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Abstract. Power-electronics-based devices inject
conducted impulsive disturbances into low-voltage grids,
which can interfere with grid operation, connected devices,
and power line communications. This work presents a
methodology for the automated measurement and
characterization of unwanted high-amplitude impulsive
disturbances. First, the paper proposes a set of algorithms
for the automatic acquisition of voltage measurements of
conducted emissions. The algorithms controls a
commercial oscilloscope, processes the raw voltage data,
detects high-amplitude impulsive disturbances, and stores
those sporadic emissions to optimize storage resources.
These algorithms provide high reliability and a modular
architecture to enable the integration of additional
analytical functionalities. The second step of the
methodology involves the automatic characterization of the
stored impulsive waveforms, by delimiting the waveform,
extracting its main features with a set of representative
parameters, and applying a search algorithm to detect
similar waveforms. The search algorithm relies on
cross-correlation to identify similarities and performs a
statistical analysis to quantify variability. In addition, the
statistical analysis assesses a benchmark-waveform and
extracts the temporal and magnitude features. The paper

presents results of some impulsive waveforms to
demonstrate the effectiveness of the proposed
methodology.

Key words. Electromagnetic compatibility, power-
quality, supraharmonic disturbances.

1. Introduction

The high penetration of inverter- and rectifier-based
devices in low-voltage (LV) distribution grids has led to a
significant increase in non-intentional emissions [1],[2]. It
is known that these conducted emissions can provoke
unwanted effects on grid operation and on the devices
connected to the grid, such as thermal stress, malfunction,
and audible noise [3]-[5]. Moreover, conducted emissions
interfere with power line communication (PLC)
transmissions, since these disturbances are unintentionally
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injected into the same frequency band where PLC
technologies operate [6]-[8]. Among the existing
conducted emissions, impulsive disturbances are a
particular type that requires specific attention and
systematic analysis [9].

These impulsive emissions may be difficult to detect,
because they occur only sporadically or under specific
conditions [9], for example, when devices turn on or when
a high-charging event starts. Moreover, they include fast
magnitude variations in a very short time. For these
reasons, conventional measurement devices, especially
instruments for continuous measurements, do not always
detect these emissions with the required accuracy, or if they
do, the measurement time must be extremely long,
increasing considerably the size of the recording files.

Moreover, the extremely short duration of the impulsive
emissions requires high-sampling-rate measurement
equipment and real-time recording systems. In the absence
of such equipment, these events are difficult to be detected
and examined. Furthermore, the difficulty in detecting and
parametrizing the impulsive conducted emissions is a
severe hindrance for developing mitigation measures that
decrease their impact on grid operation.

In order to ensure an effective detection and analysis of
impulsive emissions, it is necessary to develop advanced
algorithms capable of conducting high-precision
measurements, real-time data collection and systematic
characterization. These tools must also provide high
reliability and modular architecture to enable the
integration of additional analytical functionalities. Current
commercial software does not meet these requirements in
the 9-500 kHz range: it is often incapable of detecting
impulsive emissions in real time, lacks adequate precision,
and is not adaptable to emerging research needs. It is
therefore necessary to develop new technological solutions
that reliably measure and reflect the characteristics of the
impulsive emissions and provide flexibility for future
developments.
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Fig. 1. Schematic overview of the proposed hardware and software measurement solution of conducted impulsive disturbances

2. Objectives

The primary objective of this work is to design and
implement a specialized set of algorithms aimed at
automating  the  measurement, alignment, and
characterization of impulsive emissions propagated across
LV distribution grids in the 9-500 kHz range. Within the
measurement setup, an algorithm is designed to record
these high-amplitude sporadic emissions with high
precision and reliability. The algorithm performs
measurements in real-time, utilizing a modular architecture
that integrates advanced processing and statistical analysis
tasks. A central feature of the proposed solution is the
design and implementation of an automated detection and
alignment methodology based on cross-correlation, which
ensures the accurate grouping of transient events for
subsequent study. Building upon this detection algorithm,
a waveform-parametrization method is proposed to provide
a comprehensive statistical characterization of the
impulsive disturbances by extracting physical parameters
and  applying  percentile-based  analysis.  This
comprehensive approach not only facilitates the systematic
evaluation of conducted impulsive emissions but also
establishes a scalable framework capable of incorporating
future measurement requirements.

3. Proposed measurement setup

The proposed solution consists of an integrated pre-
designed hardware and a set of algorithms designed for the
automatic and continuous measurement of conducted
impulsive emissions in LV electrical grids (see Fig. 1).

The hardware architecture is built upon a custom-designed
voltage probe for the 2—500 kHz frequency range. This
probe includes analog filtering to remove harmonic
distortions below 2 kHz, thereby concentrating amplitude
resolution on lower-level components above 9 kHz, and to
avoid aliasing effects above 500 kHz, and therefore,
increasing the measurement accuracy. Moreover, galvanic
isolation is included to enhance robustness against
overvoltages and power transients and to protect the
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measurement equipment [10]. The voltage disturbances are
acquired by this probe, and then, digitized using a
PicoScope 5444B oscilloscope. The measurement
instrument is controlled via an ad-hoc algorithm to
overcome the limitations of standard commercial software
regarding long-duration data streaming and customized
sampling rates.

The measurement algorithm is structured into six
interdependent modules that manage the complete data
lifecycle, from acquisition to final storage (see Fig. 1). The
modules are the following:

1. Graphical User Interface (GUI)
Remote-control
Data acquisition
Data processing
Data storage
Presentation of results

Sk Wb

The process begins at the GUI, where the user defines
operational parameters such as the sampling frequency
(ranging from 1 MHz to 62.5 MHz), the dynamic range,
and the detection method for impulsive disturbances. These
settings are managed by the remote-control module, that
establishes bidirectional communication with the
oscilloscope in order to exchange control information and
configuration settings. The raw data acquired by the
oscilloscope is then received in the form of quantification
levels by the data acquisition module. It receives
continuously the acquired data in 200 ms blocks from the
buffer of the oscilloscope. This modular approach allows
real-time processing and data visualization without
compromising the system’s memory.

The core of the system is the data processing module, which
converts raw digital quantification levels into voltage units
and applies detection algorithms (see Fig. 1). The
measurement algorithm offers two distinct operational
modes for the detection of impulsive disturbances. The first
detection approach relies on the amplitude: if the measured
voltage samples are above an amplitude threshold, the
module activates a trigger to store the data samples. The
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Fig. 2. Flowchart of the proposed methodology for the detection, alignment and characterization of impulsive waveforms.

amplitude threshold can be set with fixed amplitude values
defined by the user, or with dynamic amplitude values
based on statistics of the measured voltages (root-mean-
square, median, or mean amplitude). In contrast, the second
approach detects rapid amplitude changes within a time
window. This approach computes the absolute amplitude
changes for each sample with respect to the previous one,
integrates the differences within a sliding time window, and
activates a trigger if the amplitude difference exceeds a
user-defined threshold within the specified time interval.

Then, when an event satisfies the detection criteria, the data
storage module receives the triggers activated by the
previous module, and then, the samples corresponding to
the 200 ms measurement segment are automatically stored
in a binary format file (see Fig. 1). Finally, all the data
samples and the waveforms classified as impulsive
disturbances, along with the detection thresholds, are
compiled and prepared to be presented.

This structure ensures high-speed data acquisition and
reduced file sizes, facilitating the subsequent analysis and
the detailed characterization of impulsive phenomena in
modern power grids.

4. Methodology for the characterization of
impulsive disturbances

In order to characterize the impulsive disturbances
automatically detected by the system, this work proposes a
methodology to systematically identify, group, and
parametrize waveforms of similar pattern.

The methodology is based in four steps, as indicated in Fig.
2. In the first step, an impulsive emission event is selected
to be used as a “reference waveform”, being typically the
first significant event detected by the measurement
algorithm. In addition, a set of parameters are selected to be
applied in this step to detect similar waveforms; minimum
amplitude value, minimum cross-correlation output, and
minimum temporal spacing between similar events. The
values of this set of parameters are adjusted for each
reference waveform.

The second step of the methodology aims at detecting
waveforms of a similar pattern. For that, the reference
waveform is used to compute the cross-correlation over all
the binary files stored by the measurement system. A

maximum output in the cross-correlation indicates
waveform similarity; moreover, the time lag that
maximizes the cross-correlation output identifies

accurately the starting time of the similar waveform. This
step not only detects similar waveforms but also aligns all
the detected events. This automated alignment process
removes effectively temporal jitter and acquisition delays,
allowing for the synchronized overlay of multiple
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emissions. This process is fundamental for identifying
similar transient events and aligning them with high
temporal precision, which is a critical prerequisite for any
meaningful statistical analysis.

Once the emissions are properly selected and aligned, an
automated statistical analysis of the phenomena is executed
in the third step of the methodology. This process computes
several percentiles in order to quantify the variability of the
detected impulsive waveforms (see Fig. 3 and Fig. 4).
While 50" percentile (median) provides the general trend
of the detected waveforms, 10 and 90" percentiles provide
an essential overview of the typical behavior of the
disturbances while also highlighting the extreme events
occurring within the LV distribution grid. Additionally, this
stage also selects the “benchmark-waveform” that shows
the closest similarity to the median value of the set of the
detected disturbances (see Fig. 3 and Fig. 4). This
calculation relies on the cross-correlation for selecting the
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Fig. 3. First set of impulsive waveforms, the corresponding percentiles,
and the automatically selected benchmark-waveform.

8 : ; T : : T
——ooh percentile Waveforms

6 L= 50" percentile Benchmark-waveform |

— 10" percentile

Amplitude (V)

-6200 -150  -100  -50 0 50
Time (us)
Fig. 4. Second set of impulsive waveforms, the corresponding

percentiles, and the automatically selected benchmark-waveform.

100 150 200

REE&PQJ, Volume 26, July 2026



waveform that provides the highest correlation value with
respect to the 50" percentile values. The selected waveform
will be close to the median values over the time, and
therefore, it will be representative of the set of waveforms,
while still being an actual measured signal rather than a
synthetic statistical model. This enables the extraction of
parameter values and waveform properties of the real
measurements.

Lastly, the fourth step of the methodology involves the
precise extraction of physical parameters of the benchmark-
waveform. The chosen set of parameters to characterize the
waveform provides information about the temporal
behavior and the magnitude of the benchmark-waveform.
For the temporal characterization, the following metrics are
computed:

e Pulse duration: The total time interval of the
impulsive disturbance.

e Fundamental oscillation frequency (foscitlation):
indicates the dominant frequency at which the
impulsive waveform oscillates.

e  Full width at half maximum (FWHM): measures
the time interval between the points on the
waveform at which the amplitude is half of its
maximum value.

e Rise interval: determines the time interval
required for the amplitude to rise from 10% to
90% of each local maximum.

e Fall interval: determines the time interval required
for the amplitude to fall from 90% to 10% of each
local maximum.

In order to parametrize the magnitude of the impulsive
disturbances, the following metrics have been defined:

e  Maximum amplitude (Vmax): the highest voltage
reached by the disturbance.

e Minimum amplitude (Vmin): the lowest voltage
reached by the disturbance under analysis.

e  Peak-to-peak amplitude (Vyp): the total voltage
range between the maximum and maximum
amplitude values.

e Root-mean-square (RMS) amplitude (Vrums): The
quadratic mean of the waveform, representing its
effective energy content.

This approach provides a robust framework for the
systematic study and modelling of the time-variant
behavior of impulsive disturbances in modern LV grids.

5. Results and discussion

This section presents a detailed examination of the results
obtained in the parametrization and subsequent
characterization of the measured emissions, following the
automated processing methodology proposed in this work.
The methodology described in the previous section enabled
the systematic extraction of a large set of descriptors, which
are synthesized here to provide a clearer understanding of
the underlying waveform features. Fig. 5 and Fig. 6 give a
graphical overview of several key parameters derived from
the selected benchmark-waveforms (see Fig. 3 and Fig. 4).
These visualizations aim not only to highlight the
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quantitative outcomes of the proposed analysis
methodology but also to illustrate how the processing
algorithms analyses the temporal and spectral structures of
the captured waveforms.

Fig. 5 shows the first benchmark-waveform and presents
the parametrization outcome in a graphical manner.
Complementarily, Table I to Table III enumerate the most
relevant characterization metrics. This waveform is a short
impulsive disturbance whose duration has been delimited
to 25 us, its spectral content is dominated by an oscillation
frequency of 242 kHz, and its FWHM reaches 2.59 ps, as
summarized in Table I. The temporal envelope of the pulse
is particularly rich in terms of rising and falling dynamics:
four amplitude transitions were detected, as outlined in Fig.
3. Their respective durations, reported in Table II, capture
the variability of the transient evolution, which is relevant
for classification in broader electromagnetic disturbance
studies.

Magnitude-related parameters for this waveform are
presented in Table III. The signal shows a maximum
amplitude of 5.90 V and a minimum of -4.01 V, this is, a
peak-to-peak amplitude of 9.91 V. This wide dynamic
range, together with the measured RMS value of 2.28 V,
confirms that the disturbance exhibits substantial energy
concentration within a very short interval. Such
characteristics are representative of impulsive emissions
typically associated with fast-switching events or abrupt
load variations, and illustrate the ability of the proposed
measurement chain to capture and quantify short-duration
and high-amplitude transients with high fidelity.
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Fig. 5. First benchmark-waveform along with some of the extracted
parameters.
TABLE I. TEMPORAL PARAMETERS OF THE FIRST
BENCHMARK-WAVEFORM

ﬁ)scillation

242.25 kHz

FWHM
2.59 us

Duration
25.38 us

TABLE II. RISE AND FALL INTERVALS OF THE FIRST
BENCHMARK-WAVEFORM

1st 2nd 3rd 41h
Rise intervals 1.50 ps 1.18 pus 1.75 pus 1.58 us
Fall intervals 1.67 us 1.82 us 1.48 us 1.27 us
TABLE III. AMPLITUDE PARAMETERS OF THE FIRST
BENCHMARK-WAVEFORM
Vimax Vmin Vpp Vrms
590V -4.01V 991V 228V
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The second benchmark-waveform, whose parametrization
is illustrated in Fig. 6 shows the results for a different
recording, which presents significantly different temporal
and spectral properties. The results in the figure show the
benchmark-waveform and the results of the
parametrization. Its overall duration extends to 333 ps,
much longer than the previous case. The dominant
oscillation frequency is significantly lower (6.15kHz),
while the FWHM reaches 85 ps. These parameters point to
a slower, more sustained disturbance whose characteristics
suggest a different underlying mechanism generating the
waveform. In terms of amplitude transitions, two falling
intervals and one rising interval were identified, whose
specific durations of these intervals are detailed in Table V.

Regarding the magnitude of this waveform, the amplitude
boundaries range from 4.34V to -3.33 V, producing a
peak-to-peak amplitude of 7.67 V (see Table VI). Although
lower than in the previous waveform, this value still
indicates a notable fluctuation within the signal envelope.
The RMS value 0f 2.42 V reflects a similar effective energy
distribution than the previous impulsive disturbance. These
parameters provide an overall and complete picture of the
behavior of the waveform and demonstrate the adaptability
of the set of algorithms to different emission typologies.

These results demonstrate the robustness and versatility of
the automated measurement and characterization set of
algorithms. It is able to effectively handle large volumes of
raw data, identify and gather recursive short impulsive
events, accurately extract meaningful parameters, and
obtain significant information useful to identify potential
sources and/or to evaluate the impact on the devices
connected to the grid. The proposed algorithms and
analysis methodology can be a useful and efficient tool for
conducting comprehensive long-term monitoring of
impulsive events in the LV distribution grid.

6. Conclusions

This work introduces a complete, automated approach for
detecting, storing, and characterizing high-amplitude
impulsive disturbances in LV distribution grids. By
combining a novel acquisition platform with dedicated
processing algorithm, the proposed system is able to
capture short-duration and high-amplitude transient events
that conventional measurement setups may miss. The
modular algorithm architecture ensures continuous
high-frequency sampling, selective storage of relevant
events, and flexible adaptation to future analysis
requirements.

A key contribution of the methodology is the use of
cross-correlation to both identify and align similar
impulsive waveforms. This automated alignment removes
the timing jitter of sporadic disturbances and enables
meaningful statistical comparisons across large datasets.
The subsequent percentile-based analysis provides a clear
picture of variability within each group of emissions, while
the selection of a benchmark-waveform, which is chosen
for its similarity to the median, ensures that the extracted
physical parameters correspond to a real measured event
rather than a purely statistical construct.
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Fig. 6. Second benchmark-waveform along with some of the extracted
parameters.
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TABLE IV. TEMPORAL PARAMETERS OF THE SECOND
BENCHMARK-WAVEFORM

FWHM
85.56 us

Duration
333.98 us

foscillation

6.15 kHz

TABLE V. RISE AND FALL INTERVALS OF THE SECOND
BENCHMARK-WAVEFORM
1 st
45.09 ps
23.88 us

2nd

Rise intervals

Fall intervals 16.51 ps

TABLE VI. AMPLITUDE PARAMETERS OF THE SECOND
BENCHMARK-WAVEFORMS
Vmin Vpp

-3.33V 7.67V

Vmax
434V

VRrMs
242V

The two benchmark-waveforms presented in the paper
demonstrate that the proposed methodology can detect and
parametrize successfully different emission profiles: from
short high-frequency pulses up to longer lower-frequency
disturbances. The temporal and magnitude metrics assessed
by this methodology also show that the system can capture
fast magnitude variations in waveforms, which is essential
for wunderstanding the interfering mechanisms of
disturbances in order to define mitigation strategies.

In conclusion, the results confirm that the developed
measurement and processing set of algorithms offers a
reliable framework for long-term studies of conducted
impulsive disturbances in LV distribution grids. Moreover,
the methodology provides valuable support for future
research in power-quality assessment and electromagnetic
compatibility in LV distribution grids.
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