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ABSTRACT

Due to their various benefits, the number of electric
vehicles (EVs) is increasing rapidly. Despite the extensive
amount of EV charging related research, the power quality
impacts of large-scale EV charging are still mostly
unknown. In this paper, a data-driven approach is taken to
assess the power quality quantities in large-scale
commercial charging sites. The approach combines
charging session data, high quality charging profile data
and results from EV fleet development model to analyse
various power quality quantities of the charging sites. The
results show that EVs have notably different power quality
characteristics. Additionally, the total demand distortion
in large-scale EV charging is estimated to remain below
5%.

INTRODUCTION

Electric vehicles (EVs) are seen as a key solution to ensure
environmentally friendly transportation. However, there
remains some challenges that might prevent a smooth
transition towards a wide EV adoption. One key challenge
is the uncertainty of potential power quality issues caused
by the wide adoption of EVs that may compromise
efficient and reliable supply of power [1]-[3].

Related Research

EV charging is widely studied, and several studies have
considered power quality issues imposed by the charging
of EVs. Study [3] proposes an off-board charger that
reduces power quality issues imposed by the EV charging.
Study [4] proposes a control method that is able to mitigate
harmonic currents of the EV charging. Study [5] presents
an active compensation-based harmonic reduction
technique to mitigate third harmonic component from the
input current. Studies [6], [7] assess the impacts of
harmonic EV charging currents in case of direct current
(DC) or single-phase alternating current (AC) charging.
Study [8] analyses voltage drops and unbalances and their
mitigation with a local smart charging algorithm. Study [9]
characterizes EV charging power quality for DC charging
of Nissan Leaf including grid-to-vehicle and vehicle-to-
grid operation modes. Study [10], compares uncontrolled
charging and off-peak charging from voltage violations
and power losses perspective. In [11], a methodology to
assess EV hosting capacity in distribution grids is
presented. The methodology takes into account voltage
levels, component load capacities, and voltage distortions
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as limiting factors. Study [12] assessed the power quality
in cases of four 40 kW chargers or seven 22 kW chargers
operating simultaneously. In [13], measurements from an
EV were analysed and used to form a harmonic spectra of
the EV to study power quality in low voltage networks.
The results show that third harmonics were the most
significant one and the current harmonic distortion
exceeded the standard IEEE 519-2022. The study also
demonstrated that power quality variables depend on the
state of charge, and thus, fixed power quality
characterization over the whole charging session is seen
inaccurate.

Based on the aforementioned studies, it can be seen that
multiple different aspects related to the power quality of
EV charging have been considered. However, the previous
studies investigate small-scale charging sites [3]-[5], [7],
[10],[12],[13], does not consider real EVs [3]-[6], focuses
only on a few types of EVs [8], [9], [11]-[13], or assumes
fixed power quality characterization over the charging
sessions [10]. Thus, the potential power quality issues in
large-scale EV charging are still mostly unknown. Studies
[71, [9] note that power quality of large-scale EV charging
should be investigated, but it is left as a future work. In
[14], large-scale EV charging is investigated from phase
load balance point of view, but an analysis of the power
quality impacts is excluded from the study.

Contributions and structure

This study aims to fill the gap in the scientific literature by
analysing the power quality in large-scale commercial EV
charging sites. To ensure realistic results, a novel data-
driven approach is used. The approach utilizes two data
sets: (1) high temporal resolution (1 second) power quality
charging profile measurements (including fundamental
frequency reactive power, total distortion in current (TDI)
and harmonic currents up to 20" order) from multiple
different EVs; (2) charging session data (including plug-in
times, connection times, and charging peak powers) from
commercial charging site within a shopping centre
premises. Additionally, results of a car fleet development
model are used to predict the amount and type of the EVs
at large-scale commercial charging sites in the future.

METHODOLOGY

This section describes the methodology of the paper. The
following subsections separately discusses the charging
session data, charging profile data, EV fleet development,
studied cases, and the used simulation model.
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Charging session data

Charging session data describes when EV charging takes
place. This paper uses measurements from commercial
charging sites located in REDI and Tripla premises. Both
REDI and Tripla are shopping malls located in Helsinki,
Finland. In the charging sites, there are over 200 charging
points that provide three-phase charging powers up to 22
kW. The data include plug-in time, connection time and
the peak power of each charging session. The used data is
measured 1.11.2019-29.2.2020 and include 5107 sessions
and 3518 sessions for REDI and Tripla, respectively. The
data represents the average charging behaviour in the
beginning of 2020 and is not expected to be influenced by
the COVID-19 (restrictions started in March 2020 in
Finland).

Charging profile data

Charging profile data is used to model how an EV charges
during a charging session, i.e., how the currents and power
quality quantities behave during the charging. As the
charging profile data, this paper uses measurements from
a charging site located in Tampere University premises.
This data is measured with eQL Laatuvahti3 measurement
device in one second temporal resolution over 1.4.2022—
30.6.2022. The measurement quantities used in this study
are summarized in Table 1.

There are 8 publicly available charging points (type 2,
3x32 A, 22 kW) behind the meter. In order to form a
charging profile for an individual EV, a snapshot of the
measurements is used only when a single EV is charging
at a time. Based on the data, 51 separate charging profiles
were formed. These include 20, 12, 15 and 4 charging
sessions with 0—4.5 kW (= 3.7 kW, 1x16 A, 230 V), 4.5—
10 kW (= 7.4 kW, 1x32 A or 2x16 A, 230 V), 10-15 kW
(= 11.0 kW, 3x16 A, 230 V), and 15-25 kW (= 22.1 kW,
3x32 A, 230 V), respectively. These power groups are
considered here as they are quite distinctively separated
according to [14].

From the data, it is not possible to determine what EV
model was charging and in which exact charging point.
Consequently, it is not possible to determine whether some

Table 1. The measurement quantities used in this study

Quantity Unit

Description

1-second average in
bandwidth 0-2 kHz
1-second average in
fundamental frequency
1-second average in
bandwidth 0-2 kHz
1-second rms of Xth order
(up to 20th)
1-second rms including
A harmonics and interharmonics
in bandwidth 0-2 kHz

Active power (P) \W%

Fundamental frequency

. var
reactive power (Q1)

Apparent power (S) kVA

Harmonic current (Ix) A

Total distortion in
current (TDI)

Total harmonic
distortion of current A
(THD:2-20)

1-second rms including
harmonics until 20th order
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of the charging profiles are from the same EV or EV
model. However, since the charging points are available
for public use, it is assumed that the 51 profiles include
multiple different EV models. The results of the charging
profile analysis support this claim.

EV fleet development

This paper utilizes the results of the EV fleet development
model presented in [14]. The model uses vehicle data
combined with socio-demographic data of the vehicle
owners to calculate when and what kind of cars will be
acquired. More thorough description of the model can be
found in [15]. The EV fleet development results focus on
the Finnish capital region which is also the focus area of
the studied cases in this paper. According to the results of
the predicted EV fleet development, the number of EVs in
the region will increase from 7,972 (year 2020) to 173,319
(year 2040). Another important result of the model is the
estimated development of the EV types in terms of
charging powers. In 2020, over 70% of the EV's supported
maximum charging power of 3.7 kW. However, in 2040,
the expected share of EVs that support maximum charging
power of 3.7 kW is 12.9%, 7.4 kW is 38.2%, 11.0 kW is
24.5%, and 22.1 kW is 24.5%. The estimated EV fleet
development is illustrated in Fig. 1.

Cases

This paper assesses the power quality in the charging sites
at REDI and Tripla premises in 2040. To determine the
number of charging sessions with certain maximum
charging power (3.7, 7.4, 11.0, or 22.1 kW) at REDI or
Tripla in a weekday in year 2040, the estimated EV fleet
development is combined with the present state. It is
assumed that the number of charging sessions at REDI and
Tripla is linearly dependent on the number of EVs in the
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Fig. 1. The development of the EV fleet and the maximum
supported charging powers in the Finnish Capital Region
[14].

Table 2. The number of EVs and their maximum
charging powers in each case

Charging
power (kW) 3.7 7.4 11.0 22.1 Total

REDI 130 378 245 240 993
Tripla 71 197 130 125 523
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Finnish Capital Region. The number and power group of
the EVs in are presented in Table 2.

According to the data analysis in [14], there are no clear
correlation between the charging powers of the EVs and
the timings (i.e., arrival and departure time). Therefore, the
timings are generated randomly for the EVs based on the
distributions seen in the data to generate the charging
session data for each case. Distributions are formed
separately for REDI and Tripla for average weekdays. It is
assumed that the distribution of the arrival times and
connection times stay the same in the future. Illustrations
of the timings on weekdays are presented in Fig. 2, where
the average number of EVs arriving at each hour is
presented along with the connection duration groups. The
exact second of the arrival times and connection times are
generated randomly for each charging session. Fig. 3
illustrates the formulation of the charging session case data
used in the simulations. There are assumed to be 400
charging points in both cases. The maximum number of
EVs simultaneously charging at REDI and Tripla are 356
and 108, respectively.

Simulation

This paper focuses on uncontrolled charging as there are
no suitable data to directly investigate controlled charging.
The simulations use 1-second temporal resolution and
consider one full day per case. The simulation model starts
by reading the charging session data of the studied cases to
determine when EVs are plugged in and out. This data also
includes the charging power group (3.7, 7.4, 11.0, or 22.1
kW). Then, the simulation model reads charging profile
data to determine the charging currents and the power
quality quantities for the charging sessions. The peak
powers of the charging profiles are used to match a certain
charging session with a certain charging profile. However,
since the data include multiple profiles for each power
group, a single profile from the corresponding group is
chosen randomly for the charging session. Fig. 4 illustrates
the operation of the simulation model.

The simulation assumes that the phase angles of the
harmonic currents are equal between the charging profiles.
Therefore, the aggregated harmonic currents of the
charging profiles represent the worst-case scenario where
the harmonic currents of separate EVs do not cancel each
other out.

The simulation model assumes that phases of the three-
phase charging points have been connected into the grid in
an alternating order. This is a typical practice in real-life
installations to promote more balanced loading in case
some of the EVs utilize only single-phase charging.

RESULTS

This section starts by analysing the different charging
profiles. Then, to determine the importance of the potential
power quality issues of EV charging, the analysis of the
simulation results focuses on the moments with a highest
charging demand. The results focus on three seconds
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Fig. 2. Average number of EVs arriving each hour where the

colours indicate connection time (min) in case of a) REDI
and b) Tripla [14].
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values since they are also considered in IEEE 519.

Charging profile analysis

By analysing the power quality quantities of the charging
sessions, it was seen that multiple different characteristics
exists. This is illustrated in Fig. 5 and in Table 3. In the
figure, averaged values of 10-second snapshots from the
start of the charging processes (after the start-up transients
have settled) are shown for 5 EVs from the charging power
group of 3.7 kW. For EVs 1 and 3, the 3" harmonic current
is the dominant one. However, the most notable harmonic
current for EVs 2, 4 and 5 are 5% 19" and 17%,
respectively. Table 3 summarizes the most notable
harmonic currents (absolute values and percentual values
compared to the fundamental current) seen in the start of
the charging profiles. Harmonics that were not the most
significant are left out of the table. It is also worth noting
that no notable differences were seen between the power
quality quantities of different phases in case of three-phase
charging (i.e., for EVs in power groups 11.0 kW and 22.1
kW).

Based on the Fig. 5 and Table 3, it is clear that the power
quality quantities vary significantly between different EV
models. This is assumed to be due to the differences of the
on-board electronics of the EVs that determine their
charging characteristics. Consequently, the influence of
large-scale EV charging on power quality should be
studied considering various different EV models to ensure
reliable results.

Simulation results

The highest values over a three-second period seen in the
simulations are summarized in Table 4. In the table,
subscripts 1-20 represents frequency (e.g., 1 is the
fundamental). The values may not be from the same time
steps. In the table, THD,.oo represents the root mean square
of the 220" order harmonics. Harmonics of 6, 8" 10t
.., 20" order are excluded from the table as their
maximum values is below 2.4 A.
The simulation results show that charging produces
(capacitive) fundamental frequency reactive power
proportional to active power, and distortion in current has
little impact to difference between Py and Si. For both
cases and each phase, the highest TDI is around 5-7% of
the highest fundamental current. Analysis of the
simulation results according to IEEE Std 519-2022
showed that harmonics seems to be below even the most
strict limits. The 5.0% limit for total demand distortion
(TDD) was exceeded for 10-minute values of TDI slightly
(max. 5.12% for REDI and 5.45% for Tripla). Considering
the fact that TDI also includes interharmonics, the
corresponding TDD value including only harmonics might
be within the limit. The highest THD,» was 3.90% for
REDI and 4.27% for Tripla. For comparison, the highest
3-second values that have double the limit were 5.60%
(TDI) and 4.05% (THD220) for REDI and 6.92% (TDI)
and 4.67% (THD2-o) for Tripla. These results indicate that
EV charging would have considerable amount of
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Fig. 5. Illustration of power quality characteristics of five
EVs.

Table 3. The most notable harmonic currents in the
charging profiles
Harmonic Number

Magnitude of the harmonic

current of EVs (A) (%)
I 7 0.27-0.42 1.65-2.63
I 19 0.12-0.92 0.73-6.44
Is 14 0.38-0.98 1.66-12.15
I 4 0.59-1.84 1.95-7.39
L7 3 0.31-0.48 2.03-3.20
Lo 4 0.15-0.36 0.94-3.38

Table 4. The maximum values of the cases
. REDI Tripla
Quantity 4715 13 11 12 L3
S (kVA) 441 479 423 213 213 208
P (kW) 439 477 422 212 212 208
Q1 (kVAr) -12 -12 -12 -6 -5 -5

TDI (A) 1042 110.8 1009 588 53.6 56.5
THD220(A) 77.6 80.1 758 387 39.6 39.7
I (A) 1880 2043 1802 908 908 888

L2 (A) 8.1 8.2 80 38 4.1 4.1
I3 (A) 28.7 338 276 11.7 127 13.1
I+ (A) 40 43 41 23 24 25

Is (A) 522 546 499 261 266 27.1
I7 (A) 378 387 389 209 212 213
Is (A) 109 107 100 52 4.1 4.8
Lii (A) 152 147 136 74 7.7 7.2
Lz (A) 190 183 181 101 9.5 9.5
TIis (A) 8.5 9.1 7.8 40 38 42
Ii7 (A) 143 13.6 130 6.8 6.7 7.5
Ti9 (A) 158 156 159 83 8.4 8.1

interharmonics or harmonics between 20" and 40™ order.
Conversely to the results shown in [13], 5" harmonic
current is the most notable one almost the whole simulated
duration instead of 3" harmonic. However, it is worth
noting that since different EVs have notably different
charging characteristics from power quality perspective,
the most notable harmonic current may very well vary
from day to day. Consequently, it is possible that
especially TDD occasionally exceeds the limit of IEEE Std
519-2022. Charging characteristics depend on the rectifier
design of the EV. Based on the data, single-phase rectifier
often generates more 3" harmonics and three-phase
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rectifier generates more 2", 5", and 7" harmonics. Even
harmonics, such 2™ seen in the measurement data,
indicates problems in charging. Presence of DC current is
an unwanted phenomenon in AC networks.

CONCLUSIONS

This paper assesses power quality in large-scale EV
charging sites using a data-driven approach. Firstly,
charging profile data from 51 charging sessions is
analysed. Secondly, the charging profile data is combined
with charging session data from commercial charging sites
and results of a car fleet development model to form
realistic basis for the simulations.

Analysis of the charging profiles from power quality
perspective shows that different EVs may have notably
different characteristics. Depending on the EV, the most
notable harmonic may be, e.g., 2", 3%, 5% 7t 17" or 19
order, of which 2%, 17" and 19" were not expected, and
thus, require further investigations. The magnitude of the
most notable harmonic varies between 0.12—1.84 A (0.73—
12.15% of the fundamental current). Consequently, it is
imperative to consider various EV models when assessing
the influence of EV charging on power quality to ensure
reliable results. The analysis according to IEEE Std 519-
2022 suggests that TDD is the significant quantity rather
than a harmonic. This may be explained with the wide
variety of rectifier implementations of the EVs that
distribute harmonic currents to various frequencies. It was
also shown that TDI was considerably higher than the
partial index THDj2, which encourages to measure
interharmonics and 20-40"% order harmonics of EV
charging.

Since the power quality quantities of a charging site
depends on the EV models that are present, future work
should carry out thorough Monte Carlo simulations to
determine how the power quality quantities vary.
Additionally, future work should analyse the impact of the
harmonic currents on voltage quality and consider the
influence of different smart charging solutions from power
quality perspective because the rectifiers of the EVs may
generate more harmonic currents when charging current is
limited below nominal. Lastly, the degree of harmonic
cancellation at charging sites could be estimated by
comparing combined charging profile and session data to
the supply measurement of a charging site.
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