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A B S T R A C T   

Electric Vehicle Charging Processes (EVCPs), due to the involved power electronics with high-switching fre-
quencies, generate high-amplitude emissions that could have a negative impact on Power Quality (PQ) and 
Narrowband Power Line Communications (NB-PLC) systems. In this context, this paper deals, first, with the 
frequency and time characterization of the disturbances generated by four EVCPs in the 9-500 kHz frequency 
range. The study is based on measurements carried out in a controlled Low Voltage (LV) grid. For this purpose, a 
novel procedure for the frequency and time characterization is proposed. The frequency characterization is based 
on the calculation of a set of parameters, which allows evaluating not only the amplitude of the disturbances in 
the frequency band under analysis, but also their spectral distribution. The time variability is characterized by 
means of a Fast Fourier Transform (FFT) analysis that leads to a simplified model to evaluate the time-dependent 
behavior of the disturbances, which shows a sub-cycle periodic pattern of the emissions in the frequency band of 
interest. Second, the propagation of the previously characterized emissions is analyzed, concluding that they 
propagate several meters through the LV grid. Although in most cases the disturbances are attenuated with 
distance, there might be resonances that lead to higher amplitudes at an electrical point distant from the source 
of the emissions. Finally, the influence of the simultaneous charging of several EVs is studied. The results show 
that, in general, the amplitudes correspond to the superposition of the individual disturbances, in addition to 
intermodulation products due to the switching frequencies of the inverters. 

As a conclusion, the high amplitude time-varying emissions, together with their capacity for propagation and 
interaction, are a matter to be analyzed due to their influence on PQ and their potential degradation of the 
performance of PLC in the frequency band from 9 kHz to 500 kHz.   

1. Introduction 

Electric Vehicles (EVs) play a fundamental role in the concept of 
Smart Grid, and any Smart City initiative should include EV charging in 
their plans [1]. However, EVs face significant battery-related challenges, 
which lead to continuous innovation in order to improve aspects such as 
driving range, charging time, battery cost, etc. [2]. 

One unintended side effect of EV Charging Stations (EVCSs) is 

electromagnetic compatibility (EMC) issues due to conducted Non- 
Intentional Emissions (NIEs) [3], which may potentially impact Power 
Line Communications (PLC) [4–6]. Interfering emissions due to rectifi-
cation caused by power electronics with high-switching frequencies up 
to several hundred kHz could propagate and have an effect not only 
close to the EVCS but also on the surrounding Low Voltage (LV) grid [7, 
8]. In order to cover all the frequency range where Narrowband PLC 
(NB-PLC) technologies can be developed, it is important to extend the 
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study of these emissions from the classical supraharmonic range (2–150 
kHz) [9] to the frequency band up to 500 kHz. In this context, this paper 
is focused on the characterization of the NIEs generated by Electric 
Vehicle Charging Processes (EVCPs) in a controlled LV grid in the fre-
quency range 9-500 kHz, in addition to analyzing their capacity of 
propagation and interaction. The study is based on measurements car-
ried out in a controlled LV grid scenario. 

2. State of the art 

2.1. Non-Intentional emissions generated by EVCPs 

The effect of the penetration of EVs on the Power Quality (PQ) pa-
rameters (up to 2 kHz) has been deeply studied in the existing literature 
[10–12]. Although according to [13], the rectifiers included in the cir-
cuitry for the battery charging process are a source of high-amplitude 
emissions, only a few research works have been carried out for their 
proper characterization in the supraharmonic range (2 kHz to 150 kHz). 

In [14], the main causes of the spectral components of the emissions 
generated by an electric bus in the 2-150 kHz frequency range are 
identified. In [7], the supraharmonic currents of a bidirectional EVCS 
are measured and analyzed in the frequency domain, showing both 
wide-band and narrow-band emissions. Similarly, reference [15] ana-
lyzes the supraharmonic emissions generated by nine popular EV models 
in the Netherlands for frequencies up to 100 kHz. As stated in [16] and 
[17], the spectral pattern of the disturbances is highly dependent on the 
EV model and the charging regime, and thus, extensive measurement 
campaigns are necessary to model this type of NIEs. 

The authors of the current work also presented a time- and 
frequency-characterization of the conducted disturbances generated by 
two commercial EV models from 9 kHz up to 500 kHz in [18]. The 
measurements analyzed in [18] were performed on an artificial Line 
Impedance Stabilization Network (LISN). However, conducted emis-
sions in real scenarios will strongly depend on local grid conditions and 
the influence and interaction with other electrical equipment connected 
close-by [7]. 

Therefore, the current state-of-the-art presents some research gaps 
that still need to be covered in this area. First, there are scarce studies 
available for the frequency range above 150 kHz, so that their potential 
negative effect on NB-PLC technology covering the frequency band up to 
500 kHz is unknown. Second, as already shown in the literature, the 
conducted emissions depend on the specific charging process (EVCS, EV 
model and state of charge). This highlights the need for extensive 
measurement campaigns considering different charging situations, in 
order to provide a big picture of the current and future situations of EV 
development. 

2.2. Propagation and interaction of NIEs 

The conducted disturbances in this frequency range have been 
proven to propagate over several kilometers in the LV and Medium 
Voltage (MV) grids [19–21]. Moreover, as in a real situation an EV is 
surrounded by other sources of disturbances, the resultant emissions at a 
certain electrical point are expected to be the combination of the 
propagated emissions generated by each source. For this reason, in order 
to fully determine the effects of the EVCPs on the amplitude of the 
emissions in the LV grid, it is essential not only to properly characterize 
these emissions in the time and frequency domains at the Point of 
Connection (POC) where the EVCS is installed, but also to analyze their 
propagation and interaction with other connected equipment. 

Up to now, several laboratory and on-site measurements have been 
carried out for the characterization of the interaction of the disturbances 
generated by different electronic devices. According to the existing 
studies, the disturbances measured at the terminal of a certain device 
consist of a primary and a secondary emission. The primary emission, 
dependent on the grid impedance and, therefore, on the location and 

time of the day, is defined as the part of the current generated by the 
sources inside the device. In contrast, the secondary emission corre-
sponds to the part of the current originated by sources outside the device 
[19,22–27]. In [24], where a model for estimating the emissions of a 
laboratory installation composed of multiple devices is presented, it is 
stated that this secondary emission cannot be disregarded and should be 
taken into account for the correct characterization of the resultant 
emission generated by an individual appliance. 

In [23], by means of a simulation model, the influence of the length 
of the line on the disturbance levels is studied. For that purpose, the 
interaction between some specific devices connected at the same and 
different electrical points has been considered. The study in [23] is 
based on the analysis of the emissions at specific frequencies depending 
on the number of connected devices and the length of the electrical 
cable. 

Some works have also analyzed the influence of the interaction be-
tween electronic equipment in a laboratory environment. This interac-
tion depends on the devices and the characteristics of the source 
impedance [19], and the time of the day [28]. According to the authors 
of those contributions, the emissions generated from a specific device 
increase if more appliances are connected at the same electrical instal-
lation, whereas the total emission of the grid is reduced [24]. 

Regarding the propagation and interaction of the emissions gener-
ated by EVCPs, in [29], the long-term variations of the NIEs generated 
from three electric charging infrastructures are analyzed up to 100 kHz, 
both in the frequency and time domains. The conclusion of the work is 
that the higher the number of EVs, the higher the disturbances measured 
in the power grid. A similar study is performed in [30], where the time 
and frequency analysis of the behavior of the supraharmonics from 
EVCSs is addressed for frequencies up to 100 kHz in laboratory 
conditions. 

However, the existing literature only considers the propagation of 
emissions from individual devices, without analyzing the cumulative 
effect of NIEs from several sources on their propagation through the 
grid. Moreover, as stated in [31], the disturbances generated by elec-
tronic appliances show a considerable time-dependent behavior and, 
consequently, the propagation analysis can only be carried out by means 
of synchronized measurements at different electrical points [32]. 

Consequently, the state-of-the-art shows that the aggregation of 
simultaneous emissions from various EV charging processes should be 
investigated. Finally, conducted NIEs from EVs should be analyzed in 
more realistic grid conditions, avoiding uncontrolled grid factors, in 
order to evaluate propagation and interaction with other electrical 
equipment. 

3. Paper contributions and structure 

Considering the research gaps presented above, the main objective of 
this paper relies on the frequency and time characterization of the 
emissions generated by a set of EVs during their charging process in the 
9-500 kHz frequency range. The study, based on measurements carried 
out in a controlled LV grid, proposes a novel procedure that allows 
evaluating a certain disturbance by means of the calculation of a set of 
parameters and a Fast Fourier Transform (FFT) analysis. Moreover, the 
propagation of the NIEs along the grid is analyzed by means of syn-
chronized measurements at different connection points. Finally, in order 
to study the interaction of the emissions from various EVCPs, the ag-
gregation of simultaneous emissions is investigated. 

With the aim of highlighting the novelty of this paper, Table I shows 
a summary of the previously presented state of the art, in addition to the 
main contributions of the current paper. 

The rest of the paper is organized as follows. In section IV, the 
measurement scenario is presented, including the available technical 
specifications of the EVCSs under study, as well as the measurement 
system used for the recording of the NIEs and the signal processing. In 
section V, the NIEs generated by four different EVCPs are characterized 

J. González-Ramos et al.                                                                                                                                                                                                                      



Electric Power Systems Research 231 (2024) 110289

3

in the frequency and time domains up to 500 kHz. In section V.A, the 
Quasi-Peak (QP) values of the amplitude of the disturbances, according 
to the CISPR16-1-1 [33], are presented. The study of the time-variant 
behavior of the disturbances over the measurement time is discussed 
in section III.B. In sections VI and VII, the propagation and interaction of 
the emissions previously characterized are addressed. Finally, in section 
VIII, the main conclusions of the work are gathered. 

4. Methodology 

4.1. Description of the measurement scenario 

The measurements that support this study are carried out in the 
“Concept Grid” laboratory of Électricite de France (EDF), a unique 
testing facility that goes beyond ideal conditions of laboratory trials, but 
at the same time, avoids uncontrolled background distortion that may 
substantially affect the results [7]. This testing scenario simulates a LV 
distribution grid composed of a Secondary Substation (SS) and five 
houses, with a three-phase installation, to which different electronic 
devices can be connected. 

In this study, three different EVCSs are analyzed. EVCS1 is installed 
at H2, EVCS2 at H3, and EVCS3 at H5. There are 3 EV models available, 
and each EV model can only be charged at its corresponding EVCS. A 
representation of the measurement scenario is shown in Fig. 1, where 
the distance between the different houses and the location of the EVCSs 
are indicated. 

In order to have a predominantly resistive load at the POC, domestic 
heaters were connected to each house. The background noise due to 
these loads was characterized at H4, considering this as the default sit-
uation. All the measurement results presented in the following sections 
were conducted in the same electrical phase (monophasic 
measurements). 

The four situations to be analyzed correspond to the charging process 
of EV1 at 81% state of charge (SoC), EV2 at 100% and 75% SoC, and EV3 
at 68% SoC. The disturbances were measured at the POC of each house 
to which the EVCS under study is installed. As the emissions generated 
by EVCP1 and EVCP3 were only measured at a given SoC, hereafter the 
SoC of these two EVCPs will not be specified each time these two EVCPs 
are cited in the text. In order to analyze the propagation of the emissions 

generated by each EVCP individually, synchronized measurements were 
carried out at H2, H3, and H5. The analysis of the interaction of the NIEs 
is based on measurements performed at H2, H3, and H5 when the three 
EVs are charging simultaneously. 

Limited technical information of the EVCSs under study is available, 
with no information about EVCS2. In Table II, the technical specifica-
tions of EVCS1 and EVCS3 are gathered. In all the trials, EVCS1 corre-
sponds to the charging post of EV1, EVCS2 to the charging circuitry of 
EV2, which is installed inside EV2, and EVCS3 to the charging post of 
EV3. 

4.2. Measurement system for NIEs 

The measurement system for NIEs, shown in Fig. 2, is based on the 
voltage probe presented in [36], which is connected to the electrical 
point where the disturbances are measured. This voltage probe shows a 
flat response for a wide range of impedance values that may be found in 
the grid. A digital oscilloscope, controlled by a laptop, is responsible for 
recording the signal with high accuracy (15 bits of resolution in 
magnitude) and a high sampling frequency (8.92 MHz). The acquisition 
of the NIEs is performed by means of purpose-specific software devel-
oped by the authors. 

In order to carry out synchronized measurements at three different 

Table I 
Summary of the previously presented state of the art and the main contributions of the current paper.  

Reference Frequency 
range 

Measurement scenario Scope of the study 

Grasel, [7] 9-150 kHz Reconstructed LV grid Characterization of the conducted emissions generated by a V2G EVCS 
Meyer, [13] 50 Hz-150 kHz Laboratory Characterization of the conducted emissions generated by 19 EVCPs 
Lodetti, [14] 2-150 kHz Point of Common Connection (LV 

grid) 
Characterization of the conducted emissions generated by an electric bus inductive charging 

Slangen, [15] 0-100 kHz Testlab of ElaadNL Characterization of the conducted emissions generated by 9 EVCPs 
Schöttke, [16] 2-150 kHz Laboratory/LV grid Characterization of the conducted emissions generated by 6 EVCPs 
Darmawardana,  

[17] 
2-150 kHz LV grid/Waveform generator (supply) Characterization of the conducted emissions generated by two EVCPs 

González-Ramos,  
[18] 

9-500 kHz LISN Characterization of the conducted emissions generated by two EVCPs 

Espín-Delgado,  
[20] 

2-150 kHz LV grid (TU Dresden laboratory) Propagation and interaction study of the conducted emissions generated by PV inverters and 
LEDs based on a correlation and impedance analysis 

Cassano, [23] 5.1 kHz and 
15.1 kHz 

Simulations (LV grid) Propagation and interaction analysis of the conducted emissions generated by a fast DC EVCS 
based on a primary/secondary emission approach 

Sutaria, [26] 2-150 kHz Laboratory at the University of Luleå Characterization of the conducted emissions generated by different Power Factor Corrected 
circuits. The propagation of these emissions is analyzed based on a primary/secondary emission 
approach 

Streubel, [29] 2-150 kHz Three different parking garages with 
charging infrastructures 

Characterization of the conducted emissions generated by three EV charging infrastructures in 
the long-term 

Slangen, [30] 0-100 kHz Smart Grid Interoperability Lab Characterization of the conducted emissions generated by four EVs. The propagation and 
interaction of these emissions are analyzed based on a primary/secondary emission approach 

Current paper 9-500 kHz Controlled LV distribution grid Definition of a novel procedure for the characterization of the conducted emissions generated by 
four EVCPs (time and frequency domains). The propagation and interaction of these emissions is 
analyzed based on synchronized measurements at different electrical points in the LV 
distribution grid  

Fig. 1. Measurement scenario in the “Concept Grid” laboratory of EDF 
in Écuelles. 
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locations, three measurement systems as the one presented in Fig. 2 are 
needed, as well as an identical time setting in each computer. For this 
purpose, a GPS module is required for generating a Pulse per Second 
(PPS) signal with a precision of 20 ns. In this way, a deviation between 
computers of less than a millisecond is achieved. In each measurement, 
the GPS signal is recorded at the same time as the disturbances. 

4.3. Signal processing 

Once the emissions are recorded, the results are represented in a 
color scale with respect to frequency (horizontal axis) and time (vertical 
axis) in the form of spectrograms by means of a Matlab script, providing 
a time and frequency resolution of 2 ms and 50 Hz, respectively. For this 
purpose, a sliding Lanczos windowing with a duration of 20 ms and an 
overlapping of 90% between consecutive windows is applied. The 
Lanczos window is defined in (1),  

where N is the number of samples per 20 ms window. 
Then, in order to obtain the measured spectrum every 2 ms, a Short- 

Term Fourier Transform (STFT) is applied to each time window ac-
cording to (2), 

Z[ fc, k] =
∑N− 1

n= 0
x[n − k]w[n]e− j2πfn (2)  

where fc are the frequency components, and k the time steps between 
consecutive STFT outputs. 

As the recordings of the emissions last 600 s (except for EV2 at 75% 
SoC, where the emissions were recorded for 250 s), due to computa-
tional effort, only 50 s of the recordings are represented. As an example, 

Fig. 3 shows the spectrogram during the first 50 s of the emissions 
generated by the charging process of EV1. 

Subsequently, in order to characterize the disturbances in the fre-
quency domain, the QP values of the amplitude of the emissions are 
obtained according to CISPR 16–1-1 standard [33], obtaining a single 
figure of QP values of the amplitude of the NIEs as a function of fre-
quency for each time interval of 50 s. 

By contrast, the time characterization of the emissions is performed 
by evaluating the variability of each frequency bin over the measure-
ment time. 

5. Characterization of individual emissions 

5.1. Frequency analysis 

Fig. 4 shows the QP values of the amplitude of the emissions 
generated by the EVCP1, EVCP2 at 75% and 100% SoC, and EVCP3, 
respectively, together with the emissions corresponding to the default 
situation. 

As no emission limits have been specified for the conducted distur-
bances generated by EVs during the charging process, the out-of-band 
limits defined for communications equipment in EN 50065-1 [37] 
might be considered as a conservative criterion [38] for comparison 
purposes. 

In general, the amplitude of the emissions is very high if compared to 
the background noise corresponding to the default situation in which no 

EV is connected to the grid. This does not go in line with the observations 
in [16], where no significant emission is visible above 50 kHz. This re-
inforces the idea that the emissions are very dependent on the specific 
characteristics of the charging process under analysis. 

For EVCP1 and EVCP2, the measured disturbances are in the form of 
harmonics of the switching frequency of an inverter of the EV charger 
[7],[13],[16]. For instance, Fig. 4(a) shows this spectral pattern, where 
harmonics of 10 kHz (amplitudes between 62 dBµV and 98 dBµV) are 
measured in the whole frequency band. In the case of EVCP2, harmonics 
of 16 kHz with amplitudes varying between 82 dBµV and 115 dBµV at 
75% SoC and between 82 dBµV and 106 dBµV at 100% SoC are regis-
tered. By contrast, as shown in Fig. 4(c), a high-amplitude emission 
decreasing with frequency in the form of colored noise is observed for 
EVCP3 between 70 kHz and 500 kHz (amplitudes varying from 79 dBµV 

Table II 
Technical specifications of EVCS1 and EVCS3 [34,35].  

EVCS Model Mode Output 
Voltage 

Output 
Current 

Maximum single- 
phase power 

EVCS1 NSQC442G 3 50–500 V 
DC 

0 – 120 A 
DC 

– 

EVCS3 Witty- 
XEV100 

3 230-400 V 
(Adjust.) 

– 32 KVA  

Fig. 2. Measurement system for Non-Intentional Emissions.  
Fig. 3. Spectrogram of the disturbances generated by the charging process of 
EV1 during 50 s. 

w[n] =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

sinc
(

2
(

2n
N − 1

))

sinc
(

2n
N − 1

− 1
)

, n ∕=
N − 1

2

1, n =
N − 1

2

, n = 0, 1,…,N − 1 (1)   
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to 48 dBµV). This might be due to an efficient grid-side filter circuit, 
PWM-controlled devices using active power factor correction and/or a 
control regime that continuously changes the switching frequency [7,13, 
30]. In order to verify this, a time domain analysis is required (see 
section V.B). 

Moreover, Fig. 4(b) demonstrates that the amplitudes of the spectral 
components do not necessarily decrease with frequency, as observed in 
[14]. Fig. 4(b) also shows that the spectral pattern varies with the state 
of charge [13,16,39]. Although similar amplitudes are obtained at the 
narrowband emissions if both states of charge are compared, there is a 
minor shift in the fundamental frequency of the spectral components 
and, hence, the high-amplitude narrowband emissions are not centered 
at exactly the same frequencies. This effect is also found in the results 
presented in [13,17]. As an example, Fig. 5 shows the emission gener-
ated by the charging process of EV2 at 100% and 75% SoC around 350 
kHz. The peaks of the emission are located at 351.9 kHz and 352.4 kHz 
respectively. 

Therefore, the previous figures clearly show that the QP values of the 
amplitude of the emissions highly depend on the particularities of the 
EVCPs (EVCS, EV model and state of charge), as different spectral 
components and amplitudes of the emissions have been registered. This 
effect might be caused by the filter circuits of the EVs [13]. Considering 
that the details of the electronic components are not usually provided by 

the manufacturers, this highlights the need for basing the analysis of 
emissions from EVCPs on experimental evidence [17]. 

In order to numerically characterize the QP values of the amplitude 
of the emissions for the whole frequency band of interest, the Total 
Supraharmonic Voltage (TSHV) [40–42] is calculated for the four situ-
ations under study according to (3). 

TSHV =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑i=9821

i=1
Vi

2

√
√
√
√ (3) 

This parameter, calculated in linear scale and then converted to 
logarithmic, gives a general overview of the amplitude of the distur-
bances generated by each EVCP in the whole frequency band. The 
summation considers the QP values of the amplitude of the emissions of 
the 9821 frequency bins covering the band under analysis (9-500 kHz) 
with a frequency step size of 50 Hz. 

Moreover, in order to determine if the emissions above the limit are 
concentrated at specific frequencies or spread over wider frequency 
bands, the percentage of frequency bins exceeding the PLC out-of-band 
emission limits (PFBL) is calculated. 

PFBL =
number of frequency bins above the limit

total number of frequency bins
⋅100 (4) 

Fig. 4. QP values of the amplitude of the emissions (dBµV) generated by EVCP1 (a), EVCP2 at 75% and 100% SoC (b), and EVCP3 (c).  
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In Table III, the TSHV and PFBL are gathered for each situation under 
study. 

Table III clearly shows that the emissions generated by the charging 
process of EV1 in the 9-500 kHz frequency band are considerably lower 
in comparison with EVCP2 and EVCP3 (differences between 9 dB and 19 
dB), in addition to being concentrated in fewer frequency bins (18%). If 
the TSHV values for EVCP2 at 75% and 100% SoC are compared, it can 
be concluded that the emissions introduced by this EVCP are higher 
when EV2 is not fully charged. This difference in the emission ampli-
tudes is also reflected in the noise floor obtained at 75% and 100% SoC, 
which explains the change in the PFBL from 97% at 75% SoC to 62% at 
100% SoC. Finally, it should be mentioned that, despite distributing the 
emissions in only 48% of the frequency bins, the charging process of EV3 
generates the highest disturbance amplitudes according to the TSHV. 

The PFBL shows if the emission amplitudes above the PLC out-of- 
band emission limits are concentrated at particular frequencies or 
spread over wider frequency bands, but it does not reflect the spectral 
distribution of the emissions over the 9-500 kHz frequency band. In 
order to show the spectral distribution of the emissions above the PLC 
out-of-band emissions limits, the Cumulative Distribution Function 
(CDF) of the frequency bins that correspond to emission amplitudes 
above the emission limit is calculated for each situation under test. In 
Fig. 6, the obtained CDFs for EVCP1, EVCP2 at 75% and 100% SoC, and 
EVCP3, are depicted. 

As shown in Fig. 6, the slope of the CDF of EVCP1 is much steeper at 
frequencies above 150 kHz, which implies that a higher number of 
frequency bins exceed the PLC out-of-band emission limits in the fre-
quency range 150-500 kHz. A similar behavior is observed above 70 kHz 
if the CDF of EVCP2 at 100% SoC is analyzed. Regarding the CDF ob-
tained for EVCP2 at 75% SoC, a linear trend is shown in almost the 
whole frequency band of analysis, which demonstrates a continuous 
uniform distribution from 23 kHz to 500 kHz (i.e., all the emissions are 
above the limit in this frequency range). Again, the difference in the 
results obtained for both SoCs is affected by the difference in the noise 

floor measured in the two situations. Finally, the CDF of EVCP3 allows to 
conclude that, as shown in Fig. 6, all the frequency bins exceed the limits 
between 9 kHz and 250 kHz (uniform distribution in this frequency 
band). 

These results are of practical interest for planning PLC systems in this 
frequency band because, as shown in Fig. 4, the QP values of the 
amplitude of the emissions generated in the four situations under study 
exceed the limits defined for the PLC out-of-band emissions at least for 
some frequency bands. If the eight channels defined for PRIME v1.4 are 
considered [43], and evaluating the CDFs obtained in Fig. 6, it is possible 
to opt for the communication channels that present lower disturbance 
amplitudes. For example, in presence of emissions similar to the situa-
tion corresponding to the charging process of EV1, channel 1 (42-89 
kHz) and channel 2 (97–144 kHz) would present better channel condi-
tions in terms of disturbances, as very few spectral components of the 
emissions are above the PLC out-of-band emission limits. In the case of 
EV3, channels 5 (261-308 kHz), 6 (315–362 kHz), 7 (370–417 kHz) and 
8 (424-471 kHz) would imply less disturbances caused by the EVCP. 

5.2. Time analysis 

The measurements give rise to spectrograms that are composed of 
many samples corresponding to each frequency bin and time instant, 
which cover a wide range of amplitude values. Therefore, due to 
computational issues, the analysis in the time domain is performed for 
shorter time periods of 50 s length. 

The analysis of the time variability of the disturbances is organized as 
follows. First, in section V.B.1), the differences in the QP values of the 
amplitudes of the emissions are compared for the resultant time periods 
of 50 s. Second, in V.B.2), the variations over time given within the first 
50 s period of each recording are modelled by means of a FFT analysis. 

5.2.1. Analysis of the time variability within the recording time 
The analysis of the time variability within the recording time is 

based, first, on the comparison of the QP values of the amplitude of the 
emissions calculated over each period of 50 s within that recording time 
(600 s, i.e. 12 periods, except for EVCP2 at 75% SoC, where 250 s are 
available, i.e. 5 periods). In Fig. 7, the QP values of the amplitude of the 
emissions generated by the charging process of each EV over each period 
of 50 s are superimposed, together with the PLC out-of-band emissions 
limits. 

Although the spectral form of the emissions is maintained in the 
whole frequency band for the consecutive periods of 50 s for the four 

Fig. 5. Frequency shift of the emission generated by EVCP2 around 350 kHz for 
different states of charge. 

Table III 
TSHV and PFBL for each EVCP.  

EVCP TSHV PFBL 

EVCP1 112 dBµV 18% 
EVCP2 75% 128 dBµV 97% 
EVCP2 100% 121 dBµV 62% 
EVCP3 131 dBµV 48%  

Fig. 6. CDFs of the frequency bins that correspond to QP emission amplitudes 
above the PLC out-of-band emission limits. 
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situations under study, slight variations in the amplitude of the distur-
bances can be observed at certain frequencies. For this reason, in order 
to quantify these differences, the TSHV and PFBL are calculated for the 
12 periods of 50 s (5 periods in the case of EVCP2 at 75% SoC). Then, the 
following figures are obtained in order to characterize the maximum 
difference of the TSHV (ΔTSHV) and PFBL (ΔPFBL) for each analyzed 
situation: 

ΔTSHV = max
i∈{1,2,…n}

TSHVi − min
i∈{1,2,…n}

TSHVi (5)  

ΔPFBL = max
i∈{1,2,…n}

PFBLi − min
i∈{1,2,…n}

PFBLi (6)  

where n = 12 except for EVCP2 at 75% SoC, where n = 5. In Table IV, 
ΔTSHV and ΔPFBL values for each EVCP are gathered. 

In the case of EVCP1, a maximum difference of the TSHV of 3 dB is 
observed between different periods of the emissions generated by its 
charging process. In the remaining analyzed cases, these differences do 
not exceed 1 dB. Regarding the PFBL, in the cases of EV1 and EV2 at 75% 
SoC, maximum differences of 1% and less than 1% are obtained, 
respectively. The differences in the PFBL for EV2 at 100% SoC and EV3, 
in turn, increase up to 11% and 6%, respectively. However, these larger 

differences do not result in great variations in the TSHV in that cases, 
which implies that the emissions exceeding occasionally the limits do 
not present high amplitude. Therefore, it can be concluded that, in 
general, the disturbances generated by the EVCPs under study present a 
quasi-stationary behavior in periods ranging from 50 s to several 
minutes. 

Apart from that, although not explicitly shown in Table III, it is 
important to highlight that the TSHV of the last period of 50 s for EV2 at 
75% SoC (129 dBµV) is significantly higher if compared to the TSHV 
recorded for the first 50-second period at 100% SoC (122 dBµV). This 
means that the emissions can substantially differ for different states of 
charge. Therefore, despite the fact that it is not possible to determine 
when these time variations occur, it can be assumed that variations 

Fig. 7. QP values of the amplitude of the emissions (dBµV) generated by EVCP1 (a), EVCP2 at 75% (b) and 100% (c) SoC, and EVCP3 (d) in each period of 50 s within 
the recording time. 

Table IV 
ΔTSHV and ΔPFBL.   

ΔTSHV ΔPFBL 

EVCP1 3 dB 1% 
EVCP2 at 75% SoC 1 dB 0% 
EVCP2 at 100% SoC 0 dB 11% 
EVCP3 1 dB 6%  
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given in periods greater than several minutes due to changes in the state 
of charge are to be expected. As EVs use constant current/constant 
voltage modes for charging their batteries [44], this effect can be due to 
the charging profile of these two modes. Abrupt differences in the 
emission amplitudes 30 minutes after start of the charging cycle have 
been also reported in [16]. 

5.2.2. Analysis of the time variability within 50 s 
In the previous section, it was concluded that no time variations in 

periods longer than 50 s are occurring, since similar TSHV and PFBL 
were obtained in each 50-second period within the recording time. For 
this reason, time variations can only occur in periods of less than 50 s. In 
order to quantify this potential time variability, a FFT is applied to the 
time samples corresponding to the first 50-second period of each fre-
quency bin of the spectrogram, obtaining the FFT frequency components 
of the time variability of each frequency bin. 

With the aim of comparing the amplitudes of the FFT frequency 
components corresponding to the different frequency bins, the resultant 
FFTs are normalized with respect to the corresponding amplitude of the 
FFT component at 0 Hz. As an example, in Fig. 8, the modulus of the 
normalized FFT obtained for the first 50-second period of the emissions 
generated by the charging process of EV2 at 100% SoC at the frequency 
bin 383.901 kHz is presented. Fig. 8 only shows the positive part of the 
FFT spectrum, since the emissions generated by the charging process of 
an EV are real signals, whose FFT is even. 

In the 39,284 analyzed frequency bins (9821 frequency bins/signal ⋅ 
4 signals), the modulus of the normalized FFTs were similar to the one 
shown in Fig. 8, where narrowband FFT components at 50 Hz, 100 Hz, 
150 Hz, 200 Hz and 250 Hz are observed. This FFT pattern corresponds 
to a periodic function with period T = 1/50 = 20 ms [45]. 

Therefore, the normalized FFT, regardless of the frequency bin and 
EVCP under study, can be characterized by a simplified model composed 
of the main components at 50 Hz, 100 Hz, 150 Hz, 200 Hz, and 250 Hz. 
For each frequency bin, the main amplitude of those components is 
detected using the normalized FFT in dB, as represented in Fig. 8. Then, 
a simplified model is proposed in linear scale according to (7): 

FFT (fFFT) = δ(fFFT) +
∑5

n=1
cn⋅δ(fFFT − 50n) (7)  

where δ(fFFT) is the unit sample function. 
In (7), cn are 2ℼ times the complex Fourier coefficients of the signal, 

given in linear scale and normalized with respect to the 0 Hz FFT 
component. 

With the aim of determining how the original signal resembles the 

signal obtained by approximating the FFT with the proposed simplified 
model (synthesized signal), the absolute value of the Inverse FFT (IFFT) 
of the impulse train in (7) is calculated and expressed in logarithmic 
scale. For this purpose, the non-normalized coefficients in (7) are 
considered. In Fig. 9, the original and synthesized emissions generated 
by the charging processes of EVCP2 at 100% SoC at 255.951 kHz (a) and 
EVCP3 at 10 kHz (b) are shown during a time period of 0.11 s. 

As it can be observed, the synthesized signal approximates accurately 
the amplitude of the original signal, as well as the peak-to-peak and the 
shape of the variation. This means that the complex coefficients of the 
simplified model cnprovide a quantitative characterization of the signal 
variation in the time domain. Therefore, in order to quantify the total 
time variations of the emissions and relate their time-dependent 
behavior with their spectral characteristics, the total variability of the 
disturbances is calculated, as shown in (8), as the sum in linear scale of 
the modulus of the amplitude of the FFT components at 50 Hz, 100 Hz, 
150 Hz, and 200 Hz, which is then converted to logarithmic. 

Total variability (dB) = 20⋅log10

(
∑4

n=1
|cn|

)

(8) 

For the two examples shown in Fig. 9, the total variability is -11.8 dB 
for (a) and -7.9 dB for (b), so that the higher the sum of the FFT com-
ponents, the greater the variation of the signal over time. 

Fig. 10 shows the total variability of the disturbances obtained in 
terms of the FFT components, along with the QP values of the amplitude 
of the emissions. 

Similarly as obtained for the frequency analysis, the time variations 
of the amplitudes of the NIEs also depend on the specific charging 
process (EVCS, EV model, and state of charge). Finally, from Fig. 10 it 
can be assumed that, while the background noise remains practically 
static over time in the four charging situations under study, higher 
variations occur at the frequency bins corresponding to disturbances, 
both for narrowband emissions and colored noise. 

6. Propagation of the measured emissions 

6.1. Frequency analysis of the propagation of the emissions 

In order to analyze the propagation of the emissions in the frequency 
domain, the QP values of the amplitude of the emissions measured at 
H2, H3, and H5 are superimposed when each EV model is charged 
individually. Fig. 11 shows, for the three measurement locations, the 
emissions generated by the charging process of EV1 (a), EV2 at 75% (b) 
and 100% (c) SoC, and EV3 (d). 

As it can be seen, the emissions do not remain in the proximity of the 
source and they propagate several meters through the electrical grid. In 
most of the cases, the spectral patterns of the disturbances are main-
tained, but they are attenuated with the distance. In order to clearly 
observe this behavior, Fig. 12 shows, as an example, a zoom of the QP 
values of the amplitude of the emissions (dBµV) generated by EVCP1 
measured at H2, H3, and H5 in the frequency range 230-250 kHz. 

If the emission at 240 kHz is taken into account, a decrease in the 
amplitudes generated by the charging process of this EV model can be 
observed when measuring at distances of 46 m (POC of H3) and 120 m 
(POC of H5). The generated emission suffers an attenuation of 5 dB 
(from 79.5 dBµV to 74.5 dBµV) if the NIEs are measured at H3, while the 
attenuation increases up to 10.7 dB (from 79.5 dBµV to 68.8 dBµV) at 
H5. 

By contrast, at certain frequencies of the spectrum when EV1 is 
charging, higher emissions are measured at locations different to the 
POC of the source. As an example, Fig. 13 presents the QP values of the 
amplitude of the emissions generated by EVCP1 at H2, H3, and H5 in the 
frequency range 70-90 kHz. Despite EV1 being charged at H2, the 
component around 80 kHz is greater when measured at H5 than when 
measured at the same POC where the EV is charging. Fig. 8. Modulus of the normalized FFT (dB) of the time samples corresponding 

to the emissions generated by EVCP2 at 100% SoC at 383.901 kHz. 
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Fig. 9. Synthesized and original emissions generated by the charging processes of EVCP2 at 100% SoC at 255.951 kHz (a) and EVCP3 at 10 kHz (b).  

Fig. 10. Normalized amplitude (dB) of the variability of the emissions generated by EVCP1 (a), EVCP2 at 75% (b) and 100% (c) SoC, and EVCP3 (d) in the 9-500 kHz 
frequency band during the first 50 s of measurement time together with the QP values of the amplitude of the emissions. 
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As it is stated in [46],[47], the introduction of modern 
energy-efficient appliances implies resonances in the grid access 
impedance, which may involve significant increases in the emissions at 
the switching frequency and its harmonics. This might be the main cause 
why, in spite of the attenuation suffered by the generated emissions due 
to the distance, the amplitudes of the disturbances are higher at an 
electrical point distant from the source of emissions. Hence, as it is 
pointed out in [23],[25],[46–48], resonances in the grid impedance are 
a key aspect in the amplitude of NIEs generated by electronic devices. An 
analysis of the influence of the grid impedance on the propagation of the 
disturbances is presented in [49]. Reference [7] points out that a 
high-impedance parallel resonance causes high-amplitude emissions at 
the resonance frequency, whereas a decrease in the disturbance ampli-
tudes is observed if there is a series resonance with low impedance 
values. 

As carried out in section V.A, in order to numerically characterize the 
propagation of the emissions, TSHV and PFBL values are calculated for 
the disturbances recorded at each location for each charging situation 
under test (see Table V). 

The results presented in Table V lead to conclude that higher TSHVs 
are obtained at the POC of each house to which the EVCS under study is 
installed. This goes in line with the conclusions presented from Fig. 12, 

where, in general, a decrease in the emissions with distance was 
observed. The greatest difference occurs when comparing the TSHV 
calculated for EVCP3 at H5, 131 dBµV, and H3, 124 dBµV (difference of 
7 dB). However, as concluded from Fig. 13, the distance is not the only 
factor affecting the amplitude of the emissions, since a resonance in the 
grid access impedance could imply an increase in the disturbances at 
that frequency. For this reason, similar or even higher TSHVs are 
calculated at electrical points more distant from the source of the 
emissions than at nearby POCs. This behavior can be observed when 
comparing, for example, the TSHV for EVCP1 at H3 and H5. For this EV, 
an identical TSHV is obtained at both locations, despite the fact that H5 
is 74 meters farther away from H2 than H3. This effect arises in the four 
charging situations under study. 

The PFBL calculated for EVCP2 at 75% SoC and EVCP3 is similar at 
the three POCs where the emissions are registered. In the case of EVCP2 
at 75% SoC, values close to 100% (90%-100%) are obtained at the three 
measurement locations. The slight differences are due to the noise floor, 
which does not exceed the PLC out-of-band emissions limits at some 
frequencies when measuring the disturbances at H2 and H5. Similarly, 
this is the case for EVCP3, where 50% of the frequency bins (approxi-
mately up to 250 kHz) correspond to emission amplitudes above the 
emission limits at H2, H3, and H5. By contrast, for EVCP2 at 100% SoC, 

Fig. 11. Synchronized QP values of the amplitude of the emissions (dBµV) measured at H2, H3, and H5 generated by EVCP1 when EV1 is charging at H2 (a), EVCP2 
at 75% and 100% SoC when EV2 is charging at H3 (b), and EVCP3 when EV3 is charging at H5 (c). 
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considerable differences are obtained between the PFBL calculated for 
the disturbances at H3 and the disturbances at H2 and H5 (differences of 
23% and 35%, respectively). These variations are also mainly caused by 

the noise floor, since the amplitude of all the emissions exceed the limits 
regardless of the measurement location. Finally, for EVCP1, as the 
background noise is below the PLC out-of-band emissions limits in the 
whole frequency band at the three electrical points, it can be assumed 
that the variability in the PFBL can only be explained by differences in 
the amplitude of the narrowband emissions (see Fig. 11(a)). It should be 
noted that for both EVCP1 and EVCP2 at 100% SoC, the highest PFBL is 
obtained at the POC of the source of the emissions (at H2 for EVCP1 and 
at H3 for EVCP2 at 100% SoC). 

6.2. Time analysis of the propagation of the emissions 

This section aims to analyze the time variability of the emissions as 
they propagate through the grid. For this purpose, as carried out in 
section V.B.2), the FFT of the time samples corresponding to each fre-
quency bin is calculated for the first 50-second period of the synchro-
nized measurement of the emissions at different locations. As the 
modulus of the FFTs obtained for all the frequency bins fit to the 
expression of (7), the same procedure presented in section V.B.2) is 
followed and the modulus of the amplitudes of the FFT components at 50 
Hz, 100 Hz, 150 Hz, and 200 Hz are normalized with respect to the 
modulus of the FFT component at 0 Hz for the emissions simultaneously 
measured at the POC of each house. Then, in order to calculate the total 
variability of the emissions, the sum of the amplitude of the modulus of 
each component is calculated according to (8). As an example, in Fig. 14, 
the modulus of the total variability of the disturbances generated by 
EVCP3 in the frequency range 9-500 kHz at H2, H3, and H5 is shown. 

Fig. 14 demonstrates that the total variability of the emissions varies 
when propagating through the LV grid. This implies that the propaga-
tion channel introduces time-dependent variability, which, in addition, 
is frequency-dependent. 

With the aim of analyzing the effect of the time- and frequency- 
dependent channel on each FFT component, the modulus of the 
normalized amplitude of the FFT components at 50 Hz, 100 Hz, 150 Hz, 
and 200 Hz of the emissions generated by EVCP3 in the frequency range 
9-500 kHz when measuring the disturbances at H2, H3, and H5 are 
presented in Fig. 15. 

Fig. 15 shows that the propagation channel has an impact on the total 
variability of the emissions by affecting each FFT component in a 
different way. This probably implies that the EVCP does not only 
generate emissions in the LV grid, but it also modifies the time and 
frequency characteristics of the propagation channel. 

7. Analysis of the interaction of multiple EV charging processes 

7.1. Frequency analysis of the interaction of the emissions 

In all the results presented in the previous sections of this paper, only 
the individual emissions generated by a certain EVCP occurring at a 
specific location have been considered. However, in a real situation, 
these EVs are charging close to other electronic devices, which are also 

Fig. 12. Synchronized QP values of the amplitude of the emissions (dBµV) 
measured at H2, H3, and H5 generated by EVCP1 in the frequency range 230- 
250 kHz (EV1 is charging at H2). 

Fig. 13. Synchronized QP values of the amplitude of the emissions (dBµV) 
measured at H2, H3, and H5 generated by EVCP1in the frequency range 70-90 
kHz (EV1 is charging at H2). 

Table V 
TSHV and PFBL calculated for the first 50 s-period of the Synchronized measurement of the emissions at different locations.  

EVCP Measurement location TSHV (dBµV) PFBL (%) 

Emissions from EVCP1 (EV1 charging at H2) Emissions measured at H2 112 18 
Emissions measured at H3 110 10 
Emissions measured at H5 110 4 

Emissions from EVCP2 (EV2 at 75% SoC charging at H3) Emissions measured at H2 125 100 
Emissions measured at H3 128 97 
Emissions measured at H5 127 90 

Emissions from EVCP2 (EV2 at 100% SoC charging at H3) Emissions measured at H2 117 39 
Emissions measured at H3 122 62 
Emissions measured at H5 118 27 

Emissions from EVCP3 (EV3 charging at H5) Emissions measured at H2 128 50 
Emissions measured at H3 124 42 
Emissions measured at H5 131 48  
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sources of disturbances. As concluded in section VI, the emissions 
propagate through the grid and, hence, these devices may lead to an 
increase in the amplitude of the emissions measured at the POC of the 
EV. In this section, the result of the simultaneous charging of the three 
EVs under study is analyzed. Fig. 16 shows, as an example, the emissions 
generated individually by each EVCP at H5, together with the distur-
bances measured when the three EVs are charging simultaneously. 

As it is clearly shown, the maximum emissions measured at H5 when 
the three EVs are charging simultaneously can be approximated by the 
linear combination of the individual emissions. 

First, up to 200 kHz, a spectral pattern identical to that of EVCP3 is 
measured, to which several narrowband emissions, generated by the 
charging process of EV2 at 100% SoC, are added. Second, in the fre-
quency range 200-500 kHz, high-amplitude emissions, also corre-
sponding to the charging process of EV2 at 100% SoC, have been 
registered. 

However, it should also be noted that, in this frequency band, tonal 
emissions have been measured at specific frequencies that are not pre-
sent when measuring the emissions of each EVCP individually. These 
narrowband emissions correspond to intermodulation products caused 
by the simultaneous charging of the three EVs. This goes in line with the 

Fig. 14. Modulus of the normalized amplitude of the total variability of the 
emissions measured at H2, H3, and H5. 

Fig. 15. Modulus of the normalized amplitude (dB) of the FFT components at 50 Hz, 100 Hz, 150 Hz, and 200 Hz of the emissions generated by EVCP3 measured at 
H2 (a), H3 (b), and H5 (c). 
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results presented in [30], where the presence of this effect is also pointed 
out. In order to observe this phenomenon more clearly, a zoom of the 
spectral pattern of the emissions due to the simultaneous charging of the 
three EVs in the frequency range 300-400 kHz is presented in Fig. 17, 
along with a linear combination of the emissions generated by the in-
dividual EVCPs, and then converted to logarithmic scale (blue line). 

The previous figure shows harmonics of the switching frequency of 
EVCP1 (f1 = 10 kHz) along with intermodulation products of the 
switching frequencies of EVCP2 at 100% SoC (f2 = 16 kHz) and EVCP1 
(f1 = 10 kHz). Table VI compiles the harmonics and intermodulation 
products in the frequency range 300-400 kHz. 

Finally, in order to quantify the importance of these intermodulation 
products in the overall amplitude of the simultaneous emissions, the 
TSHV and PFBL are calculated for the disturbances generated by the 
simultaneous EVCPs and for the linear combination of the individual 
emissions at H2, H3, and H5 (see Table VII). 

As it is clearly shown in Table VII, similar TSHV and PFBL values are 
obtained for the measurement of the three simultaneous EVCPs and the 
approximation of linear combination of the individual EVCP emissions, 

which implies that the intermodulation products presented in Fig. 17 are 
not significant compared to the emissions generated by each EVCP 
individually. 

7.2. Time analysis of the interaction of the emissions 

As carried out in sections V.B.2) and VI.B, the time variability of the 
emissions generated by simultaneous EVCPs is evaluated by means of a 
FFT analysis. Considering that, in the previous section, we demonstrated 
that the emissions from simultaneous charging of the three EVs can be 
approximated by the linear combination of the individual EVCP emis-
sions, we are going to analyze if this also applies to the time variability of 
the simultaneous emission from the three EVCPs. 

In Fig. 18, the modulus of the normalized amplitude of the total 
variability of the simultaneous emissions from the three EVCPs and the 
linear combination of the emissions generated by each EVCP individu-
ally are superimposed. 

In general, the variability of the emissions when the three EVs are 
charging simultaneously is very similar to the linear combination of the 
individual emissions generated by each EVCP at those frequencies where 
a narrowband emission is occurring. At those frequency bins where a 
background noise is recorded, in turn, the time variation is lower when 
the three EVs are charging simultaneously. 

It should also be noted that the appearance of the intermodulation 
products reported in section IV.A due to the interaction between EVCPs 
is also noticeable if the total variability of the emissions is analyzed. An 
example of this phenomenon is presented in Fig. 19, where a zoom of the 
total variability is presented in the 300-400 kHz frequency band. 

Fig. 19 clearly shows that, when the three EVs are charging simul-
taneously, the time variation of the emissions at the frequencies where 
intermodulation products occur (310 kHz, 330 kHz, 342 kHz, 362 kHz, 
374 kHz, and 394 kHz according to Table VI) is much greater if 
compared to the variation of the linear combination of the emissions and 
may even be similar to the one presented by the narrowband emissions 
generated by a certain EVCP. 

Finally, it is necessary to mention that approximating the emissions 
generated simultaneously by several EVCPs by the linear combination of 
the individual emissions generated by each EVCP might be only valid in 
case there is a predominant emission at each frequency bin. This means 
that, in the case that two identical EVs charge close to each other and 
generate identical disturbances at the same frequencies, further research 

Fig. 16. QP values of the amplitude of the emissions measured at H5 when 
each EV is charging individually (EV1 at H2 – blue line, EV2 at 100% SoC at H3 
– green line, and EV3 at H5 – red line), and when the 3 EVs are charging 
simultaneously – black line. 

Fig. 17. Intermodulation products generated due to simultaneous charging of 
the three EVs in the frequency range 300-400 kHz. 

Table VI 
Harmonics and intermodulation products in the frequency range 300-400 kHz.  

Frequency of the emission (kHz) Type of emission Order 

310 Intermodulation 20⋅f2 − f1 21 
320 Harmonic 20⋅f2 20 
330 Intermodulation 20⋅f2 + f1 21 
336 Harmonic 21⋅f2 21 
342 Intermodulation 22⋅f2 − f1 23 
352 Harmonic 22⋅f2 22 
362 Intermodulation 22⋅f2 − f1 23 
368 Harmonic 23⋅f2 23 
374 Intermodulation 24⋅f2 − f1 25 
384 Harmonic 24⋅f2 24 
394 Intermodulation 24⋅f2 − f1 25  

Table VII 
TSHV and PFBL for the emissions generated by the simultaneous charging of the 
three EVs and the linear combination of the individual emissions.   

TSHV (dBµV) PFBL (%)  
H2 H3 H5 H2 H3 H5 

Emissions from simultaneous 
charging of the three EVs 

130 128 131 100 100 100 

Linear combination of individual 
EVCP emissions 

129 128 132 100 100 100  
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is needed. 

8. Conclusions 

This paper aims at characterizing, in the frequency and time do-
mains, the emissions generated by a set of EVCPs in a controlled LV grid 
up to 500 kHz, as well as their capacity for propagation and interaction. 

The frequency analysis shows high-amplitude emissions for the four 
charging situations under study. In general, the amplitude of the dis-
turbances generated by these EVCPs exceed the limits defined in [37] for 
the PLC out-of-band emissions, which may involve a major negative 
impact on communications. The frequency characterization performed 
in this work demonstrates that the spectral pattern of the emissions 
greatly depends on the EV model, as well as on the state of charge. The 
calculation of the TSHV, PFBL, and CDF proposed in this paper can be 
useful for the complete characterization of the emissions in the fre-
quency domain, since they allow evaluating not only the amplitude of 
the emissions, but also the distribution of the disturbances over the 
whole frequency band. Although the TSHV has already been used in the 
literature for the characterization of the emissions in the frequency 
domain, the calculation of the PFBL and CDF are novel proposals of this 

paper. 
Moreover, a time-dependent behavior has also been observed for the 

four charging situations. This time analysis is performed by a novel 
method presented by the authors, based on FFT analysis, which allows to 
assess the time variations of a given emission in the LV grid by means of 
the complex values of five components of the FFT (50 Hz, 100 Hz, 150 
Hz, 200 Hz, 250 Hz). The study points out that, although no significant 
time variations are registered in periods ranging from 50 s to 10 minutes 
(maximum difference in the TSHV of 3 dB between periods of 50 s within 
the measuring time), variations occur within the mains cycle. These 
short-term variations, together with the high-amplitude disturbances, 
might have negative effects on the estimation and equalization processes 
defined by PLC technologies. As the equalization is based on previous 
estimations of the propagation channel, fast variations in the emissions 
could considerably condition the proper performance of PLC. In addi-
tion, long-term variations due to different states of charge are also ex-
pected. In order to prove this, long-term measurements need to be 
performed. 

The results also lead to conclude that these disturbances propagate 
through the LV grid for several tens of meters, which can be typical 
distances between consumers in real grids in urban or semi-urban sce-
narios. In general, the spectral features of the emissions are maintained 
when measuring at electrical points distant from the source, but their 
amplitudes are attenuated with distance. An example of this is reported 
for EVCP2 at 100% SoC. While the TSHV at the POC where the EVCS is 
installed (H3) is 122 dBµV, this parameter is reduced 5 dB when 
measuring the emissions generated by this EVCP at H2 and 4 dB when 
the measurement is performed at H5. However, in some cases, emissions 
with higher amplitudes are measured at locations different from the POC 
of the EV at specific frequencies, which may be due to resonances in the 
resultant grid impedance. It should also be noted that different time 
variations in the amplitude of the NIEs have been observed depending 
on the measurement location of the emissions, due to the time- 
dependent behavior of the propagation channel. 

Finally, the effect of the simultaneous charging of the three EVs on 
the NIEs has been analyzed, concluding that, in general, the distur-
bances when multiple EVs are charging simultaneously are well aligned 
with the linear combination of the individual emissions in case there is a 
predominant emission at each frequency bin. 

Although the emissions generated by an EVCP depend on the specific 
measurement scenario, the results presented in this paper demonstrate 
that this is a complex phenomenon that requires further consideration. 
Future studies should consider different measurement scenarios, in 
which the emissions generated by a wide range of EV models are eval-
uated, taking into consideration different chargers (AC/DC), charging 
currents, and SoCs. For this purpose, the methodology proposed in this 
paper could be applied, which allows the characterization of any con-
ducted emission in the LV grid in the frequency and time domains, as 
well as their propagation and interaction through the network. Besides, 
the evaluation of the potential influence of these disturbances on NB- 
PLC is also a matter to be analyzed. In this way, robust data coding al-
gorithms and modulations adapted to the amplitude, spectral shape, and 
time-dependent behavior of the emissions could be designed, in order to 
achieve a better performance of NB-PLC systems. 
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Fig. 18. Modulus of the normalized amplitude of the total variability of the 
simultaneous emissions from the three EVCPs and the linear combination of the 
emissions generated by individual EVCPs. 

Fig. 19. Modulus of the normalized amplitude of the total variability of the 
simultaneous emissions from the three EVCPs and the linear combination of the 
emissions generated by individual EVCPs in the frequency range 300-400 kHz. 

J. González-Ramos et al.                                                                                                                                                                                                                      



Electric Power Systems Research 231 (2024) 110289

15

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This work was supported in part by the Basque Government under 
Grants IT1436–22, PRE_2022_2_0074 and PRE_2022_2_0244, and in part 
by the Spanish Government under Grant PID2021–124706OB-I00, fun-
ded by MCIN/AEI/10.13039/501100011033 and ERDF A way of mak-
ing Europe. 

The authors would like to thank Daniela Istrate (LNE) and Paul 
Wright (NPL) for their collaboration in this work in the context of JRP 
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[20] Á. Espín-Delgado, T. Busatto, V. Ravindran, S.K. Rönnberg, J. Meyer, Evaluation of 
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J. González-Ramos et al.                                                                                                                                                                                                                      

https://doi.org/10.1016/j.segan.2021.100452
https://doi.org/10.3390/smartcities4010022
https://doi.org/10.1109/OJPEL.2021.3054601
https://doi.org/10.1109/OJPEL.2021.3054601
https://doi.org/10.1109/TPWRD.2022.3175090
https://doi.org/10.1109/TPWRD.2022.3175090
https://doi.org/10.1109/TPWRD.2011.2130543
https://doi.org/10.1109/TPWRD.2011.2130543
https://doi.org/10.1109/ACCESS.2019.2924806
https://doi.org/10.1109/ACCESS.2019.2924806
https://doi.org/10.3390/en15082920
https://doi.org/10.1109/ACCESS.2023.3266092
https://doi.org/10.1109/ACCESS.2023.3266092
https://doi.org/10.3390/en16010273
https://doi.org/10.3390/en16010273
https://doi.org/10.3390/wevj11030051
https://doi.org/10.1109/EVER.2016.7476376
https://doi.org/10.1109/EPQU.2011.6128893
https://doi.org/10.1109/TDC-LA.2016.7805641
https://doi.org/10.23919/EETA.2019.8804604
https://doi.org/10.23919/EETA.2019.8804604
https://doi.org/10.1109/SEST48500.2020.9203533
https://doi.org/10.1109/EMCEurope.2014.6930980
https://doi.org/10.1109/EMCEurope.2014.6930980
https://doi.org/10.1109/ICHQP46026.2020.9177932
https://doi.org/10.1109/ICHQP46026.2020.9177932
https://doi.org/10.1049/icp.2022.0719
https://doi.org/10.1049/icp.2022.0719
https://doi.org/10.1109/EPE.2018.8396041
https://doi.org/10.1109/EPE.2018.8396041
https://doi.org/10.1109/ISGT-Europe47291.2020.9248928
https://doi.org/10.1109/ISGT-Europe47291.2020.9248928
https://doi.org/10.1109/PQ.2019.8818260
https://doi.org/10.1109/PTC.2019.8810969
http://refhub.elsevier.com/S0378-7796(24)00177-9/sbref0024
http://refhub.elsevier.com/S0378-7796(24)00177-9/sbref0024
http://refhub.elsevier.com/S0378-7796(24)00177-9/sbref0024
https://doi.org/10.1016/j.epsr.2021.107668
https://doi.org/10.1016/j.epsr.2021.107668
https://doi.org/10.1016/j.epsr.2023.109371
https://doi.org/10.1109/ICHQP.2016.7783479
https://doi.org/10.1109/ICHQP.2016.7783479
https://doi.org/10.3390/en15020394
https://doi.org/10.3390/en13153865
https://doi.org/10.1016/j.ijepes.2018.08.048
https://doi.org/10.1109/ICHQP53011.2022.9808561
https://doi.org/10.1109/ICHQP53011.2022.9808561
https://doi.org/10.1016/j.measurement.2019.05.106
https://doi.org/10.1049/cp.2013.1151


Electric Power Systems Research 231 (2024) 110289

16

Practical Approach, Energies. (Basel) 10 (8) (2017), https://doi.org/10.3390/ 
en10081238. 

[40] A. Mariscotti, Harmonic and Supraharmonic Emissions of Plug-In Electric Vehicle 
Chargers, Smart Cities 5 (2) (2022) 496–521, https://doi.org/10.3390/ 
smartcities5020027. 

[41] A. Prudenzi, A. Fioravanti, A. Silvestri, F. Ciancetta, E. Fiorucci, S. Mari, Overview 
of the Propagation of Supraharmonics in Power Systems, in: 2022 AEIT 
International Annual Conference (AEIT), 2022, pp. 1–6, https://doi.org/10.23919/ 
AEIT56783.2022.9951834. 
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