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Abstract: The electric vehicle (EV) market is growing rapidly due to the necessity of shifting from
fossil fuel-based mobility to a more sustainable one. Smart charging paradigms (such as vehicle-to-
grid (V2G), vehicle-to-building (V2B), and vehicle-to-home (V2H)) are currently under development,
and the existing implementations already enable a bidirectional energy flow between the vehicles and
the other systems (grid, buildings, or home appliances, respectively). With regard to grid connection,
the increasingly higher penetration of electric vehicles must be carefully analyzed in terms of negative
impacts on the power quality; and hence, the effects of electric vehicle charging stations (EVCSs) must
be considered. In this work, the interactions of multiple electric vehicle charging stations have been
studied through laboratory experiments. Two identical bidirectional DC chargers, with a rated power
of 11 kW each, have been supplied by the same voltage source, and the summation phenomenon
of the current harmonics of the two chargers (which leads to an amplification of their values) has
been analyzed. The experiment consisted of 100 trials, which considered four different combinations
of power set-points in order to identify the distribution of values and to find suitable indicators for
understanding the trend of the harmonic interaction. By studying the statistical distribution of the
Harmonic Summation Index, defined in the paper, the impact of the harmonic distortion caused by
the simultaneous charging of multiple electric vehicles has been explored. Based on this study, it can
be concluded that the harmonic contributions of the electric vehicle charging stations tend to add up
with increasing degrees of similarity of the power set-points, while they tend to cancel out the more
the power set-points differ among the chargers.

Keywords: electric vehicles (EVs); vehicle-to-grid (V2G); EV charging stations (EVCSs); harmonics;
power quality

1. Introduction

The increasing share of renewable energy sources (RESs) in the electrical infrastructure
is a mandatory consequence of the European set of proposals, designed to make the EU’s
climate, energy, transport and taxation policies fit for reducing net greenhouse gas emissions
by at least 55% by 2030, compared to 1990 levels [1]. As a result, in the last few years,
the Electric Vehicle (EV) market has experienced a rapid growth, as the world is moving
toward more sustainable mobility systems, sustained by the increasing electrification of the
road transport sector, with a consequent reduction in its carbon emissions. According to
the Global EV Outlook 2023 [2], the sales of EVs, including both Battery Electric Vehicles
(BEVs) and Plug-in Hybrid Electric Vehicles (PHEVs), reached USD 10.5 million, and
this rising trend seems to be continuing. Moreover, according to the IEA report [3], by
2030, EVs will represent more than 60% of vehicles sold globally, so the the number of
public (or publicly accessible) charging points (2.7 million reached in 2022) will continue
to expand. This will be reflected in the number of products available on the market for
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charging vehicles, which need to be evaluated as in the review [4]. In the context of a rising
number of EVs, the Vehicle-to-X (V2X) paradigm, including both Vehicle-to-Grid (V2G)
and Vehicle-to-Building (V2B), is becoming increasingly interesting, both for the grid and
for different energy community configurations. In these applications, a high number of
Electric Vehicle Charging Stations (EVCSs) will be connected to a grid infrastructure (either
public or part of an energy community) close to each other. The storage capabilities of
EVs have led to the development of smart charging approaches, enabling to use of EV
batteries in the most cost-effective way. In fact, thanks to the bidirectional electricity flow
between vehicles and the network, the power can be sent back to the grid when needed,
thus providing benefits both to the vehicle owners (in terms of additional revenues) and to
grid operators (in terms of the offered services that may improve quality, reliability, and
sustainability of the grid itself) [5]. The harmonic current content has to adhere to the limits
established by the IEEE Standards [6] or to those fixed by the European Standards [7]. The
widespread adoption of EVs may however have negative effects on the power quality of
the electrical grid. Therefore, it is crucial to consider the impact of EVCSs on the grid side.
According to [8], integrating several EVs into the grid could lead to voltage imbalances and
to a decrease in the transformer efficiency. Moreover, when multiple vehicles are charging
or discharging simultaneously, as in large parking lots, the individual harmonics could add
up and hence approach the standard limits, resulting in strong harmonic injections into
the power grid. This behavior can negatively impact the energy supplied to the relevant
electrical node, potentially hindering proper equipment functioning. This paper will try to
study the disturbances injected from multiple EV chargers connected to the same electrical
node, as in a realistic environment. Unlike other works, the results of this paper have been
obtained by analyzing the currents coming from two identical real chargers, by studying the
contribution of each of them to the selected frequencies and by comparing the theoretical
sum of the current harmonics with the measured harmonics. The paper explores the known
effects of the EV charger aggregation in Section 2 and introduces the setup of the tests in
Section 3. Then, Section 4 reports the approach used to carry out to the tests. In Section 5,
the results for the considered harmonic orders are reported. Finally, some concluding
remarks are given.

2. Overview of the Effects of Aggregating Several EV Charging Points

The expression “power quality” indicates the “characteristics of the electric current,
voltage and frequency at a given point in an electric power system, evaluated against a
set of reference technical parameters” [9]. In Europe, the EN 50160 Standard specifies the
main characteristics that the grid voltage should meet at the public low-, medium-, and
high-voltage AC supply terminals [10]. Any deviation in the voltage or current waveforms
that can degrade the performance of a device, equipment, or system, or adversely affect
living or inert matter is an “electromagnetic quality disturbance”, as stated in [11]. In more
detail, the definition of a power quality disturbance is generally accepted as any change
in voltage, current, or frequency that interferes with the normal operation of electrical
equipment [12] or in the quality of power while supplying an electrical equipment [13].

The integration of several EVs can have a potential impact on the power quality
of the grid they are connected to: the magnitude of the impact depends on the num-
ber of EVs being charged at the same time, their location, and their charging rate [14].
The paper [15] examines the impact of V2G operation when multiple vehicles are connected.
Various scenarios and EV penetration levels are analyzed to study both the harmonic dis-
tortion and stability effects. The results indicate that the primary concern for power quality
is the harmonic distortion; in fact, the higher the EV share, the higher the Total Harmonic
Distortion (THD). Consequently, the number of equipment affected by the reduced power
quality and absorbing distorted current from the grid increases. Some studies, such as [16],
have analyzed the impact of equipment diversity within a EVCS. The study tested four dif-
ferent fast chargers and recorded full charging cycles four times for each charger, analyzing
the amplitude and phase angles of each harmonic. The research found that the phase angles
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of the current harmonics varied within a preferential range that could potentially lead to
an increase in the current THD. In [17], one EV charger was analyzed both in AC and DC.
Current harmonics emissions and conductive electromagnetic disturbances were consid-
ered, while the THD was used to evaluate the global power quality level. This analysis,
however, was based on a single EV charger, so it was suggested that it should be repeated
by including different Devices Under Test (DUT) to highlight possible differences. Another
case study which considers both the harmonics and supra-harmonics content is presented
in [18]. Supra-harmonics are defined in [19] as waveform distortions in the frequency range
from 2 to 150 kHz. This range is still only partially standardized, while the amount of de-
vices emitting in this range is increasing [20], so it could lead to undesirable effects. In [18],
the emissions caused by nine different BEV models have been studied and eigth out of
nine have proven to be the source of supra-harmonics. The tests have also been conducted
for power levels differing by the nominal one: they show a variation of the fundamental
reactive power and lead to the recommendation to execute future tests at non-nominal
power in order to account for possible differences. With reference to the aggregation of EV
charging points, the effects of multiple EVs connected to electrical grids have already been
studied in order to assess how the disturbances injected from the aggregate propagate in
the low- and medium-voltage networks. For example, the JRC report [21] studied the grid
harmonic impact of multiple EVs. Focusing on the phase summation or cancellation of the
harmonics, it was revealed that the phase angles between the same harmonic order tend to
be lower than 90°, leading to a summation of the harmonics and therefore suggesting that
there could be a maximum acceptable number of chargers connected to the same infras-
tructure. In contrast, the authors of [22] had previously pointed out how adding chargers
from different manufacturers may result in a notable harmonic cancellation. Some of the
tests, however, showed how the chargers failed to comply to standard limits, suggesting
that the harmonics added up until reaching a maximum tolerable value. What seems to be
a recurrent element in these published works is that when multiple chargers are operating
together on the same electrical node (e.g., a parking lot), their disturbances would sum-up,
approaching the standard limits, potentially amplifying their values and hence causing
issues to the other customers.

3. Laboratory Set-Up

The authors of previous work established a laboratory test bed using real-time simula-
tion and Power Hardware-in-the-Loop (PHIL) layout to study bidirectional EVCSs [23,24].
In this setup, the currents measured on a single EV charging point under test were mul-
tiplied to emulate 20 charging points connected to the same electrical node. However,
this resulted in a harmonic spectrum summation, leading to instabilities and preventing
the equipment from operating correctly. Starting from those results, the current work
studies the behavior of the charger in depth without the simulated environment, evaluating
the interaction of multiple chargers by employing two identical EV DC chargers with a
rated power equal to 11 kW. The chargers were supplied by the same voltage source: in
Case 1, the voltage source was a linear power amplifier; in Case 2, the voltage source was
the electrical grid. The latter case enabled us to achieve the maximum power for both
chargers simultaneously. Figure 1 shows a simplified layout of the test bed, with the current
measurement points highlighted.

The main components used to carry out the tests are as follows:

• Power amplifier: A three-phase linear power amplifier with a nominal power of 7 kVA
per phase has been used. This technology has been chosen because of its performance.
In fact, the linear amplifier has a maximum distortion on the generated voltages equal
to 0.7% at the maximum output power [25]. Moreover, the introduced short time delay
enables the use of a simple interface topology and guarantees high stability.

• Chargers and electric vehicles: The cars used are two Nissan Leaf, with battery capacities
of 62 kWh and 40 kWh, respectively, and equipped with the DC CHAdeMO plug.
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The model of charger (which cannot be disclosed for confidentiality reasons) is a
bidirectional WB, with rated power 11 kW in G2V and 10 kW in V2G operation.

• Data acquisition: The HBM GEN7tA is a transient recorder and data acquisition system.
It has been used to visualize, monitor, record, and post-process the electrical quantities
involved in the tests. Three identical Hioki 9018-50 clamp probes have been employed
for capturing the currents during the tests. The clamps have a range from 10 A to
500 A AC, for a total of six ranges, with the amplitude accuracy equal to ±1.5% rdg
±0.1% f.s. (45 to 66 Hz) and the phase accuracy equal to ±2.5 for frequencies from
40 Hz to 3 kHz.

Figure 1. Representation of the experimental setup with measurement points.

4. Test Description

The WBs were supplied with a standard voltage Vnom = 230 V by the linear power am-
plifier in order to have low disturbances injected from the amplification stage.
The testing was conducted using different charging power set-points. Initially, the ve-
hicles were charged at power P1 = 4 kW, and then the power set-point was changed for
the two chargers. To ensure that the tests were independent from each other, the WBs
were turned in the stand-by state after each measurement. Different power scenarios
were studied as suggested by the authors of [18], which indicated that there may be slight
variations in the disturbance during a charging with power differing by the nominal one.
The preliminary measurements and comparisons were carried out by using the power
amplifiers (Case 1); after that, we proceeded by using as a voltage source the real network,
in order to reach the maximum rated power for both the WBs (Case 2). The harmonic
content was similar in both cases, as the THD of the network supply was very low. The
power set-point combinations and the relative cases are listed in Table 1.

Table 1. Set-point combinations.

Cases WB1 (kW) WB2 (kW)

Case 1
4 4
8 6

10 2
Case 2 11 11

4.1. Procedure

The current measurements, as depicted in Figure 1, have been taken on the first
phase of each WB and on the output of the power amplifier (in Case 1), or grid supply (in
Case 2), in order to acquire the sum of the currents of the two WBs. The observed behavior
was the same for the other phases, so, the results are reported for the first phase only.
The data gathering consisted of acquiring the current waveforms 100 times for each
power set-point combination, with a sampling rate of 20 kSample/s. This sampling
frequency will be sufficient to avoid the aliasing phenomenon till the 40th order, as
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the frequency of the acquisition is ten times higher than the highest measured order.
The acquisitions have been made with the recorder presented above. The Fast Fourier
Transform (FFT) has been calculated in Matlab from the acquired current recordings,
based on 10 cycles of the target currents, as stated in the IEEE Standard [26], in or-
der to achieve a 5 Hz resolution. The harmonic component magnitude is then calcu-
lated by taking the RMS value of the center frequency combined with the values at
the two adjacent ±5 Hz frequency bins as calculated in Equation (1) for the example
in Figure 2.

Gh =

√√√√ 1

∑
i=−1

X2
(10h+i)∆ f (1)

where:

• ∆ f = Bins width (5 Hz in this case);
• h = Harmonic order;
• Gh = Group value at the order h.

Figure 2. Main order grouping.

4.2. THD Evaluation

Harmonics can be evaluated in two ways:

• Individually, by comparing their amplitude to the fundamental frequency;
• Globally, using the THD.

The THD% has been computed for each one of the 100 tests. Tables 2 and 3 contain
the mean values of the THD for the 100 tests for each set-point combination under test.
Currents and voltages of the THD have been measured both on the power supply (as
shown in Figure 1) and on the two WBs. The THD% is always below the 8% limit, so
the disturbances are acceptable in all tests. Based on the previous measurements, it was
noted that on the grid side, the THD was under the limits, so the impact of the grid
voltage harmonics on the tests was considered negligible. It is visible how the total THD
can be lower than the one on each WB; nevertheless, as the THD averages on all the
harmonic orders, the contribution on each frequency needs to be investigated due to
possible problems caused by some specific harmonics.
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Table 2. Current THD %.

Cases WB1 Power WB2 Power Power Supply WB1 WB2

Case 1
4 kW 4 kW 5.26% 5.63% 5.25%
8 kW 6 kW 4.05% 4.30% 4.57%

10 kW 2 kW 3.79% 3.52% 7.30%
Case 2 11 kW 11 kW 3.01% 3.05% 3.10%

Table 3. Voltage THD %.

Cases WB1 Power WB2 Power Power Supply WB1 WB2

Case 1
4 kW 4 kW 2.08% 2.09% 2.07%
8 kW 6 kW 2.31% 2.32% 2.30%

10 kW 2 kW 2.22% 2.26% 2.22%
Case 2 11 kW 11 kW 2.08% 2.11% 2.07%

4.3. Harmonic Sum Evaluation

After collecting all the measurements for the 100 tests, a dataset has been extracted,
whereby an example of the structure (for the case P1 = 10 kW, P2 = 2 kW) is reported in
Table 4. Each column shows the harmonic order, whereas the rows represent the data
collected in terms of the value of HSI as defined in Equation (2). Then, in Tables 5–7, the
harmonic current components used to calculate the HSI for the same case are reported.
A similar approach, which defines an index to evaluate the summation phenomenon
called the diversity factor, was adopted by the authors of [27] for the study of harmonics
summation or cancellation at an industrial facility. This index is the ratio between the
RMS current value extracted from the FFT of the grouping described in Equation (1) and is
directly measured on the first phase of the network (namely Ih,SUPPLY), and is the sum of
the same quantities measured on the first phase of each one of the two WBs (i.e., Ih,WB1 and
Ih,WB2). This ratio is the only cause of error propagation due to the elaboration of the data
that will reflect on the HSI and, from the current clamp specification, will be around the 3%
of the HSI index itself.

HSI =
Ih,SUPPLY

Ih,WB1 + Ih,WB2
(2)

This index can be:

• HSI ≥ 1: The harmonics summed;
• HSI < 1: The harmonics canceled.

The lower the HSI, the highest is the cancellation effect on a certain harmonic order.

Table 4. HSI dataset structure.

Test No. Harmonic Order
1 2 . . . 39 40

0 0.9976 0.6073 . . . 0.7367 1.0349
1 0.9973 0.7611 . . . 0.8793 0.6176
2 0.9975 0.4813 . . . 1.0236 0.9997

. . . . . . . . . . . . . . . . . .
98 0.9977 0.3999 . . . 0.8607 0.7854
99 0.9974 0.4660 . . . 1.0150 0.3912

100 0.9976 0.8801 . . . 0.5548 0.9968
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Table 5. IWB1 harmonic components.

Test No.
Harmonic Order

1 2 . . . 39 40

0 14.5776 0.0249 . . . 0.0082 0.0027
1 14.3311 0.0224 . . . 0.0082 0.0048
2 14.4597 0.0187 . . . 0.0048 0.0042

. . . . . . . . . . . . . . . . . .
98 14.4420 0.0201 . . . 0.0097 0.0059
99 14.4745 0.0175 . . . 0.0069 0.0037

100 14.5909 0.0154 . . . 0.0079 0.0025

Table 6. Current IWB2 harmonic components.

Test No.
Harmonic Order

1 2 . . . 39 40

0 4.2347 0.0123 . . . 0.0047 0.0042
1 4.2324 0.0192 . . . 0.0062 0.0049
2 4.2647 0.0204 . . . 0.0030 0.0035

. . . . . . . . . . . . . . . . . .
98 4.2683 0.0167 . . . 0.0045 0.0041
99 4.2781 0.0128 . . . 0.0032 0.0046

100 4.2731 0.0106 . . . 0.0049 0.0045

Table 7. Current ISUPPLY harmonic components.

Test No.
Harmonic Order

1 2 . . . 39 40

0 18.7676 0.0226 . . . 0.0095 0.0071
1 18.5142 0.0317 . . . 0.0127 0.0060
2 18.6780 0.0188 . . . 0.0079 0.0077

. . . . . . . . . . . . . . . . . .
98 18.6665 0.0147 . . . 0.0122 0.0078
99 18.7041 0.0141 . . . 0.0102 0.0032

100 18.8189 0.0229 . . . 0.0071 0.0070

4.4. Data Cleaning

Based on the experience gained from previous studies [23,24] on the analyzed DUT, it
has been observed that the power set-point of the charger exhibits high variability. To obtain
a more accurate representation of this phenomenon, a statistical approach has been used.
This approach does not only focus on increasing the number of measurements taken, but
also enables both removing possible outliers and analyzing the probability distribution of
the index defined for each acquired harmonic. Firstly, the instantaneous currents acquired
have been elaborated through the FFT in order to obtain the RMS value of the current for
each frequency. The first outcome was a spectrum of the absorbed current harmonics from
the two chargers for each of the one hundred tests and for each of the four power set-points.
In Figure 3, the FFT spectrum of one charger at the power of 10 kW is shown. The harmonic
spectra of the same charger for the other five power set-points are presented in Appendix A.
The amplitudes of each frequency have been collected in a dataset and used to compute the
index defined in Equation (2).

Then, the point cloud plot of each frequency for the four different power set-points has
been created to identify possible outliers in order to find non-reliable points.
The outlier identification was firstly conducted with the box plots of each frequency, but
the number of non-feasible points was not reasonably high, so a second approach, based
on the distance calculation, has been used. For this purpose, the Mahalanobis distance m
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is calculated for all the observations as in Equation (3). The Mahalanobis distance is an
effective multivariate distance metric that measures the distance between a point and a dis-
tribution. It has excellent applications in multivariate anomaly detection and classification
on highly imbalanced datasets.

m =
√
(x − x) · S−1 · (x − x)T (3)

where:

• x is the measured sample (taken as column);
• x is the mean value of the measured sample;
• S is the variance–covariance matrix of the transposed measured sample;
• T represents the transpose operator.

050 250 500 750 1 000 1 250 1 500 1 750 2 000
0

0.5

1

1.5

2

2.5

3

3.5

4

f (Hz)

%
of

I50
H

z
W

B
1

Figure 3. FFT spectrum of IWB1 at 10 kW.

The confidence ellipse, whose dimensions depend on the distance calculated using
Equation (3), is then used to graphically distinguish the possible outliers, as shown in
Figure 4, where, for the third harmonic order taken as an example, the point cloud plot is
reported and the points outside the confidence ellipse are the possible outliers. The found
distances are then compared with a cut-off value based on a chi-squared distribution with
the probability of rejecting the null hypothesis when it is true and equal to 0.02.
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Figure 4. Third harmonic HSI scatter plot with confidence ellipse in the 10/2 kW case.

5. Test Results

The main hypothesis, as mentioned in other works like [16,23,24], was that the har-
monics will add-up due the common supply voltages. The HSI represents how much
each harmonic tends to sum up with the frequency of the same order injected by the other
chargers connected nearby. For this purpose, each frequency multiple of the fundamental,
up till the 40th harmonics, has been individually analyzed based on the valid measures
obtained from the data cleaning process previously described in Section 4.4. Figures 5–8
show the third harmonic HSI distribution for each tested power set-point in the form of
both a continuous distribution and a bar plot. On the the x-axis, the index is reported, while
on the y-axis, the number of occurrences is shown. The third order was chosen due to the
importance noted on this specific hardware; however, the behavior is the same for the other
studied frequencies. Is is clear that varying the power set-point impacts the distribution of
the index, moving its average values.

Figure 5. Third harmonic HSI distribution for the combination WB1 = 11 kW, WB2 = 11 kW.
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Figure 6. Third harmonic HSI distribution for the combination WB1 = 4 kW, WB2 = 4 kW.

Figure 7. Third harmonic HSI distribution for the combination WB1 = 8 kW, WB2 = 6 kW.

Figures 9 and 10 and Tables 8 and 9 summarize the phenomenon, showing the two
most different scenarios in terms of the power level of the tested chargers’ set-points for
two of the analyzed cases. The y-axis represents the amplitude of a certain harmonic order
expressed in percentage with respect to the fundamental. The shown frequencies are the
nine with a higher amplitude in percentage with respect to the fundamental, since real-life
applications could benefit more from their cancellation. The x-axis represents the HSI as
computed using Equation (2). The values presented are the average values of the 100 tests,
after the removal of the outliers. It is clear how the summation index increases as the
difference between power set-points decreases. In certain cases, the HSI can reach values
slightly larger than 1. This can be due to the combination of the measurement errors of the
current probes and data acquisition system.
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Figure 8. Third harmonic HSI distribution for the combination WB1 = 10 kW, WB2 = 2 kW.

Figure 9. Difference between power set-points: 10/2 kW and 11/11 kW.
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Figure 10. Difference between power set-points: 4/4 kW and 8/6 kW.

Table 8. Difference between power set-points: 10/2 kW and 11/11 kW.

Harmonic
Order

Index Values

P1 = 10 kW
P2 = 2 kW

P1 = 11 kW
P2 = 11 kW

P1 = 10 kW
P2 = 2 kW

P1 = 11 kW
P2 = 11 kW

17 0.98 1 2.23 1.8
5 0.9 0.97 2.03 1.76
11 0.91 1.01 1.29 0.82
19 0.81 0.99 1.15 0.86
3 0.84 1.11 0.67 0.42
25 0.96 0.96 0.64 0.53
13 0.63 0.96 0.48 0.34
7 0.41 1.03 0.46 0.64

Table 9. Difference between power set-points: 4/4 kW and 8/6 kW.

Harmonic
Order

Index Values

P1 = 8 kW
P2 = 6 kW

P1 = 4 kW
P2 = 4 kW

P1 = 8 kW
P2 = 6 kW

P1 = 4 kW
P2 = 4 kW

11 0.99 0.98 1.65 2.73
5 0.99 1 2.31 2.54
7 0.56 0.98 0.34 1.85
19 0.84 0.96 1.26 1.79
13 1 0.91 0.81 1.47
17 0.9 1.03 1.72 1.08
25 0.99 1.01 1.05 0.89
3 0.9 1.05 0.52 0.81
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6. Conclusions

This paper presents an analysis of the harmonics interaction between two electric
vehicle chargers based on measurements on real devices. These results are applicable on
the specific tested hardware, but in future works, different charging converter topologies
will be studied, both in terms of technology and rated charging power. The experimental
distributions show how the summation phenomenon appears on the tested hardware for
some specific harmonic orders. It is clearly visible how the power set-points impact the
cancellation of certain harmonics. The results are presented in detail for the third harmonic;
even though other frequencies have slightly different behavior, the trend of the harmonic
cancellation was essentially repeated. The phenomenon is all the more evident the more
distant the setpoints are in terms of power. From these results, it can be stated that to
decrease the impact of the harmonics on the low-voltage grid, in the case of a high number
of chargers connected to the same electrical node, it is possible to elaborate a control strategy
of the power set-points of the WB, in order to keep the power of the chargers as different
as possible.
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Appendix A

In Figures A1–A5, the harmonic spectra of the same charger for the other five power set-
points are shown; note that these signatures are only one of the one hundred measurements
taken in the study. The behavior among the tests are similar, but some differences can



Energies 2023, 16, 7051 14 of 17

be found; this aspect has been considered in the present work to find the distribution of
the HSI.
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Figure A1. FFT spectrum of IWB1 at 11 kW.
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Figure A2. FFT spectrum of IWB1 at 8 kW.
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Figure A3. FFT spectrum of IWB1 at 6 kW.
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Figure A4. FFT spectrum of IWB1 at 4 kW.
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Figure A5. FFT spectrum of IWB1 at 2 kW.
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