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Abstract: With the recent proliferation of electric vehicles (EVs), maintaining power quality within
acceptable limits in future distribution grids will become a challenging task. A specific concern is the
spread of Supraharmonics in the range from 2 to 150 kHz, generated by modern power electronic
devices. In this paper, the long term Supraharmonic distortion from three differently sized electric
vehicle charging infrastructures is analyzed in frequency and time domain. At the monitored sites
several interruptions of EV charging processes were observed due to poor power quality. It was found
that vehicles disconnect when exposed to high levels of harmonic distortion. Moreover, the impact of
the charging EVs on the Supraharmonic distortion and the interaction with the background distortion
for the individual sites is discussed. Results show that a general increase in Supraharmonics emission
can be expected due to the rising number of EVs. However, measurements also indicate that damping
effects can occur for certain load configurations.

Keywords: Supraharmonics; PQ monitoring; electric vehicles; interruption of charging processes

1. Introduction

The successful integration of electric vehicles (EVs) is a challenging task to implement
the shift towards a more sustainable transport sector. Although the German government
has failed to achieve the goal of reaching one million EVs by 2020, the number of newly
registered EV’s roughly tripled in 2020 compared to 2019 [1]. This development can be
observed in several countries, indicating a global trend and imposing new challenges for
distribution grid operators. With the proliferation of EVs, the number of power electronic
loads connected to the grids, utilizing active switching techniques is continuously growing.
It is expected that this development will have several consequences with adverse effects on
the power quality. This is one of the key aspects concluded by the CIGRE JWG 4.24 [2] (“PQ
and EMC Issues with future electricity networks”), stating that the ongoing proliferation
of power electronic devices will have a significant impact on the design and operation of
future power systems.

In EVs, power electronic rectifiers are utilized to provide a DC current for batteries.
These devices have made significant technological advancements in the last few decades.
The initial switching components, such as diodes and thyristors, have been replaced by
faster active switching elements (i.e., transistors) with higher energy efficiency, allowing the
design of devices with reduced weight and size. As a consequence, the generated harmonic
emissions from power electronic equipment have shifted towards higher frequencies in the
range from 2-150 kHz, also referred to as Supraharmonics [3]. This has raised concerns
among the research and standardization community, since the number of devices emitting
in this frequency range is growing fast. At the same time, these devices are becoming
more susceptible toward EMC interference [4,5]. Moreover, a lack of normative limits
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and measurement procedures in the Supraharmonic frequency range has accelerated this
trend [5]. However, recently, new recommended compatibility levels have been released [6].
Extensive research regarding new procedures for measurement methods for Supraharmon-
ics has been published in recent years [7-15]. Different measurement approaches, currently
not considered by standards, are compared in [8,12]. It is also important to consider that
the measurement setup itself can affect the results [14]. However, there is still a lack of
long-term measurement datasets, describing the distortion behavior in the field.

Unintended Supraharmonic distortion is primarily emitted by the switching action
of modern power electronic devices. Typical Supraharmonic sources include rectifiers,
switched-mode power supplies, modern lightning equipment, industrial machines, and
household equipment [16]. Consequently, EVs are considered a Supraharmonics source
as well. This has been concluded from a study by [17], where several EV models were
analyzed in respect to their harmonic emission. In [18], the Supraharmonic distortion
of EVs in respect to different charging methods is discussed. The emission behavior of
Supraharmonics has different properties compared to lower order harmonics below 2 kHz
(LFH). For LFH, the distortion is mostly generated for integer multiples of the power
system frequency. Depending on the frequency characteristics of the grid impedance, LFH
tend to flow into the grid. For multiple LFH sources, the total harmonic emission generally
is less than the sum of the emission from each of the connected sources [4]. This effect
is caused by the summation of harmonics with different phase angles. Supraharmonics
on the other hand have different propagation characteristics. They tend to rather flow
into neighboring equipment than into the grid [4]. The reason for this behavior is the low
impedance paths for higher frequency harmonics, created by the grid side filters of the
connected loads. It is shown in [16,18] that the Supraharmonic distortion and interaction of
power electronic devices are highly affected by the number and configuration of connected
devices and the grid impedance. This is presented in detail by the authors of [18], presenting
the Supraharmonics emission characteristics for different load configurations. Hence,
the emission behavior of Supraharmonic sources is not necessarily reproducible due to
harmonic interaction effects as well as primary and secondary emission. The primary
harmonic emission refers to the part of harmonic current at the device terminal by the
device, whereas secondary emission is part of the harmonic current driven by sources
outside of the device [17]. The term interaction was proposed in [19] to describe the various
non-linear phenomena that affect the Supraharmonic emission, such as distorted supply
voltage, grid impedance, and background distortion voltage. The different effects and
properties of Supraharmonic interaction are discussed in more detail in [20-22].

There are several adverse effects on power electronic equipment linked to high levels
of Supraharmonic distortion. Reported cases of malfunctioning devices are presented
in [15,23]. In [24,25], the relationship between Supraharmonic emission and acoustic
noise of equipment is described. The authors of [26,27] show the lifetime reduction and
increased power losses due to Supraharmonic distortion. Different sources of unintentional
Supraharmonic emission have been studied extensively. The properties of high frequency
distortion generated by inverters and specifically the impact of distributed generators
can be found in [28-33]. Other major sources are modern lighting technologies, such as
compact fluorescent lamps (CFLs) and light emitting diodes (LEDs), discussed in [28,34,35].
The emission from various types of household equipment and its influence of the grid
impedance are presented in [36-38]. However, apart from the unintentional Supraharmonic
distortion, there is also intentional emission from mains communication systems (MCS),
such as power line communication (PLC). For the digitalization of low voltage distribution
grids smart meters utilizing PLC, where the power system serves as the communication
system (i.e., remote meter reading), play an important role in many countries. Different
problems have been identified with low signal noise ratio (SNR) due to Supraharmonic
emission, where the transmitted signal does not reach the receiver. High attenuation at
certain communication frequencies or interference with other equipment can disturb the
transmission [39]. Research regarding the interaction of Supraharmonics emission with the
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PLC technology, describing the individual interference mechanisms, can be found in [39-43].
The adverse effects of Supraharmonics are not limited to the low voltage networks. The
authors of [44] address the effect of lifetime reduction of MV cables due to high levels
of Supraharmonics.

Considering the accelerated proliferation of EVs, disturbances and interference within
grids with a high penetration of charging infrastructure is becoming more likely in the
future. Since the number of EVs still remains low in many countries, there is limited experi-
ence with emission behavior in distribution grids. A majority of the published work on
Supraharmonics has investigated the emission under laboratory conditions. In a controlled
laboratory environment, the characterization of Supraharmonics is generally carried out in
time and frequency domain. The frequency domain characterization of Supraharmonics
utilizes the properties of Fourier transformation. The time-domain characterization requires
a high pass filter, removing the low frequency components below 2 kHz of the measured
signal. The characterization of Supraharmonics in both domains over longer time periods
has not been adapted in the field yet. Moreover, monitoring Supraharmonics over longer
durations in the field is rarely carried out. It requires costly equipment and the efficient
processing and analysis of the extensive datasets generated by the meters is a challenging
task. However, the large number of influencing factors on the Supraharmonic distortion
in-field, such as varying grid impedance and dependency on the load behavior, can only be
considered with adequate measurement data sizes.

Simple rectifier circuits, such as two-pulse diode rectifiers, do not have integrated
means for adjusting the power factor. This results in inefficient loads generating high levels
of low order odd harmonics (9 to 15) [45]. In order to increase the efficiency during the
charging process and reduce the emission of lower order harmonics (below 2 kHz), EVs
utilize active power factor correction (APFC) [16]. With APFC, pulse width modulated
(PWM) switching patterns align the phase angle between supply voltage and current of
a non-linear load, with a nearly sinusoidal input current. This reduces low frequency
harmonics and maximizes the displacement factor (=1.0) and hence the active power
drawn by the load. This subsequently increases the efficiency of the circuit. The switching
patterns of the APFC are generated independently from the power system frequency
and Supraharmonic emission from other switching units, such as DC/AC or DC/DC
converters within the load [46]. The emission generated from equipment utilizing APFC
are rarely constant but changes depending on the variations in input voltage, temperature,
or loading [36]. However, not only does the emission from the APFC varies over time;
depending on the vehicle type, various influencing factors have been identified according
to [18,47,48], such as the rectifier topology, battery state of charge, and charge current
limitation. Moreover, the varying grid impedance, the extent of LFH present in the grid,
unbalance, and fundamental voltage magnitude affects the emitted Supraharmonics as well.

The proliferation of EVs will increase the emission in the Supraharmonic range [49].
Due to the various interaction phenomena and large number of different influences af-
fecting the secondary and primary emission, possible interaction between EVs should be
investigated. Considering the complexity of assessing the effects caused by Supraharmon-
ics, interference and equipment damage is possible despite equipment complying with
the tests according to the product standard [4]. In this paper, the results of a long-term
monitoring campaign of three different electric vehicle charging infrastructures are pre-
sented. The objective is to outline how the increasing numbers of EVs correlates with the
Supraharmonic distortion levels in distribution grids and present the observer interaction
effects. Different influences on statistical frequency domain properties of Supraharmonics
are discussed. In addition, a high pass filter with an event detection was implemented
on the installed measurement devices, allowing a characterization of the time-domain
properties of the Supraharmonic distortion.



Energies 2022, 15, 394

40f19

v Office building
WV Utility loads

W EV charge point
O Measurement

()

2. Monitoring System and Sites

The data basis for this investigation consists of measurements recorded at three differ-
ent parking garages with charging infrastructure with measurement periods ranging from 6
to 12 months. The individual sites will be referred to as site A, B, and C. At each site charge,
wall boxes were installed, allowing for single, two, and three phase AC charging (type 2).
The number of charging points varied between the sites. At site A, 14 charging points
were available, for site B, 20 charging points were available and for site C, 10 charging
points were available. Sites A and C were parking garages owned by companies to allow
employee parking while site B provided public parking. Each of the monitored sites were
located in urban areas. At site A, the EVs from primarily a single model were connected,
while the vehicle models varied for the other two sites. An overview over the sites network
topologies is schematically illustrated in Figure 1. The corresponding site characteristics
are summarized in Table 1. Utility loads refer to smaller power electronic devices (such
as lightning installations, monitors, and PCs). Over the course of the monitoring dura-
tion, several complaints related to the EV charging process were issued by the users. The
complaints included audible noise from charging vehicles and unintended interruptions of
charging processes. Examples of the latter case will be presented in the following chapter.

A,
bt
e,
10 kV MV network 11 kV MV network foozsee] 10KV MV network
prosssoietss
300 kVA 350 kVA 320 kVA
LV Busbar LV Busbar LV Busbar

%%%%6%

AAAAA A
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Figure 1. Topology for the individual monitored sites A (a), site B (b), and site C (c) with the

Corresponding measurement locations.

Table 1. Further details for the monitored sites.

Property Site A Site B Site C
Charging points 14 20 10
Charge type AC type 2 AC type 2 AC type 2
Accessibility Restricted t.o Public parking Restricted t.o
company vehicles company vehicles
Parking Located below an Located below an Parking garage in an
infrastructure location office building office building urban area
Charge-related complaints Yes Yes No
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Measurements were recorded with a sample rate of 1 MS/s. Harmonics were cal-
culated processing each 10-period voltage and current waveform in accordance to IEC
61000-4-7 [50] and IEC 61000-4-30 [51]. For each phase, including the neutral conductor,
voltage and current was measured. The currents were measured by utilizing high precision
Rogowski coils with a bandwidth up to 1 MHz. The three analyzed datasets contained
the standard power quality measurements and the Supraharmonics in frequency and time
domain. The standard power quality measurements refer to the parameters required for
determining normative compliance according to EN5160 [52] (root mean square (RMS)
voltage, LFH, frequency, THDU etc.). The RMS means, maximum values and 95th per-
centiles of the Supraharmonic currents, and voltage were continuously recorded with a
time aggregation of 1 s. The frequency aggregation in the range from 2 to 150 kHz was set
to 200 Hz bands, resulting in 740 harmonic amplitudes.

3. Results
3.1. Complaints of Charge Process Interruptions

Over the duration of the monitoring campaign, several complaints were issued in
respect to the charging processes at sites A and B. Vehicles that were connected to charging
points over several hours did not seem to increase their battery charge, resulting in unsatis-
fied customers. Multiple cases of unintended charging interruptions (UCI) of different EV
models were identified. An example of such an UCI case, detected at site B, is displayed
in Figure 2. Figure 2a displays the RMS current trend measured at site B for each phase.
Multiple vehicles were charging simultaneously until the first UCI occurred at the 6-min
mark. Due to this event, one vehicle (charging over phase 2 and phase 3) disconnected
from its charging point, with 48% remaining battery charge. In the following minutes the
vehicle failed to reinitiate the charging process several times and repeatedly disconnected
itself from the charging point. At the last UCI, the vehicle shut down and did not automati-
cally reinitiate a charging process. At this state, it was necessary to manually unlock the
vehicle, unplug the charger, and reinstate the cable to continue charging. As displayed in
Figure 2a, at the 2-min mark, an EV disconnected from the charging infrastructure. This
vehicle reached 100% battery capacity and terminated the charging process, disconnecting
from the grid as intended. This caused a change in the grid impedance, resulting in a rise
in Supraharmonic currents as displayed in Figure 2b. The total Supraharmonic currents
showed significant spikes at the timestamps of the UCIs. The TSHC is calculated with the
following expression:

M

where the i refers to the index of individual harmonic RMS values &, aggregated with
200 Hz. The 200 Hz aggregation bands results in 740 values for the Supraharmonics range.
For the LFH, a high fluctuation for uneven current harmonics in phase 2 was identified as
well, while the voltage harmonics remained low. It is unlikely that the Supraharmonic are
the only cause of the charge disturbances, but rather a combination of elevated harmonics
in general. Additional data in respect to the LFH harmonic distortion during the occurrence
of the UCIs can be found in Appendix A. Moreover, the Supraharmonic current spectrum
before the first UCI occurred can be found in Figure Alb. Figure 2c displays the filtered
current and fundamental current for the exact moment of the first occurring UCI. The figure
illustrates a transient event with high frequency components briefly after the zero crossing,
resulting in the interruption of the charging process and the disconnection of the vehicle. It
is assumed that the APFC circuit of the vehicle is not able to align the load current with
supply voltage in a stable manner. This assumption is based on the increased fluctuation in
reactive power, briefly before the UCIs occur. An example of this process is displayed in
Figure Ala for the time window prior to the UCIs. It is likely that this increase in reactive
power is responsible in the observed elevated harmonic distortion, leading to the UCI.
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Figure 2. RMS current of the three phases during the occurrences of the UClIs (a). Corresponding
trend of the total Supraharmonic current (TSHC) (b). Waveform of voltage and current during the
disconnection of the vehicle from the charging point (c).

The failure of stable APFC operation was also observed for a second case of UClIs of a
different EV model. The RMS current for the second case is displayed in Figure 3a. Similar
to the previous case, the EV was not able to charge in a stable manner, showing significant
fluctuations in the RMS current and power factor (PF), displayed in Figure 3b. However,
in order to reduce the harmonic emission, the fundamental charge current of the EV was
limited to 13 A by the vehicle. As a consequence, the LFH and Supraharmonic current
distortion was reduced. This charge current limit (CCL), allowed the vehicle to initiate
stable charging between the time period marked by the green dotted lines with a PF close
to 1. As soon as the CCL was removed, the vehicle tried to charge at a rated current of
16 A, causing the harmonic distortion to increase. As a consequence, the vehicle charging
process was interrupted multiple times. The fluctuation of the power factor, displayed in
Figure 3b, indicates that harmonic distortion is responsible for the unstable operation of
the APFC. The high Supraharmonic content could be responsible for the interference with
APFC control due to multiple zero crossings or increasing to the RMS value.

20 . . 1.0 v
i
] i
< 15] 0.8 E
i g | !
%10 i
g 1% g ! i
172] o 04 7 : :
5 A I I
54 1 ]
02{ | a
E E --- CCL
0 - | i 0.0 L - 4
0 5 10 15 0 5 10 15
Time in min Time in min
(a) (b)

Figure 3. RMS current of a second case of a vehicle able to initialize stable charging with CCL (a).
Power factor of the vehicle during the charging process (b).
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The successful charging with the CCL indicates that LFH and high frequency harmonic
distortion, correlated with the fundament current, are responsible for the UCIs. Within
this work, the correlation of the Supraharmonic distortion with the charging current
is investigated for three different charging infrastructures. It should be noted that all
measurements recorded at the three sites showed normative compliance according to the
EN51060 standard [52]. Moreover, Supraharmonic voltage distortion was compliant with
IEC61000-2-2 [6] for each site (Appendix C). These UCIs of EVs could impose significant
problems for distribution system operators, charging infrastructure owners and their
customers in the future. Particularly, when considering the occurrences of UCIs with
power quality within normative limits and assuming the vehicles fulfilled the required
EMC compatibility tests. Moreover, it is difficult to determine which party has the legal
responsibility to prevent UCI or is accountable for the consequences.

3.2. Site Characteristics

In order to provide more context to the Supraharmonic emission characteristics, the
observed load behaviors of the individual charging infrastructures are discussed. A typical
daily trend of the active power from the three phases is displayed in Figure 4a along with
the three phased mean of all active power measurements (red line). The majority of the
charging processes were single or two phases ranging from 3.6 kW to 15 kW. Figure 4b
displays the arithmetic mean of the aggregated three phase active power drawn for each
hour of the day over the course of the entire measurement periods for the individual sites.
This corresponds to approximately 300,000 values for each hour. To illustrate the extent of
unbalance, the active power drawn from each phase is, displayed in Figure 4c, normalized
to the total power.

phase |

1 = phase2

= phase 3

mean

4 8

100
3 site C - phase |
. sie A E_'\ N phasc 2
. e B g 801 I phase 3
= e
~ 21 T 601
B =
B s
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Levernn \ g
e — 0 ; g ; .
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(2) (b) (c)

Figure 4. Typical daily trend of active power at site A for the different phases with the mean over
all measurements (a). Arithmetic mean of the active power drawn by the EVs over the course of
the measurement period for the different sites (b). Percentage of the active power for the individual
phases and sites (c).

Figure 4b shows how the charging processes of the EVs start to increase in the morning
hours as employees arrive at their workplace. Peaks vary between the sites but the trends
generally correlate with the typical 9 to 5 working hours. Even though the number of
installed charging points is larger at site B compared to site C, the higher demand at site
C results in a larger arithmetic mean in active power. With respect to the cumulative
distribution, 95% of the time the average load was less than 5 kW for the three sites,
indicating relatively low demand compared to the number of installed charging points.
Due to the low demand and mostly single- or two-phased charging, the EVs represented
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an unbalanced load for the majority of time at each site. This is illustrated in Figure 4c,
where the portion of active power (normalized to the total power) drawn by each phase is
displayed over the course of a six-month period. The figures show that for each site, the
load is not distributed equally among the three phases. At the monitored sites, the charging
points were connected to a 4-wire distribution system. Under balanced load conditions,
the neutral current is equal to zero. Most combinations of multiple vehicles charging over
one or two phases will result in a current flowing through the neutral conductor. Since
EVs behave like a nonlinear load, generating harmonic distortion, the neutral conductor
also consists of positive, negative, and zero sequence harmonic currents [53]. Higher order
harmonics also affect the neutral current since they are superimposed on triple harmonics,
adding the peak and RMS values [54].

3.3. Statistical Properties of the Supraharmonics Distortion in Frequency Domain

In order to review the Supraharmonic currents of the phases and the propagation into
the neutral conductor, the arithmetic mean, 99th percentiles, and maximum values for each
harmonic in the range from 2 to 150 kHz are considered. The Supraharmonics for the three
phases were aggregated for each site over the entire monitoring period and converted to
dBuA, as displayed in Figure 5. Figure 6 displays the Supraharmonic current distortion
for each site while EVs were connected compared to the distortion while no EVs were
connected. The distortion while no EVs were connected will be referred to as background
distortion (BD).

120 120 120
—— mean —— mean
99 petl 99 petl
- . e X : max
< 100 o 100 L l00f
= = 3« &
o o o
= = R =
= 80 o= o
g ] 2
= = =
@ @ QO
60

10

Frequency in kHz

(@)

Frequency in kHz Frequency in kHz

(b) (©

Figure 5. Aggregated statistical properties of all Supraharmonic currents recorded at the different
sites over the entire measurement duration from 2 to 150 kHz. (a) refers to site A, (b) refers to site B,
and (c) refers to site C.

When comparing the current levels in Figure 5, the general extent of emission is
within similar ranges between 40 and 115 dBuA. The ratio between mean and maximum
amplitudes varies but can be as high as 70% for some frequencies. Particularly in the
frequency range below 10 kHz, a high variation in emission is visible. These are likely
to be generated from the connected EVs, which can be concluded from Figure 6. The
high variation between the mean and 99th percentile at peak frequencies indicate that the
emission at the frequency is generally low, but rises in case an EV is connected. Site A shows
significantly higher emission up to 40 kHz compared to site B and C. Since the emission
is permanently present, unrelated to the EVs charging behavior as seen in Figure 6a,
the sources responsible for the elevated background distortion cannot be identified with
certainty. However, the emission is likely to originate from power electronic devices such
as lighting, monitors, and other utility connected at the site. The narrow variation at site A
for the frequencies at 50 to 60 kHz points to a constant Supraharmonic emission source and
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does not also necessarily originate from the EVs. This frequency range is barely affected by
the connected EV, as indicated by Figure 6.
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Figure 6. Arithmetic means of the Supraharmonic distortion while EVs were connected (EV con-
nected) compared to the background distortion (BD, no EVs connected) for the individual site A (a),
site B (b), and site C (c).

Figure 6 shows that the background distortion levels significantly differ between the
sites. The BD is affected by the neighboring equipment connected at the sites and conse-
quently differs between the phases. The influence of the BD on the overall Supraharmonic
distortion with an increasing number of charging vehicles is displayed in Figure 7. The
TSHC was calculated for each measured RMS phase and site and separated into bins with
an interval of 5 A. The figures display the means and 95th percentiles for each interval.

150 4 phasel 150 phasel 150 1 phasel
I phase? I phase2 BN phase?
125 1 B phasc3 125 EEE phase3 125 1 EEE phase3
E 100 Z 100 E 1001
= £ g
(_} 4 . -
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Figure 7. TSHC means and 95th percentiles for different RMS current bin for the individual phases at
site A (a), site B (b), and site C (c).

The figure indicates that the TSHC rises with an increasing number of connected
vehicles. The background distortion determines the initial offset of the increase and varies
between the phases and sites. The high background distortion at site A leads to higher
distortion levels for the interval from 10 A to 20 A compared to other sites. For site B and C,
a higher variation in the emission is visible.

As Figure 7 shows, the background distortion levels differ significantly between the
monitored sites and phases. A reason for the different extent of background distortion
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Current in mA

in the frequency range from 2 to 10 kHz for the individual sites could be the LFH. The
higher order LFH (order 10-40) showed strong correlations to the Supraharmonics for
the corresponding frequency range. The means of the LFH for the individual sites can be
found in Appendix D. Connected Supraharmonic sources interact with the background
distortion, affecting the overall emission levels. This leads to different harmonic spectrums
of the same EV, depending on the connected phase and site. The measurements indicate an
increase of Supraharmonic distortion with a rising number of connected EVs. However,
for some configurations of charging EVs, a damping effect of certain frequency ranges was
observed. Figure 8 shows the arithmetic means of the Supraharmonic distortion from a
single connected EV (model Z refers to a three phase charging EV with a rated current of
16 A.) and two connected EVs of the same model at phase 3 (a) and phase 1 (b) for the
site. The models were company owned vehicles and frequently charged at site A. In both
figures, the arithmetic means of the background distortion (no EVs connected) measured
for the corresponding phase is shown. The figures show that the background distortion
at phase 3 is higher compared to phase 1. Particularly for the frequency range between 8
and 20 kHz, phase 3 shows elevated emission levels due to background distortion. Upon
the connection of a single EV Z model, the overall distortion levels increase for phase 1.
However, for phase 3 the frequency range between 11 kHz and 18 kHz are reduced. Upon
connection of the vehicle, distortion is lower compared to the background distortion.

15 single EV F 15 single EV F 50- 20
= two EV F two EV F
—— BD phase | —— BD phase 3 E 40
< 15 <
= e =
;E > 30 E
: :
= 5
10
0 T T T 0 T y T ! i y
5 10 15 20 5 10 15 20 0 5 10
Frequency in kHz Frequency in kHz Time in h
(a) (b) (c)

Figure 8. Impact of the connection of a single and two EVs of the model Z on the Supraharmonic
distortion on phase 1 (a) and phase 3 (b). (c) Damping effect of the EV on the background distortion
visualized in a spectrogram.

This interaction indicates that the EV Z has a damping effect on specific Suprahar-
monics. The attenuating effect can be linked to a similar configured grid side filter of the
connected vehicles, which are supposed to dampen the generated distortion. As Figure 8b
shows, this attenuation effect in this frequency range is even higher for two connected EV
Z models. However, the vehicles do not show the same damping effect at phase 1 since
the background distortion is significantly lower in the relevant frequency range. For a
better visualization of this effect, Figure 8c shows the spectrogram of an EV Z ending its
charging process at phase 3. For a better color scaling of the spectrogram, the currents are
displayed in mA. At the 6.5-h mark, the EV Z is disconnected from the charging point at
site A. This causes a reduction in emission levels up to 10 kHz but slightly increases the
Supraharmonics between 10 and 20 kHz. Each of the measurements of the damping effect
were recorded while no other vehicle was connected to the charging infrastructure. The
figures indicate that vehicles with grid side filters of similar configuration can reduce the
Supraharmonics in certain frequency ranges for phases with high background distortion.
In Table 2, the results of frequency domain analysis of the three different monitored sites
are summarized.
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Table 2. Summary of results for each site in frequency domain.

Property Site A Site B Site C
Interruptions of charge processes yes yes not detected
Compliance with EN 50160 [51] yes yes yes

Supraharmonic distortion in os os os
compliance with TEC 61000-2-2 [6] y y Y

Max. magnitude of

Supraharmonic current 108 dBuA 103 dBuA 114 dBuA
Max. magnitude of
Supraharmonic voltage 114 dBuv 100 dBuv 104 dBpv
Cancellation effect observed yes no no
Background distortion 2-10 kHz highest lowest intermediate
Low frequency harmonics highest lowest intermediate
Frequency ranges strongly correlated 9-10 kHz -8 kHz 2_8 kHz

with the charge current

3.4. Statistical Properties of the Supraharmonic Distortion in Time Domain

In order to fully characterize the Supraharmonic emission, the time-domain properties
of the distortion should be considered as well [36,37]. The evaluation of the time-domain
characteristics requires a high pass filter, removing the frequency components below
2 kHz. In a laboratory environment, the general procedure is to analyze a snapshot of
the filtered signal from a Supraharmonic source with an oscilloscope. However, with the
aforementioned large number of influencing factors on the Supraharmonic emission in
field (e.g., varying grid impedance and unbalance), a “one point in time” snapshot does not
adequately describe the distortions. The long-term in-field monitoring of Supraharmonics
in a time domain, continuously processing the filtered signals in order to describe its
statistical properties, has not been carried out yet to the knowledge of the authors. Filtering,
processing, and storing 200-ms time-domain signals of the three-phase voltage and current
in high resolution over longer time periods is a challenging task. It drastically increases the
hardware and software demands of the meters and requires efficient processing of large
data sizes with limited resources. Storing each filtered waveform would require significant
storage capacities on the measurement devices and reduce the possible monitoring duration.
However, in the scope of this work, an event detection for Supraharmonic short-duration
oscillations was implemented utilizing an edge processing monitoring approach [55]. The
installed measurement equipment processed the properties of short-duration oscillations
locally on the meter and only sent compressed results, such as statistical features of the
distorted waveforms, to the monitoring server. A 7th-order Butterworth high pass filter
with a cut-off frequency of 2.5 kHz was implemented on each measurement device. Large
deviations within the filtered 200-ms time signal for current and voltage were detected with
an anomaly detection algorithm. Within the measurement period, over several hundred
thousand (>10 TB) events were detected for each of the monitored sites. By analyzing
the characteristics of the large number of events, the oscillation properties of in-field
environments can be described with statistical relevance.

Figure 9 illustrates a typical event detected during an EV charging process. Figure 9a
shows the fundamental voltage and current signal over three power system periods (50Hz),
while (b) represents the high-pass filtered current signal for the corresponding time period.
Figure 9c displays the first oscillation present in Figure 9b on a shorter time scale. The
current signal in Figure 9a is slightly shifted in phase, showing repeating distortions located
at the positive and negative peaks, also referred to as non-damped oscillations (NDO) [4].
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Figure 9. Voltage and current signal during the charting of an EV over three power system cycles (a).
Filtered current signal containing Supraharmonic frequency components over the corresponding
three periods (b). A current oscillation displayed on a shorter time scale (c).

These oscillations have high frequency components and are consequently present
within the filtered signal displayed in Figure 9b at the 15-ms, 35-ms, and 55-ms marks.
Figure 9b also displays repeating peaks with each cycle at zero crossings of the funda-
mental current. The zero crossing oscillations (ZCO) are emitted from power electronic
devices and can be associated with the switching use in active power factor correction
circuits [56,57]. Both distortion types (ZCO and NDO) were observed at each site while an
EV was connected and charging. The oscillation phenomena are repeating for every power
system cycle. Depending on the EVs grid side EMC filter configuration, the presence of
the oscillations can result in different types of interference. The ZCO can create a resonant
response between the grid impedance and EV filter capacitor. This has been shown for PV
inverters in [58,59], where a large number of parallel inverters cause significant voltage
distortions disturbing neighboring equipment. Consequences of oscillations superimposed
on the fundamental current include malfunction of equipment, blown power supply units,
interference with electronic controls, or unacceptable noise levels [59].

At the monitored sites, the majority of detected events (>95%) were triggered during
EV charging processes and contained ZCO and NDO distortions. Each event contained the
filtered 10 period signal of voltage and current, including 20 ZCO. Each ZCO present in
the event signal was segmented and different statistical features were extracted. Figure 10
displays the arithmetic means, 10th and 90th percentiles for each ZCO at site B for the
different phases. Figure 10a—c shows the typical waveforms of ZCO and the ranges in
peak magnitudes. The shapes differ between the phases, higher magnitudes are visible for
the phases 1 and phase 3. For phase 1, the detected events show a high uniformity with
only narrow deviations compared to the other phases. This could indicate that the same
Supraharmonic sources (EV model) were connected to phase 1, and external influences
were smaller compared to the other phases. Due to the high variability between the events,
generalizations regarding the shape of the ZCO are difficult.
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Figure 10. Statistical properties of the filtered ZCO detected in phase 1 (a). Statistical properties of the
filtered ZCO detected in phase 2 (b). Statistical properties of the filtered ZCO detected in phase 3 (c).

The damping depends on various factors such as grid impedance at the corresponding
frequency and the inverter causing the distortion. However, the magnitudes significantly
increase with rising fundamental current. Figure 11a displays three ZCO measured at
different fundamental currents. The individual peaks of the oscillation rise with higher
fundamental currents, i.e., with the number of charging EVs. This relation is illustrated
in Figure 11b, where the distribution of the 95™ current and voltages percentiles of the
detected ZCO are displayed with the fundamental current in 10 A bins.
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Figure 11. ZCO waveforms for different fundamental currents (a). Distribution of 95th percentiles of
currents and voltages from the ZCO detected at different fundamental currents in 10 A bins (b).

With an increasing fundamental current, the average and maximum 95th percentiles
peaks of the ZCO rise significantly, which also applies for the ZCO voltages. This linear
relationship could be a serious challenge for the successful integration of a large number of
EVs in distribution networks. The increasing number of parallel EVs charging the risk of
interference due to the high ZCO current peaks, leads to repeating every power system
cycle. Especially when considering the extent of ZCO currents with the relatively low
number of EVs at the monitored sites. The statistical properties of the NDO are displayed
in Figure 12 for the NDO appearing at the negative peaks (a) and positive peaks (b) of
the fundamental current. The figures display the arithmetic means, the 10th and 90th
percentiles of the segmented NDO for one phase at site B over a 2-ms time window. Both
figures have distinctive peaks (1 ms) at the corresponding maximum and minimum value
of the fundamental current. The magnitudes of the peaks are lower compared to the ZCO.
The variation in the distribution before and after the peaks indicate a superimposed high
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Current in A

frequency component. This frequency component could originate from a switching pattern
of the active power factor correction integrated in the EV inverter circuit.
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Figure 12. Distribution of NDO for the positive fundamental current peaks (a). Distribution of the
negative fundamental current peaks (b). Distribution of 95th percentiles of currents and voltages
from the NDO detected at different fundamental currents in 10 A bins (c).

Figure 12c displays the distribution of the 95th percentiles of the individual NDO
for separate fundamental currents. For higher fundamental currents, the 95th percentiles
increase significantly. However, this linear relationship was not seen for all phases and
could not be generally shown. This might be dependent for the charging vehicles and
requires further investigation.

4. Conclusions

In this work, the long-term Supraharmonic emission of three different sized EV charg-
ing infrastructures was analyzed in time and frequency domain. At the monitored sites,
multiple cases of unintended charge process interruptions (UCI) were identified. Under
certain load configurations, vehicles disconnected from the charging point in the presence
of high harmonic distortion. By limiting the charge current, the distortion levels were
reduced, which enabled stable charging. This indicates that reducing the charge current for
EVs for certain time periods by a charge management system could prevent the observed
interruptions. Since the power quality during the occurrences of the UCIs was within
the normative limits, the increasing distortion in distribution grids could result in more
interference in the future, considering a large-scale integration of EVs. In frequency domain,
the statistical properties of the aggregated 200 Hz RMS Supraharmonics were utilized to
investigate the influence of elevated background emission, neutral current distortion, and
the impact of varying EV charging demand for the individual phases and sites. In order to
analyze the time domain properties of the distortions, generally only carried out within
laboratory environments, a high pass filter with an integrated continuous event detection
algorithm was implemented on the measurement devices. This allowed the statistical
analysis of several hundred thousand zero crossing and non-damped oscillations events,
caused by the charging EVs.

Supraharmonics in the form of background distortion, unrelated to the connected EVs,
varied between the phases and had a major influence on the site’s emission behavior. Phases
with elevated background distortion levels showed the highest emission in combination
with the switching frequencies of the EV inverters. Sites with varying Supraharmonic
emission between the phases, due to background distortion, showed less cancellation in
the neutral conductor. While the TSHC increased with the number of connected EVs,
the offset in distortion levels between the phases remained. Although the distortion
generally increased with the number of connected vehicles, a damping effect could be
observed for phases with elevated background distortion. In time domain, the zero-crossing
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oscillation and non-damped oscillation were found to be the driving factor of distortion
generated from the EVs. The distributions of the segmented zero crossing oscillations
showed 2-3 distinctive peaks, with varying magnitude and damping. Considering these
linear relationships in respect to the extent of Supraharmonic distortion at sites with
relatively low numbers of charging points and vehicles, increasing distortions levels should
be expected in future distortion grids. With the proliferation of EVs, intelligent charging
infrastructure with the ability to reduce unbalance should be utilized to mitigate the
Supraharmonic distortion to some extent.
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Appendix A

Table Al. Distortion parameters during the occurrence of UCIs. The table shows RMS measurements
aggregated with a 1-s interval.

Property Phase 1 Phase 2 Phase 3
THDU arithmetic mean in% 1.9 22 1.7
THDU 95th percentile in % 2.0 2.3 1.8
THDU maximum in % 2.2 24 1.9
THDD arithmetic mean in % 12.9 20.2 18.2
THDD 95th percentile in % 13.6 21.9 20.6
THDD maximum in % 17.9 24.7 22.8

THDU: Total harmonic distortion THDD: Total harmonic demand distortion (nominal current of 16 A).
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Figure A1. Fluctuation in reactive power prior to the UCI (a). Arithmetic means of Supraharmonic
currents for the three phases prior to the UCI (b).
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