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Abstract: The recent increase in large converter-based devices like electric vehicles and photovoltaics
increases supraharmonic emissions in low-voltage grids, potentially affecting customer equipment
and the grid. This paper aims to give an overview of the different factors influencing supraharmonic
emissions from electric vehicles and studies the propagation of supraharmonic currents through
a small, low-voltage grid. Measurements in an unique lab representing a possible future household
gave valuable insight on the possible developments in primary and secondary supraharmonic
emissions in a conventional or power-electronic-dominated system. Emission is, for some vehicles,
influenced by the type of grid connection, whereas others show no difference in emission.
The supraharmonic currents mainly stay within the local installation due to absorption of nearby
devices. The level of voltage distortion is dependent on the connection impedance. During the
measurements, another type of interaction between devices is observed in the form of “frequency
beating” and intermodulation, in some cases resulting in the tripping of residual current devices.
This interaction is further analyzed in order to better understand the possible impact it can have on
the grid.

Keywords: power quality; supraharmonics; electric vehicles; harmonic distortion; frequency
beating; microgrid

1. Introduction

The increased electrification of the transport sector increases the potential use of renewable energy
in electricity grids. This introduces challenges regarding the reliability of the power supply because on
the one hand, renewable energy sources are mainly intermittent and therefore less predictable, and on
the other hand they differ from “traditional” power generators in terms of circuit topology and effects
on the grid. Top-down, centralized power flows change to more decentralized power generation,
enabling the development of microgrids [1,2]. Power electronics (converter-based devices) are efficient
for the conversion of power from DC to AC and vice-versa and are more often used for higher powers.
This introduces several known and unknown effects in the grid at a large scale. One of the effects
is the so-called “supraharmonic” disturbances (between 2 and 150 kHz), of which self-commutated
converters are a significant source [3,4]. They can cause degradation of components due to excessive
heating and malfunction or interference with other devices [5] and even the damaging of equipment [6].
Traditionally, supraharmonic (SH) disturbances were of less interest, but the expected increase in
electric vehicles and fast chargers in both terms of quantity and charge power [7] also increases
supraharmonic emission and the corresponding consequences [8,9]. This development introduces the
need for additional research and models of supraharmonic emissions from these devices in electricity
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grids and the possible impact they can have on the grid and all connected equipment. Past research
has developed harmonic [10,11] and time-domain [12] models for electric vehicle chargers as well as
for low frequency (50 Hz-2 kHz) propagation [13], but it is unknown whether they are also applicable
for the supraharmonic range and when considering electric vehicles. Furthermore, supraharmonic
propagation towards the grid possibly depends on the number of devices connected, as previously
described for an installation with LED lights [14]. The emission towards the grid is highly dependent
on the number of devices connected and the impedances of individual devices and the grid. It is
of interest to research how electric vehicles act as emission sources and interact in different grid
configurations (including the impedances and background emission levels).

The goal of this research is to provide insight into the propagation and possible interaction of
supraharmonics from electric vehicle chargers. This information is needed to create models of electric
vehicle (EV) chargers in the supraharmonic frequency range, as well as for modeling the propagation
of these currents in a possible future grid. This will lead to a better understanding of the impact the
supraharmonics from electric vehicles can have and how an installation or the grid transfers these
distortions. The analysis of supraharmonic interaction is valuable information for the development of
models for the EV charger itself and to create awareness about these possible additional effects.

The main contributions of this research are therefore as follows:

e Insight into the emission and propagation of supraharmonics of individual and combinations of
electric vehicles in a small, low-voltage grid;

e  The influence of the grid impedance on the supraharmonic emission of electric vehicles, covering
the public supply and microgrid operation (supplied by a storage inverter);

e An analysis of possible interactions between electric vehicles due to supraharmonics.

This paper is set up as follows. In Section 2, theoretical background on supraharmonics and the
different sources and effects on equipment is given. Then, the experimental setup for measuring the
supraharmonic emission of individual vehicles in different grid conditions is described (Section 3).
Then the results of emission and propagation measurements are studied, the different factors
influencing them are analyzed, and the results are discussed (Section 4). During the measurements,
supraharmonic interaction between the electric vehicles is observed. This is further analyzed, and
their occurrence is explained by simulations and theory in Section 5. Finally, Section 6 summarizes
the results and gives the most important conclusions, and in Section 7, recommendations for further
research are given.

2. Background on Supraharmonics

Supraharmonics have been known about for a long time, but the amount of research on this topic
has remained very limited. The definition of “supraharmonics” is proposed to describe waveform
distortion in the frequency range of 2-150 kHz and is widely adopted [15]. The lower limit (2 kHz)
is taken to be equal to the upper limit of the traditional PQ-standards, covering up to the 40th
harmonic. They were traditionally assessed for line-commutated converters, but self-commutated
converters have emissions not related to the fundamental frequency and can easily reach much higher
frequencies. The upper limit is chosen as the lower limit of the electromagnetic compatibility (EMC)
standardization framework (150 kHz). Recently, research on supraharmonics has started growing and
several standardization committees are working on describing emission and immunity limits as well as
testing methods for disturbances in this frequency range [16]. There are different reasons for studying
emissions in the supraharmonic range. First, there is an increase in equipment emitting supraharmonic
disturbances used by consumers, and secondly, power-line communication (PLC) makes use of the
same frequency range [17]. For example, smart meters, which are nowadays present in the majority
of households in Europe, often use PLC over the low-voltage (LV) grid. Depending on the grid
impedance, background emissions originating from other devices can influence the communication
reliability [18].
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On the other side, the immunity of end-user equipment to supraharmonic disturbances has
already been studied to some extent [19]. Most electronic equipment uses EMC filters with capacitors
to remove high-frequency noise from the input. However, capacitors absorb the high-frequency
components as their impedance is inversely proportional to frequency according to

1

Zc = ]-27_[7; (1)

with C being the capacitance and with the frequency f in Hz. This can lead to extensive heating
and decreased lifetime (up to 40%) of those components, resulting in degradation of the equipment
itself [20].

Furthermore, (linear) load-flow models that are useful for modeling the behavior of “classic”
harmonics are not accurate enough to model the propagation of supraharmonics because they are
often not directly linked to the fundamental frequency and their behavior in grids is difficult to predict.
Interaction between the grid and EMC filters influences the amount of current absorbed by other
devices and changes resonant frequencies [21].

2.1. Primary and Secondary Emission

When studying harmonics, it is important to make a distinction between primary and secondary
emission. This is needed in order to determine if part of the emission is originating from the device
under test (DUT) or from another external source, thus defining responsibility. However, this is difficult
because it is not always possible to isolate a single device to determine its primary emission [16].
A simple and idealized model to understand primary and secondary emission is shown in Figure 1.
Here, device 1 is represented by a constant supraharmonic current source Ij; and internal impedance
Z1, which will absorb part of the emission. This will result in the primary emission from device 1 (I;)

as follows:
Z1

L=IL1— 2t
VM v 7y

@)
with Z; and Z, being the internal device impedances of device 1 and 2, respectively, and Z, being the
grid impedance. This primary emission (I1) is now partly flowing into the grid and a part through the
impedance of device 2 as

Zg

- 3
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where I} ; is the secondary emission of device 2, originating from device 1. In the same way as
described in (2), the primary emission from device 2 can be determined. However, the total emission of
device 2 will now be composed of the combination of its own primary emission I, and the secondary

emission from device 1 (I1 2):
2y

L =Ip——-—— —TI1o,
2 hng+Zz+Z1 12

4)
with I representing the primary and secondary emission of device 2. This effect will work in two
ways; the total emission of device 1 will, therefore, also include part of the emission from device 2 that
flows through the internal impedance Z;, resulting in a similar emission (I}’) for device 1. Background
emission from the grid can be modeled as voltage source V;, resulting in a current I, through Z,
and the device impedances. In practice, it is often not known how these impedances relate to each
other, making it difficult to distinguish primary and secondary emission. Furthermore, it is difficult
to determine the primary emission of a device when it is not connected to an ideal undisturbed grid.
This research tries to distinguish between primary and secondary emission by using an environment
in which turning devices on and off can be controlled.
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Figure 1. A simple model describing primary and secondary emission. Primary emission from device
1is denoted as I, of which a part results in the secondary emission of device 2 (I; »), depending on
the impedance ratio. The total emission of device 2 is now composed of its own primary emission
superimposed on the secondary emission from device 1.

2.2. Sources of Supraharmonics

There are different sources of supraharmonic emissions. In general, all devices with
converter-based power electronics emit supraharmonics to a certain extent, as an artifact of the
conversion from AC to DC or vice versa. In this research, only the effects on the power quality at the
AC side are presented. Nevertheless, effects on the DC side can be present but fall outside the scope
of this research. Next to the fact that power electronics are a prominent source of supraharmonics,
they can also be key to mitigating distortion when the proper technology is used [3].

When converting an alternating current to a direct current to, for example, charge a battery,
different circuit typologies can be used. Most common in EV chargers and photo-voltaic (PV) inverters
are bridge rectifiers with additional active or passive power-factor correction (PFC) circuits to keep the
power factor (PF) around 1.

In [22], the supraharmonic emissions of nine popular battery electric vehicle (BEV) types
(representing 90% of the total share of BEV types in the Netherlands by the end of 2018) are measured.
The results show that, except for one, all tested BEVs emit supraharmonic distortion to some extent
and that most (6/9) use switching frequencies within the human hearing range (20 Hz to 20 kHz).
This can lead to irritation and stress of the user.

An example of a measured current containing supraharmonic distortion from a single-phase BEV
charging at 16 A is shown in Figure 2. This superimposed 10 kHz component is visible with an average
amplitude of 1 A (5% of the fundamental), but peak values go up to 2 A. The effect on the grid voltage
is also shown, with, on average, 1 V at 10 kHz.

Other research also shows that electric vehicle chargers [8] and bus chargers can be a source of
supraharmonic distortions.

PLC uses a superimposed voltage on the fundamental with frequencies within the supraharmonic
range (9 to 95 kHz). This is considered as intentional emission and, therefore, the limits for
narrow-band signals according to EN-50160 apply. Supraharmonic current emissions from other
devices, as artifacts of the AC/DC conversion, can also result in supraharmonic voltages. It has been
observed that harmonic emissions moved from the classic harmonic range to the higher frequencies
to avoid exceeding the existing limits for the frequency range below 2 kHz. From this point of view,
the emissions from the converters should also be considered intentional [4].



Energies 2020, 13, 3865 50f 19

30 T T T T T T T T T 400
i 4300
20t lﬂl““ l
<1200
10
R 1100
< 2
4-100
_1OV
h
—-200
o0k |
20 ”l‘l”l\\y'n 1-300
.30 1 1 1 1 1 1 1 1 1 -400
0 2 4 6 8 10 12 14 16 18 20
Time (ms)

Figure 2. Measured current of a single-phase battery electric vehicle charging at 16 Arms with
supraharmonic distortion at 10 kHz. The amplitude of the supraharmonic component is approximately
1 A (5% of the fundamental) and also results in an effect on the voltage (approximately 1 Vpp).

2.3. Supraharmonic Propagation

To study the propagation of supraharmonic currents originating from a single device, the model
shown in Figure 3 is used [23]. Here, the constant supraharmonic current source Ij,; is used to represent
harmonic current emission from the DUT. Impedance Z; represents the internal filter circuit of the
device itself, absorbing part of the emission. Primary emission from device 1 is represented by I;
and obtained in a similar manner as in (2). This harmonic load-flow model can be used for each
individual device (1 to n) to model the propagation to other devices and the grid. For example the
(supra)harmonic current originating from device 1 is flowing to the grid impedance Z; as follows:

Zext + va + Zpat

I, =1 , 5
§ 1Zext +va +Zhat +Zg ( )

with Ze being the impedances of other external devices, Z,, and Z;,; being the PV- and
battery-inverter impedance, respectively. This load flow can be made for each device, and by
superposition, the total emission is determined. The grid impedance includes the impedance of
the cable to the transformer and the transformer LV impedance [23].

L > s

Iy

Z71 Zext Zyy Zpat Zg

Figure 3. Simple model describing the flow of harmonic currents from a single device (Ij,;) towards
its internal impedance Z; and towards other external impedances Zy¢, the inverter impedances Zy
and Zp,, and the grid Z. The external emission is denoted as I;. Device and grid impedances are not
constant over frequency, changing the harmonic load flow for different frequencies and sources.

By switching between grid and microgrid mode, the grid impedance Z¢ and background distortion
in the voltage change. This can lead to a change in the emission of each connected device. Furthermore,
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it is assumed that the inverter impedances Zpy and Z,; are not constant for the different operation
modes. This makes modeling difficult.

For low-voltage networks, the resistance is dominating, especially close to equipment. Hence,
for low frequencies (<2 kHz) it can be assumed that Z, is largely resistive. However, for higher
frequencies the reactance of the cable will increase and can become dominant and the influence from
impedances of neighboring equipment can play a role due to their capacitive nature.

Adding extra devices will create a different impedance seen by the device and will possibly affect
supraharmonic emission. However, it is important to note that for each frequency, this model has
different parameters, as device impedances (often capacitive due to filters) and grid impedances (often
inductive due to cable and transformer characteristics) change with frequency. By superposition of all
individual harmonic load-flow models per frequency, the total supraharmonic emission to the grid
from the system can be determined. In this linear model, no interaction between devices or other
effects are included.

2.4. Effects of Supraharmonics

From the skin effect, the current density in a good conductor will decrease exponentially from its
value at the surface for increasing depth. The skin depth (J), or penetration depth, is dependent on

frequency (f) as follows:

b= L ©)

e fuo’
with material permeability y and conductivity o [24]. This means that higher frequencies will propagate
more at the outer skin of a conductor, leading to a reduced effective usable section area and thus,
a higher resistance. This will lead to additional heating of cables and other components connected to
the grid. Furthermore, measurements on small distribution transformers showed the possibility of
a transfer of supraharmonic currents to upstream grids as well, to a small extent [25].

When studying supraharmonic disturbances, a distinction could be made between devices with
communication (intentional emission, e.g., PLC) and without (emission as artifact). Besides the
additional heating of components, effects like audible noises and the malfunction of equipment
including PLC are described [5]. Examples are whistling induction plates [26], charging interruptions
of EVs [22], malfunction of coffee machines and failures of smart meters. For the latter, measurements
show that some smart meters can be influenced by supraharmonic currents from PV panels by giving
measurement errors up to -50%. This means the smart meter underestimates the amount of power
delivered back to the grid, which is an adverse effect for the customer [27]. Furthermore, LED drivers
could be affected by supraharmonic disturbances, resulting in variations in the light intensity [28].

3. Method

In this section, the measurement setup and process are described. To determine the primary
supraharmonic emission of individual EVs and to see the effect of adding extra BEVs nearby on the
secondary emission, different measurements are conducted. The goal of the measurements is to obtain
insight into the propagation of the supraharmonic currents in the low-voltage installation. Because the
charging current of BEVs is easily controlled and they are the main source of supraharmonics in
this case, this is used as the main variable. All experiments are conducted twice—once for the lab
connected to the public grid and once for the lab in microgrid operation (public grid disconnected).
First, one BEV is measured and charged at different charge currents in order to obtain a complete
overview of the supraharmonic emission of the BEV and to see whether it is dependent on the
charge speed. Second, the same experiment is repeated for the second BEV, for the third, and for the
fourth. Then, the combinations are tested. Again, the first BEV is measured during charging, but now,
sequentially, the other BEVs are added to see the absorption of emission. In this way, a complete
insight into the propagation of the supraharmonic currents from the individual BEVs is obtained.
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This is again repeated for all BEVs in the relevant possible combinations. Further in this section, the lab
configuration, the measurement equipment, and the tested battery electric vehicles will be discussed.

3.1. The Lab: Microgrid and Public Grid Operation

To test the interaction between converter-based devices with considerably high power for
households, experiments were set up at the Smart Grid Interoperability Lab (SGIL) located in Petten,
the Netherlands. This lab is part of the Joint Research Centre (JRC) of the European Commission.
The environment is set up to represent a future household, with PV-panels, battery storage, and smart,
energy-efficient appliances. This is a very unique configuration and enables experimentation and
measurement at a location that will become more common in the future. It allowed the charging of
4 EVs simultaneously to analyze the behavior of these on a rather small and isolated grid. A schematic
overview of the lab is shown in Figure 4. While in normal operation the lab is connected to the public
electricity grid, it has the possibility of switching to a microgrid as well. In microgrid operation, the lab
is only supplied by the generation from the solar panels (33 x 250 Wp with a 8 kW PV inverter) and
the stored energy in the batteries (1600 Ah, 48 V Lead Acid with a total of 30 kW inverters). The PV
inverter is a 3-phase inverter, whereas the batteries use multiple single-phase inverters (6 kW each)
divided over the 3 phases. The PV and battery inverters supply the lab with a nominal 3-phase 50 Hz,
230 V grid with neutral.

Figure 4. Simplified schematic overview of the lab that can either work as a microgrid or be connected
to the public grid. From top to bottom, on the left: 33 x 250 Wp PV panels with a 3-phase PV inverter
(8 kW total), 1600 Ah 48 V (76 kWh) lead acid batteries with multiple 1-phase inverters (30 kW total),
public grid connection (switchable). On the right: base load from lab (LED, servers), four 11 or 22 kW
(3-phase) electric vehicle (EV) charging stations.

In microgrid operation, the external grid impedance Z, (drawn as overhead lines in Figure 4)
changes. The PV and battery inverters are now grid-forming, and it is assumed that their impedance
will change for microgrid mode. The impedance Z, is defined as the impedance seen at the point
of common coupling (PCC) into the grid, and the impedance of the inverters can be seen as device
impedance (Zpy and Z;,;), as in Figure 3. The PCC is also the physical location where the grid is
disconnected. To see whether removing Z; and changing Zpy and Z,; influences the behavior of
the supraharmonic emissions and absorption from the electric vehicles, measurement scenarios are
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created to compare the primary emission between the grid and microgrid. Scenarios include all
relevant combinations between either connecting or disconnecting a vehicle. For each EV (4), those
combinations are repeated for grid and microgrid mode. In this way, the primary emission of the
individual vehicles is determined as well as the secondary emission.

3.2. Measurement Equipment

All measurements were performed using the same equipment, but in different setups. A Dewetron
DEWE-800 data-acquisition (DAQ) device with a maximal bandwidth of 1 MHz sampling at 500 kS/s
with 8 channels for both the current and voltage measurements was used. The channels have a —3 dB
bandwidth of 300 kHz. For some measurements, the bandwidth was further limited to 100 kHz by
down-sampling to reduce data. Using flexible Rogowski coils with a sensitivity of 100 mV /A and
a typical noise of 3.0 mV, the current through conductors was measured. These coils are linear up to
20 kHz and give an error in amplitude and phase for frequencies above 20 kHz. At 20 kHz, the error in
amplitude equals —3% according to the data sheet. Measurements on frequencies above give lower
values than the actual values, with error by experiments estimated at —15% at 60 kHz and —27% at
100 kHz. The voltage was measured using passive 1:1 probes with a 1 mV resolution. The Dewetron
was solely used for data collection. Data processing and analysis was done using MATLAB’s FFT and
spectrogram functions; implementations of the discrete fourier transform (DFT) and the short-time
fourier transform (STFT), respectively.

3.3. Tested Battery Electric Vehicles

For the experiments, 4 battery electric vehicles (EV-1 to EV-4) of 3 different types were used.
EV-1 and EV-3 are of the same type. The data regarding the different vehicles is shown in Table 1.
All vehicles were charged using a type-2 connector and an 11 or 22 kW AC charging station.
This charging station handled the communication with the vehicle and was used to control the
maximum allowed current. During the measurements with multiple vehicles, the power was limited
to 11 kW per charging station due to the limited maximum power available in the microgrid.

Table 1. Data on the different battery electric vehicles used for testing. EV-1 and EV-3 are of the same
type. For combined tests, the maximum power was reduced to 11 kW per charging station.

Max. Current Max. Power Battery Capacity
Per Phase (o) V- OfPhases 4y (KWh)
EV-1/EV-3 32 3 22 52
EV-2 29 1 6.7 36
EV-4 16 3 11 64

4. Results on Supraharmonic Emission and Propagation

This section will discuss the most important measurement results. Measurements on single EVs
were used to determine primary emission. Next, additional devices were added to determine the
absorption of emission from external devices, leading to secondary emission. The effects of adding
an extra device are not limited to the extra harmonic currents. An extra device will also include
an additional parallel impedance, as shown in the model (Figure 3), changing harmonic current flows.
The goal is to treat both, by analyzing primary and secondary emissions. Measurements are repeated
for the same setup in a microgrid to see the effect of the grid impedance on primary emissions and
background distortion from the grid voltage on secondary emissions.

4.1. Influence of Grid Connection on Supraharmonic Emission

In the SGIL, the grid can be disconnected, removing the grid impedance and background
distortion. Table 2 shows the magnitudes of the supraharmonic components of interest (switching



Energies 2020, 13, 3865 9 of 19

frequencies of the BEV types including their harmonics) with and without the grid connected.
The emission spectrum of EV-4 is different for charging at full and reduced power, and, therefore, is
shown twice. For the supraharmonic components of EV-1 at switching frequency (10 kHz) and its first
harmonic (20 kHz), the emission is approximately halved. A possible conclusion is that a significant
portion of the current emission at this frequency flows back to the grid and that Z, is relatively low for
these frequencies or due to changes in the operation of the PV and battery inverter, or the vehicle itself.
Other supraharmonic components at higher frequencies are only slightly influenced by the change in
operation mode.

Table 2. Comparison of supraharmonic current emission and effect on the voltage at different
frequencies of interest when charging at 16 A. Results for the lab connected to the public grid (left)
and for the lab in microgrid operation (right) are shown. Especially the emissions of EV-1 (and EV-3)
at 10 kHz (shown in bold) are significantly affected by the operation mode. In the microgrid, the
emission as well as the effect on the voltage was approximately halved. For the emission of EV-4 at
45-50 kHz (also shown in bold), the effect of the voltage is large, possibly due to a local resonance at
this frequencies. EV-2 is left out of these results.

Public Grid Microgrid
Frjﬁﬁi‘)‘cy Emission (A;ms) Voltage (V) Emission (Ams) Voltage (V)
EV-1/EV-3 10 1.761 1305 0.865 0.699
EV-1/EV-3 20 0.083 0.141 0.040 0.059
EV-1/EV-3 30 0.011 0.047 0.014 0.040
EV4, 14A  45-50 0.205 1.067 0.225 1.037
EV-4 45-50 0.004 0.045 0.005 0.037

For the emission at 10 and 20 kHz, the induced effect on the voltage is also almost halved in
microgrid operation. Next, a relatively low harmonic current emission of only 0.205 A from EV-4
between 45 and 49 kHz results in a high effect on the voltage. Compared to the current emission from
EV-1, which is of a higher amplitude but with a lower frequency, a possible conclusion is that the
impedance seen by EV-4 is significantly higher around its switching frequency or that local resonances
occur at this specific frequency.

With the data from Table 2, the impedance seen by the devices could be estimated. The estimated
impedance at different frequencies is calculated using Ohm’s law and slightly increases for
higher frequencies. Due to safety reasons, the grid connection could not be measured directly.
The measurements on the impedance seen by the devices are not sufficient to make an accurate
estimation of the grid impedance over frequency because the variable impedances Zpy and Z,; also
influence the impedance seen.

4.2. Emission and Absorption of EV-1 (and EV-3)

For EV-1 and EV-3 (which are of the same type), the spectrum for the different scenarios is shown
in Figure 5 for the lab connected to the grid and in the microgrid. Constant emission around 37 kHz
originates from the measurement device. Data files are combined for comparison of the spectra,
such that every interval of 4 s represents a new scenario. The time-frequency domain is used for easy
comparison of the spectra. The main differences are the background distortion (up to 30 kHz), which
reduces for the microgrid and the reduced supraharmonic amplitude when in microgrid operation.
In the second interval, EV-2 is connected. This showed no additional supraharmonic emission or
absorption of emission from the DUT. Furthermore, in the last interval where EV-3 was connected,
the emission increased. This has to do with an effect called “frequency beating” and will be further
analyzed and discussed in Section 5.1.
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Figure 5. Time—frequency analysis of current emission of EV-1. First interval (04 s): only EV-1;
second interval (4-8 s): EV-1 and EV-2; third interval (8-12 s): EV-1, EV-2, and EV-3. For grid
connection (a), the emission of EV-1 is higher compared to microgrid (b) operation. The effect of
adding EV-2 is insignificant. Adding EV-3 increases the amplitude and results in a beating effect.

4.3. Emission and Absorption of EV-2

When analyzing the spectrum of EV-2, the same conclusion is drawn as in Section 4.2: EV-2 is not
emitting (primary emission) nor absorbing (secondary emission) supraharmonic currents from other
vehicles. This can be for several reasons. At first, the possibility exists that EV-2 makes use of switching
frequencies above the supraharmonic range. This does not necessarily mean that problems are avoided,
as the upper limit (150 kHz) is rather arbitrary and does not imply that no conducted disturbances
could exist for higher frequencies. Second, the use of filters or other switching configurations can
reduce supraharmonic emissions. Neither, however, could be tested or verified.

4.4. Emission and Absorption of EV-4

For EV-4, the same scenarios are used to analyze its supraharmonic emission and absorption.
For EV-4, it seems that the emission differs significantly between nominal (full) power and reduced
power. In Figure 6, the first interval shows the spectrum for EV-4 when charging at 16 A. When reducing
its power to 14 A, supraharmonic emission between 45 and 49 kHz appears. The emission between
22 and 25 kHz remained constant. For the third interval, EV-3 was added to the setup. A corresponding
secondary emission is observed at 10 kHz and its harmonics (20, 30 kHz). The primary emission from
EV-4 did not change, but the background emission reduced.
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Figure 6. Time—frequency analysis of emission from EV-4. The first interval (0—4 s) shows only EV-4 at
nominal power, second interval (4-8 s) shows EV-4 at reduced power, and the third interval (8-12 s)
shows EV-4 at reduced power and the absorbed secondary emission of EV-3. For public grid connection
(a) and microgrid operation (b), the emissions are similar.

Most converters studied show one narrow-band peak (including its harmonics) in the
supraharmonic spectrum. However, EV-4 shows a more broadband emission. Further analysis in
the time—frequency domain showed that this device has a periodically changing switching frequency
between 45 and 50 kHz. The assumption is that this is the result of making use of boundary conduction
mode (BCM) instead of continuous conduction mode (CCM) [21]. This periodical switching is visible
when applying spectral analysis, as shown in Figure 7, and repeats every 25 ms. Here also, the harmonic
component between 90 and 100 kHz is visible. Spreading the emission over a wider spectrum allows
the manufacturer to create a lower peak emission. It is, however, still unknown what (additional)
effect this has on other equipment connected and the grid and equipment exposed to it. Nevertheless,
the broader spectrum results in a higher chance of creating local resonances or other effects because a
larger part of the supraharmonic spectrum contains distortion.

4.5. Summary of Results

In this section, the most important results and findings from the measurements will be
summarized using Figure 8. In this figure, the 4 tested EVs are shown, with on the top right their
supraharmonic emission frequency with the highest amplitude. EV-1 and EV-3 were identical and
showed primary narrow-band supraharmonic emission at 10 kHz and its multiples (20 and 30 kHz).
EV-2 showed no primary emission within the supraharmonic range. EV-4 had a broadband primary
emission between 45 and 50 kHz, and time—frequency analysis showed an oscillating emission with
a period of approximately 25 ms.
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Figure 7. Time—frequency analysis of broadband supraharmonic emission EV-4. The emission frequency
is time-dependent and oscillates between 45 and 50 kHz. The period of oscillation is approximately
25 ms. A harmonic of this oscillating component is visible between 90 and 100 kHz.
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Figure 8. Overview of results on supraharmonic emission and propagation.

EV-1, EV-3, and EV-4 absorb emissions from each-other, resulting in secondary emissions and
a beating effect between EV-1 and EV-3. The emissions of EV-1 and EV-3 partly flow into the public
grid and is influenced by this grid connection. The emission from EV-4 is mainly absorbed by EV-1 and
EV-3 and is only slightly influenced by the grid connection. However, the high effect on the voltage at
this frequency could indicate local resonance. EV-2 did not absorb any emissions and therefore shows
no secondary emissions.

5. Analysis of Supraharmonic Interaction

During the measurements, interaction between EVs was observed. Each subsection will discuss
one of these and gives a detailed analysis supported by simulations with MATLAB.

5.1. Frequency Beating

When different devices with the same converter are connected (electrically) close to each other,
interaction can occur. Two converters of the same type will never switch at exactly the same frequency,
due to impurities in the components and unavoidable flaws in the design process. A slight difference of
only 0.01% can cause a difference in switching frequency of the same order. For example, the switching
frequency of device A is set at f4=20,000 Hz. Another device of the same type, device B, has a switching
frequency that is off by 0.01% of 20,000 Hz; fp = 2 Hz. The actual switching frequency is now
fB = fa + fa=20,002 Hz. Adding 2 waveforms with a slightly different frequencies will result in
varying constructive and destructive parts. This phenomena is called frequency beating and will cause
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the supraharmonic component to attenuate periodically with a beating frequency directly related to
the difference in switching frequencies [29]:

1
Epeat ’

fbeat = |fA _fBl = |fA| =

@)

with tp.,; being the observed period of the beating oscillation.

Frequency beating was observed in other measurements at a parking lot with 16 three-phase
22 kW charging stations. When two EVs of the same type were charging, frequency beating was
observed. At this location, the residual current devices (RCDs) tripped multiple times a week, especially
when 2 or more identical EVs where charging. Supraharmonic currents combined with the described
beating effect are the suspected source of the tripping, but this could not be proven. At this location,
a supraharmonic component of around 10 kHz was measured, which behaves periodically with
a period ty,,; of 0.42 s. The frequency difference between the switching frequencies of the two EVs is
therefore fyp0 = ﬁz 2.4 Hz. The resulting current waveform as well as the extracted supraharmonic
component are shown in Figure 9. Here, the beating effect is clearly visible in the supraharmonic
amplitude that oscillates between —2 and 2 A. In the time—frequency analysis, the beat oscillation is
also visible around 10 kHz, see Figure 10. The amplitude of the higher supraharmonic components
(20 and 30 kHz) was too low to determine if a similar beating effect was present.

This effect will have a different periodical behavior when more EVs are added. This was simulated
for a combination of three devices with small differences (9999; 10,000; 10,002.4 Hz) in switching
frequency, matching the measurements but including another fundamental at 9999 kHz. The result
is shown in Figure 11. Due to the multiple f values that now exist (1, 2.4, 3.4 Hz) the periodic
behavior changed.

30 T T T T

Current
Harmonic current

(R

Current (A)
o

-20

Time (s)

Figure 9. Measured current with beating effect and extracted supraharmonic currents around 10 kHz.
Due to a fp of 2.4 Hz between the switching frequencies of two identical EVs, a periodical beating
effect with a period of 0.42 s appears in the current taken by this EV.
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Figure 10. Time—frequency analysis of the measured beating effect around 10 kHz. The oscillating
behavior of the supraharmonic components around 10 kHz is visible. Furthermore, distortion around

20 and 30 kHz is observed with a lower amplitude but with the beating effect present to a certain extent
as well.
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Figure 11. Simulated beating effect for 3 EVs with small differences between switching frequencies
(fa =9999, fg =10,000, and fc = 10,002.4 Hz) and extracted supraharmonic currents. The beating
pattern is dependent on the number of devices and their individual f values. The frequencies
are chosen such that they are representative of 3 identical EVs with small differences in switching
frequencies, similar to previous results.

5.2. Intermodulation Distortion

Another interaction between switching frequencies of devices is intermodulation distortion.
Intermodulation occurs when two devices with different switching frequencies of considerable
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amplitude are connected close to each other. Intermodulation is a different type of distortion than
frequency beating because the Af is normally in the order of some kHz to tens of kHz, resulting in
an additional (supraharmonic) frequency component in the spectrum. Intermodulation is known
from communication theory but is also (unintentional) present from the switching artifacts of different
converters [30].

Intermodulation distortion will result in additional frequency components at frequencies related
to the two fundamental (supraharmonic) switching frequencies f; and f, chosen such that f, > f;.
The measurement shown in Figure 12 shows intermodulation distortion due to supraharmonic
components at f; = 56.2 kHz and f, = 60.5 kHz. Here, the amplitudes of the current are normalized
to the nominal current of the DUT (16 A). Second-order intermodulation is visible at f, — f; = 4.3 kHz.
Third-order intermodulation distortion is visible at 2f, — f; = 64.8 kHz and 2f; — f» = 51.9 kHz, and
even fifth-order intermodulation at 3f; — 2f, = 47.6 kHz and 3f, — 2f; = 69.1 kHz. The possibility
exists that f, originates from a component at fo = 30.3 kHz, which is exactly 0.5f,. This means that the
intermodulation distortion in fact originated from a harmonic of fy (f1) and switching frequency of the
EV at fz.

X 4370 | 7 x 60521
Y 0.45872 X 56202

I Y 0.17307 Y 0.17423 .

X 30286
Y 0.001328

|

Normalized current (-)
=
[6;]

10—10

0 2 4 6 8 10
Frequency (Hz) <104

Figure 12. Frequency analysis of measured intermodulation current distortion as a result of
two supraharmonic components f; and f, at 56.2 and 60.5 kHz, respectively. Second-order
intermodulation is visible at f, — f; = 4.3 kHz, and third-order intermodulation at 2f, — f; = 64.8 kHz
and 2f; — f, = 51.9 kHz. The component at 60.5 kHz is possibly a harmonic of the component at
30.2 kHz.

This effect was simulated to check whether the given statement matches the theory. For the
two components f; and f, as stated above, the intermodulation components of the 2nd, 3rd, 5th,
and 7th order were calculated for both frequency as well as relative amplitude. The result (Figure 13)
shows no component around 30 kHz, which supports the statement that f, originates from f, and that
the component at 4.3 kHz is actually a third-order component from fy and fi, namely 2fy — f;.
This makes this example especially interesting because intermodulation between a harmonic of one of
the supraharmonic components also resulted in additional distortion.
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Figure 13. Simulated intermodulation current distortion for f; = 56.2 kHz and f, = 60.5 kHz, up to
the 7th order. No component at 30.2 kHz is visible now, which supports the statement that the 60.5 kHz
component could be a harmonic of the 30.2 kHz component.

6. Conclusions

Research on supraharmonics is increasing, and standards describing supraharmonic emissions
are under development. There are a lot of sources of supraharmonics, and this number is expected to
increase. Supraharmonics have different effects and can have an influence on devices and grid assets.
Most important is the fact that components heat up excessively, influencing the lifetime of equipment.
In addition, different interactions can appear when devices are connected close to each other and
equipment malfunction or failure is possible.

The goal of this research was to analyze the behavior of supraharmonic emissions from individual
EVs and the propagation of supraharmonic currents. Two models were used in order to understand and
analyze the propagation of primary harmonic currents to secondary devices and to see the influence
of background and other external emissions on secondary emissions from devices. The models are
simplified and omit a portion of the interactions between devices that can occur.

A measurement setup and test process were developed to analyze the effects of a single EV,
as well as combinations of them. The supraharmonic emissions from individual EVs were measured
to obtain spectra of primary emissions. Even though the measurements at frequencies above 20 kHz
had a lower accuracy due to the used Rogowski coils, valuable insights were gained. Furthermore,
the effect of external emissions on the spectrum was analyzed to study absorption and flows of
supraharmonic currents.

Two BEV types (EV-1 and EV-3) were identical and showed narrow-band emissions at 10 kHz and
integer multiples. Another BEV (EV-4) showed a broadband emission profile between 45 and 49 kHz.
Both absorb harmonic currents from each other (secondary emission). The last BEV (EV-2) showed no
primary emission and did not absorb secondary currents from other devices.

Furthermore, the effect of creating a microgrid was studied. The grid connection absorbed
a portion of the emissions (from EV-1) and also was a source of additional background emissions.
Supraharmonic emissions of EV-1 and EV-3 were influenced by grid connection; the supraharmonic
emission from EV-2 and EV-4 remained constant.

Interaction between supraharmonic currents can occur when two devices are connected close to
each other. Frequency beating appears with two or more identical devices with a small (some Hz)
difference between their fundamental switching frequencies. Intermodulation distortion results in
additional supraharmonic components at frequencies related to the fundamental switching frequencies
(which differ by some kHz). Broadband emission profiles spread emissions over a wider spectrum
with lower peak values by continuously varying the switching frequency. It is unknown whether the
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described interactions have additional effects on equipment or the grid assets, but one suspected effect
is the unwanted tripping of RCDs.

To summarize, the supraharmonic currents from EV-1 and EV-3 propagated between each other,
resulting in a beating effect. They also propagated towards EV-4 and were strongly influenced by the
grid connection. The emissions from EV-4 were not influenced by the grid connection and mainly
propagated towards EV-1 and EV-3. No primary or secondary emissions from EV-2 were measured,
and hence, no supraharmonic currents propagated towards or originated from EV-2.

7. Research Limitations and Further Research

In this research, the effect of electric vehicles on supraharmonic propagation in a small (micro)grid
was studied. Further research could investigate the effect of higher penetrations of EVs on larger
domestic grids and could also include the effect of PV and other types of EV chargers with higher
power (DC fast chargers). In addition, the effect of intentional emission as used for PLC can be studied
further. This will give more representative insight into propagation to and emission from households.

The currents towards the grid were not measured in the lab due to safety restrictions. Indicative
measurements at a parking lot with 15 charging points showed that most emissions propagate between
the EVs and only a small portion flows back into the grid. Of interest is whether the same applies for
other parking lots and for a domestic grid.

On a higher power level, DC fast chargers (at the moment up to 350 kW but expected to increase
towards 1 MW) will be sources of supraharmonic emissions as well, shown in indicative measurements
by the authors. Of interest is the supraharmonic emissions of these device and the impact on the grid.

Supraharmonic currents are potentially transferred by a distribution transformer from an LV to
a medium-voltage (MV) grid. This depends on the transformer and cables used and the strength of
the MV grid upstream. The mentioned fast chargers are mainly connected by dedicated LV cables
directly to a (dedicated) transformer (in future, possibly directly to the MV grid). Further research
could investigate how realistic a transfer of supraharmonic currents from the LV to the MV grid
is in practice and whether it propagates through the MV grid as well, potentially affecting other
downstream LV grids.

Harmonic load flow and summation models only describe part of the physics behind
supraharmonic propagation and emission. Supraharmonic interaction is also not taken into account
here. For grid planning and operation, it would be useful to include the effects of supraharmonics and
to make a prediction of future severity and measures needed. This is difficult because this depends on
(mainly uncontrollable) variables.
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Abbreviations

The following abbreviations are used in this manuscript:

BEV  battery or full electric vehicle

DAQ data acquisition

DUT  device under test

EMC electromagnetic compatibility

EV electric vehicle in general. Used for indexing.
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LV low voltage

MV medium voltage

PCC  point of common coupling

PLC  power line communication

PV photo-voltaic

SGIL smart-grid interoperability lab
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