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Abstract: Researchers at many different institutions around the world study voltage and current
waveform distortions in power networks using a variety of techniques. Due to the uncontrolled
growing number of nonlinear devices supplied by electrical energy, more severe supraharmonic
pollution has been observed. A bibliometric analysis of the topic development between 2013 and 2022
is presented in the paper. Using the selected search tools, a comparative review of articles published
in the last three years was conducted. It organizes the existing knowledge about supraharmonic
pollution generated by nonlinear devices and identifies current research challenges associated with
the spread of these disturbances in electrical networks. The most frequently discussed topics by
researchers are those that deal with the level of emissions generated by supraharmonic sources and
their effects on components of the power system. The second most prominent research direction is
the detection, measurement, analysis, and severity evaluation of supraharmonic pollution. Finally,
the authors discuss areas of study related to the topic that offers perspectives for future research.
The impact of high-frequency component pollution generated by nonlinear loads on emissions
intentionally designed to carry communications signals through electrical networks needs to be
explored under various power supply conditions.

Keywords: supraharmonic pollution; nonlinear loads; non-intentional emissions; conducted

disturbances; power quality; powerline communication; low-voltage power system

1. Introduction

The efficient transmission, processing, and use of electrical energy in devices are
essential at a time of progressive development of power systems. The aim of a smart power
grid is to improve not only the efficiency of power systems but also reliability, security,
flexibility, and affordability. This can only be achieved with proper coordination between
generating plants, networks, and consumers. This complex coordination brings economic
and operational benefits while increasing the penetration of distributed generation, control
systems, and nonlinear equipment into power networks. The number of modern electronic
devices in distribution networks has grown rapidly over the past few years. Due to their
nonlinear V-I characteristics, these devices introduce power quality (PQ) problems. One of
the major factors contributing to the degradation of PQ is the harmonic emissions generated
by nonlinear loads. Statistical analyzes of harmonic emissions are useful because they help
to assess the severity of PQ degradation. By utilizing these analyses, distribution operators
can properly plan network capacity and implement mitigation plans in order to reduce
harmonic pollution [1,2].

For many years, one of the analyzed issues in this area of electrical engineering was
the problem of disturbances propagating along supply lines in the frequency band below
2 kHz. Engineers began researching the voltage and current waveform distortion that
dominate at higher frequencies relatively recently. The term “supraharmonics” was first
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introduced in 2013 during the summit entitled “IEEE Power & Energy Society” to indicate
any kind of voltage and current waveform distortion within the range of frequencies from
2 to 150 kHz [3].

Energy transformation requires effective conversion, control, and transmission of
electric power through power grids. The development of renewable energy systems, smart
grids, communication via powerlines, the integration of distributed generation sources,
the growing uncontrolled number of modern electric and electronic devices, network
switching systems, control systems, and power electronic drive systems are the main
reasons for concern regarding the emissions of conducted disturbances over a broad range
of frequencies. The supraharmonics (SHs) generated by electrical equipment may become
a serious source of disturbances deteriorating PQ. Thus, it is crucial to study the interaction
of nonlinear devices between themselves and the low-voltage grid [4].

Supraharmonic disturbances can have a relevant influence on devices and the grid.
One of the most significant is the fact that high-frequency components add thermal stress,
reducing the lifetime of electrical equipment. This paper provides an overview of the
existing knowledge regarding supraharmonics pollution caused by nonlinear loads in
power networks. By analyzing different approaches based on the knowledge presented
by scientists around the world, readers are able to identify current research challenges,
uncover interesting topics, and determine possible future perspectives for study.

Section 2 presents a methodology for conducting a bibliometric analysis of the journal
content using the chosen search tool. Section 3 consists of two subsections. Based on
a literature review conducted within the last three years, Section 3.1 summarizes ongoing
research directions regarding supraharmonic emissions generated by nonlinear loads.
Section 3.2 proposes new directions for research on the topic. The final section of the paper
is devoted to conclusions and selected perspectives.

2. Methodology

Searching the scientific literature is not an easy activity since it entails filtering high-
quality works. It does not mean including only well-known sources and authors while
excluding the rest. Those published documents that are relevant to the research area should
be included in a literature review to state the perspective research direction in the selected
area. The scholarly search engines available for researchers, e.g., Scopus, Web of Science, or
Google Scholar, are useful since they limit the likelihood of conducting a scattered literature
review. Each of the search methods has its advantages and disadvantages; thus, the search
method chosen by the researcher depends on personal preferences.

In this paper, the method of review investigation is based on a structured selection
using the Scopus database as one of the main scientific literature sources. This included
all WoS-indexed journals, all IEEE and IoP conferences, and other verified venues. The
search method used the keywords “supraharmonics” or “supraharmonic”. The considered
articles were accessed before 15 November 2022 and were written in English. The criteria
selection of the articles is graphically summarized in Figure 1.



Energies 2023, 16, 273

3of 14

) ("Supraharmonics"\
Keywords > or
" s n
J \ Supraharmonic y
( a r <
Database > Scopus
Papers selection \ ) L )
criteria p - p g
icati up to 15
Publication date * Noverber 2022
) \ )
) e ~\
Language of R .
publication > English
J \_ )

Figure 1. Methodology for materials selection.

3. Results
3.1. Statistical Analysis of Research Dealing with Supraharmonics in Power Networks

The bibliographic analysis of the area of supraharmonics domain over years is pre-
sented below. The number of published papers and publishing years related to the topic are
shown in Figure 2. The dataset consists of 200 references that have been published over last
ten years. There is generally an exponential distribution of published documents over time.
The definition of supraharmonics is set to begin in 2013. The keyword “supraharmonics”
did not appear in any publications that year. However, some publications addressed the
topic, e.g., [5-7]. The number of scientific publications developed slowly during the first
four years, and only a few papers (7-9) were published. Since 2016, the growth of published
documents has been high, reaching its peak in 2020 (38 publications). This paper discusses
the publications that were released between 2020 and 2022. There were 30 publications
released on SHs pollution domain in 2021, compared to 31 publications in 2022.

/N

200 publications in total

/

18

Number of publications

0
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Definition of Supraharmonics Year

Figure 2. Evolution of the number of publications (blue line) dealing with supraharmonics pollution.

Figure 3 shows the distribution by the percentage of materials according to their
type. The total number of scholarly documents published from 2020 to the present was 99,
divided into six types. More than half constitute articles in journals (54.5%). Conference
papers are the second group, which consists of 39.4% of all publications. The minor types
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of written sources that deal with supraharmonics are conferences, book chapters (1.0%),
and letters (1.0%).

Letter (1.0%)

Book Chapter (1.0%)

Conference Review (2.0%)
Review -
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T Article (54.5%)

Figure 3. Distribution of materials by types.

There are review publications dealing with emissions in the 2-150 kHz frequency
range in AC grids [4,8], DC grids [9,10], or microgrids [11,12]. They provide information
about the sources and effects of SHs emission. They also evaluate the present standards,
as well as introduce some recommendations for measuring techniques and analyzing SHs
emissions under different conditions of the grid. The mitigation strategies and suggestions
to improve PQ are also discussed.

3.2. Summary of Ongoing Research Directions Dealing with Supraharmonic Pollution Emitted by
Nonlinear Loads

The results of searching the ongoing research directions based on the literature review
of the last documents published between 2020 and 2022 are presented in Table 1. The table
contains four main research directions and relevant findings dealing with SHs emitted by
nonlinear loads. The most frequently discussed topics by researchers are those that deal
with the level of emissions generated by supraharmonics sources and their effects on power
system components. The detection, measurement, analysis, and severity assessment of
supraharmonics pollution are the second most prominent research areas. There are some
publications concerned with the acquisition path of disturbing signals. Some findings are
associated with new SHs detection algorithms, the comparison of measurement methods,
and the design of SHs monitoring systems. The SHs analysis methods have been highly
developed in the last three years (nine publications). These findings include advanced
signal processing, data clustering, and deep learning methods. There are 29 publications
in total that prove and analyze the emission sources of supraharmonics. The typical
sources of high-frequency emissions include different kinds of power electronic converters,
electric vehicle chargers, household/office appliances, and modern lighting equipment.
The research dealing with mitigation techniques of supraharmonic pollution are described
in two publications during the last three years.
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Table 1. Ongoing research directions and findings dealing with SHs emitted by nonlinear loads.

Main Research Directions

References

Research Novelties/Contributions/Methods

Causes of SHs:

. Power electronic converters
Renewable energy sources
Electric vehicle chargers
End-user electronic equipment
Lighting appliances

[13-19]
[20-25]
[26-33]
[34-39]
[40-42]

The signal multiplication at PWM-based devices leads to a coupling of the harmonic
components with the switching frequency of the device introducing additional
emissions in the SHs frequency range.

The comparative analysis of the maximum level of emissions generated by six different
SMPS products.

Impact of the controller clock error in the controllers of different converters on the level
of SH emissions.

Presence of SHs in static frequency converters feeding the examined railway system.
Development of a new mathematical model for estimating the inverter-side current
harmonics above 2 kHz that flow through the DC-link in adjustable speed drives.
The study of SHs presence in a real grid-connected 8 kWp PV system.

The case studies of high-frequency components in residential electrical installations
with photovoltaic generation and nonlinear loads.

The level of SH emissions from wind power plants is related to the PWM modulation
of the power inverter and to the length of transmission lines to the point of

common coupling.

The study of the nature of time-varying emissions in the SHs frequency range during
low power production of wind farms.

SHs need to be considered in simulation models of bidirectional electric vehicle
charging stations. The level of distortion is influenced by the characteristics of a
charger and the process of vehicle charging.

The SH emissions generally increased with the number of connected vehicles to
charging stations; thus, these distortions should be expected in future grids.

New recommendation to test battery electric vehicles at their non-nominal

charging currents.

The harmonic content of the supply voltage is one of the origins of the increasing level
of SHs.

The propagation of SHs is highly dependent on the type of device and source
impedance characteristics.

The study of SH disturbances growth as the number of nonlinear devices increases
depending on the analyzed frequency.

Household electronic devices produce leakage currents.

The studies of SHs’ primary and secondary emissions.

The study of noise produced by LED lamps.

Modelling the CFL ballast circuit to study the level of conducted emissions generated
by the electronic ballast.

The study of the stabilization process for modern household appliances with regard to
the variation of electrical and thermal parameters.

Effects of SHs on:

Power quality

PLC systems
Telecommunication
Protection devices
Capacitive dividers
Transformers
Insulation systems

[40,43-47]
[48,49]
[50]
[51-53]
[54]
[55-57]
[58-60]

The study of power losses caused by SHs.

Presence of SHs in applied voltage can lead to the production of visible flickers from
LED lamps.

Interharmonics generation in AC-DC converters due to the presence of high-frequency
non-synchronized distortion at the device under the test terminal.

Vehicle chargers from different manufacturers can react differently as the source of
harmonics in the SHs frequency range.

The study examined the effects of turning off and on several inverters on a solar farm
on power quality and grid equipment.

Experimental tests in a realistic scenario indicate the negative impact of various types
of nonlinear loads installed at end-users on the performance of

powerline communication.

SHs emitted due to inverter switching led to telephone interference for customers
located around a solar PV plant.

Potential failures of residual current devices caused by the presence of

SHs components.

Capacitive dividers can be used to measure voltages over a wide range of frequencies
and temperatures.

Emphasis on the importance of considering SHs when calculating the K-factor and
estimating transformer temperature rise and lifetime.

A high-frequency model of a transformer is established to evaluate SHs

transmission characteristics.

SHs negatively influence the insulation of MV cables.
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Table 1. Cont.

Main Research Directions

References Research Novelties/Contributions/Methods

Methods of SHs:

e  measurement
. analyzing

e  assessment

. The time-varying nature of SH emissions.

e  Combining the hardware design with software development to design a new SHs
measurement device.

. The comparative survey of measurement methods for 2—150 kHz conducted
emissions.

. Uncertainties in measurements of SHs using a traceable method.

e  The study of SHs detection and measurement based on:

—Deterministic measurement matrix and VI-SAMP;
—Bimodal Spectral Line Interpolation Algorithm;
—Radiated fields;

—Identification of switching frequency;

—Field Programmable Gate Array (FPGA) device;
—Partial sampling and hybrid segmentation;
—Combined Equidistant Sampling Method;
—Robust Wavelet

—Based Hybrid Method.

A multimethod approach to analyzing waveforms including SHs.

[25,35,61-82] Characterization of two SHs analysis techniques: the Short-Time Fourier Transform

[24,38,83-87] (STFT) and Empirical Mode Decomposition (EEMD) methods.

[53,88-92] An SHs dynamic analysis based on the Sliding-Window TLS—ESPRIT Algorithm.

Clustering and Dimensionality Reduction Methods for finding patterns in SHs data.

Deep learning in waveform high-frequency distortion variation analysis.

The frequency-dependent network impedance (FDNI) to determine SHs

distortion level.

Monitoring power quality in the SHs frequency range using synchrophasors.

The development of inverter models that are suitable for studies of SH emissions.

e  The control variable method to analyze the supraharmonic resonance characteristics of
the grid-connected system with multiple integrated inverters.

e  The stochastic approach for quantifying the impact of impedance on SHs propagation
in low—voltage network with nonlinear loads.

. The Phase-Locked Loop-based method for evaluating SH levels for current and voltage
signals: computational cost reduction of a signal containing SH distortions generated
by power electronics.

e  Lack of emission limits and standardized tests.

. Urgency of understanding the origin and spread of SHs.

e  The interference-dependent approach to the development of methods for quantifying

PQ in the context of SHs.

Mitigation techniques

. A new method for reducing SHs using active filters.
[93,94] . The multitone technique to measure the input impedance of power converters during
operation as a conducted emission elimination tool below the 150 kHz frequency range.

3.3. Upcoming Challenges

Based on the review provided in Section 3.2, a number of significant advances relevant
to SHs have been identified for further studies. They are indicated in Figure 4.

The frequency ranges below 2 kHz (IEC 61000—4—3, IEC 61000—4—7, IEC 61000—
4—15, IEC 61000—4—-30, etc.) and above 150 kHz (CISPR 11,12, etc.) are strongly covered
by standards [95-99], but there is no generally recognized measurement technique and
no emissions limitation for the frequency range of 2-150 kHz [11,26,100]. Many studies
dealing with SHs have been conducted in the past decade. However, the establishment of
international standards remains a challenging task. It is becoming more relevant, consider-
ing the expanding use of widely distributed production sources such as solar systems, wind
turbines, microturbines, and charging machines in smart grids. Since 2013, several sources
of supraharmonics pollution have been studied. However, it is likely that the number and
type of these sources will increase in the future [25].
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Figure 4. Upcoming challenges regarding supraharmonics domain.

The measurement, analysis, and assessment of supraharmonics pollution in power
networks is not an easy task due to a number of obstacles. The laboratory tests can
be conducted in specific conditions using filter systems based on the line impedance
artificial network (LISN) and with specialized measurement equipment, which is the
standard approach in electromagnetic compatibility testing. In real power systems, there
are limitations due to the need to perform measurements without excluding the objects
under study. As a result, it is difficult to supply power via artificial networks.

According to Figure 4, the next advances are analysis methods including data col-
lection and signal processing. For stating new IEC standards or extending the existing
ones, there is a recommendation to develop a new signal processing method to analyze
supraharmonics. The methods which have already been identified have some advantages
and drawbacks as well. Therefore, alternative methods of spectrum estimation methods
are still an upcoming challenge.

The analyzed set of publications shows that researchers also focus on the negative
impact of supraharmonics on:

e Power quality level, e.g., flicker severity or voltage unbalance [40,46];
e  The thermal stress of electrical equipment, which reduces its useful life [4,60];
e Interference with powerline communication systems [48,49].

Active and passive harmonic filters are used to eliminate, or at least mitigate, harmon-
ics pollution from networks. However, they have difficulties dealing with supraharmonics.
In 2020, the hybrid power filter topology was proposed for the first time. The main circuit
design was based on a hybrid shunt filter topology, which connects active and passive
parts in series. The results based on experiments show that there is a positive filtering
effect [93]. Further research on suppressing SHs with filters and other mitigation methods
can be conducted worldwide in the future.

All the challenges listed above (Figure 4) related to supraharmonics would be beneficial
in decreasing their emissions level and improving the power quality of electrical systems.
This is especially true in power systems where modern nonlinear devices are widely used.
Such systems, with the integration of renewable energy sources, are expected to grow
rapidly in the coming years.

4. Conclusions and Perspective

There has been an increase in interest in high-frequency conducted emissions (between
2 and 150 kHz) since 2013. The number of groups working in this electrical engineering
subfield has increased, as seen in the growing number of publications in the following
years. Using the selected searching tool Scopus and restricting the dataset to the last three
years, scientific documents dealing with supraharmonics pollution were identified and
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analyzed. The total number of scholarly publications from 2020 to the present was 99. More
than half constituted articles in journals. It was noticed that researchers are most frequently
interested in topics related to the detection, measurement, analysis, and evaluation of
supraharmonics in relation to the type of disturbance sources.

Based on the literature review, there are significant advances relevant to SHs that
can be developed for further research. The authors propose the following perspective
study that can be worth studying in the future: the influence of inevitable variable supply
conditions and the uncontrolled addition of nonlinear equipment on modern grids. This
is especially true in the case of powerline communication systems, which are regarded as
high-frequency conducted disturbances introduced intentionally to carry desirable signals.

Since powerline communication (PLC) technology is susceptible to disturbances
caused by supraharmonics pollution presented in the operating band, legal guidelines have
been adopted that reserve the working band for this technology [101]. Figure 5 shows the
frequency ranges dedicated to intentional emissions provided by PLC systems (green color)
related to the non-intentional conducted emission range (brown color). The frequency
range of 3 kHz to 30 MHz has been designated for the transmission of signals and is further
subdivided into narrowband (bright gray color) and broadband (yellow color) powerline
communication. The frequency range in which the supraharmonics appear (orange color)
is included in PLC operating frequency ranges adopted in Europe, Japan, and the United
States (tones of blue color).

1 ] 1
: SUPRAHARMONICS : :

1
'2 (2.5) kHz ' 150 kHz ' 2 MHz 30 MHz

7
INTENTIONAL EMISSION
EUROPE NARROWBAND PLC (3-1485kHz) |
JAPAN NARROWBAND PLC (10-450 kHz)
BROADBAND
PLC
NARROWBAND PLC

Figure 5. Frequency ranges dedicated to intentional emissions provided by PLC systems.

It is necessary to perform a supraharmonics analysis in order to determine the impact
of non-intentional emissions on narrowband PLC transmission. It is especially significant
because the dominant frequency bands where the maximum non-intentional emissions
appear are not constant and change depending on network conditions. The paper [34]
formulates the conclusion that waveform distortion has an impact on supraharmonic
emissions. The paper [49] reviews real cases of supraharmonic emissions identified in the
real power system that affect the PLC transmission.

In terms of the cited results, some perspectives may be constituted referring to emis-
sions test conditions of nonlinear loads. The existing standards that referred to emission
limits formulate the assessment process using nominal parameters of the load supply, i.e., at
the nominal value of the supply voltage and with a sinusoidal waveform of the supply
voltage. At the same time, international regulations on the quality condition of electricity
supply in public power grids allow changes in supply voltage in the range of +/— 10%
of the rated voltage. In the case of a distortion of the shape of the supply voltage, they
allow for distortion of harmonics up to 2.5 kHz at the level of 8% [96]. Thus, we propose
a comprehensive framework for testing nonlinear systems that would take into account the
voltage supply condition.

An example of the results of the authors’ research is presented in Figure 6.
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Figure 6. Supraharmonic spectrum and a close-up of the dominant emissions band of the set of lamps
(CFL 20 W+LED 7 W) for various supply voltage values.

The study focused on measuring and analyzing the non-intentional conducted emis-
sions introduced into the power grid by lighting devices after their thermal stabilization.
The supplying conditions are as follows: the shape of the supply voltage remains sinusoidal,
while the main voltage RMS level is varied between 210-250 V. The emissions value is
examined for the spectrum 9-150 kHz. The used statistical tools show the nature of the
emissions for modern lighting sources. The obtained results referred to the permissible
limits specified in the recommended IEC standards. The analysis of the results shows the
influence of the supply voltage level variation on the blurring of the disturbance character-
istic in the spectrum domain. The relative emissions characteristic shifts is noticeable in
the dominant emissions frequency bands but also in the entire spectrum. The significant
change in parameters for the selected dominant emission band is bolded and presented in
Table 2.

Table 2. Parameters of the selected dominant emission band for the set of lamps (CFL 20 W + LED 7
W) for various supply voltage values.

Un [V] 210 220 230 240 250

f [kHz] 1374 135 133 1312 129.4
Af [kHz] 44 2 0 ~1.8 —3.6
U [dBuV] 27.92 28.26 28.75 30.06 31.2
AU [dBuV] —0.83 —0.49 0 1.31 2.45

The blurring of the disturbance characteristic is reverse proportional to the supply volt-
age level change. When the voltage is decreased below the nominal level, the disturbance
characteristic shifts in the frequency domain towards higher frequencies. The maximum
difference is 4.4 kHz for the frequency range within 128-139 kHz. However, when the
voltage is increased above the nominal level, the disturbance characteristic shifts in the
frequency domain towards lower frequencies. The maximum difference is 3.6 kHz for the
frequency range within 128-139 kHz.

Providing knowledge and skills in appropriate spectral analysis methods may also
be an aspect of perspectives in the development of supraharmonics research. The current
recommendation is based on an extension of the IEC standards using a discrete Fourier
transform-based method with an energy grouping concept around central frequencies or
using the series of measurement intervals. The methods have already identified some
drawbacks [68,69,81]. One of the issues is the synchronization requirement of the measure-
ment window with fundamental system frequency, which naturally has a time-varying
nature. Therefore, alternative spectrum estimation methods are permanently studied and
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proposed, e.g., in [67,73,76,82,87]. Promising results have been obtained using hybrid
or combined methods which merge decomposition techniques and parametric spectrum
estimation methods.

Using the spectrum estimation methods that identifies supraharmonics with a de-
sirable frequency resolution, a novel perspective can be formulated for a filter design
strategy. Filters may be used for the suppression of undesirable supraharmonics emissions
in the frequency ranges addressed to intentional emissions related to PLC communication.
Effective filters that may be able to improve PLC transmission by “cleaning” the spectrum
of inherent high-frequency components are strongly desirable.
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