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Abstract—Smart charging of electric vehicles (EVs) is becom-
ing a standard application for managing peak demand, defer-
ring network reinforcements, and minimizing charging costs.
While the existing literature primarily focuses on scheduling
algorithms and strategies to improve voltage profiles, it has
largely overlooked the investigation of harmonic emissions. This
paper presents, for the first time, high-quality data on harmonic
emission profiling of smart charging applied to three different
mainstream EVs using both three- and single-phase AC charging.
In each case, the charging current was decreased from the
maximum allowed charging rate (32 or 16 A) to the minimum
charging rate (6 A) in 1 A decrements. The collected data were
subsequently analyzed and both total harmonic distortion (THD)
and individual harmonic orders were compared against industry
standards. The results indicate a significant increase in harmonic
content as the charging current decreases for all vehicles and
charging types. Case studies involving multiple EV charging
scenarios are conducted, revealing that harmonic content could
serve as a limiting factor in multiple EV charging situations,
in addition to existing limitations such as line capacity and
transformer headroom.

Index Terms—Electric vehicles, harmonic distortion, smart
charging, power grid impacts, power quality

I. INTRODUCTION

The exponential growth in EV sales is transforming the
transportation and electricity sectors, with EVs expected to
become the main mode of transport by the end of the decade
[1]. The growing demand for energy and power charging has
raised concerns about potential detrimental impacts on power
grids, encompassing various facets, notably power quality
considerations [2]. An effective solution to address these issues
is to use smart charging, which aims primarily to exploit
EV flexibility by optimally allocating available capacity to
single or multiple EV demand charging rates over the charging
session [3]. EV flexibility is the difference in the duration
between the length of the parking and the length of the
charging session with the maximum charging rate [4]. The
literature uses idle [S] or overstay [6] periods to quantify EV
flexibility. For instance, [7] shows that 25% of public charging
sessions have overstay periods of more than four hours, while
the median overstay period is longer than one hour.

Although there is growing literature on smart charging [8],
[9], its harmonics-related impacts have not been thoroughly
addressed. EV chargers are power electronics-based devices
that generate harmonic content during AC/DC conversion

[10]. It is well-documented that injecting harmonics into the
power grid results in adverse effects, such as reducing the
lifespan of transformers, motors, cables, and neutrals [11].
These components are inherently designed to operate with a
pure sinusoidal waveform, and the presence of harmonics is
likely to distort both voltage and current waveforms, thereby
reducing power quality [12], [13].

The EV hosting capacity of the distribution networks is
determined by various performance indices, such as voltage
drop and transformer overload [14]. Recent studies show that
harmonic distortion could be a major limiting factor that
affects the number of EVs that can be charged simultaneously
[15]. Ref. [16] investigates the harmonic impacts of two fast
chargers on the distribution network. As the penetration of
EVs on a feeder increases, there is a corresponding increase
in the degree of harmonic distortion. Similarly, the study
detailed in [17] revealed that with slow charging, harmonics
exceeded industry limits as the number of vehicles increased.
Moreover, the analysis presented in [18] demonstrates that
harmonics content reduces the hosting capacity of the network
by 37.5%, limiting the number of EVs that can be charged
simultaneously. However, most EV hosting studies focus on
a single power quality metric [19]. Therefore, it is critical
to coinvestigate the relationship between smart EV charging
rates, associated voltage drops, and harmonic levels.

This study aims to bridge a research gap by investigating
the harmonic emissions of EV smart charging. This is done by
conducting laboratory measurements using smart charging ca-
pable AC chargers. The experiments involve three mainstream
EV models, including single- and three-phase AC charging.
These EV models represent both the dedicated (Peugeot e-
208 and Nissan LEAF e+) and integrated (Renault Zoe R90)
onboard charger technologies. High-resolution harmonics data
were recorded to capture the relationship between the charge
rate and the associated harmonic content. The results presented
in this paper pave the way for future research by revealing
critical thresholds in harmonic distortion, challenging existing
standards, and highlighting the need for advanced probabilistic
models in multiple EV charging scenarios. To the best of the
authors’” knowledge, this is the first study presenting such a
dataset for smart charging.

The rest of the paper is organized as follows. Section II
describes the experimental configuration and the associated
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TABLE I
SUMMARY OF EV SMART CHARGING EXPERIMENTS
EV Model Model Battery Practical Charging  Charging  Practical Charging ~ Harmonic Orders
ade Year Capacity (kWh)  Current (A) Range Type Power (kW) Range Measurement
Renault Zoe R90 2018 44,1 5.91 to 31.10 3-9 AC 0to 21.46 Until 31st
Peugeot e-208 2021 50 6.01 to 14.66 3-¢ AC 4.15 to 10.12 Until 31st
Nissan LEAF e+ 2022 62 5.90 to 28.39 1-¢ AC 1.36 to 6.53 Until 49th
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Fig. 1. Depiction of Wattpilot EV charger (left), smart charger app (middle),

and power quality analyzers (right)

data collected within the methodology. Section III provides re-
sults concerning individual harmonic orders and THD as well
as a comparison with power quality standards. In addition to
these results, the multiple EV charging case study is introduced
in this section. Finally, Section IV presents conclusions and

future work.

I1I. METHODOLOGY
A. Experimental Set-up

The smart EV charging experiments reported in this pa-
per were conducted in the Energy System Integration Lab
(SYSLAB) at the Technical University of Denmark (DTU),
using a Yokogawa WT500 power analyzer [20] and a Fronius
Wattpilot 22 kW AC smart charger [21]. As presented in
Table I, three mainstream EVs were used and the charging
current was periodically decreased by 1 Amp, approximately
every 30 seconds, through the smart charger. Simultaneously,
a power quality analyzer measured the associated current
and voltage harmonics every second. The charging current is
adjusted using the smartphone application of the charger. The
equipment used in the laboratory measurements is presented
in Fig. 1. It is noteworthy that the minimum and maximum
charging rates are determined by the IEC 61851-1 standard
[22] and the technological limitations imposed by the battery
management system and the vehicle onboard charger [23].
For example, as shown in Table I, the Nissan LEAF e+
accommodates single-phase charging up to 30 A, while the
other two vehicles support 3-phase AC power with different
charging ranges. Subsequently, according to IEC 61851-1, EVs
cannot be charged with currents lower than 6 A. However, in

practice, the measured values may be lower, such as 5.9 A.

Table I further presents associated charging power, which
can be calculated by multiplying 230 V with the charging
current and the number of phases. Note that, at 6 A charging
current, the Renault Zoe R90 has a zero power factor (see
[23] for details), resulting in zero active power. It should be
noted that the initial and final state of the charge level of each
vehicle was between 30% and 70% to operate in the constant
current charging band. The range of measured harmonic orders
depends on the vehicle type, and this measured range is
presented in Table 1.

B. Data Collection

The primary goal of the data collection process is to create
a dataset that reveals the relationship between the charging
current (and active power) and the harmonic content. The
measured charging data included root-mean-square (RMS)
charging current, RMS voltage of the charging outlet, fun-
damental current and voltage, as well as individual harmonic
orders with their corresponding amplitude and phase angle
for both voltage and current. Measurements were taken using
a Yokogawa WTS500 power analyzer. The sampling occurred
every second, facilitated through the connection between the
power analyzer device and the computer. Subsequently, these
data were stored on the University’s cloud server. The units
for current, voltage, and phase angle were recorded as Ampere
(A), Volts (V), and degrees (), respectively.

C. Total Harmonic Distortion Calculation

Total Harmonic Distortion (THD) serves as a metric for
quantifying the extent of distortion of current or voltage com-
pared to their ideal waveform. It represents the relative signal
energy at frequencies beyond the fundamental frequency. THD
for current and voltage harmonics is given as

H
N Dy
THD;ZM x 100%, (1)

I

H 2
A/ oV
THD, = h x 100%, ?)

1

where Ipe234.) and Vigqa34..) represent the RMS value
of the h*! individual harmonics, H is the maximum harmonic
order and Iy and V; represent the fundamental current and
voltage, respectively. Although the THD values were also
obtained every second during EV charging experiments via
a power quality analyzer, it is essential to understand the
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Fig. 2. Individual current harmonic orders for Renault Zoe R90, Peugeot
€208 and Nissan Leaf e+ during smart charging.

methodology employed in THD calculation. This understand-
ing ensures experimental accuracy and precise computation of
THD values for specific case studies.

ITI. RESULTS AND DISCUSSION
A. Smart Charging Harmonics Profiling

The harmonic orders of both current and voltage (including
amplitude and phase angle) were measured at one-second
intervals throughout the smart charging process. Measurement
of phase angles is of particular importance as these angles are
utilized to quantify the harmonic profiles of multiple charging
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Fig. 3. Renault Zoe R90, Peugeot 208 and Nissan Leaf e+ smart charging
versus THDy and THDy (%).

EVs and evaluate individual harmonic characteristics. The
polar plots presented in Fig. 2 show all individual current
harmonic orders during smart charging. As depicted in this fig-
ure, Renault Zoe R90’s individual harmonics have the largest
amplitude and the most distributed phase angles, while Peu-
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Fig. 4. Individual current harmonic orders against IEC 61000-3-2 limitations.

geot e-208’s harmonics have the lowest amplitudes. Harmonic
orders can amplify or cancel each other out depending on
their phase angles for harmonic aggregation. The considerable
variability evident in these results signifies that calculating
THD for multiple EV charging is a complex process and
both magnitude and phase angles need to be considered. Case
studies further elucidating these findings are presented later in
this section.

Next, the relationship between the charging current and the
associated THD (%) is presented. For each EV, the charg-
ing current is adjusted from the maximum to the minimum
level with 1 Amp decrements. Fig. 3 depicts the charging
current, THD; and THDy for each EV. The inverse relationship
between THD; and charging current is an observable trend.
At slower charging rates, the THD; values increase by over
2.5 times compared to the THD; at rated charging power
for all EVs. On the other hand, it is evident that THDy
remains consistent throughout the smart charging process and
consistently stays below industry limits (as per I[EEE 519-2014
[24] and IEC 61000-2-4 [25]).

Consequently, the subsequent focus in this paper is pri-
marily directed toward analysing current harmonics. It is also
noteworthy that THDy is not typically produced on the load
side, and voltage harmonics occur in weak grids with high
impedance. As a result, voltage harmonics can pose challenges

in rural areas due to the potential for high voltage differences.

B. Assessment against Power Quality Standards

Individual harmonics and THDs stand as pivotal perfor-
mance indices for harmonic distortions. When evaluating
harmonics in the context of power quality, it is essential to
compare the findings with established power quality standards.
THDy was measured during smart charging and consistently
ranged between 1.4% and 1.6% regardless of the variations
in the charging current. Under the harmonic voltage distortion
limits outlined in IEEE 519-2014 [24] and IEC 61000-2-4
[25], THDy must be below 8% (for voltages up to 1 kV)
and 5% (for Class 1: Compatibility level lower than public-
protected supplies), respectively. Therefore, THDy calcula-
tions are excluded in the rest of the paper.

The pertinent power quality standard concerning current
harmonics, IEC 61000-3-2 [26], applies to equipment utilizing
currents up to 16 A per phase. Figure 4 presents a comparison
of individual harmonic orders up to the 31st for three EVs
against the IEC 61000-3-2 standards. The box plot illus-
trates the range of individual harmonic emissions measured
while varying the charging current between the minimum and
maximum rates. It can be observed that the Renault Zoe
R90’s harmonics exhibit the highest tendency to exceed the
specified standards when compared with the other two EVs.
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Fig. 5. THDj (%) calculation for single and multiple EV charging with various charging rates.

Furthermore, higher-order harmonics (17th, 19th, 23rd, 25th,
27th, 19th, 31st) exceed the specified limits to a greater extent
than those at lower frequencies. When it comes to THDy
limitation, THD; must be below 5% according to IEEE 519-
2014 [24]. The results show that harmonic levels exceed 5%
in most cases when charging rates are reduced.

C. Case Study: Multiple EV Charging

This section presents a case study on the calculation of
harmonic profiles for multiple EV charging. The calculations
are performed by summing the individual harmonics together
and applying equation (1) to find the THD levels of multiple
EV charging. Given that the dynamic nature of harmonics
changes every second, the calculation of the profiles requires
precise real-time aggregation of harmonics to derive accurate
THD values. In a recent field study conducted in the UK
[27], two distinct smart charging rates were employed: a
low-power rate (approximately 1.4 kW or 6 A) and a high-
power rate (approximately 7 kW or 30 A), corresponding to
minimum and maximum charging rates, respectively. For our
study, three different charging set-points are designated as low,
medium, and high power, with approximate values of 6A, 15A,
and 30A per phase, respectively. Each EV is assumed to be
charged at one of these designated rates (with an equal rate
for multiple charging scenarios). The individual harmonics are
then aggregated, and the corresponding THD; is calculated.

Fig. 5 shows the results for various THD; computation
scenarios, encompassing single and multiple EV charging
at three different rates. Since the Peugeot e-208 does not
accept a 30 A charging rate, cases involving this EV at
this charging rate have been excluded. In total, there are 17
cases involving single and multiple EV charging across three
different charging rates. As discussed previously in the context
of single EV charging, THD; shows an inverse relationship
with the charging current, and the harmonic levels increase as
charging rates decrease. This trend is still evident from Figure

5 in the case of multiple EV charging, where THD levels
increase notably when all EVs are charged at 6 A compared
to the scenarios with 15 or 30 A. Furthermore, the results
demonstrate the effect of harmonic cancellation, showcasing a
reduction in THD levels with multiple charging in most cases,
contingent upon the EVs being charged.

IV. CONCLUSIONS AND FUTURE WORK

In this paper, we have presented a comprehensive analysis
of harmonic emissions associated with smart charging of
electric vehicles (EVs). The experimental component of this
study was conducted at one of Europe’s largest electromobility
laboratories, including three mainstream EVs and various
AC charging regimes to simulate smart charging scenarios.
The vehicles chosen represent both dedicated and integrated
onboard charger technology. The collected harmonic emission
data were then analyzed and compared with associated indus-
try standards. The results revealed that the harmonic content
significantly increases when lower charging power is assigned,
and THD levels consistently exceed the specified threshold
value by the standards. It was shown that the integrated
onboard charger (Renault Zoe R90) emits more THD than
the dedicated onboard charger (Peugeot e-208/Nissan LEAF
e+), showing a trade-off issue between the cost of harmonic
performance.

In the last section, case studies for harmonic content calcula-
tion of multiple EV charging were presented. It was shown that
depending on the vehicles being charged, the total THD could
slightly decrease due to the cancellation effect. However, to
draw more general conclusions, we need to expand our dataset
by testing different EV models and carrying out a probabilistic
impact assessment study.

The results presented in this paper pave the way for future
research by revealing critical thresholds in harmonic distor-
tion, challenging existing standards, and highlighting the need
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for advanced, probabilistic models in multiple EV charging
scenarios.
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