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This paper presents the outcomes of a study of the summation of supraharmonic (SH) currents from electric
vehicle fast-charging stations (FCS), based on a field measurement in an installation with four 350 kW FCSs.
FCSs can contribute to SH emission, between 2 and 150 kHz, in the network and their impact on the grid is
quantified by the summation of SH components. Little is known about the summation of SHs in an installation
with a power of hundreds of kW, therefore this article aims to contribute to the understanding of the SH current
emission and their summation in practice. The results show that the total SH current from the installation

increases with the number of active chargers, but not monotonous and that the emission is not constant over
time. A diversity factor is proposed and the relation between total and summed current is analyzed to provide
further insight into the role of absorption by other chargers. The findings are a step towards modeling the SH
summation for FCSs and other installations with large power-electronic devices.

1. Introduction

With the growing concerns about climate change, the transition
from fossil- to electric mobility is accelerating. Electric vehicles (EVs)
have the potential to be supplied with renewable electricity, signif-
icantly reducing greenhouse gas emissions and fossil fuel usage. To
charge an electric vehicle, there are presently 2 widely adopted options;
slow charging with the onboard charger (OBC) of the EV itself —
mostly limited to 22 kW - and fast charging (FC) with charging power
between 50 kW and 350 kW which are expected to increase. Whereas
slow charging is convenient for charging overnight at home or during
daytime at the office (4-8 h), FC has the advantage of adding a large
amount of range (e.g. 200 km) in a short amount of time (e.g. 15 min).
The latter is especially of interest when traveling long distances or
for applications in public transport and for trucks where often is
limited time to charge the large batteries during several hours using
slow charging. To improve the air quality in cities, full electric public
transport solutions can replace the air-polluting diesel and gasoline
vehicles. To achieve this, a comprehensive FC infrastructure is needed
both within highly populated residential areas and in more remote
highway locations. Fast charging stations (FCSs) have a high power
demand compared to slow charging and there is limited flexibility
for algorithms like smart charging because the charging sessions are
very short compared to charging using the OBC. Furthermore, FCSs

are generally installed in groups of two or more, offering different
charging power. Most public FC locations in The Netherlands consist
of one or more relatively small 50 kW chargers and are the last years
extended with multiple 150 kW or 350 kW chargers. High charge power
is needed to fulfill the demand of charging the battery of an EV from
20 to 80 percent in approximately 15 min [1].

1.1. Literature review

The grid impact of FCSs is still under investigation. FCSs require a
strong dedicated grid connection to accommodate the high peak power
demand. Next to the high power demand, FCSs can affect the power
quality of the grid and may interact with each other. For instance, FCSs
can be a source of harmonics and supraharmonics (SHs) [1-3]. SHs
are voltage and current distortions with a frequency between 2 and
150 kHz and can be present in LV- [4-7], MV- [8] and HV-grids [9].
The phenomenon has gained more attention, especially in the last
decade, due to the increasing number of self-commutated converters
that lead to more SH disturbances, outside the classical range (below 2
or 2.5 kHz) for power quality [10]. The first reports describing issues
related to SHs refer to them as high-order harmonics or oscillations in
the kHz range. The issues reported include failing cable terminations
in a converter-based installation [11], malfunction or damage of office
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equipment, and excessive audible noise [12]. Presently, it is known
that SHs can result in several unwanted effects to and interference
with devices, network components, and power line communication.
Recently, various reports about this have been presented in [4].

Regarding the summation of supraharmonic currents, in [13] it was
found for LEDs that for an increasing number of devices, the SH grid
current does not increase proportionally with the number of devices,
rather, the increase slows down as the emission mainly flows between
neighboring devices. This behavior is further detailed in [14] and a
summation law is described. Recently, in [15] different summation
models are experimentally tested on an installation with LED lighting
and a new summation law is proposed based on the ratio between
device- and grid capacitance. It is shown that the emission from an
installation at a certain point decreases for an increasing number of
devices. It is one of the objectives of the current research to see if the
same findings apply to other types of converters with a much larger
power, like in FCSs.

Measuring the SH current (emission) from a device can be chal-
lenging in situations where other devices emitting SHs are present, as
they can cause additional SH emissions from the device to be emitted.
This apparent emission from the device under test (primary device)
which originates from another (secondary) device in the grid is first
defined in [14] as secondary emission and the difference is further
detailed in [16]. To assess the primary emission of a device, a sinusoidal
background voltage without harmonic and SH distortion is required,
which is unachievable in most field measurements.

The emission of harmonic currents from FCSs in low voltage (LV)
networks is studied in [17] and it is concluded that the emissions
mostly remain within the limits for full-power operation. The same
is concluded in [3] for an installation in The Netherlands and in [2]
for several installations in Germany and China. For installations, this
is mainly due to the diversity of phase angles that can cause the
cancellation of the individual harmonics from the FCSs.

For OBCs the emissions are determined in [18-20] and it is con-
cluded that OBCs can contribute to harmonics and supraharmonic
emissions in the grid. Component-based models describing the har-
monic grid impact of OBCs in the time-domain have been presented
in [21-23] but do not include SH emissions.

Modeling the harmonic emission of FCSs is performed in [24] for a
relatively small FCS using a fingerprint-based Norton approach, in [25]
for larger FCSs using an advanced converter harmonic model based on
a case study and in [26] using time-domain simulations.

Several methods exist to reduce the harmonic distortions from a
device. For instance, by using advanced control methods for the power
factor correction circuit [27] or by selective harmonic elimination [28]
the overall harmonic distortion can be effectively reduced. For SHs,
however, such methods do not exist yet.

The focus of this research is on an installation with FCSs in an LV
system, connected to the MV grid through a distribution transformer.
Based on experiments by [29] it is expected that the transfer of SH
emissions upstream (from LV to MV) is generally damped, minimizing
the effect on the MV grid. Future installations with higher total power
are under development and can be connected directly to the MV grid.
In that case, the impedance of the upstream system is different [30]
and the total current is lower, and it is unknown what the SH emission
of such an installation is.

1.2. Paper contributions and structure

To assess the grid impact of FCSs in terms of supraharmonic distor-
tion and to understand the summation of SH components in practice,
knowledge of the emission from both individual devices and installa-
tions with multiple devices is required. In this research, a comprehen-
sive study on the SH emission and summation from FCSs is presented,
based on measurements in an installation with 4 FCSs of 350 kW.
The emission from the installation and individual chargers is observed
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Table 1

Charger specifications.
DC output voltage range (V) 460-800
Max DC output current (A) 700
Max DC output power (kW) 350
Topology 2-level AFE
Switching frequency 3.6 kHz
Peak efficiency 96%
Power factor (>50% loading) 0.99

during a week for a variable number of chargers active. The summation
of SH components is further studied and the relation between the total
measured current and the arithmetical sum of individual currents is
described using a diversity factor for supraharmonics. The objectives
of this research are to study, for a different number of active chargers:

» The SH emission of a single FCS.

» The summation of SH currents in the installation.

+ The relation between individual charger currents and total cur-
rent.

+ The factors influencing the summation.

In Section 2 the methodology is discussed. Section 3 presents an
analysis of the measurement results regarding SH emission from in-
dividual chargers and the summation for the installation is studied in
Section 4. The diversity factor for supraharmonics is presented in Sec-
tion 5 and applied to the results. A discussion of the results is provided
in Section 6 and the most important conclusions and recommendations
for further research are found in Section 7.

2. Methodology
2.1. Measurement location

The network topology is as presented in Fig. 1, with a 10 kv/0.4
kV distribution transformer rated 1600 kVA and U, = 6.1% (percentage
impedance). Based on the full- and no-load losses of the transformer,
the U, value, and the rated power, the X /R ratio is calculated, X/R =
7.9. Connected to the transformer are 4 FCSs rated 350 kW with
specifications as shown in Table 1. No other loads are connected to this
transformer. The measurement points are as indicated at the conductors
of individual FCSs (I;) and the transformer feeder ([,,). Voltage is
measured at the busbar for all 3 phases between line and neutral. The
location is a public transport bus depot where next to this network, 2
other transformers with multiple 50 and 350 kW chargers are installed.
Because this transformer has the highest expected loading and is a
homogeneous installation, it is selected for the measurements. Cable
types and length as in the figure, all FCSs are connected using the same
cables with approximately the same length. The measured active power
of the chargers is mostly 300 kW throughout the day and 50 kW during
the night, when the chargers are used for slower charging. This did
however not result in a change in emission.

2.2. Measurement equipment

The measurement device is a Yokogawa DL350 mobile oscilloscope.
The device has 8 channels with a maximum sample rate of 1 MS/s, 16-
bit resolution, and 300 kHz bandwidth. The voltage is measured using
10:1 probes and the current using PEM LFR 03/3 current probes with a
sensitivity of 10 mV/A, and a bandwidth of 600 kHz (-3 dB). The noise
floor for the 2-150 kHz range is determined based on the measurements
and is at maximum 100 mA. The resolution of the measurements is
obtained by the ratio between the maximum input voltage of the scope
(60 V) and the 16-bit resolution, resulting in a resolution of 9.2 mV for
the voltage- and 92 mA for the current. It is assumed the scope does
not introduce bias errors, and the only uncertainty introduced is due to
the quantization error, which is 4.6 mV for the voltage and 46 mA for
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Fig. 1. Network topology at the measurement site. Voltage measurement at the LV busbar in the distribution cabinet, about 20 m from the MV/LV transformer. Current measurement

at all outgoing feeders (/;) and the transformer connection (1,,,).

the current. Measurements are conducted during a week (one snapshot
per 5 min), with a sample duration of 500 ms, and a sample rate of 1
MS/s.

2.3. Analysis of supraharmonic emission

The individual frequency components of the voltage and current are
calculated using the Fast Fourier Transform (FFT) function of MATLAB
for the first 200 ms of the 500 ms sample, yielding 100.000 components
in the single-sided spectrum with a resolution of 5 Hz. The frequency
components are denoted as I, where f is the center frequency of
the 5 Hz frequency component. There is no normative method yet
to analyze SH components, only informative methods as per the IEC
standards [31,32]. The authors of [10,33] present a comparison of,
among others, the proposed IEC methods for the measurement and
analysis of supraharmonic components.

In this research, the assessment of supraharmonic components is
performed by aggregating the I, values in supraharmonic bins (/)
using the root sum square (RSS) as

(€Y

with f,,, is the lower frequency border of the bin and f,,, the
upper frequency border of the bin. Similarly, V,;, is calculated. The
bin frequencies are selected based on the highest emission frequencies.
Alternatively, I,, can be denoted as SHC (supraharmonic current),
which is obtained using the same expression. The total SH current
(TSHQ) is obtained when considering I, for the complete range from 2
to 150 kHz, but in this research I, is used to isolate smaller bins with
emission to improve the clarity when comparing different components.

2.4. Data classification

For the analysis of the impact of a single- or multiple chargers
active, the data is classified. Based on the measurements, the minimal
charging current is about 43 A at the AC side. For this reason, a
threshold of 20 A is used to classify the on/off state of the charger. In
this way, for each measurement, the state of the charger is determined,
and the total number of active chargers (N) is calculated.

3. Results on emission
3.1. Primary SH emission

In Fig. 2 the voltage and total current waveforms for a measurement
with 3 FCSs active is presented. For both the voltage and the current

a high-frequency component is visible, in this case with a frequency
of approximately 7.0 kHz. The frequency bands with the highest SH
emission for one FCS is presented in Fig. 3, obtained using a 200 ms
measurement window. The harmonic emission is also shown. Ideally,
the characterization of the emission from a device is achieved in a
lab environment without influence from background distortion. In this
research, the influence of other chargers is eliminated by analyzing the
moments when other chargers are turned off. However, the spectra
might contain background distortion from other devices that are not
monitored (e.g. peripheral equipment) in the same installation or the
upstream MV network. However, an analysis of this background dis-
tortion with all chargers disconnected pointed out that the background
emission frequencies are not coinciding with the SH emission from the
chargers, and that the amplitudes are much lower than the emission
from the chargers.

For the chargers, the highest emission components (>100 mA) are
observed between 3.0 and 4.0 kHz and between 6.7 and 7.7 kHz,
these are the bins of interest with a bandwidth of 1 kHz. The emission
frequencies of the first bin align with the switching frequency of the
charger according to the specifications (3.6 kHz). Multiple peaks are
observed that are 100 Hz (two times the fundamental frequency) apart.
These properties are a characteristic of active front-end devices using
pulse-width modulation (PWM), such as described in [34].

3.2. Secondary SH emission, for 2 devices

Next to the primary emission, the FCSs might absorb SH emission
from other FCSs, resulting in secondary emission. In this research, it
is of interest to see whether chargers that are not active still absorb
emission from the installation, resulting in secondary emission from
the secondary device, without the presence of primary emission. To
study this, the data points where chargers 3 and 4 (FCS-3 and FCS-4)
are never active are selected, thus focusing only on chargers 1 and 2
(FCS-1 and FCS-2). Then, the data points are classified into 4 groups,
both chargers 1 and 2 active, only charger 1 active, only charger 2
active, and none of the chargers active. The measured SH emission
is presented in Fig. 4. It is observed that when one of the chargers
is active and emits emission, there is no SH emission measured at
the other charger. This means that when the chargers are inactive the
charger does not contribute to the absorption of the emission. Hence,
all emissions will flow towards the grid. This is either due to their
filters disconnecting from the grid when turned off, or they block the
secondary emission effectively. When both chargers are active, the
emission is seen for both of them but with the amplitude in a band,
meaning that secondary emission is absorbed mutually and this implies
that the filters disconnect when the chargers are turned off. Also, as the
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Fig. 2. Voltage and total current (I,,,) waveforms from a measurement with 3 chargers active. A high-frequency oscillation with a period of ~0.14 ms (~7.0 kHz) is visible. In
the right figures, a zoomed part of the left figures is presented for more detail.

Harmonic current (A)
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(a) Harmonic current spectrum.
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(b) SH emission spectrum between 2 and 12 kHz, obtained using a 200
ms measurement window. Bins of interest are 3.0-4.0 kHz and 6.7-7.7
kHz (marked).

Fig. 3. Harmonic (a) and supraharmonic (b) spectra for FCS 1.
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Fig. 4. Secondary emission of FCS-1 and FCS-2, for different on/off states. In this data, FCS-3 and FCS-4 are never active. The chargers absorb emission from each-other, but only

when turned on.

result of interaction between the switching frequencies, an amplitude-
modulated emission is seen of which the minimum and maximum
values can be calculated as described in [14].

Note the difference in primary emission between the chargers,
charger 1 (Z;; ;) has a slightly lower emission than charger 2 (I ,), this
is visible in the combination as well. Also, even for the measurement
with both chargers turned off, there is a noise floor in the bins of
approximately 100 mA.

4. Results on summation

In this section, an analysis of the SH emission of the installation
is presented. The experimental data is clustered in groups based on
the number of active chargers (N), as discussed. There are 466 data-
points for N = 1, 621 for N = 2, 487 for N = 3 and 69 for N = 4. The
emission amplitude of the installation is not constant over time and in
this section, the relation between the total emission and the number of
active chargers is studied.

The emission is expressed with the 50th (median), 95th and 99th
percentiles. Depending on the connection requirements and the type
of assessment, either one of the percentiles or the median value is of
interest. For the assessment of the thermal impact, the median value
gives a better representation in terms of long-term impact, whereas the
95th and 99th percentiles are used for the assessment of short-term or
peak behavior that can for instance lead to interaction or interference
with other devices.

4.1. 3.0-4.0 kHz

The emission between 3.0 and 4.0 kHz bin in the total current from
the installation is presented in Fig. 5 for a different number of chargers
active. It is observed that an increasing number of active chargers
does result in higher peak emission values but has a limited effect on
the median values. The cumulative distribution function (c.d.f.) shows
some separation for the states with 2, 3, and 4 chargers active, and the
lowest emission is observed for the state with 1 charger active. It should
be noted that there are fewer measurement points for the state with 4
chargers active, which may impact the results. The conclusion on the
summed emission is dependent on the percentiles considered. Hence,
in Table 2 the percentiles of the emission are considered and the same
trend is visible. The maximum increase per charger in SH emission is
a factor of 1.54 based on the 95th percentiles and 1.51 based on the
99th percentiles. The highest emission is observed for the state with 4
chargers active where the 99th percentile of the emission is 2.17 times

8 T T T T T

-2
0 — L

sh,tot (A

N=0
Sos Nt
bile N=2
N=3
N=4
0 1
0 1 2 3 4 5 6 7 8

Ish,tot A)

Fig. 5. Emission (I,,,) between 3.0 and 4.0 kHz from installation for a different
amount of chargers active (N). More active chargers increase the peak values but have
a limited effect on the median values.

Table 2

Percentiles of SH emission I, (A) from installation.
N 3.0-4.0 kHz 6.7-7.7 kHz

50th 95th 99th 50th 95th 99th

1 3.1 3.3 3.5 0.7 0.8 1.0
2 35 5.1 5.3 1.0 1.4 1.5
3 3.2 6.2 6.5 1.2 2.0 2.1
4 3.8 6.7 7.6 1.4 2.5 3.0

higher than the 99th percentile of the emission from a single charger.
However, this emission is only 1.08 times higher than the emission for
3 chargers.

4.2. 6.7-7.7 kHz

The supraharmonic emission in the 6.7-7.7 kHz bin is presented in
Fig. 6 for a different number of chargers active. It is observed that for
an increasing amount of chargers active, the supraharmonic emission in
this bin increases. The c.d.f. show the same behavior, for an increased
amount of chargers active the total supraharmonic emission from the
installation increases too, and a clear separation of the curves is visible,
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Fig. 6. Emission (I, ) between 6.7 and 7.7 kHz from installation for a different
amount of chargers active (N). Both the peak and median values increase with the
number of active chargers.

compared to the emission between 3.0 and 4.0 kHz. The median values
(50th percentile) of the emission increase clearly and the highest peak
values are observed for the state with 4 chargers active. Similar findings
are observed in the percentiles of the emission, as presented in Table 2.
The maximum increase in emission for an extra charger is a factor
of 1.75 based on the 95th percentile and 1.50 based on the 99th
percentile. The highest emission for the 99th percentile is 3.0 times
higher than the emission from a single charger, and 3.13 for the 95th
percentile, which is 1.25 times higher than the emission for 3 chargers
(95th percentile).

5. Diversity factor

The diversity factor (DF,) is described by the authors of [35] to
quantify the summation of harmonic currents. It is defined as the ratio
between the phasor sum of the currents and the arithmetical sum of
the currents, resulting in a ratio between 0 and 1 due to diversity
in harmonic phase angles from individual devices. The DF, describes
the summation of harmonic currents in an installation. An analogous
expression for DF,, based on the availability of measurement data for
the individual and total currents, is defined by [36] as the ratio between
the total measured current (/) and the arithmetical sum of measured
individual harmonic currents (3 I,;) where h is the harmonic index
and i the device index. Both [35,36] consider the diversity factor for
harmonic currents only.

Similar to harmonic currents, supraharmonics currents sum as vec-
tors based on their phase angles, and the diversity factor for suprahar-
monics is defined as

Ish,tot
Z 1 sh.i
with I, the total measured current in the supraharmonic bin and
> I, the arithmetical sum of the individual supraharmonic bin cur-
rents, based on the expression in [36]. The phase angles can be different
between devices and for different frequencies. However, the phase
angle of a SH component can be difficult to measure and compare as
there is no reference angle and the SH components are mostly unrelated
to the fundamental. Furthermore, when using a bin the phase represen-
tation as for harmonics no longer holds; there is no angle of a bin and
the different components can vary over time. The diversity factor for
supraharmonics is not defined for a specific frequency component, but

DFsh = @2
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Fig. 7. Relation between total measured current (/) and the arithmetical sum of
individual current ) I,,, between 3.0 and 4.0 kHz for a different amount of chargers
active (N). Lines with constant diversity factor (DF) included.

for a bin in which multiple components that are mutually related can
be present. In this way, variations in the switching frequency can be
covered as long as the variations are within the bin.

5.1. Results for 3.0-4.0 kHz

The relation between the measured total current I, ,,, and the arith-
metical sum of the measured individual currents }} I, ; of 4 chargers
is presented in Fig. 7 for frequencies between 3 and 4 kHz. In the
figure, four separate groups of data points are shown, representing the
different states of the installation for which one, two, three, or four
chargers are active. There are fewer data points for the latter, in line
with the observation that only for a limited number of snapshots 4
chargers are active simultaneously. It is observed that for an increasing
number of devices active, the peak values for both the total and the
summed individual currents increase. However, the summed Y I, ;
values are in general higher than the total measured current I, ,,, due
to the diversity. The summation of the SH currents in this bin is hence
not arithmetical.

The percentiles of the diversity factor for different states are shown
in Table 3. It is observed that for an increasing number of chargers
active the median of the diversity factor decreases. This implies that
additional SH sources do not lead to a proportional increase in the
total supraharmonic current emitted by the installation, which is in line
with the findings in Section 4. The diversity factor is expressed based
on different probabilities, the median, 95th, and 99th percentiles. It
is concluded that the supraharmonic components in the 3-4 kHz bin
do not sum arithmetically and that the DF;;, decreases with a higher
number of devices.

5.2. Results for 6.7-7.7 kHz

For the 6.7 to 7.7 kHz bin the results are presented in Fig. 8.
The diversity factor has different behavior for this frequency band, a
decrease in diversity is observed for an increasing number of devices.
Also here the increase in peak emission values is observed for a higher
number of chargers active and the summed emission is in general
higher than the total measured emission. Note that, compared to the
3.0-4.0 kHz bin the current amplitudes are lower and that the data
points for 1 charger active do not result in a diversity factor of 1. This
is caused by the 100 mA noise floor of the current probes, which results
in the summed emission ), I, ; to appear higher due to the summation
of 3 times the noise level for the idle chargers in the state with 1 charger
active. This, in combination with the lower emission amplitude, results
in general in lower DF values for this bin.
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Fig. 8. Relation between total measured current (/) and the arithmetical sum of
individual current Y I, between 6.7 and 7.7 kHz for a different amount of chargers
active (N). Lines with constant diversity factor (DF) included.

Table 3

Diversity factor DF based on 50th, 95th and 99th percentiles.
N 3.0-4.0 kHz 6.7-7.7 kHz

DFs, DFys DFyy DFs, DFys DFy,

1 0.94 0.96 0.96 0.73 0.76 0.76
2 0.53 0.93 0.96 0.60 0.78 0.80
3 0.30 0.82 0.92 0.52 0.76 0.79
4 0.38 0.65 0.95 0.52 0.74 0.82

The numerical values for the diversity factor in the 6.7-7.7 kHz bin
are shown in Table 3. The values show the same trend as presented in
the figures; for 3.0-4.0 kHz there is a decrease in DF for an increasing
number of chargers, and for the 6.7-7.7 kHz the decrease is also present
but less significant.

6. Discussion

The emission from the installation shows large variations over time
and therefore, the diversity factor cannot be generalized to one single
parameter. Also, depending on the number of chargers the summation
of SHs is different due to the changing installation impedance as seen by
the individual chargers due to the switching of the EMC filters of the
chargers as demonstrated in Fig. 4. Future research can consider this
effect and determine if the DF will also change in installations where
the EMC filters remain connected and study the behavior for higher
frequencies than in this research.

6.1. On variations in the total emission

In Section 4 the emission from the installation is discussed. It is
observed that the emission cannot be generalized to a single value and
that the amplitudes vary across a band. Hence, a time-frequency anal-
ysis of the emission spectra is performed using the short-time Fourier
transform, obtained using the spectrogram function of MATLAB, with
parameters as presented in the figure caption. In Fig. 9(a) the result
for the emission between 3.0 and 4.0 kHz of the installation (I ,,,) is
shown when only charger 1 is active. The analysis from the previous
section used a 200 ms window in line with standardization, whereas
each measurement contains 500 ms of data. In the spectrogram, the
Fourier transform is calculated with windows of 50 ms, resulting in 10
windows for the measurement length. It is observed that the emission is
not varying in amplitude within the measurement window in the case
with one charger active.

In Fig. 9(b) the spectrogram of the total current (I, ,,) from the
installation for the state with 2 chargers active is presented. It is
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observed that the emission, in this case, is not constant over time,
and that it fluctuates within the measurement window of 500 ms. It
is not clear whether the complete period of the fluctuation is visible,
but based on the figure it is likely to be at least 500 ms. This explains
the variations in total emission when 2 or more chargers are active.

6.2. On impedance

The grid impedance is assumed constant and with a resistive and
inductive nature due to the short cable lengths and hence mainly
determined by the transformer according to

Zgi(f) = R+j2xfL 3

with R and L the resistive and inductive components. Based on the
transformer specifications as shown in Fig. 1, the upstream impedance
of the transformer (at 50 Hz) is calculated as

Un
Z,=U- I_ Q)

n
with U, and I, the nominal voltage and current on the secondary side.
To estimate the impedance for higher frequencies (f), this value could
be linearly multiplied by f/50. However, a more accurate result is
achieved when only the inductive part of the impedance is scaled with
frequency as

X,
Zest(f) = |Rsc +j-f- Sg | %)

with R, the short-circuit resistance and X, the short circuit reactance
at 50 Hz. Now, a higher X,  will result in a steeper increase of
impedance for increasing frequency and, as a result, will decrease the
high-frequency currents flowing towards the transformer.

The amplitude of the supraharmonics grid impedance can also
be estimated based on the measurement data, using the current in-
jected by the installation into the grid I, and the resulting voltage
disturbance V;, and calculating the ratio according to

Vin
7 (6)

sh,tot

|Z,ial =

and this gives the result and impedance estimates shown in Fig. 10.
The transformer impedance estimates calculated using (5) give slightly
different results (0.43 Q and 0.90 Q), probably due to the lack of cables
and filters in this estimation and the missing resonances due to this.
Substituting the measured values for the center frequencies of the bins
(3.6 and 7.2 kHz) gives an estimate of the R and L values for the grid,
which are 0.35 Q and 14.9 pH respectively.

In Fig. 11 a part of the data from Fig. 7 is presented for N = 2.
The emission forms a curve that cannot be explained by amplitude
modulation. For a higher summed emission (}; /) the total emission
towards the grid (Z,,,,) is lower, see Region B. Here the same holds
for the voltage disturbance V;, and diversity factor DF,,. The grid
impedance is constant, hence an explanation for this decrease in total
emission is that the impedance of the chargers decreases when their
emission is higher. Hence, the filters of the chargers then absorb more
emissions. On the other hand, in Region A where the emission is mainly
absorbed by the grid, V;, and DF;, are the highest, are the points
where the summed emission is lowest. Hence, the chargers impedance
is assumed higher in Region A compared to Region B, and as a result,
less emission is absorbed by the chargers.

For the 6.7-7.7 kHz bin the curve appears differently, and here the
regions with a higher summed emission also result in a higher total
emission. It is expected that for this frequency the impedance of the
chargers has less influence on the absorption and hence the ratio of
the device and grid impedance is higher compared to the 3.0-4.0 kHz
band. This is also reflected in higher median values of the DF for the
6.7-7.7 kHz band.
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Fig. 9. Time-frequency plot of I, between 3.0-4.0 kHz for 500 ms with 1 or 2 chargers active. Window width of 50 ms, no overlap, 2e5 FFT points (nfft). Obtained using

MATLAB’s spectrogram function.
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Fig. 11. Part of data from Fig. 7 for N = 2, with indication of regions A and B, which shows different summation effects.

6.3. On variations in emission of a single charger

Findings by the authors of [37] provide insight into variations of
the SH emission of a single charger. In this research, the supraharmonic
emission of a 175 kW fast-charging station for bus charging is charac-
terized in a controlled lab environment. The output parameters (output
power, DC-voltage) of the charger are controlled and the SH emission
is characterized for different operating conditions. Here it is found
that the SH emission in certain frequency bands is highly sensitive to
variations in the DC output voltage of the charger and less sensitive
to variations in output power. In this research, the correlation of SH
emission with input power did not show a clear relation. However,
based on these findings it is likely that some variations in SH emission
are due to variations in the output voltage of the chargers.

6.4. On limitations in field measurements

The findings in this research are based on field measurements, to
achieve insight into the real impact of installations with FCSs and to
see whether existing summation models are representative. The unique
behavior of- and interaction between multiple FCSs of considerably
large power and a large diversity in types and manufacturers can only
be studied in field measurements. Compared to lab measurements,
there are some limitations in field measurements. At first, the results
from field measurements can be influenced by the background volt-
age distortions that are present. Secondly, the charging parameters
(e.g. charging power, DC-voltage) are not controllable nor measured
as they are determined by the EV, which is of interest for future
research.
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7. Conclusion

In this article, the emission and summation of supraharmonic cur-
rents from fast-charging stations are studied. A diversity factor for SHs
is proposed and the relation between summed and total current is
studied. The findings of this work are summarized as follows:

The FCSs are a source of SH currents between 3.0-4.0 kHz and
6.7-7.7 kHz.

When turned on, the FCSs absorb SH currents from the other
chargers.

The SH emission from the installation increases with the number
of active chargers with a factor between 1.08 and 1.75 (95th
percentile) depending on the number of chargers.

This increase in emission, however, is not monotonous and slows
down for a higher number of active chargers.

Variations in the total emission are due to interaction between
the chargers.

A higher number of active chargers decreases the diversity factor
(e.g. from 0.93 to 0.65 in the 3.0-4.0 kHz bin, for N = 2 and N
= 4 respectively, based on the 95th percentile).

It is likely that the charger impedance is not constant and has an
effect on the absorption and hence summation of the emission.

Based on these outcomes, further research is recommended on the
summation of SHs for installations with high power. It can focus on
locations with an even higher number of chargers and simultaneous
charging sessions to study the summation in practice, and, see whether
a decrease in emission is visible for a higher number of chargers. Ad-
ditionally, measurements of the impedance of power-electronic devices
in the supraharmonic frequency range are required to study its effect
on absorption. Furthermore, it is of interest to study other installations
with large power-electronic equipment, like photovoltaic- or battery-
storage inverters. It is recommended to use the findings in future
modeling of the SH emission and summation.
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