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Abstract: Knowledge of the conducted emissions in the frequency range 2-150 kHz contains some
gaps related to the impact of the harmonics in the supply voltage on the nature of these emissions.
It can be noticed that the conducted emissions from non-sinusoidal power supplies have not been
studied sufficiently, and that the impact of this distortion may be greater than the generally known
results of emission tests carried out under standardized test conditions. This paper is aimed at
investigating experimental cases of the influence of supply voltage waveform distortion on non-
intentional emission in the range 2-150 kHz and the efficiency of power line communication based
on selected PRIME (PoweRline Intelligent Metering Evolution) power line communication (PLC)
technology. A series of experimental laboratory studies were investigated, representing the operation
of the investigated PLC system with different types of end-user equipment (LED—Light Emitting
Diode, CFL—Compact Fluorescent Lamp, induction motor with frequency converter) working under
a distorted supply voltage condition obtained by the programmable power supply for different
scenarios of the admissible harmonics contribution in the range 0-2 kHz. The scenarios included
limits defined in standards EN 50160 and IEC 61000-4-13. The researchers used spectral analysis
with a notation to emission limits, compatibility levels, and mains signalling, as well as statistics
of the PLC communication. The obtained results provide important conclusions, which may be
applied both in the development of the design of the appliances in question and the higher frequency
emission testing methods.

Keywords: conducted disturbances; power quality; supraharmonics; 2-150 kHz; Power Line Com-
munications (PLC); intentional emission; non-intentional emission; mains signalling

1. Introduction

Smart meters, which are now present in the majority of households in Europe, often
use power line communication (PLC) over the low-voltage (LV) grid. In countries belonging
to the European Union countries, 123 million electricity meters are read remotely using PLC
transmission, which accounts for 43 percent of all meters installed in the member states.
The most advanced in implementing smart metering are the Swedes, who have already
replaced 100% of their meters with smart meters, Finns (99.8%), Estonians (98.9%), Italians
(98.5% of ~37 million meters) and the Spanish (93.8% of ~28 million meters) [1]. Given that
the member states will continue to update the installation of the smart meter in line with
their new planning and target periods (see Figure 1), it is estimated that 223 million meters
(77%) will be remotely read by 2024, and 266 million meters by 2030 (92%).
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Figure 1. Review of the target completion date for smart electricity meters installation covering at least
80% of all consumers based on the plans of the European Union (EU) member states (based on [1]).

From the point of view of signal categorisation occurring in power networks, power
line communication (hereinafter PLC transmission) is treated as mains signalling and is
considered as intentional emission in the frequency range 2(3)-148.5 kHz [2,3]. However,
intentional emission in LV networks is accompanied by the phenomenon of non-intentional
emission, which is a growing problem in the operation of smart metering systems based
on PLC transmission. All European Union (EU) members stated that, despite the formal
separation of a dedicated 3-95 kHz frequency band for the transmission of metering data in
low-voltage power networks, the phenomenon of harmful non-intentional emission in this
band is increasing. This issue is confirmed by the experiences of power system operators
and from many publications all over the world.

Several main issues have been formulated at this time, including:

e  C(lassification and identification of supraharmonics, signalling on low-voltage electri-
cal installations in the frequency range 2(3) kHz to 148.5 kHz [2-8].
Accurate assessment of waveform distortion in the presence of supraharmonics [9-15].
Source of non-intentional emissions and propagation of supraharmonics, interaction
between devices [16-20].

e Potential problems with communication via the power grid [1,20-25].

The analysis of big data from smart electricity meters can contribute to significant
results in terms of grid management. There are many alternative approaches to analysing
data from such systems [26]. In the advanced analysis of the collected measurement data,
there is potential for:

e Improving the security of the system by increasing its observability.
e  The use of demand side management (DSM) tools, which is carried out by dynamic
billing of electricity consumers and prosumers.
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e  Forecasting the amount of energy released to the grid by micro-installations.

The primary motivation for this work is the relatively small number of research studies
concerning the influence of power supply conditions on supraharmonics emissions. The
direction of the investigation was formulated on the basis of observation of the different
levels of non-intentional emission generated by the same class of devices in a different node
of the low-voltage network, which may be characterized by the respective quality of the
voltage or impedance condition. This study led to the formulation of two hypotheses: (a)
the non-intentional emission generated by particular devices may depend on the condition
of the supply voltage; and (b) non-intentional emission generated by particular devices
may depend on the impedances of the supplying circuits in the point of the connection.
This paper is focused on the first hypothesis related to voltage supply waveform distor-
tion. Designated research directions can be initially confirmed by the results of similar
investigations related to harmonic current emissions (0-2 kHz) under the flat-top supply
waveform distortion [27], or detected differences in the performance between compact flu-
orescent lamps (CFLs) and light emitting diode (LED) light sources under different voltage
distortions [17], as well as the effect of supply voltage harmonics on the input current of
a single-phase diode bridge rectifier load [28]. However, although the above-mentioned
works highlight the issue of harmonic current emissions, they do not provide information
about emissions in the range of higher frequencies up to 150 kHz, nor do they express
the influence of the supply voltage distortion on mains signalling (usually expressed in
dBuV). The unit decibel microvolt (dBuV) is directly associated with volt (V) as twenty
decimal logarithms of volt divided by one microvolt. Since the subject of the research is
the phenomenon of primary emission, the observation results can be expressed in volts or
dBuV. It might be interpreted as a coupling coefficient in the point of the connection as a
result of current emission flowing by the network impedances.

Technical measures to improve transmission—that are more software-based than
hardware-based—should also be considered. It is worth paying attention to the context
of using machine learning techniques to solve data transmission problems. For example,
in [29], the authors designed the mechanism based on the matching rule, and further traffic
collision avoidance, channel occupancy, power consumption, and delay in wireless networks.

This paper aims to extend the current state-of-the-art by investigating experimental
cases of the influence of supply voltage waveform distortion on non-intentional emission
in the range 2-150 kHz and the efficiency of selected power line communication systems.
In order to achieve the proposed aim, in Section 2, the gap in the current studies related
to the influence of the supply voltage distortion on supraharmonics emission and effi-
ciency of power line communications is identified. Furthermore, in order to characterize
the background of the investigation, a critical review of the emission limits, compatibil-
ity levels, and immunity tests for conducted disturbances and mains signalling in the
frequency range 2-150 kHz was performed. Section 3 describes in detail the laboratory
setup implemented for the experimental studies including electrical connections, the per-
formance of programmable alternating current (AC) supply, selected devices, applied
power-line communication technology as well as measurement setup for supraharmon-
ics. Additionally, the software for frequency spectrum analysis is described in relation
to current testing and measurement techniques. Section 4 presents a collection of the
experimental results. First, the methodology of the investigation is presented and then
the set of results of non-intentional emission for a different range of supply waveform
distortion and different end-user equipment in the presence of selected power-line commu-
nications is analysed. The results describe the spectra of intentional and non-intentional
emissions and the evaluation of the quality of operation of the PRIME PLC system. Dis-
torted supply voltage conditions consist of different scenarios of the admissible harmonics
contribution, in the range 0-2 kHz, including limits defined in standards EN 50160:2010 [3]
and IEC 61000-4-13 [30]. Section 5 highlights crucial results and constitutes elements of
the discussion.
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2. Literature Review
2.1. Gap in the Research Related to Influence of Supply Voltage Distortion on
Supraharmonics Emission

The phenomenon of electromagnetic emission occurring in the frequency range 2—-
150 kHz was termed “supraharmonics” in the literature (hereinafter SH) [2-8]. The lower
limit of the SH range (2 kHz) is taken as the upper limit of traditional energy quality
standards covering emission up to 40th harmonic order. The upper limit of the SH (150 kHz)
range is the lower limit of the electromagnetic compatibility (EMC). This division indicates
that there is an area of insufficiently regulated standards. Hence, several standardisation
committees are currently working on a description of emission and immunity limits and
methods for emission testing in this frequency range.

The scientific reports on the SH problem show that there are three lines of research in
this area. The first concerns research into the impact of emissions generated by different
types of loads on the level of current emissions [8,22,25], which should be considered as
primary emissions. This group of research provides an overview of the types of noises that
affect smart metering using power line communications, including noises coming from
common electronic devices (compact fluorescent lamp (CFL) and light emitting diode (LED)
light sources) and noises coming from photovoltaic inverters or electric vehicle charging
spots, measured in a controlled environment. The previously mentioned studies, however,
ignore the secondary emission in load currents, which is understood as the part of the
current of a tested load that does not originate from its primary emission, but is transferred
through parallel connections from another load. In order to describe the primary and
secondary emission, a simplified model in a system of two loads is presented in Figure 2.
Load 1 is represented by a constant current source I;,; and impedance z;. The primary
emission from load 1 is denoted as I;. Impedances z; and z; are the internal impedances
of load 1 and 2 respectively, and zg is the network impedance. The primary emission (Iy)
flows partially into the grid and partially through the impedance of load 2. Thus, the
total emission of load 2 consists of its primary emission I, superimposed on the secondary
emission caused by load 1 (I; 7). Described relations are true, assuming the sinusoidal rated
voltage. In practice, such conditions are hard to achieve.

I Inn

Figure 2. A simplified model, describing primary and secondary emissions in a system of two loads,
assuming a sinusoidal rated voltage.

It is worth noting that, in [24], the authors noticed the influence of harmonics on
the operating of electrical energy meters in a network with nonlinear loads. It is shown
that electronic static meters of active energy are tested in the presence of distortions, and
electronic static meters of reactive energy accuracy requirements do not take into account
the possible presence of harmonics.

The second line of research focuses on the so-called resultant emission of loads,
resulting from the simultaneous primary emission of multiple appliances connected to the
same subnetwork. In paper [16], among others, the authors presented interesting results
of research on the effect of gradual incorporating of 1, 10, and 48 compact fluorescent
lamps into one connection point, which shows that the level of current emission at the
connection point does not increase linearly with the growth of loads of the same type. The
authors observed the effect of decreasing the share of low frequencies 0-2 kHz in the total
current while increasing the number of fluorescent lamps. It was observed that in the case
of SH emissions above 2 kHz, some frequency components of currents close through input
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circuits of adjacent loads and some frequency components of currents close through supply
circuits and neutral wires. However, these tests also ignore the issue of low-frequency
emissions from the distorted supply voltage.

In turn, in article [24], the authors outlined the third line of considerations. Based
on tests carried out with the use of LED light sources and compact fluorescent lamps, the
authors confirmed that the share of non-intentional emission introduced into the network
by these loads might be greater than the results of emission tests carried out under the
conditions of emission tests of loads following EN 61000-3-2 standard. Although the
authors observed emission in the frequency band 2-40 kHz, it should be assumed that this
phenomenon might also apply to other frequency ranges.

In each of the three lines of the problem consideration presented above, it can be shown
that the aspect of the harmonic content in the supply voltage, in the range 0-2 kHz, as the
potential origin of the increased level of non-intentional emission of the electrical devices,
in the range 2-150 kHz, has not been (as of yet) sufficiently investigated. Many works
investigate the impact of selected supply voltage parameters on current harmonics up to
2 kHz. Many works also present current supraharmonic emissions of different electrical
devices, but are usually investigated under sinusoidal supply voltage. This work is focused
on the non-intentional emission of the selected electrical devices under non-sinusoidal
supply voltage conditions and their impact on power line communications.

In [27,31], authors attempted to assess the influence of the voltage curve distortion
in the form of a flattening of the peak of a sine wave, which corresponds to an increase in
the harmonic content factor. The authors of these works, using the example of lighting
devices, assessed the harmonic content during parallel operating the devices. The authors
demonstrated, among other findings, that new electronic equipment based on active power
factor correction (PFC) shows a qualitatively different dependence of harmonic emissions
on the degree of distortion (flattening) of the supply voltage concerning loads without PFC.

The influence of voltage distortion on the differences in work efficiency between com-
pact fluorescent lamps (CFL) and light emitting diode (LED) light sources in the low and
high-frequency range was described in [17]. The tests were carried out for three scenarios:
sinusoidal voltage, flat-top distorted voltage (total harmonic distortion in voltage THDV
about 3%), and pointed-top distorted voltage (overswing) (THDV about 4% in accordance
with IEC 61000-4-13), which were used to power a group of 142 lamps manufactured in
2009-2016 (69 CFL sources and 73 LED sources). These lamps worked in various ranges of
rated power (CFL range up to 46 W, LED range up to 17 W).

A frequent phenomenon is also the secondary emission of the load, which is under-
stood as the part of the current of the tested load that is not derived from its primary
emission, but is transferred by parallel connections from another load. The research results
presented in [9,17,18,21] indicate that, due to the use of various input systems of loads,
including EMC filters, and due to the phenomenon of secondary emission from the parallel
operation of loads, the share of higher frequencies in the supply current at the point of
common coupling (PCC) point might be smaller than would result from the emission
of individual loads. It has been observed that in the case of supraharmonic emissions
above 2 kHz, some frequency components of the currents are closed by the input circuits
of neighbouring loads and some of the frequency components of the currents are closed
by the supply and neutral circuits. The issue of secondary emission is also present in the
considerations concerning the influence of loads’ operation on the narrowband PLC trans-
mission. In [23], authors indicate selected disturbances originating from loads connected to
the LV network, which may affect the transmission efficiency in the range of 0-2 kHz and
2-150 kHz. The frequency range of these disturbances coincides with the PLC transmission
frequencies; as a result, the useful signal of PLC transmission is “covered” by the spectrum
of unintentional disturbances.

The authors of [17] also analysed the operation of light sources in the band above
2 kHz. The analyses were performed in three frequency sub-ranges: 9-30 kHz, 30-95 kHz,
and 95-150 kHz. Tests of a representative set of lamps, both compact fluorescent lamps
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and LED lamps, showed clear differences in the current emission not only between the two
types of lamps, but also between lamps within the same type. The discussed results indicate
the influence of the quality of the supply voltage on the content of higher frequencies in
the current of LED lamps in the wide 30-95 kHz range, used by some narrowband and
broadband PLC technologies. Hence, the conclusion that in the case of operation of these
loads in conditions of supply other than sinusoidal, the share of unintentional disturbances
introduced to the network by these loads may be greater than the results of emissivity
obtained during standardized tests.

This paper presents the results of the research devoted to the issue of the impact of
harmonic content in the supply voltage, or more generally, the degree of distortion of the
supply voltage waveform on non-intentional emission in the 2-150 kHz band by loads,
which, according to literature, are responsible for most of the emission of the intentional
PLC transmission. The methodology of the investigation is aimed to cover two issues:
characterisation of the non-intentional emission under the different quality of the supply
voltage as well as the assessment of its influence on continuity of the transmission in the
selected PLC system.

2.2. The Background of the Investigations—Identification of the Emission Limits, Compatibility
Levels, and Immunity Levels for Conducted Disturbances and Signalling in the Frequency Range
2-150 kHz

Due to the manner of interaction between the transmission systems (intentional
emission, mains signalling) and the power grid including loads (non-intentional emission),
it is worth analysing the contents of the standards in terms of permissible levels relating to:

e Levels of non-intentional emission referring to individual equipment and the power
grid (non-intentional emission).
Compatibility levels in the power grids (compatibility levels, environment characteristics).
Intentional emission (transmission levels and mains signalling).
Immunity test levels.

For this reason, in Figure 3, several characteristics in the range 2-150 kHz were
collected. Presented curves express limits defined in applicable standards. Details of
selected standards are given in the legend of the figure. The prominent curve is related to
intentional emission (i.e., mains signalling and power-line communication denoted in the
figure by the lines described using the letter “S”) and non-intentional emission (i.e., network
distortions, denoted in the figure by the line described using the letter “E”). Additionally
the compatibility level in an electrical network is also represented (denoted in the figure,
using letter “C”). The boundary conditions are represented by the curve related to the
immunity test of the communication systems in the range 2-150 kHz (denoted in the figure
by the line described using the letter “1”). Additionally, the figure shows the frequency area
42-89 kHz, which represents the PRIME broadband power-line communication technology
used in the research.

Legend of the curves in Figure 3:

Non-intentional emission referring to IEC 61000-3-8:1997 [4] adopted in the standard for
PLC transmission EN 50065:2012 [2]—it can be treated as background emission, potentially
affecting the communication by the power grid (solid line, green colour, letter “E”).

o  Compatibility levels referring to IEC 61000-2-2: AMD1:2017 [5] and AMD2:2018
(dashed line, pink colour, letter “C”).

e  Permissible level of intentional emission, mains signalling, referring to IEC 61000-3-
8:1997 [4] interpreted as the permissible level of transmission in power line communi-
cation systems adopted in EN 50065:2012 [2] (solid line, red colour, letter “S”).

e  Permissible level of intentional emission, mains signalling, referring to IEC 61000-2-2:
AMD1:2017 [5] (dashed line, red colour, letter “S”) and referring to EN 50160:2012 [3]
(dashed-dot line, red colour, letter “S”).

e Levels of tests for immunity to conducted, differential mode disturbances, and sig-
nalling in the frequency range 2 kHz to 150 kHz at AC power ports referring to
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PN-EN 61000-4-19:2014 [6] (solid line, black colour, notation “P4”—test level with the
reference to environment class 4: severe industrial environment; dashed line, colour
black—notation “P3”—test level with the reference to environment class 3: typical
residential, commercial, and light industrial environment).

15%—_lsokHz [dBuV] Compatibiity (C), Signaling(S), Imnmunity(l)

— PRIME (42—89)kHz
140 < 1:61000-4-19:2014(P4)
s:\
e | 1:61000+-4-19:2014(P3)
180~ o = -'?:'E:?=?;:__S.50160.2010 1
+ o | S:61000-2—2/AMD1:2017
1201 T B S50065:2012UP(NB)
l\ +| S$:61000-3-8:1997
— 110[ CBI000-2=2/AMD1:20:P < _ i i
?L C:61000—-2—-2/AMD2:2018 Seo
m 100 i ~
S, S~ad
=] ~ -
90 =
80
70
60
50
40 1 1 1
20 40 60 80 100 120 140
flkHz]

Figure 3. Comparison of the emission (E), compatibility (C), mains signalling (S), and immunity
(I) levels for conducted disturbances and signalling in the frequency range 2-150 kHz (based on
standards [16-21].

3. Characteristic of the Laboratory Hardware and Software Setup

The laboratory setup for the analysis of the direct impact of harmonic content in
the supply voltage on the emission of supraharmonics consists of three 3-phase pro-
grammable power supplies KIKUSUI PCR500LA [32], which, together with the standard-
ised reference impedances (for the phase wire zp = (0.24 +j0.15) () and the neutral wire
zn = (0.16 +j0.1) Q2) formed the equivalent of a standard low-voltage grid connection point
(Figure 4a). The reference impedances follow the standard IEC 61000-3-3 [33] and are
recommended to realize the equivalent of the power grid used in the calculation and
measurement of the directly measured parameters of voltage changes, voltage fluctuations,
and flicker. The materials used in constructions of the impedances preserve the reference
value of the impedances in a 50Hz system with a nominal current up to 5A. The opera-
tion of power supplies in the three-phase source mode was obtained using 3P03-PCR-LA
three-phase output driver cards [34]. The programmable power supplies were controlled
by the Quick Immunity Sequencer [35] installed on a PC that was used to define power
supply voltage waveform and subsequent test series. Communication between PC and
the programmable AC supply used general purpose interface bus (GPIB interface IB03-
PCR-LA) [36]. Using the authorised software different scenarios were created for the input
signal with pre-sets of harmonics contribution in the range 0-2 kHz. This application real-
ized communication with the programmable power supply and configuration sets for the
harmonics contribution in the supply voltage. It used a waveform bank and the sequence
operation function, which is responsible for transfer, execution, and output control of the
waveform. In this paper, some selected pre-sets of harmonic contributions were considered:
(a) pure sinusoid, (b) limits of harmonics in the low-voltage public network formulated in
EN 50160:2010 [3], (c) low-frequency immunity test levels of the equipment defined in IEC
61000-4-13 [30]. These pre-sets were defined in the waveform bank.
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a) 3-phase electricity meter 3-phase electricity meter 1-phase electricity meter

|

PLC
PRIME

Programmable
power supplies

-
[

Data
:_- PLCPRIME_ _ concentrator

=

b)

Figure 4. The laboratory setup: (a) electrical diagram of the test stand, (b) view of the power supply system in the form of
programmable AC power supplies and model with power line communication (PLC) meters.

The PLC transmission was provided by a compact model containing three electricity
meters equipped with PRIME PLC communication modules (two 3-phase and one 1-phase
meter) and a data concentrator working in the same technology. PRIME is a specification for
narrowband power line communication. The PRIME physical layer is based on Orthogonal
Frequency Division Multiplexing (OFDM). The transmission band is 42-89 kHz. In the
course of individual research steps, using functions and reports implemented in the PLC
concentrator software, the statistics of PLC transmission between the concentrator and
the meters were observed and recorded. The view of the constructed laboratory setup is
presented in (Figure 4b).

In terms of information and communication technologies, the test stand was separate,
both physically and logically, local area network (LAN) computer network connecting
computers (in this case, meters, concentrator and the controlling computer). The functional
diagram of the test stand as a local area network (LAN) is presented in Figure 5.
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-kWh

FkWh— FkWh+

[ T eec
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Internet

Figure 5. Information and communications technology (ICT) functional diagram of the test stand as
a local area network (LAN).

The recording of measurement data was carried out by the authorised university
hardware setup based on National Instrument cRIO technology (Figure 6). In detail, the
voltage measurement acquisition is realized by National Instrument C series £10V voltage
input module with 1 MS/s sampling rate and 16-Bit resolution [37]. In order to adapt the
range of the measured voltage to the voltage input module a voltage transducer provided
by Life Energy Motion Company (LEM) model CV 3-1000 was implemented with a voltage
ratio of 1000:10 and frequency bandwidth to 500 kHz [38]. The obtained measurement setup
allows recording simultaneously four voltage and four current waveforms with a maximum
frequency of 1 MHz per channel. The investigations were focused on voltage measurements.
For the measurements in the frequency range 2-150 kHz, the voltage units (instead of volts)
are expressed in dBuV. Thanks to the use of cables between the concentrator and individual
meters, with a cross-section of 2.5 mm? and their small length (1-2 m), the impact of power
supply cables on the attenuation of the PLC signal in the voltage line should be considered
insignificant. The accuracy of measurements was validated using commercial spectrum
analysers used in the power line communication investigation: MFA 500 Spectrum Analyser
3-500 kHz by Swemet [39] and USB-SA44B Spectrum Analyser 1 Hz—4.4 GHz by Signal
Hound [40]. The validation was mainly based on the comparison of the spectrum of the
simultaneously recorded signal. The frequencies and magnitudes of spectrum components
were compared. The obtained results were comparable. The advantage of using an
authorized solution based on the cRIO platform is the open possibility to define the
acquisition process e.g., time recording of the waveform.

e
(e

es v
L

Figure 6. View of 1 MHz voltage and current recorder components.
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Specification of the hardware components of the laboratory test circuits is collected in
Table 1.

Table 1. Specification of the hardware components of the laboratory test circuits.

Programmable AC Source/Kikusui PCR500LA Specification
Power capacity 500 VA
Input voltage variation (with respect to changes in the rated range) +0.1%
Output current variation (with respect to 0% to 100% changes in Within 0.1 V/£0.2 V
the rating) (output voltage range 100 V/200 V)
Output frequency variation in AC mode (40-999.9 Hz) Within £0.3%
Ripple noise: DC mode (5 Hz to 1 MHz component) 0.1 Vrms or less

Output frequency stability (with respect to changes in the
rated range)
Output voltage waveform distortion 0.3% or less
Output voltage response speed 30 us
EMC Directive 89/336/EEC
EN61326:1997/ A2:2001 Emission Class A
IEC 61000-3-2:2000
IEC 61000-3-3:1995/ A:2001

Within £5 x 1075

Compliant standards

Reference impedances/authorised university solution Specification
Nominal frequency 50 Hz
Nominal RMS current 5A

Phase wire z5 = (0.24 +j0.15)() for 50 Hz
Rp =240 mQ) £ 0.2%, Lp =477.5 uH £+ 1%
Neutral wire zy = (0.16 +j0.10) Q) for 50 Hz
Ry =160 mQ + 0.2%, Ly =318.3 uH + 1%

Nominal impedance

Signal recorder/authorised university solution Specification
FPGA platform National Instrument cRIO FPGA 1 MS/s
National Instrument NI-9223 C Series
Voltage input module +10V, 1 MS/s, 16-Bit, Simultaneous Input,

4-Differential Channel
LEM CV 3-1000
Primary voltage +1000 V
Voltage Transducer Secondary voltage +10 V
Frequency bandwidth DC = 500 kHz
Accuracy 0.2%

cRIO-compact reconfigurable input output platform, CV-voltage transducer, product of LEM, DC—direct current, EMC—electromagnetic
compatibility, FPGA—field-programmable gate array, IEC-International Electrotechnical Commission, LEM-Life Energy Motion Company,
NI-National Instruments, PCR-programmable power supply, product of Kikusui, RMS-root mean square.

Recently, a wide discussion has taken place in literature referring to the measurements
method for the frequency range 2-150 kHz [9,12,13]. Some consideration is also provided
by the informative annex in IEC 61000-4-30 [15]. One of the suggested approaches is to
implement a discrete Fourier transform (DFT) defined in IEC 61000-4-7 [14] for the fre-
quency range of 2 kHz and extend it above 2 kHz. Traditionally DFT implementation uses a
rectangle data acquisition window with a width of 200 ms, corresponding to approximately
10 (12) periods of power system frequency 50 Hz (60 Hz). Consequently, spectrum resolu-
tion is 5 Hz. Before 2009, the informative annex of this standard suggested implementation
of DFT in the range 2-9 kHz using DFT technique with 10 Hz resolution, realized by a time
windowed signal with a window width equals to 100 ms. The current form of the annex
recommends preserving 5 Hz spectrum resolution also in the range 2-9 kHz, obtained
by using a 200 ms window. Additionally, a grouping concept is also proposed. For the
frequency range 2-9 kHz, it is realized using 200 Hz band centred at frequencies being a
multiplication of 100 Hz. The first group is centred at 2100 Hz. The grouped spectrum has
a final resolution of 100 Hz.
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The intentional transmission signal used by the power line communication systems
has usually time-variant nature. The narrow or broadband signals are transmitted in
time packages. In order to investigate the coexistence of these time-variant spectrum
components and non-intentional emission of the equipment, the short-Fourier transform
(STFT) in the range 2-150 kHz was implemented. The rectangle data acquisition window
without overlapping was used. The window width was 100 ms and the DFT output was
grouped using a 200 Hz band centralized at frequencies being a multiplication of 100 Hz
starting from 2000 Hz. The selection of the shorter window width was dictated by two
conditions. First, the time resolution of the STFT is enhanced by using a short window.
Second, one of the commercial spectrum analyser used for the validation used a 10 Hz
resolution spectrum. Additionally, the inherent effect of short window width is smoothed
by grouping concept with 100 Hz resolution. The recording time was 20 s. Therefore, it was
possible to observe changes in the spectrum and capture the voltage spectra on the load
both with and with communication represented by intentional emission in the 42-89 kHz
frequency band used by the PRIME PLC system.

A set of loads representing end-user equipment was based on:

e LED light sources (the three-phase circuit was made using three single-phase LED
with a power of 8 W connected in a star, the LED have implemented active power
factor correction by an active power filter (APF) in order to keep cos¢ = 0.9).

e CFL compact fluorescent lamps (the three-phase circuit was made of three single-
phase compact fluorescent lamps with the power of 11 W, 18 W and 20 W connected
in a star).

e  Three-phase asynchronous induction motor 300 W /400 V /50 Hz rated speed 1390 rpm,
powered by a single-phase frequency converter with input voltage 230 V, output
voltage 3 x 230 V, power 400 W.

4. Results of an Experimental Study with Power-Line Communication and Selected
End-User Equipment

In the conducted experiments, the waveform of supply voltage was shaped by the
superposition of harmonics with set amplitudes. Using programmable power supplies and
dedicated software, the supply voltage was shaped in three scenarios as follows:

Supply voltage scenario 1: pure sinusoidal voltage.
Supply voltage scenario 2: distorted voltage with harmonics according to permissible
limits for public networks defined in EN 50160 [3].

e  Supply voltage scenario 3: distorted voltage with harmonics used for immunity tests
of load according to IEC 61000-4-13 [30]—equipment with the third class of immunity.

Selected harmonics contributions represent margin waveform distortion. The total
harmonic distortion index (THD) achieved as a sum of permissible harmonics levels
defined in EN 50160 equals 11.62%; however, the normal operating condition of the public
grid is usually 2-8%.The study aimed to assess the impact of supply voltage distortion
on the operation of a commercial PRIME PLC system with the simultaneous presence of
non-intentional emission generated by the loads. In point of the load contribution, several
load conditions were considered:

Load condition 0: no load.

Load condition 1: LED light source.

Load condition 2: compact fluorescent lamp (CFL) light source.

Load condition 3: induction motor powered by a frequency converter.

The PRIME PLC system is based on recommendation G.9904 [41,42]. The technology
represents narrowband orthogonal frequency division multiplexing power line commu-
nication that uses 97 subcarriers, 96 of which are used for data transmission, where:
first carrier frequency is 41.99 kHz (41,992.18750 Hz), last carrier frequency is 88.87 kHz
(88,867.18750 Hz), the distance between carriers—0.488 kHz (488.28125 Hz). For each
scenario of the supply waveform distortion and each group of loads, the investigation cases
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SNRlocul[dB] =20 log

were performed in order to express the variability of non-intentional emission affecting
intentional emission of the PRIME PLC transmission system. First, characteristic spectra
of the background signal and the transmission signal obtained among 20 s of the STFT
observation were compared with the normative curves identified in Section 2.2 referring
to standards [2-6]. Second, selected spectrum signal parameters were derived. Over the
given frequency interval in the frequency range of the investigated PRIME PLC system, a
single local maximum magnitude of a frequency component of the background signal was
identified. It can be treated as a maximum noise contribution (Ny;sx). Then, corresponding
to the Ny @ magnitude of the transmission signal (S(Njuax)) related to N, was selected.
The parameters are used to derive a local signal-to-noise ratio (SNR;y,;), which expresses
the local minimum SNR in the transmission band due to reference to the maximum noise
frequency component:

S(Nimax) v

Nyax(v)

= ZOIOgS(Nmux)[V] - 2OZOgNmax[V] = S(Nmﬂx)[dB] - Nmax[dB]
= S(Nmax)[aguv] — Nmax[dBuv)

)

Additionally, the classical signal-to-noise ratio in the full frequency range of the PRIME
PLC band (SNRyg,4) was calculated using the power of the transmission signal (Ps;ygar)
and power of the background signal (P,,;s.) calculated based on M frequency components
belonging to the transmission band:

Psignat 3 T Sy

signa m=1"m

SNRband[dB] = 10log g‘ = 10log 1yvM N2 = Psignal[dB} - Pnoise[dB] 2)
notse M Lm=1"Viy[Vv)

Proposed parametrization using the local and broadband SNR aims to represent the
variability of transmission conditions in the transmission band.

In order to extend the assessment of the communication conditions, the communica-
tion statistics were also analysed, considering the intensification of the connection attempts.
In detail, for particular scenarios of the investigation, the statistics were monitored based
on the total number of the connections, the number of failed connections, the number of
successful connections, and the duration of failed connections in one hour. The statistics
represent 2 h of continuous work of the PLC system. The data were reported using a dedi-
cated ADDAX software solution for residential metering [43]. Following interpretations of
the connection statistics may be defined:

e Increasing the number of attempted connections is the preventive action of the PLC
system to keep the transmission successful and can be interpreted as a symptom of
deteriorated transmission condition.

e Percentage contribution of the number of failed connections is not directly repre-
sentative quantity indicating the deterioration of the transmission condition due to
increasing number of attempted connections.

e Increasing the duration of failed connections is the direct symptom of the problems
with continuity of the communication (referring to ADDAX recommendation the
threshold value for the duration of failed connections indicating communication
problem is 180 s in one hour).

4.1. Case 1 (Supply Voltage Scenario 1, Load Condition 0): Operation of the Tested PRIME PLC
System without Loads during Sinusoidal Supply Voltage—Reference Analysis

As the system itself makes use of the supply voltage (power supplies for meters, meter
displays, concentrator, etc.), it was decided to initially study the impact of voltage distortion
without the loads, first of all. This testing stage serves, in a way, as an immunity test of
transmission efficiency at a different degree of distortion of the supply voltage, but without
the participation of higher frequencies introduced by the loads. At this level of testing,
the transmission efficiency statistics available in the master system of the tested PLC are
mainly used. With the use of PCR-LA-500 generators, a perfectly sinusoidal waveform of
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the supply voltage was defined and the first cycle of observation of the operation of the
tested PLC system was performed. The results of spectral analysis for the considered case
of PRIME PLC system operation in scenario 1 (pure sinusoid supply voltage) without loads
are shown in Figure 7. Figure 7a. presents voltage in the point of the equipment connection,
which is also the point of energy meter connection with PRIME PLC receiver (denoted
in figures as line voltage “uL”). The only impact on the primary voltage distortion, i.e.,
before the PLC communication is switched on, are the currents of the power supplies of
the concentrator and the power supplies of the systems and the meter displays. It should
be noted that the power supply itself is not an ideal appliance. According to the technical
specification, the error of the forced waveform could be up to 0.3%. Figure 7b presents the
time-varying nature of the PRIME PLC communication during 20 s of observation. The
figure was obtained using a sliding 100 ms window of DFT analysis using grouping in the
200 Hz band in 100 Hz central frequency. It can be visible that the investigated technology
uses several packages of broadband signal in the range of 42-89 kHz. In order to identify
details of the communication signal and the frequency spectrum of the reference analysis
(pure sinusoid supply voltage and no load), the maximum and minimum spectra from the
200 local spectra (20 s of observation with 100 ms window) have been selected. Figure 7c
identifies spectra representing voltage, with and without PRIME PLC communication.
As shown in Figure 7c, a supply voltage spectrum in investigated cases is characterised
by a practically constant value (grey colour in the diagram) not exceeding 60 dBuV with
narrow-band components of higher frequencies. This waveform was obtained under the
conditions of supplying the system with a nominal voltage of 400 V, 50 Hz, THDy ~ 0%.
This characteristic can be treated as a background for the transmission system (noise). The
green line in Figure 7c represents the non-intentional emission limit values, according to
EN 50065 [3]. It can be noted that using the proposed laboratory setup, it is possible to
obtain conditions representing the permissible range of non-intentional emission in the
public grid. The black line in Figure 7c represents the identified spectrum of intentional
emission introduced by PRIME PLC transmission. From the graph, the following PLC
transmission parameters in the 42-89 kHz band can be identified:

e Local maximum of the non-intentional emission level (noise, background):
Nigx = 65.72 dBuV.
The intentional transmission signal level related to Nyx: S(Npax) = 87.51 dBuV.
Local minimum signal-to-noise ratio: SNR;,.,;; = 21.79 dB.
Signal-to-noise ratio in the full transmission band: SNRy,,,; = 31.21 dB.

Such conditions guarantee the correct operation of the PRIME PLC system in the
42-89 kHz band, which has been confirmed by the observation of meter-concentrator
communication PLC statistics. Communication statistics have been also checked during a
continuous system operation for 2 h. The correct transmission between the concentrator
and the energy meters was confirmed.
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Figure 7. Case 1: Results of the analysis of PRIME PLC system operation without loads at pure sinusoidal supply voltage
(reference case); (a) supply voltage waveform; (b) time-frequency representation in the range 2-150 kHz band using 100 ms
window during the 20 s observation; (¢) comparison of the spectrum of the corresponding PRIME PLC transmission (black)
and the spectrum of the voltage in the connection point of the load and energy meter (grey) with relation to the normative
curves (uL—line voltage in the point of the equipment connection, which is also the point of energy meter connection with

PRIME PLC).

4.2. Case 2 (Supply Voltage Scenario 1, Load Condition 1): Operation of the Tested PRIME PLC

System with LED Light Sources during Sinusoidal Supply Voltage

The measurements were then repeated for the condition when the sinusoidal voltage
supplied the LED light sources. Figure 8 represents: (a) investigated voltage, (b) time-
frequency plane of 20 s observation of the transmission including non-intentional com-
ponent, (c) comparison of the spectrum of the transmission and non-intentional emission
signals (noise, background for the transmission). In comparison to the no-load condition,
the spectrum of voltage measured in the connection point of the LED and the energy
meter is characterised by an additional narrowband non-intentional component around
60-80 kHz. However, the magnitude of this component did not affect the transmission
signal. Details of the characteristic parameters of the spectrum component in the PRIME
PLC transmission band 42-89 kHz are as follows:

Local maximum of the non-intentional emission level (noise, background):

Niax = 75.63 dBuV.

The intentional transmission signal level related to Nyux: S(Npax) = 92.67 dBuV.

Local minimum signal-to-noise ratio: SNR,.,;; = 17.04 dB.
Signal-to-noise ratio in the full transmission band: SNRy,,,4 = 30.63 dB.
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Figure 8. Case 2: results of the analysis of PRIME PLC system operation with LED light sources
at pure sinusoidal voltage supply; (a) supply voltage waveform; (b) time-frequency representation
in the range 2-150 kHz using 100 ms window during the 20 s observation; (c) comparison of the
spectrum of the corresponding PRIME PLC transmission (black) and the spectrum of the voltage in
the connection point of the load and energy meter (grey) with the relation to the normative curves
(uL—line voltage in the point of the equipment connection, which is also the point of energy meter
connection with PRIME PLC).

Communication statistics have been also simultaneously checked. During a continu-
ous system operation for 2 h, correct transmission between the concentrator and the energy
meters was confirmed.

e  Statistics of the connection in the presented case are expressed by:
e  Total number of the connections: 53 (including 44 successful and 9 failed connections).
e  Duration of failed connections in one hour: 2 s.

4.3. Case 3 (Supply Voltage Scenario 2, Load Condition 1): Operation of the Tested PRIME PLC
System with LED Light Sources during Distorted Supply Voltage Referring to Permissible Limits
for Public Grid EN 50160

The tests presented in the previous section have been repeated under operating
conditions with a distorted supply voltage with the maximum harmonic content allowed
by EN 50160:2015 [3] (see Table 2). The supply voltage waveform distortion was achieved
using the programmable AC source and authorised software for harmonic superposition.
The created waveform of the distorted supply voltage is illustrated in Figure 9a. The
waveform is characterised by the total harmonic distortion index equals to 11.62%.
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Table 2. The magnitude of particular harmonics of the supply voltage according to the permissible values of EN 50160:2015 [3].

Odd Harmonics Even Harmonics
Undividable by 3 Dividable by 3
Order Amplitude Order Amplitude Order Amplitude
5 6.0% 3 5.0% 2 2.0%
7 5.0% 9 1.5% 4 1.0%
11 3.5% 15 0.5% 6...24 0.5%
13 3.0% 21 0.5% >24 0.5%
17 2.0% >21 0.5%
19 1.5%
23 1.5%
25 1.5%
>25 1%
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Figure 9. Case 3: results of the analysis of PRIME PLC system operation with LED light sources at distorted supply voltage
referring to permissible limits for public grid defined in EN 50160:2015 [3]; (a) supply voltage waveform; (b) time-frequency
representation in the range 2-150 kHz using 100 ms window during the 20 s observation; (c) comparison of the spectrum of
the corresponding PRIME PLC transmission (black) and the spectrum of the voltage in the connection point of the load
(grey) with the relation to the normative curves (uL—line voltage in the point of the equipment connection, which is also
the point of energy meter connection with PRIME PLC).

Spectrum analysis using 200 of 100 ms windows (Figure 9b) allowed identifying the
characteristic spectra of non-intentional emission and PRIME PLC transmission. Observing
Figure 9c it can be concluded that as it results from the distorted voltage supply waveform
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the voltage spectrum of the non-intentional emission in the connection point of the load
and energy meter resulting from the distorted voltage supply waveform is higher than in
the case of operation under reference conditions (sinusoidal rated voltage). From the graph
in Figure 9c¢, one can read the following signal parameters in the point of the 42-89 kHz
transmission band are expressed by:

e Local maximum of the non-intentional emission level (noise, background):
Npax =77.08 dBuV.
The intentional transmission signal level related to Nyux: S(Npax) = 93.55 dBuV.
Local minimum signal-to-noise ratio: SNR),,; = 16.47 dB.
Signal-to-noise ratio in the full transmission band: SNRy,,,; = 23.57 dB.

The SNR value in the PRIME PLC communication band proved to be sufficient for
the transmission of signals in the majority of trials to be effective, as evidenced by the PLC
system statistics. However, going into the details of the statistics it has to be emphasized
that in order protect against the potential loss of the transmission the investigated PRIME
PLC system increased the number of the connection two times in comparison to reference
conditions. The magnitude of the transmission signal was also adapted to worse connection
conditions and increased from 90 dBuV (reference condition) to 95-97 dBuV.

Statistics of the connection in the presented case are expressed by:

e Total number of the connections: 103 (including 83 successful and 20 failed connec-
tions).
e  Duration of failed connections in one hour: 187 s.

4.4. Case 4 (Supply Voltage Scenario 4, Load Condition 1) Operation of the Tested PRIME PLC
System with LED Light Sources during Distorted Supply Voltage Referring to Immunity
Test Limits

The final scenario of the supply voltage distortion represents harmonic contribution
used in low-frequency immunity tests, according to IEC 61000-4-13 [30] addressed to the
equipment of the third class of the immunity. Details of the harmonic contents are presented
in Table 3. The distorted supply voltage waveform obtained using the programmable
source is depicted in Figure 10a. The waveform is characterised by the total harmonic
distortion index equals 25.69%. This scenario can be treated as a case that exceeds the
normal operating condition of the equipment significantly.

Table 3. The magnitude of particular harmonics of the supply voltage used in low-frequency immu-
nity tests according to IEC 61000-4-13 [30] addressed to the equipment of third class of the immunity.

The Harmonic Order Class 3 The Harmonic Order Class 3
h=3n+1 Test Levels in %U1 h=3n Test Levels in %U1
5 12 3 9
7 10 9 4
11 7 15 3
13 7 21 2
17 6 27 2
19 6 33 2
23 6 39 2
25 6
29 5
31 3
35 3
37 3
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Figure 10. Case 4: results of the analysis of PRIME PLC system operation with LED light sources at distorted supply
voltage referring to permissible limits for low-frequency immunity tests defined in IEC 61000-4-13 [30]; (a) supply voltage
waveform; (b) time-frequency representation in the range 2-150 kHz using 100 ms window during the 20 s observation;
(c) comparison of the spectrum of the corresponding PRIME PLC transmission (black) and the spectrum of the voltage
in the connection point of the load (grey) with the relation to the normative curves (uUL—line voltage in the point of the
equipment connection, which is also the point of energy meter connection with PRIME PLC).

In contrast to the previously described scenarios, Figure 10b shows a significant
impact of the distorted supply voltage on the non-intentional emission at the point of the
connection of the LED and energy meter. The characteristic time packages of the broadband
transmission signal in the range 42-89 kHz are not recognized now. It can be generally
concluded that the non-intentional emission “covered” the intentional transmission signal.
A comparison of the characteristic spectra of the intentional and non-intentional emission
is presented in Figure 10c. Following signal parameters in the point of the 42-89 kHz
transmission band can be identified as:

e Local maximum of the non-intentional emission level (noise, background):
Npax = 89.82 dBuV.
The intentional transmission signal level related to Nyux: S(Npax) = 92.96 dBuV.
Local minimum signal-to-noise ratio: SNRj,.;; = 3.14 dB.
Signal-to-noise ratio in the full transmission band: SNRy,,,; = 7.61 dB.

In point of the transmission statistics, the transmission was effective in the majority of
trials. However, similar to the previous case, when the distorted supply voltage referring
to permissible levels of harmonics in a public grid was considered, using supply waveform
distortion basing on IEC 61000-4-13 kept increasing number of the connection between
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concentrator and energy meters. The maximum time of failed connection extends the
acceptable 180 s in one hour.
Statistics of the connection in the presented case are expressed by:

e  Total number of the connections: 106 (including 86 successful and 20 failed connections).
e  Duration of failed connections in one hour: 371 s.

4.5. Comparative Analysis: Operation of the Tested PRIME PLC System under the Different
Scenario of Supply Voltage Distortion and Variant Types of Loads

Previously presented results described in detail cases with LED light sources and
consequently increased level of supply voltage distortion. The presented results aimed to
express the methodology of the investigation with special consideration of the identification
and analysis of the characteristic spectra of voltage in the point of the connection of the load
and energy meter. As already mentioned, the loads responsible for the majority of data
transmission interference in systems based on PLC transmission are LED and CFL light
sources and induction motors powered by a pulse width modulation (PWM) frequency
inverter. Therefore, in order to assess the impact of the power supply voltage distortion
on the operation of the tested PRIME PLC system, with the simultaneous presence of
emissions of these loads, extended investigations were performed using several cases
formulated as mixtures of the different scenario of supply voltage distortion and variant
types of load. It resulted in ten investigation cases for deliberate comparative analysis:

No-load and sinusoidal supply voltage (reference condition)—1 case.

LED light sources (sinusoidal, EN 50160, IEC 61000 4-13)—3 cases.

CFL light sources (sinusoidal, EN 50160, IEC 61000 4-13)—3 cases.

Induction motor powered by PWM (sinusoidal, EN 50160, IEC 61000 4-13)—3 cases.

Spectral analysis in the range of 2-150 kHz was carried out for the mentioned ten in-
vestigation cases. Figure 11 presents spectra of the investigated voltage in the point of the
connection of the load and energy meter with PRIME PLC communication for: (a) LED, (b)
CFL, and (c) induction motor with PWM converter, respectively. For better representation,
every figure consists of margin characteristic spectra reflecting the background of the trans-
mission obtained for the sinusoidal supply and no-load denoted as reference condition (grey)
as well as spectrum of the signal with PRIME PLC transmission (black). The next three curves
express the investigated voltage spectra for the consequently deteriorating supply voltage
condition (brown—sinusoidal, yellow—EN 50160, orange—IEC 61000-4-13).

The first comment to the obtained results presented in Figure 11 might be addressed to
the comparison of the non-intentional emission of the investigated loads for the sinusoidal
supply voltage (brown) and normative curves representing emission in a power grid. It
can be noticed that, for normative supply conditions, the spectra differ significantly and
are characterised by different frequency components in the observed range 2-150 kHz.
Moreover, temporarily the obtained spectra exceed the curves representing the normative
level of non-intentional emission in the public grid defined in IEC 61000-3-8 [4] adopted in
EN 50065:2012 [2] (green normative curve).

The second comment might be addressed to the influence of the distorted voltage
condition on non-intentional emission in the range 2-150 kHz. As it was shown in Figure 11,
increasing the level of the contribution of the low-frequency component 0-2 kHz in the
supply voltage affected the non-intentional emission in the observed range 2-150 kHz in
the connection point of the loads and energy meter with PRIME PLC transmission (yellow
and orange lines). For the margin condition representing low-frequency contribution used
in the immunity test, according to IEC 61000-4-13, the investigated spectra were very close
to the intentional transmission signal of the PRIME PLC system (black).
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Figure 11. Summary: spectra of the voltage in the connection point of the load and energy meter for
mixture cases representing results of the analysis of PRIME PLC system operation with (a) LED; (b)

CFL; and (c) induction motor with PWM converter; under the different contribution of low-frequency
distortion in the supply voltage (pure sinusoid (brown), EN 50160:2015 [3] (yellow), IEC 61000-4-
13 [30] (orange)) with relation to no-load condition (grey) and PRIME transmission (black) (uL—line
voltage in the point of the equipment connection, which is also the point of energy meter connection

with PRIME PLC).
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Details of the representative parameters of the transmission signal and the non-
intentional emission in the transmission band 42-89 kHz of the investigated PRIME PLC
system were collected in Table 4. It can be noticed that the condition of the transmission
was consequently worse when the distortion of the supply voltage was increased.

Table 4. Characteristic parameters of the signal in the transmission band 42-89 kHz of PRIME PLC during the different
scenarios of supply voltage distortion and variant types of loads.

Induction Motor

Sinusoidal Supply Voltage No-Load LED CFL with PWM
S(Nymax) (dBpV) 87.51 92.67 94.09 93.43
Niax (dBuV) 65.72 75.63 73.47 83.32
SNRjocar (dB) 21.79 17.04 20.61 10.11
Psignal (dB) —31.22 —23.63 —25.37 —24.38
Poise (dB) —62.42 —54.26 —51.68 —43.35
SNRpud (dB) 31.21 30.63 26.31 18.97
Distorted Supply Voltage Induction Motor
EN 50160 (Table 2) No-Load LED CFL with PWM
S(Nmax) (dBuv) 87.51 93.55 92.46 92.92
Niax (dBuV) 65.72 77.08 78.12 81.22
SNRjpcal (dB) 21.79 16.47 14.35 11.70
Psignal (dB) —-31.22 —22.84 —23.53 —23.99
Poise (dB) —62.42 —46.41 —46.55 —42.42
SNRpaud (dB) 31.21 23.57 23.02 18.43
Distorted Supply Voltage Induction Motor
IEC 61000-4-13 Class 3 (Table 3) No-Load LED CrL with PWM
S(Nmax) (dBuV) 87.51 92.96 91.80 91.11
Niax (dBuV) 65.72 89.82 88.86 91.90
SNRjpcal (dB) 21.79 3.14 2.94 —0.79
Psignal (dB) —31.22 —24.92 —24.48 —29.45
Poise (dB) —62.42 —32.53 —34.22 —31.94
SNRpud (dB) 31.21 7.61 9.73 2.49

Nyax—local maximum magnitude of the frequency component of the background signal; S(N;;.x)—local magnitude of the frequency
component of the transmission signal related to Nyax; SNRj,—signal-to-noise ratio derived on the basis of local values of S(N.x) and
Niax; Psigng—power of the transmission signal in the transmission band; P,yis.—power of the background signal (noise) in the transmission
band; SNRy,,,;—signal-to-noise ration derived on the basis of Pignar and Pypise-

The impact of the supply voltage distortion on the signal-to-noise ratio (SNR) in the
transmission band 42-89 kHz of the investigated PRIME PLC system is presented in Table 4
and illustrated in Figure 12. In particular:

e  With LED load the SNR coefficient decreased from 30.06 dB (SNRy,;,4)/17.04 dB
(SNR;yeq) for the sinusoidal normal condition to 7.61 dB(SNRy,,,4)/3.14 dB (SNR;pca1)
for margin distorted condition, which made PLC transmission more difficult;

e  With CFL load the SNR coefficient decreased from 26.31 dB (SNRy,,:)/20.61 dB
(SNRjycq) for the sinusoidal normal condition to 9.73 dB (SNRy;,.4)/2.94 dB (SNR;pca1)
for margin distorted condition, which made PLC transmission more difficult;

e  With induction motor powered by PWM converter, the SNR coefficient decreased
from 18.97 dB (SNRy,,,4)/10.11 dB (SNRj,4) for the sinusoidal normal condition to
2.49 dB (SNRy,4)/ —0.79dB (SNRj,) for margin distorted condition, which made
PLC transmissions impossible.
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Figure 12. Impact of the supply voltage distortion grade on the signal to noise ratio (SNR) in the
transmission band 42-89 kHz of the investigated PRIME PLC system.

Direct investigation of a bit error rate (BER) was not performed in the presented study.
However, based on [44,45] it can be roughly estimated that for the achieved range of SNR
reduction from 30.63 dB to 2.94 dB possible increase of BER could be in the range from
107 to 10",

Details of the connections statistics in the investigated cases are collected in Table 5. It
can be generally noticed that increasing the level of the supply voltage distortion resulted
in increasing the total number of the attempted connections as well as a long duration of
the failed connections during one hour. Figure 13 depicts the impact of the supply voltage
distortion on the duration of the failed connections in one hour of the investigated PRIME
PLC system concerning the different types of the investigated equipment. A prominent
case is represented by waveform distortion used in the immunity test of the equipment.
This case indicates the duration of the failed connections in one hour longer than level
180 s specified by the producer as a margin condition for proper connection. In particular:

e  With LED load the number of attempted connections increased two times and the
duration of failed connections increased from 2 s to 371 s when the distortion of the
supply voltage was increasing;

o  With CFL load the number of attempted connections were relatively higher than in the
case of LED load and the duration of failed connections increased from 186 s to 366 s;

e  With induction motor powered by PWM converter the duration of the failed connec-
tions obtained the highest value of 551 s noticed under the distorted supply condition.
Additionally, in the case of the margin-investigated supply voltage distortion, the
PLC system was not able to retry the connections and the number of the attempted
connection was relatively small.
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Table 5. The statistics of the transmission of the investigated PRIME PLC during the different
scenarios of supply voltage distortion and variant types of loads (2 h continuous work).

Induction Motor

Sinusoidal Supply Voltage LED CFL with PWM
total number of 53 95 110
attempted connections
number of successful connections 44 76 920
number of failed connections 9 19 20
duration of failed connections in one ’ 186 186
hour (s)
Distorted supply voltage Induction motor with
EN 50160 (Table 2) LED CFL PWM
total number of connections 103 54 93
number of successful connections 83 44 83
number of failed connections 20 10 10
duration of failed connections in one 187 187 551
hour (s)
Distorted supply voltage LED CFL Induction motor with
IEC 61000-4-13 Class 3 (Table 3) PWM
total number of connections 106 104 28
number of successful connections 80 84 24
number of failed connections 20 20 4
duration of failed connections in one 371 366 192
hour (s)
600
2 500
g
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S
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8
2 200
E
5 100
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R
Sinusoidal supply voltage Distorted supply voltage Distorted supply voltage
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Figure 13. Impact of the supply voltage distortion grade on the duration of the failed connections in
one hour of the investigated PRIME PLC system.

5. Discussion

Taking into account the results of the research presented in this paper, it can be stated
that the harmonic content of the supply voltage can be considered as one of the origins
of the increasing level of supraharmonics non-intentional emission. As it was shown in
the paper, successively increased deterioration grade of the supply voltage waveform,
representing respectively harmonic content of permissible level defined for the public grid
as well as for the immunity test, had a direct influence on non-intentional emission in the
range 2-150 kHz, that in consequence affected the transmission of the investigated PRIME
PLC system.



Energies 2021, 14, 777

24 of 26

The obtained results allow us to draw several conclusions, namely:

e For all investigated loads (CFL, LED, the motor with PWM) it was observed that
increasing the content of higher harmonics in the supply voltage from the sinusoidal
condition, by the waveform distortion representing permissible content of harmonic
in a public grid, to the waveform distortion defined in the immunity test of the equip-
ment, resulted in a higher level of non-intentional emission in the range 2-150 kHz.
As a consequence, the SNR derived from the local maximum magnitude of the back-
ground signal and associated with it the local magnitude of the transmission signal
of the investigated PRIME PLC system was consistently decreasing, from 17.04 dB to
3.14 dB (for LED), from 20.61 dB to 2.94 dB (for CFL) and from 10.11 dB to —0.79 dB
(for the motor with PWM). The SNR calculated on the basis of power of the transmis-
sion signal and power of the background signal in the transmission band was also
decreasing, from 30.06 dB to 7.61 dB (for LED), from 26.31 dB to 9.73 dB (for CFL), and
from 18.97 dB to 2.49 dB (for the motor with PWM), respectively.

e  An indirect result of the supply voltage distortion is an increasing number of the
connections activated by the investigated PLC system in order to prevent loss of the
connection. However, in case of a high level of supply voltage distortions, the duration
of the failed connections increased significantly. The duration of failed connections
decreased from 2 s to 371 s for the LED load, and from 186 s to 366 s for the CFL load.
The highest value of the duration of failed connections, 551 s, was achieved in the case
of the induction motor powered by PWM.

e  The scenarios of the supply voltage distortion used in the investigation represent a
relatively high level of deterioration (direct sum of harmonics permissible harmonic
for public grid is represented by THD equals 11.62%; voltage distortion used in the
immunity test equipment of the third class of immunity is represented by THD equals
25.69%). However, the formulated relation between the condition of the supply voltage
and non-intentional emission suggests extending the discussion about the condition of
the tests of non-intentional emissions, which currently are performed under sinusoidal
conditions. A proposition for an extended test using deteriorated supply voltage,
referring to the permissible level of THD in a low-voltage public network, gradually
increasing from a few percentage points to 8%, can be considered.

e The proposition of extended testing of non-intentional emissions under a distorted
supply voltage might also be valuable for a more effective filter specification and
selection for particular power line communication technologies.
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