibited amplitudes and durations that were not considered
significant within the scope of the proposed analysis.

Conversely, certain transient events received multiple measurements when a single
capture contained distinct voltage peaks and prolonged oscillatory noise. Similarly, multi-
ple voltage slew rates (dU/dt) could be identified within a single transient event. In such
cases, measurements associated with the most severe behaviors were prioritized. Events
exhibiting similar characteristics or lower relative severity were not individually measured.
These criteria were applied uniformly across the entire dataset.
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The following sequence of figures presents some of the captured and analyzed oscillo-
scope screens. All of them display the standard sinusoidal supply waveform and the instant
of switching (either by a manual switch or a contactor) that energizes the lamp. The lamp
signal and the switching instant can be identified by the occurrence of transients, followed
by the subsequent stabilization of the lamp’s voltage waveform to the sinusoidal supply.

Figure 7 presents screens with a time scale of 2 ms, showing in (a) the switching
occurring in the positive (+) half-cycle, and in (b) and (c) the switching in the negative (—)
half-cycle, illustrating three of the total 67 acquisitions. Figure 8 correspond to Figure 3,
respectively, now displayed with a time scale of 0.5 ms. In Figure 9, the 0.5 ms time scale is
maintained, and the mains voltage and lamp voltage signals are shown separately, based
on Figure 7.
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/ \ /
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2024-01-09 15:15:52 +A300.019ms  4{ 4 [~~~ P W
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Figure 7. Cont.
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Figure 7. Example of captured screens 2 ms: (a) (+) half-cycle; (b,c) (—) half-cycle. The sinusoidal sup-
ply waveform and the instant of lamp energization, at which the disturbance occurs, can be observed.
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Figure 8. Example of captured screens-0.5 ms: (a) (+) half-cycle; (b,c) (—) half-cycle. The sinusoidal

supply waveform and the instant of lamp energization, at which the disturbance occurs, are observed,
now with the time scale expanded to 0.5 ms.
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Figure 9. Example of separated captured screens—0.5 ms: (a) (+) half-cycle; (b,c) (—) half-cycle. Here,
the supply and lamp signals are presented separately, using a 0.5 ms time scale.

Figure 10a,b present examples of the measurements performed on the power supply
network during lamp switching, showing the disturbances caused in the mains itself. As
mentioned earlier, not all events were measured, but instead, only those considered the
most significant.

The peak voltage was determined by manually positioning the cursor on waveform
records acquired using a digital oscilloscope. The instrumental uncertainty was estimated
based on the dual cursor accuracy specification recommended by the manufacturer, which
is appropriate for cursor-based measurements. For the experimental setup (50 V/div
vertical scale, 10:1 probe single-ended type with common ground, and a measurement
range compatible with peak values of up to approximately 390 V), the instrumental error
limit was +14.0 V, corresponding to a standard uncertainty of 8.08 V. The uncertainty
associated with the manual reading procedure was evaluated by ten independent readings
of the same waveform record, resulting in a sample standard deviation of 1.81 V. The root-
sum-square combination of these contributions yielded a combined standard uncertainty
of approximately 8.28 V and, adopting a coverage factor k = 2, an expanded uncertainty of
£16.6 V (=217 V); therefore, peak voltage values are reported with a number of significant
digits consistent with the estimated uncertainty.

Time-domain measurements were reported in microseconds. Considering the sam-
pling rate of 313 kSa/s, the temporal resolution is limited by the sampling period (3.19 us).
The resulting standard uncertainty associated with time measurements is approximately
0.9 ps, and the expanded uncertainty, using a coverage factor k = 2k, is approximately
£2 ps. Accordingly, time-related quantities are reported with a resolution consistent with
this uncertainty.
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Figure 10. Example of measurement—power supply: (a,b). Measurement of the transient voltage
amplitude defined by traces Y1 and Y2, from the right side across the graph to the left side, and
measurement of the transient time width defined by traces X1 and X2, from the top across the graph
to the bottom.

Table 4 presents the measurements corresponding to Figure 10, which represent the
disturbances observed in the power supply network. From this example, it can be seen
that the mains voltage reached a peak of +364 V (17 V), starting from +90 V (£17 V), which
represents a variation of 274 V (308 V in the worst case) in 65 us (approximate values).
At a given moment during the disturbance, this voltage variation occurred within 20 us
(&2 ps), corresponding to a voltage rate of change over time of nearly 14 V/us (17 V/us in
the worst case).

Table 4. Measurements from Figure 10.

Figure 10 t1 (us) tp (us) Up (V) U, (V) At (us) AU (V) du/dt
a —5321 —5256 90 364 65 274 4
b —5318 —5298 90 364 20 274 14
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Figure 11a,b present examples of the measurements performed on the lamp transients.
In Figure 11a, an example of the complete disturbance measurement is shown (both in
time and amplitude). In contrast, in Figure 11b, the time scale is reduced to measure the
amplitude and duration of a specific disturbance within the overall set of transients.
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Figure 11. Example of measurement-lamp: (a,b). Measurement of the transient voltage amplitude
defined by traces Y; and Y», from the right side across the graph to the left side, and measurement of
the transient time width defined by traces X; and X;, from the top across the graph to the bottom.

Table 5 presents the measurements corresponding to Figure 11, which represent the
disturbances observed in the lamp circuit. It can be seen that the lamp voltage varied
from —342 V to —3V, resulting in a total variation of 339 V (373 V in the worst case). Ata
given moment during the disturbance, this voltage variation occurred within 21 us (£2 us),
corresponding to a voltage rate of change over time of approximately 16 V/us (20 V/us in
the worst case).

Table 5. Measurements from Figure 11.

Figure 11 t; (us) ty (us) Up (V) U, (V) At (us) AU (V) du/dt
a 4042 6555 —342 -3 2513 339 0.1
b 4040 4061 —342 -3 21 339 16
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These were examples of the 170 measurements performed, as listed in Table 3.

In continuation, overvoltage aspects were observed during the switching of the LED-
All group. The contactor switched 48 lamps of different shapes, power ratings, and from
six distinct manufacturers.

In this context, it is essential to note that the electrical voltage at any given point of
consumption may differ from the nominal or adequate values due to several factors, such
as those related to weather conditions, installation characteristics, switching operations,
consumer behavior, impedances, and impedance transition points, among others.

These factors can produce oscillations with varying overshoot levels and different
damping times. This phenomenon is illustrated in Figure 12, corresponding to the switching
of the LED-AII group.

2024-01-09 15:23:39 +A1.066 s “« 4 [~~~ A~~~ Dy P
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. /

-10 ms

-8
Horizontal Scale:
+*
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Figure 12. One acquired screen LED-AIl. The sinusoidal supply waveform and the instant of lamp
energization, at which the disturbance occurs, can be observed. In this case, the disturbance does not
exceed the ordinary peak voltage (Up), but appears as a prolonged and damped disturbance. Near
the middle of the sinusoidal waveform, voltage elevations above the nominal waveform curvature
can be observed.

For the LED-AIl measurements, the same procedures previously described were
applied. The contactor switching events did not coincide with the voltage peak of the
sinusoidal waveform, whose value is approximately 311 V.

It was observed, however, that in all switching instances—both in the mains and lamp
measurements, the voltage values were higher than those expected for the corresponding
instant, as indicated by Equation (2).

Therefore, the voltage level of the cycle immediately preceding the switching event was
analyzed at the same instant t to establish a comparison parameter between the measured
and expected values for that specific moment.

Tables 6 and 7 below present the expected and measured values for a given instant,
along with the corresponding percentage of overvoltage. Decimal portions of the measured
voltages were disregarded, as they did not produce significant differences.
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Table 6. Overvoltage in LED-All-power supply.

Instant (ms) Pr\el(\)'i’:)s:lgse((fzf,;le ME\:?OSII:;;: ((i;f)cle Overvoltage (%)
—1510 138 188 36
—1040 124 166 34
6709 —186 —240 29
6887 —166 —229 38

Table 7. Overvoltage in an LED-AIl lamp.

Instant (ms) Pr{e/:)/i:):gse((izflile Me\;ljll:;g: g;,)de Overvoltage (%)
—1510 136 171 26
—1040 124 146 18
6709 176 230 31
6887 168 200 19

4. Discussion
It should be highlighted as premises for analysis that:

e  The ordinary maximum voltage (Up) is approximately 311 V (Equation (1)).

e  Excess values measured at the power supply point may be reflected in elements of
adjacent installations.

e  The highest voltage rate of change (dU/dt) for a standard sinusoidal waveform is
0.12 V/us (Equation (6)).

e Insome cases, no significant oscillations were observed, and no corresponding mea-
surements were performed.

The following section presents an overview of the measurement results obtained.

4.1. Measurement of an Incandescent Lamp Switched by a Manual Switch

In summary, the measurements demonstrated that switching the lamps can produce
significant voltage rises both in the power supply network and within the lamp’s own
circuit. In the supply circuit, voltage peaks of 345V, 351 V, 364 V, and, in more severe cases,
values reaching 390 V were recorded—all well above the ordinary peak value of approxi-
mately 311 V. Although momentary, such peaks are sufficient to impose additional electrical
stress on installation elements and may affect sensitive components or adjacent circuits.

A similar behavior was observed in the lamp circuit. Voltage peaks of 334 V, 350 V, and
355 V indicate that the lamp, like the supply network, is subjected to potentially harmful
surges that could damage its electronic circuitry. Furthermore, expressive periods of noise
(oscillation) were identified, with durations of approximately 1.4 ms, 1.5 ms, 1.8 ms, and
up to 2 ms—the latter corresponding to about one quarter of the sinusoidal half-cycle.
Although these oscillations gradually decay, they represent significant disturbances in
the electrical signal and may contribute cumulatively to the stress imposed on sensitive
components. In some instances, “pre-opening” intervals of the switch were recorded, lasting
approximately 1.29 ms, which introduced additional disturbances equivalent to roughly
15% of the half-cycle. This phenomenon results from normal mechanical imperfections in
switching devices and tends to intensify transients in the lamp circuit.

Regarding the behavior of the supply network, no sustained oscillatory noise was
observed; however, the phenomenon manifested more sharply in the form of increased
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voltage rate of change (dU/dt). Relatively high dU/dt values were recorded—5.5 V/ s,
5.8 V/us, 7.4V /us, and even 8 V/ps. These values are substantially higher than the typical
dU/dt of a standard sinusoidal waveform (approximately 0.12 V/us) and indicate that the
supply network experiences fast and intense transient events during switching, even in the
absence of sustained oscillation.

Finally, the voltage rate of change measured directly at the lamp terminals also proved
to be elevated, with values of 6 V/us, 7 V/us, 8 V/us, and, in extreme cases, reaching
13 V/ps. These results suggest that the electronic circuitry of LED lamps is subjected to
voltage gradients far above those considered normal under stable sinusoidal operation.

4.2. Interruptor Measurement of the LED Lamp Switched by the Manual Switch

As in the previous section, data acquisition and measurements were carried out using
the oscilloscope for LED lamps switched by a manual switch.

The measurements performed showed that switching the lamps imposes electrical
stress levels on the supply circuit that are considerably higher than those expected under
ordinary sinusoidal operation. In the supply, voltage peaks of 356 V, 363 V, and 372 V were
recorded, with some cases reaching as high as 375 V. These surges—well above the typical
peak value of approximately 311 V—constitute overvoltage events capable of propagating
throughout the installation and potentially affecting adjacent circuits and components with
lower dielectric robustness.

In the lamp circuit, a similar trend was observed, with voltage peaks reaching values
such as 342 V and, in more severe cases, 370 V.

In addition to the elevated voltage levels, electrical noise in the form of transient
oscillations was identified in the supply network, with total durations of approximately
1.5 ms—equivalent to about 18% of the sinusoidal half-cycle. Although these oscillations
are not long-lasting, their duration is sufficient to represent additional stress on the elec-
trical system. Complementing this, the voltage rate of change (dU/dt) in the supply was
found to be significantly higher than the standard, reaching values of 4.2 V/us, 9 V/us,
and, in more severe cases, 12 V/us. This indicates that the generated transients exhibit
extremely steep rising fronts, capable of imposing substantial instantaneous stress on
sensitive electronic devices.

The oscillations observed directly at the lamp terminals were even more pro-
nounced than those measured at the power supply, with total noise durations around
1.8 ms—approximately 22% of a sinusoidal half-cycle. Switch “bounce” events were also
recorded, with durations of 1.7 ms, 2.1 ms, and up to 2.5 ms, producing disturbances
that, in the most extreme case, corresponded to nearly one-third of the half-cycle. These
events indicate that natural mechanical imperfections inherent to switching significantly
contribute to the generation of prolonged transients in the lamp circuit.

Finally, the voltage rate of change across the lamp reached elevated values such as
8 V/us, 12.5 V/us, and 13.7 V/us, with some measurements reaching as high as 16 V/us.
These extremely steep gradients far exceed the typical behavior of a sinusoidal waveform,
representing intense instantaneous stress on the lamp circuitry. Collectively, these find-
ings reinforce that, under manual switch operation, LED lamps are subjected to intense
electrical disturbances.

4.3. Measurement of Incandescent Lamp Switched by Contactor

This section is dedicated to the findings obtained from the measurements of the
incandescent lamp switched by a contactor, whose recorded data show that the switching
operation introduces perceptible electrical disturbances both in the power supply circuit
and in the lamp circuit itself, even though, in this particular set of tests, the observed values
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were moderately lower. In the power supply line, voltage peaks of 318 V, 323 V, and 334 V
were recorded, exceeding the ordinary sinusoidal peak of approximately 311 V. Although
these excesses did not reach extreme magnitudes, the mere surpassing of the nominal peak
already indicates the occurrence of transient surges capable of propagating through the
installation and affecting adjacent circuits that share the same supply point.

In the lamp circuit, the behavior was similar. A peak of 316 V was registered, also above
the expected value for a sinusoidal waveform, indicating that the lamp directly absorbed
the disturbance originating from the supply. The situation becomes more expressive when
the lamp-side noise is examined. Oscillations lasting approximately 1.8 ms—around 22%
of a sinusoidal half-cycle—show that the lamp’s input circuit remains subjected to the
disturbance for a prolonged interval. This duration is sufficient to impose electrical stress
on the lamp, even though it is, in essence, only a resistive load. Measurements for this type
of lamp were performed in order to verify its switching behavior, as it is considered the
primordial and referential electric lamp.

In addition to the voltage peaks, noise was also observed in the power supply, resulting
from transient oscillations produced at the instant of switching. These oscillations lasted
close to 1 ms, representing approximately 12% of a sinusoidal half-cycle. Although relatively
short, this duration confirms that the transient event is not instantaneous, as it persists long
enough to impose electrical stress on devices connected to the same supply. Furthermore,
the voltage rate-of-change (dU /dt) in the supply exceeded the expected value for a sinusoid,
reaching approximately 0.29 V/pus and 0.35 V/ us.

Added to this are the so-called “bounce” effects—additional oscillations caused by
mechanical imperfections during contact closure. Bounces with durations of 1.7 ms, 2.1 ms,
and even 2.5 ms were observed. In the latter case, the oscillation corresponds to nearly
one-third of a sinusoidal half-cycle, indicating a particularly significant disturbance. These
events tend to multiply the number of successive transients.

Finally, the voltage rate-of-change measured directly at the lamp also reached elevated
values, approximately 2.3 V/us, 2.5 V/us, and 2.9 V/us—each above the maximum value
expected for a standard sinusoidal waveform.

4.4. Measurement of LED Lamp Switched by Contactor

The measurements obtained in this case reveal more severe electrical disturbances in
both the power supply circuit and the lamp circuit. In the supply line, voltage peaks of
325V, 377 V, 380 V and, in more critical situations, values reaching 390 and 391 V were
observed—significantly above the ordinary sinusoidal peak of approximately 311 V. These
surges represent relevant overvoltage events, as they propagate from the supply point and
tend to reflect onto other elements of the installation, particularly adjacent circuits fed by
the same network. Although these voltage levels are transient, they are sufficient to impose
substantial electrical stress on insulation, semiconductor components, and equipment
input interfaces.

In the lamp circuit, the results follow the same pattern, reinforcing the aggressive
nature of the switching conditions. Voltage peaks of 329 V, 343 V, and, more notably, 357 V
were recorded, along with other values exceeding the ordinary peak. These results demon-
strate that the internal electronic circuitry of LED lamps—including the driver—is directly
exposed to voltage levels above those expected under standard operation. Additionally,
total noise durations of approximately 1.1 ms, 1.5 ms, and 2 ms were observed, correspond-
ing to nearly one quarter (25%) of a half-cycle. This means that the lamp remains subjected
to oscillation and instability for a significant portion of the voltage semicircle, potentially
intensifying electrical and thermal stress on its internal elements.
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On the power supply side, noise periods (oscillations) with total durations of approxi-
mately 1.5 ms and 2 ms were identified, also corresponding to about 25% of a sinusoidal
half-cycle. This shows that the transient disturbance is not confined to a mere “instant” of
switching but extends over a considerable fraction of the cycle, maintaining the system
in a disturbed condition for a substantial interval. Associated with this, the voltage rate-
of-change (dU/dt) in the supply reached relatively high values—on the order of 1.2 V/ s,
1.9 V/us, 6 V/ps, and, in more extreme cases, 13 V/us. These gradients, far above those
of a sinusoidal waveform, indicate extremely steep rising and falling edges capable of
imposing intense instantaneous stress, particularly on input components.

The voltage rate-of-change measured on the lamp (dU/dt) corroborates this scenario.
Rates of approximately 1.7 V/us and 2.3 V/us were recorded, with more severe val-
ues reaching 19.5 V/us. These extremely steep gradients, well above the value associ-
ated with a standard sinusoid, indicate that the lamp circuit is subjected to high-speed,
high-amplitude transients.

4.5. Measurement of LED-All Lamps Switched by Contactor

Finally, the behavior of 48 LED lamps—referred to as LED-All—switched by a contac-
tor was analyzed to assess the transient levels when the lamps were changed simultane-
ously. It should be noted that the switching occurred randomly, without synchronization to
predetermined points of the sinusoidal supply waveform.

The measurements obtained in this specific set of tests indicate a particular behavior:
although no maximum voltages (Up) above the ordinary value of approximately 311 V
were observed—either in the power supply or in the lamp circuit—relevant disturbances
were identified in other parameters.

In the power supply circuit, no significant noise in the form of sustained oscillations
was detected; however, the voltage rate-of-change (dU/dt) exhibited relatively high values,
on the order of 4.17 V/ps and 6.72 V/us. These values significantly exceed the behavior ex-
pected from a standard sinusoidal waveform, whose maximum dU/dt is given by equation
6, and they reveal the presence of fast, steep transients. From an electrical stress perspective,
this means that connected devices may be subjected to substantial instantaneous efforts.

In the lamp circuit, a similar pattern was observed regarding peak values: no max-
imum voltages (Up) above approximately 311 V were recorded. However, total noise
durations (oscillations) of about 1.6 ms were observed, corresponding to roughly 18% of a
sinusoidal half-cycle. This interval is sufficiently long to characterize a disturbed regime
in which the lamp remains exposed to voltage oscillations and instability. Additionally,
the lamp’s dU/dt values were found to be above the reference standard, with approximate
values of 0.4 V/us, 0.5V /us,and 0.6 V/us.

Another important aspect concerns the percentage increases in voltage observed.
In the power supply, excess values between 29% and 38% were recorded, and in the
lamp circuit, between 18% and 31%, relative to the expected instantaneous values of the
sinusoidal waveform (as shown in Tables 6 and 7, respectively). Although, in this set of
measurements, the contactor switching did not coincide with the crest of the sinusoidal
wave, extrapolation allows us to infer that such coincidence would substantially worsen
the scenario. Considering the ordinary peak of approximately 311 V, excess values of 29%
to 38% could lead to supply-line peaks on the order of 392 V to 429 V, while excess values
of 18% to 31% in the lamp could result in peaks between approximately 367 V and 407 V.
These projected values indicate that, under switching synchronized with the waveform
crest, the combination of high dU/dt, significant oscillation durations, and percentage
overvoltage could create a considerably severe electrical environment for the lamps and for
other devices powered by the same installation.
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Although the present work focuses on the experimental characterization of transients
observed under controlled laboratory conditions, the importance of relating these results to
real installation conditions is acknowledged. To address this need, an exploratory analytical
analysis is presented in Appendix A, in which, by way of example, the event illustrated in
Figure 11a is used to estimate order-of-magnitude effects associated with switch bounce
and the transient response of the supply-lamp assembly. From this figure, a switch bounce
repetition rate on the order of 2.8 kHz can be identified, corresponding to the successive
application of voltage steps to a system whose natural frequency was estimated to be on the
order of 100 kHz. This approach is not intended to be conclusive or normative, but rather
to provide physical support for the observed phenomena and to highlight the relevance of
future investigations conducted directly under real installation conditions.

5. Conclusions

The switching of LED lamps through mechanical “dry” contacts, either directly (via
manual switches) or indirectly (via contactors), can introduce disturbances in the power
supply of these lamps.

Among the main electrical disturbances, the so-called transients are particularly significant.

Transient voltage elevations may result in localized increases in the electric field
within dielectric elements of electronic devices, which, when repetitive, are discussed in
the literature as conditions that can contribute to continuous and progressive degradation
mechanisms, including those associated with time-dependent dielectric breakdown. In
this context, studies further indicate that low-energy transients tend to promote gradual
degradation of components within electronic circuits, potentially leading to premature
failures rather than abrupt catastrophic breakdowns, with such effects being influenced and,
in some cases, intensified by characteristics of the electrical installation itself [16,17,30-33],
also indicated by [34], when “the weakest elements on the surge path where the energy of
surge is transported will be potentially exposed to possible damage”.

This study characterized the transients in LED lamps when switched either man-
ually or by a contactor, regardless of whether a single lamp or multiple lamps were
changed simultaneously.

Based on the occurrence of oscillations during switching events, transient measure-
ments were performed to establish an overall assessment.

A total of 56 record files were collected from the oscilloscope, comprising 2920 cap-
tured screens, representing 95.45 s of observation, equivalent to 5726 cycles of a 60 Hz
sinusoidal waveform.

Of the total captured screens, 67 were suitable for measurement, resulting in 170 evalu-
ations. This is because the focus of the present study lies exclusively on the on-off transition
moments, during which waveform variations occur; under steady-state conditions, no
waveform changes are observed, even though data acquisition was set to continuous mode.

It was also verified that, in some cases, no significant disturbances occurred.

The disturbances caused by switching operations were observed not to be limited to
the lamp circuit itself but also to affect the power supply circuit. Such disturbances can
propagate to adjacent circuits, especially when powered by the same electrical network.

Across the various test conditions, voltage peaks exceeding the ordinary value of
approximately 311 V were observed, reaching levels of 325V, 334 V, 342 V, 357 V, and, in
more severe cases, 375V, 380 V, 390 V, and 391 V. Although some measurements did not
register peaks above the nominal reference, other indicators clearly confirm the presence of
significant transient phenomena.

The measurements also revealed substantial percentage exceedances at specific instants
of the waveform. Increases between 18% and 38% suggest that, if switching were to occur
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precisely at the sinusoidal crest, extrapolated peak values could reach levels between 367 V
and 407 V for the lamps, and between 392 V and 429 V for the power supply. These
projected values underscore the destructive potential of switching transients, particularly
in real-world installations where distributed impedances and environmental conditions
can further exacerbate their effects.

The ordinary peak voltage used in design considerations is approximately 311 V, as
given by Equation (1). It is important to recall that the energy of a transient is the product of
the squared voltage and its duration, meaning that such events may degrade components
gradually or cause instantaneous failure.

The transient oscillations exhibited expressive durations, ranging from 1.1 ms to
2.0 ms, representing substantial fractions of the sinusoidal half-cycle—between 12% and
25%, and in some cases reaching 30% due to mechanical contact bounce. These durations
show that the transients are not instantaneous events but rather prolonged perturba-
tion regimes that impose instability on the waveform and continuous electrical stress on
electronic components.

The voltage rate-of-change (dU/dt) emerged as another critical aspect. While the
maximum dU/dt for a sinusoid is around 0.12 V/us, the tests revealed much steeper
gradients: 0.29 V/us, 0.35V/us, 0.4 V/us, 0.6 V/us, and even more abrupt values such as
1.7V /us,23V/us, 6 V/us, 8 V/us, 12 V/us, and up to 19.3 V/us. Such steep slopes are
particularly harmful to semiconductors and dielectric materials, intensifying cumulative
wear on the internal components of LED lamps.

For a standard sinusoidal waveform, the critical dU/dt is 0.12 V/us, as given by
Equation 6. The high rates observed in this study may indicate significant issues associated
with transients, particularly by promoting Common-Mode Voltage Transients (electrical
voltages referenced to ground). When these limits are exceeded, improper or unstable
operation may occur, especially in sensitive and complex digital circuits. Additionally, the
insulating capacities of resistive and dielectric elements, as well as semiconductor junctions,
may be overstressed, leading to premature end-of-life.

Overall, the combination of elevated voltage peaks, steep dU/dt gradients, and
prolonged oscillation times creates an adverse operational environment for LED lamps
switched by dry contacts. In broad terms, it can be concluded that LED lamps subjected to
dry-contact switching experience voltage peaks far above the ordinary value (Up), very
steep voltage rate-of-change (dU/dt), and extended durations of electrical disturbances.

The comparison between the tests performed with an incandescent lamp and individ-
ual LED lamps, under dry-contact switching, reveals quantitative differences in the levels
of electrical transients observed, both at the supply point and at the lamp terminals. In the
case of the incandescent lamp switched by a manual switch, voltage peaks of up to 390 V
were recorded at the supply side and up to 355 V at the lamp circuit, with oscillatory noise
durations of up to 2 ms. The maximum voltage slew rates reached approximately 8 V/us
at the supply side and up to 13 V/us at the lamp terminals.

For LED lamps switched by a manual switch, the most severe values included voltage
peaks of up to 375 V at the supply side and up to 370 V at the lamp terminals, accompanied
by oscillation durations of up to 1.8 ms at the supply side and up to 2.5 ms at the lamp
terminals. Voltage slew rates reached up to 12 V/us at the supply side and up to 16 V/us
at the lamp terminals, considerably higher than those observed for the incandescent lamp.

Under contactor switching, the incandescent lamp exhibited more moderate voltage
peaks, reaching up to 334 V at the supply side and 316 V at the lamp terminals, with noise
durations of approximately 1 ms at the supply side and up to 1.8 ms at the lamp terminals.
The maximum voltage slew rates were on the order of 0.35 V/ s at the supply side and up
to 2.9 V/us at the lamp terminals.
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In contrast, LED lamps switched by a contactor presented the highest levels among all
analyzed cases, with voltage peaks of up to 391 V at the supply side and up to 357 V at the
lamp terminals. Noise durations ranged from 1.1 ms to 2 ms at both the supply side and the
lamp terminals, corresponding to approximately one quarter of a sinusoidal half-cycle. The
maximum voltage slew rates reached up to 13 V/us at the supply side and up to 19.5 V/us
at the lamp terminals.

It was observed that transient waveforms exhibit fast rise times, impulsive and
damped behavior, as well as repetitive characteristics associated with the switching process.
These characteristics are conceptually similar to the electrical fast transient (EFT/Burst)
phenomena addressed in IEC 61000-4-4, which simulates disturbances arising from contact
switching and other transient events in low-voltage power systems.

Nevertheless, it should be noted that the laboratory environment reproduces the
transient phenomenon at the moment of contact switching but does not replicate the
conditions of real physical installations.

The transients generated during switching may be intensified by the physical charac-
teristics of the electrical installation—whether due to the final circuit, the supply circuit, or
adjacent circuits. Consequently, such transients could accelerate failures (either catastrophic
or gradual degradation) in LED lamps.

Pronounced transients were observed during switching, exceeding both nominal and
peak voltage limits. These findings indicate the relevance of further testing, including
experiments conducted in actual lighting installations, analysis of switch bounce effects,
wave reflections, and impedance discontinuities, among other aspects, which could provide
additional insight into how such transients manifest under real-world electrical conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

LED  Light emitting diode

L Phase conductor
PE Protective earth conductor
N Neutral conductor

VrMms Root mean square voltage
U Electric voltage

Up Peak voltage

p Electric power
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F Electric frequency

I Electric current

PF Power factor

T Color temperature
CRI Color rendering index
LF Luminous flux

ms Millisecond

us Microsecond

w Angular frequency

S Apparent power

X Reactance

Xc Capacitive reactance
Ceq Equivalent capacitance
Fp Bounce frequency

LSeq  Equivalent series inductance
Fo Natural frequency

DC Direct current

At Time interval
Appendix A

Appendix A.1. Objective and Scope

This appendix presents an analytical and exploratory analysis, focused on order-of-
magnitude considerations, aimed at providing a physical basis for the oscillatory transients
observed during switching events. The objective is to show that the combination of
(i) switch bounce and (ii) the natural response of the electrical system—formed by para-
sitic inductances and effective input capacitances—is sufficient to explain the presence of
damped disturbances and high-frequency content.

Declared limitations. The equivalent capacitance estimated herein was inferred from
steady-state quantities at 60 Hz (power and power factor). At higher frequencies, the
effective impedance of the driver—grid assembly may differ due to internal elements.
Therefore, the analysis presented does not have a normative character, nor does it aim to
faithfully reproduce the internal circuitry of the driver, but rather to provide a plausible
and first-order quantitative explanation of the observed phenomena.

Appendix A.2. Estimated Electrical Parameters of the Lamp Under Steady-State Conditions

For the exploratory analytical assessment of switching-related transients, the electrical
behavior of the LED lamp under steady-state conditions supplied by a 60 Hz sinusoidal
voltage is first considered. Although this characterization does not directly describe high-
frequency transient behavior, it provides useful parameters for estimating the order of
magnitude of the stored energy and the effective input capacitance of the system.

The analyzed lamp presents the following estimated nominal parameters:
Electric Power (active power) (P):15 W;

Electric Voltage (U): 220 V;

Power Factor (PF): 0.92, with predominantly capacitive behavior;
Frequency (F): 60 Hz;

Angular Frequency (w): 377 rad/s (Equation (4));

The apparent power is given by

P 1
1 630ava (A1)

S=PF 0
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and the corresponding RMS current is

S 16.304
0= 0 = 0.07411 A (A2)

From these values, the magnitude of the equivalent impedance under steady-state
conditions can be estimated as:

u 220

1Zl = 7 = 5omag = 29685302 (A3)

The phase angle between voltage and current associated with the power factor is
¢ = arcos(PF) = arcos(0.92) = 23.07° (A4)

Accordingly, the equivalent impedance may be decomposed into resistive and reactive
components, yielding

R = |Z|-cos¢p = 2968.53-0.92 = 2731.05 O}

A5
|X|= |Z|-sing = 2968.53-0.39 = 1163.42 O) (A9)

Considering the predominantly capacitive nature of the system, the reactance is taken
as negative, ie, X = — [ X]1.

These parameters do not represent a complete physical model of the driver at high
frequencies; rather, they provide a steady-state equivalent description that allows inferring
the presence of an effective capacitance associated with the lamp input stage, which plays
a fundamental role in the transient response during switching events.

Appendix A.3. Estimation of the Equivalent Input Capacitance

Based on the equivalent impedance obtained under steady-state conditions, it is
possible to estimate an equivalent input capacitance associated with the lamp-driver
assembly. This capacitance does not represent a single physical component, but rather
an aggregated parameter that reflects, in an initial approximation, the ability of the input
stage to store electrical energy, playing a central role in the transient response during
switching events.

Considering the equivalent Capacitive Reactance (Xc) associated with the reactive
component of the impedance at 60 Hz, one obtains

1

Xc| = A6
| Xcl @-Cap (A6)
from which the equivalent capacitance can be expressed as:
1 1
Ceq = 2.29uF (A7)

T WX | 37699116342

Physical interpretation. The obtained value of C,; represents a plausible order of mag-
nitude for the effective capacitance associated with the input stage of the LED lamp driver,
including the DC bus capacitor and other equivalent capacitances as seen by the grid under
steady-state operation. This parameter is particularly relevant during switching events,
since a capacitor that is initially discharged or partially charged tends to draw high currents
over short time intervals, thereby contributing to the excitation of transient phenomena.

It is emphasized that, at frequencies higher than 60 Hz, the effective impedance of
the lamp—driver assembly may be significantly influenced by additional elements, such as
rectifiers, filters, equivalent series resistance, parasitic inductances, and others. Therefore,
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the value of C,; calculated herein should not be interpreted as a precise characteriza-
tion of high-frequency behavior, but rather as a preliminary and exploratory parameter,
suitable for initial analyses and for estimating the order of magnitude of the observed
transient phenomena.

Appendix A.4. Switch Bounce as a Mechanism for Multiple Successive Excitations

Switch bounce is a characteristic phenomenon of mechanical contacts, marked by
multiple electrical openings and closures occurring within a short time interval during
a single switching operation. From an electrical perspective, this behavior causes what
appears to be a single switching event to effectively result in a sequence of successive
excitations, each of which may trigger a transient response in the supplied system.

Within the set of measurements performed, the presence of switch bounce can be iden-
tified in several switching records. As an illustrative example, Figure 11a shows an event
in which 8 successive excitations (7 intervals) were observed within a total time window of
approximately 2.513 ms. From this record, an average interval between excitations can be
estimated as: 2513

At — 2 0.359 ms (A8)

which corresponds to an average repetition rate of approximately:

Fp = Ait ~ 2 8 kHz (A9)

It is emphasized that the frequency Fp does not represent an oscillation frequency of
the electrical system, but rather the repetition rate of the excitations imposed by the contact
bounce. Each of these excitations may be interpreted, in an exploratory sense, as a voltage
step applied to the supply-lamp assembly, with the potential to re-trigger the transient
response associated with the reactive elements of the circuit.

Appendix A.5. Natural System Response and Occurrence of Oscillatory Transients

When an abrupt contact closure occurs, the combination of the effective input capac-
itance of the driver and the equivalent series inductance of the supply loop results in a
second-order electrical system. Even under laboratory conditions, parasitic inductances are
unavoidable and are associated with cables, current-loop geometry, and electrical contacts.

For a controlled bench setup, the following assumptions are adopted:

e  supply circuit length: approximately 1 m, with forward and return conductors placed
in close proximity;
e conductor cross-section: 1.5 mm?;

e  equivalent series inductance of the loop (order of magnitude): LS,; = 1 uH.

Combining this value with the estimated C,; (Equation (A7)), natural frequency of the
system can be estimated as:

1 1

27 /LS. - -
VLS C 11076229107

Fy=

=~ 105.172 Hz = 100 kHz (A10)

This frequency characterizes the system’s preferred transient response when subjected
to fast excitations, such as voltage steps associated with contact closure. Under these
conditions, a temporary exchange of energy occurs between the electric and magnetic fields
associated with Ceq-LSeq, producing a damped oscillatory transient.

The presence of switch bounce implies that this transient response may be retriggered
successively within a short time interval, contributing to composite and temporally ex-
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References

tended transients. The estimated value of Fj has an indicative character and is suitable
for providing order-of-magnitude estimates and a physically plausible explanation for the
observed phenomena.

Appendix A.6. Oscillatory Transients Implications

A damped oscillatory transient occurs when a system capable of simultaneously
storing electrical and magnetic energy, associated with the presence of capacitances and
inductances, is subjected to a voltage or current step. Following the switching event, energy
temporarily alternates between the electric and magnetic fields, producing an oscillation
whose amplitude decays due to resistive losses in the circuit.

In the present case, each microevent associated with switch bounce may be interpreted
as a new step excitation applied to the system, triggering damped transient responses near
the natural frequency of the system, estimated to be on the order of 100 kHz (Appendix A.5).
This frequency lies within the range commonly associated with supraharmonic components,
which arise transiently during fast switching events.

The analysis presented herein has an exploratory character, based on order-of-
magnitude analytical estimates, and does not include a quantitative spectral characteriza-
tion, which is indicated as a natural extension of this study.

Appendix A.7. Implications of the Analytical Results for the Installation and the Lamp
Based on the parameters adopted in this appendix, the results suggest that:

e  Existence of high-frequency content. The estimated value Fy = 100 kHz indicates that
the transient response of the supply-lamp assembly may contain significant compo-
nents in the range of tens to hundreds of kilohertz, regardless of the mains operating
at 60 Hz. Such components are consistent with fast oscillations superimposed on the
fundamental waveform during the transient;

e  Re-triggering due to switch bounce and disturbance prolongation. The observed
switch bounce (8 events within 2.513 ms) implies that the system may be re-triggered
several times before complete dissipation of the previous transient. As a result, the
disturbance may become more prolonged and more complex, with multiple packets
of damped oscillatory transients occurring within a single switching operation;

e  Sensitivity to parasitic elements even under bench conditions. An inductance on
the order of 1 uH, compatible with short cables and laboratory loops, is already
sufficient to produce natural frequencies on the order of 100 kHz when combined with
equivalent capacitances of a few microfarads. Thus, even in controlled arrangements,
connection geometry and parasitic elements could influence the transient waveform;

Relevance for future studies under real installation conditions. In real installations,
conductor length, the presence of splices, junction boxes, protective devices, multiple loads,
and impedance discontinuities tend to increase the complexity of the equivalent parameters,
potentially modifying the natural frequency and damping, as well as introducing reflections
and other resonances.
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