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Abstract: As the number of electric vehicles (EV) increases, the number of EV chargers also increases.
Charging infrastructure will be built into our close environment. Because of this, the assessment of
the electromagnetic field exposure generated from the charger is an important issue. This paper
valuates the electromagnetic field exposure of six EV chargers. To assess the level of exposure of
EV chargers, the electromagnetic fields from six chargers were measured and analyzed. In addition,
measured electromagnetic field exposure levels were evaluated against ICNIRP guidelines. Higher
electromagnetic fields were measured with standard chargers than with fast chargers. For the fast
charger in the charging state, the magnetic field increased with the charging current. Electromagnetic
field exposures for all six chargers did not exceed standard limits. The results of the assessment
of the electromagnetic field exposure of the six EV chargers will contribute to the establishment of
standards for the evaluation of the electromagnetic field exposure of the EV chargers in the future.

Keywords: electric vehicle; EV charging; electromagnetic exposure; electromagnetic field exposure

1. Introduction

As the cumulative supply of electric vehicles (EVs) worldwide increased significantly,
the charging infrastructure is also developing. According to the EV Charging Infrastructure
Supply Status and Technology Trend Report, the cumulative supply of EVs in 2018 exceeded
5.1 million units. The relatively low EV sales are expected to increase rapidly and occupy a
significant proportion and the electrification of automobiles is a continuous process. Con-
sequently, the global charging infrastructure has increased, with approximately 5.2 million
chargers in 2018 [1]. With domestic and international trends, EVs and charging stations
are rapidly increasing and are also expected in our surroundings. As regards location,
EV charging stations can be installed in any environment with electricity. This includes
private homes, apartments, and public spaces. Therefore, it can be predicted that more
charging infrastructure will be built in our environment [2-5].

This has raised concerns about the effects of electromagnetic fields generated from EV
chargers on the human body. The interest and concern of the public regarding the severe
potential health hazards of electromagnetic fields and other environmental problems re-
sulting from electromagnetic fields such as malfunctioning of other devices are emerging
in society. The international special committee on radio interference and the International
Organization for Standardization are currently addressing electromagnetic compatibility
(EMC) issues in the automotive environment [6]. EMC experts have raised the issue of the
adverse effects of electromagnetic fields on the human body in an automotive environment.
This issue is also closely attended to by automobile companies, and research and counter-
measures on the detrimental effects of electromagnetic fields in the electric-power-based
automobile environment should be prioritized. In addition, various problems of harm to
the human body may result from electromagnetic fields, such as trade barriers or lawsuits
with consumers owing to inter-country regulations in the future. For this reason, studies
on electromagnetic shielding are being conducted to reduce or block the electromagnetic
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field [7,8]. Studies on the EMC of EV charging using wireless power transfer have been
studied in various environments [9-12], however, only a few research studies about the
plug-in charging method exist [13,14]. Therefore, in a situation where charging facilities
of various specifications are closely located around humans, it is necessary to evaluate the
level of exposure of humans to electromagnetic fields from plug-in EV charging facilities
to protect public health from damages caused by electromagnetic fields.

This study evaluates the exposure of EV charging facilities to electromagnetic fields.
Six EV wired chargers and measurement locations were selected for evaluation. Electro-
magnetic field measurement results for representative measurement locations for each
charger were inspected and the changes in the electromagnetic field measurement value as
the changes in the state of charge (50C) were observed. The relative value was presented
and analyzed by comparing the electromagnetic field measurement value with the domes-
tic electromagnetic field human protection standard.

2. Materials and Methods

This section introduces the international electromagnetic field protection standards
and exposure index and the criteria to evaluate the exposure amount of electromagnetic
fields generated from EV chargers. Subsequently, six types of wired chargers are selected,
and the measurement method and equipment are described.

2.1. Safety Guidelines

The analysis of the exposure to electromagnetic fields in EV charging facilities requires
evidence. Most countries regulate electromagnetic field exposure limits based on the elec-
tromagnetic field protection standards of international organizations [6]. International
standards include the International Commission on Non-Ionizing Radiation Protection (IC-
NIRP) and the Institute of Electrical and Electronics Engineers (IEEE). In 2002, IEEE revised
the safety standards for human exposure to electromagnetic fields in the frequency range
of 0 to 3 kHz [15]. In 2005, it was revised for the frequency range of 3 kHz to 300 GHz [16].
Subsequently, in 2014, the guidelines for the protection of military workplaces and mili-
tary personnel were updated. In addition, IEEE Std C95.1-2019 was revised in 2019 [17,18].
ICNIRP guidelines provide a reference level for electromagnetic field exposure situations.
These guidelines were revised for the frequency band up to 300 MHz in 1998 [19], and in
2010, the reference levels for 1 Hz to 100 kHz were revised [20]. In 2020, the time to average
measured values in the 100 kHz to 300 GHz band was divided into 30 min intervals, 6 min
intervals, and 0-6 min intervals, and the reference level standards were revised [21]. As
a domestic standard, an electromagnetic field protection standard was announced by the
Ministry of Science and ICT. Table 1 lists the standards for electromagnetic field intensity
for the public (related to Article 3, Paragraph 1), and it follows the ICNIRP guidelines re-
vised in 1998 [22]. Therefore, in this study, the electric and magnetic field strengths were
analyzed based on these standards. Table 1 lists the frequency ranges of electric and mag-
netic field strength baselines. If the level of electromagnetic field exposure exceeds the
standard value, it may be interpreted that the human body protection standard is not met.
Therefore, in this study, the exposure index was calculated using the reference value. This
indicator can confirm the level of electromagnetic field radiation compared to the reference
value. The exposure index is described in Section 3.

2.2. Measured Charger

Domestic EV chargers can be broadly divided into fast and standard chargers. This
is elaborated in Table 2 by dividing them into installation type, charging method, rated
output, and charging standard. The standard charger can be divided into a stand-type
installed on the floor, a wall-mounted type attached to the wall, and a mobile type that
charges by plugging into a 220 V outlet. In the case of fast chargers, they are classified
into the charging ports. The charging ports of domestic vehicles can be divided into an
integrated type comprising a fast and a standard charging port and a separate type with a
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different location. The integrated type can either be the direct current (DC) combo type or
the three-phase alternating current (AC) type, whereas the CHAdeMO type is employed
as a separate type. They are all in accordance with the IEC-62196-2 standard [23]. Other
chargers have a non-charging port that is independent of the charging standard indicated
in Table 2 (charging port). In this study, six chargers were selected as measurement targets.
These are described separately by their rated capacities and installation type. The standard
chargers with a rated capacity of 7 kW are stand-type A, stand-type B, and wall-mounted
chargers. The 3 kW rated capacity is the standard mobile. In the DC combo method, there
is a fast stand-type C with a rated capacity of 50 kW and a short stand-type D with a rated
power of 120 kW. In addition, among the six types of EV chargers, standard stand-type A,
standard wall-mounted, standard mobile, and fast stand-type C measured the electromag-
netic field while charging EV A with a battery capacity of 64 kW. In the standard stand-type
B and the fast stand-type D, the electromagnetic field was measured while charging EV B
with a battery capacity of 75 kW.

Table 1. ICNIRP guidelines’ reference levels for general public exposure (1998).

Frequency Range E-Field Strength (Vm 1) H-Field (A m~1)
up to1Hz - 3.2 x 104
1-8Hz 10,000 3.2 x 104/f2
8-25Hz 10,000 4000/t
0.025-0.8 kHz 250/f 4/t
0.8-3 kHz 250/f 5
3-150 kHz 87 5
0.15-1 MHz 87 0.73/f
1-10 MHz 87/f1/2 0.73/f
10400 MHz 28 0.073
400-2000 MHz 1.375f1/2 0.0037£1/2
2-300 GHz 61 0.16

2.3. Measuring Equipment

The NARDA EHP-50C was used for electromagnetic field measurement. This equip-
ment displays electric and magnetic field measurements as a frequency spectrum and mea-
sures in the frequency range of 5 Hz to 100 kHz. In addition, the reference level of the
ICNIRP guidelines corresponding to each frequency band is indicated by a solid red line
in the graph. This is further described along with the measurement results in Section 3.2.
Two types of measurement display values can be selected in this equipment: actual and
RMS mode. This equipment samples every 1 ps. The measurement interval is 250 ms.
In the actual mode, the instantaneous value is displayed during the measurement, and it
is measured once every 30 or 60 s. In the RMS mode, the calculated root mean square
value is displayed by measuring the electromagnetic field strength for the measurement
time(s) specified by the user. In this study, the measurement time was set to 60 s. All elec-
tromagnetic fields are measured by the Fast Fourier Transformation (FFT) method using
this equipment.

2.4. Measurement Methods and Procedures

The electromagnetic field exposure from EV charging facilities is evaluated as shown
in Figure 1. The measurement sequence and conditions were designated in the order of
(a) to (d) and Table 3, respectively. First, the background noise level was checked. This
means the measured electromagnetic field value is in an uncharged state. This measure-
ment step is aimed at obtaining accuracy and reliability when measuring in a state of
charge. The body of the EV charger, cable, and handle were measured. Second, the lo-
cation of maximum exposure to electromagnetic fields in the charging situation was de-
termined. This is a step to determine the trend for precise measurement at the location of
maximum exposure to the electromagnetic field. Therefore, the entire body of the charger,
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cable, and handle are measured in the actual mode. Third, measurements are made in the
RMS mode for maximum exposure points of the identified electric and magnetic fields. The
second and third steps limit the range to measurements ranging from 20% to 80% of the
SoC. This is because of the onboard battery charger, designed to prevent EV battery over-
load. It switches to the constant voltage mode when the SoC exceeds 80% during charging.
Because the charging voltage is constant and the charging current gradually decreases, ir-
regular values may be measured when measuring the electromagnetic field. Therefore, it
was precisely measured in RMS mode between 20% and 80% of SoC. Finally, the change
in exposure level was confirmed as the SoC changed from 0% to 100% during charging. In
the RMS precision measurement step, a single position where high electric and magnetic
fields are measured was selected. This is the case with a body, cable, and handle.

Table 2. Classification of domestic electric vehicle chargers.

Charger Type Charging Method Rated Power Charging Port
DC DC 50 kW/500 V/100 A CHAdeMO
Fast Chareer Standard DC 50 kW/450 V/110 A DC combo
& andar AC AC 43 KW/380 V/63 A AC 3-phase 7-pin
DC DC 120 kW Non-charging port
Standard AC7kW/220V/32 A AC single-phase 5-pin
Standard Charser tandar AC AC 7 kKW/220 V/80 A Non-charging port
& Wall Mount AC7kW/220V/32 A AC single-phase 5-pin
Mobile AC3kW/220V/12 A AC 3-phase 7-pin

Evaluation of Electromagnetic Field Exposure in
Electric Vehicle Chargers

v

(a) Check background noise level

v

(b) Check the maximum exposure point

5
(c) Measure RMS mode

v

(d) Measurement by change

Figure 1. Measurement procedure for evaluation of exposure to electromagnetic fields in electric
vehicle charging facilities.

Table 3. Conditions for the measurement procedure.

Measurement SoC (%) Measurement Measurement
Procedure Position Mode
(a) Uncharged Body, cable, and handle RMS
(b) 20~80 Body, cable, and handle Actual
(c) 20~80 Body, cable, and handle RMS
(d) 0~100 One of body, cable, or handle RMS

As shown in Figure 2, the measurement location was divided into the main body,
cable, and handle. When measuring the charge, the main body’s front, back, and side
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surfaces were measured, and the front and back sides were measured by dividing the hor-
izontal axis into three equal parts and moving the probe from top to bottom. As shown
in Figure 3, the distance between the charger and the probe was measured at 5 cm for the
body and 3 cm for the cable and handle. Other cables and handles were measured at a
distance of approximately 3 cm.

Body
e o o
o > [
[ ] |
Cable Handle
@® Measurement point
v v v
Front

@® Measurement point

(a) (b)

Figure 2. Electric vehicle charger measurement location: (a) body; (b) cable and handle.

(b)

Figure 3. Distance between the meter and charger: (a) main body; (b) handle.

3. Measurement Results

In this section, the measurement results for each measurement procedure are checked
and analyzed. The electromagnetic fields in the uncharged state of six chargers were mea-
sured to determine the background noise level. Next, in the charging situation, the entire
charger was precisely measured in RMS mode. Thus, the location where the maximum
electromagnetic field was measured was selected.
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3.1. Background Noise Level

Before analyzing the electromagnetic field exposure in a charging situation, the back-
ground noise level that may influence the readings is checked. The electromagnetic field
generated from the main body, cable, and handle during non-charging was measured. The
electric field was measured from a minimum of 0.07 V/m to a maximum of 11.5 V/m and the
magnetic field was measured from 0.002 A/m to a maximum of 0.003 A/m. Moreover, the
highest electromagnetic field was measured at 60 Hz. The electric field reference value for
60 Hz was 4166.67 V/m and the magnetic field reference value was 66.66 A/m. Compared to
the reference value, the electromagnetic field exposure during non-charging is negligible.

3.2. Comparison of Measurement Results by Each Charger

Figure 4 is the data graph value saved when the electromagnetic field is measured
with NARDA EHP-50C. It is possible to find the value of the highest peak and acquisition
method of data. The red line means the reference level value based on ICNIRP 1998 General
Public, and visually checking is possible to ascertain whether the measured value exceeds
the reference level. The case where the electric field measured in the RMS mode in the
charging state is the highest is shown in (a), and the case where the magnetic field is the
highest is shown in (b).

/A 20 Hz/DIv ICNIRP1998 General Public A/m

1000

BN 100

430.83 Vim@60.27 Hz

10
1
Mcrrr : 0.1
0 Hz F Center : 100 Hz 200 Hz
(a)
A 20 HzDIv ICNIRP1998 General Public A/m
E
| 100

AN 1o

45.816 Am@60.27 Hz

- el Yy :...-T.(.l‘.“. e fo

|
|
\
l
\
|
0 Hz F Center : 100 Hz 200 Hz
(b)

Figure 4. RMS mode electromagnetic field maximum: (a) electric field measurement and ICNIRP
1998 General Public reference level; (b) magnetic field measurement and ICNIRP 1998 General Public
reference level.

Section 3.3 compares the measurement results for each charger. The main body, cable,
and handle of the six aforementioned classified chargers classified were measured in actual
mode. Among them, the maximum value was precisely measured between 20% and 80%
of the SoC in RMS mode and is summarized in Table 4. In the case of a fast charger, the
maximum electric field was distributed between 0.21 V/m and 0.65 V/m, and the maximum
magnetic field was distributed between 0.062 A/m and 2.58 A/m. In the case of a standard
charger, the maximum electric field was distributed between 139.05 V/m and 213.91 V/m,
and the maximum magnetic field was distributed between 1.54 A/m and 12.06 A/m.
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Table 4. Comparison of maximum RMS measurement values of 6 types of wired chargers.
. Charger .
Charging Standard Charger Standard Standard Mobile Standard Stand- Fast Stan— Fast Stand-
Location E/H Type A Wall Mount (Body-Control Box) Type B Type C Type B
Mai E(V/m) 40.15 178.61 28.54 111.98 0.1 0.26
am H(A/m) 0.28 7.36 0.55 1.71 2.58 0.06
Cabl E(V/m) 174.66 183.93 139.05 144.40 021 0.65
able H(A/m) 12.02 1.51 1.54 12.06 1.41 0.06
Handl E(V/m) 132.59 213.91 114.13 174.05 0.04 0.37
andle H(A/m) 4.94 0.87 0.08 4.20 0.1 0.54
The graphs of the maximum values of electric and magnetic field RMS measurements
for the six types of chargers are shown in Figure 5a,b, respectively. The maximum elec-
tric field was mostly measured in cables and handles. The maximum magnetic field was
primarily measured in the body and cable. In addition, the electromagnetic field measure-
ment of the fast charger was significantly lower than that of the standard charger.
Comparison of Maximum for Electric Field Comparison of Maximum for Magnetic Field
E(V/m) RMS Measurement H(A/m) RMS Measurement
250 213.91 1‘2‘ 12.02 12.06
200 17466 174.05 10
150 139.05 3 7.36
100 6
4 2
= ) 1.54 .58
0.21 0.65 0.062
0 0 -
Cable Handle Cable Handle Cable Cable Cable Body Cable Cable Body Body
Standard | Standard | Standard | Standard | Quick Quick Standard | Standard | Standard | Standard | Quick Quick
Stand type|  Wall Mobile |Stand type|Stand type|Stand type Stand type| Wall Mobile (Stand type|Stand type(Stand type|
A B ¢ D A B C D
(a) (b)

Figure 5. Comparison of maximum RMS measurement value: (a) electric field RMS measurement;
(b) magnetic field RMS measurement.

3.3. Comparison of the Maximum Electromagnetic Rankings of the Six Chargers

As mentioned in Section 2.1, the exposure index (EI) was calculated to compare the
electromagnetic field measurements with the reference values. The EI was calculated as in
Equation (1).

o\ Meas
EI(%) = Ref x 100 (1)

The El is the value obtained by dividing the electric or magnetic field measurement
value “Meas” by the electric or magnetic field reference value “Ref,” multiplied by 100.
According to Table 1, the reference value needs to be separately calculated based on the
frequency range. In this study, the worst-case electromagnetic field exposure situation is
considered. The El is calculated in the frequency band, where the highest electromagnetic
field is measured. In addition to the measurement results in Figure 4, the electric and
magnetic field maxima at 60 Hz were predominantly measured in all the measurement
results. Therefore, the EI was calculated for a single frequency of 60 Hz. The electric and
magnetic field reference values for 60 Hz are 4166.67 and 66.66 A/m, respectively.

Tables 5 and 6 list the rankings based on the maximum electromagnetic field and EI
of the six chargers. This includes (c) RMS precision measurement and (d) measurement re-
sults by the change in the SoC during the measurement procedure in Figure 1. The electric
and magnetic fields of the standard stand-type B and the magnetic field of the standard
wall mount exceeded the EI by 10%. Between 1% and 10% are the standard mobile’s elec-
tric field, the fast stand-type C’s magnetic field, the standard wall mount’s electric field,
and the standard mobile’s magnetic field. Below 1% are the electric and magnetic fields
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of fast stand-type D and the electric fields of fast stand-type C. The wall-mounted charger
with an EI of 69% generated the maximum magnetic field. In addition, the standard stand
B charger had the most prominent electric field, with an EI of 10%.

Table 5. Summary of the maximum ranking of the electric field measurement results.

Max Rank E (V/m) Exposure Index (%) Charger Measurement Position
1 430 10 Standard stand-type B Handle
2 389 9.3 Standard mobile Cable
3 241 5.8 Standard wall mount Handle
4 0.71 0.017 Fast stand-type D Cable
5 0.40 0.010 Fast stand-type C Handle
Table 6. Summary of the maximum ranking of magnetic field measurement results.
Max Rank H (V/m) Exposure Index (%) Charger Measurement Position
1 46 69 Standard wall mount Body
2 12 19 Standard stand-type B Handle
3 52 7.7 Fast stand-type C Body
4 2.3 3.4 Standard mobile Cable
5 0.13 0.2 Rapid stand-type D Cable
3.4. Comparison of Measurement Results by the Change in the SoC
In the measurement at the change in the SoC, each case of a fast charger and a standard
charger was compared. In the case of high electric and magnetic fields in RMS precision
measurement, the main body of the fast stand-type C and the standard stand-type B cable
were compared. The charging information by the change in the SoC of the two chargers is
shown in Figure 6a,b. For fast stand-type C, the SoC (%), voltage, current, and power from
the charger can be checked. In the case of the standard stand-type B, the power, current,
and voltage can be checked in the vehicle; the power and current are displayed constantly
and only the change in voltage is observed.
Voltage Charge Information Power, Current Voltage Charge Information
450 120 214
400 L 212
350 jmiine 100
300 80 210
250
500 60 208
150 40 206
100 v\«ow\\‘ 20 204
0 0 202
0O 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
—Voltage(V) ——Power(kW) ——Current(A) SOC(%) —Voltage(V) SOC(%)
(@) (b)

Figure 6. Stand-type charging information: (a) fast stand-type C (power, current, and voltage);
(b) standard stand B charging information (voltage).

This charging information was compared with the electromagnetic field measurement
results to analyze the relationship with changes in the electromagnetic field. Figure 7 is a
graph showing the electric and magnetic field measurement values and EI in the main body
of fast stand-type C. Figure 8 is a graph of the electric and magnetic field measurements
and exposure index in the standard stand B cable. The graphs in Figures 6a and 7 and
Figures 6b and 8 can be compared.
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Comparison of Electric Field and

Comparison of Magnetic Fields and

(V/m) Exposure Index(%) (A/m)
Exposure Index(%)
04 Exposure Index by SOC Euee : Exposure Index by SOC .
4 2.6889!
0.3 - 0.008 ; 4
- - 0006 2 71 3
. 4.0338
- 0.004 ‘ 2
0.1 L
: - 0.002 1
0 | 0 10.0100! 0
0 10 20 30 40 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
- ic Fi - % .
Electric Field Exposure Index SOC(%) —Magnetic Field ~-Exposure Index SOC(%)
(a) (b)
Figure 7. Electromagnetic field characteristics about fast stand-type C main body SoC change
(a) Comparison of electric field measurement and exposure index (b) Magnetic field measurement
and exposure index comparison.
(V/m) Comparison of Electric Field and (/) Comparison of Magnetic Fields and
. Exposure Index(%) Exposure Index(%)
250 exposure index by SOC 5 ¢ o Exposure Index by SOC 7
192.24 6 6
200
37.59 5 4 5
150 2 4
100 3 5 3
2 2
0 46137 1 1
0 0 0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 19&(7)
~Electric Field ~Exposure Index SOC(%) ——Magnetic Field -—Exposure Index
(a) (b)

Figure 8. Electromagnetic field characteristics of standard stand B cable SoC change: (a) comparison
of electric field measurement and exposure index; (b) magnetic field measurement and exposure
index comparison.

In the case of fast stand-type C, electric and magnetic field changes were observed
with changes in the SoC. In addition, the correlation between the current and the magnetic
field can be confirmed. In Figure 7a, the magnetic field decreased when the SoC was 74%,
and the current decreased when the SoC was 77%. That is, the trends of the current and
magnetic field graphs are similar. Comparing the EI of the electric and magnetic fields, the
maximum EI of the magnetic field is approximately 4% higher.

When the charging information by the SoC and the curves of the electric and mag-
netic field were compared in the standard stand-type B cable, changes in the electric and
magnetic fields were observed with the change in the SoC, where the charging voltage ex-
hibited some change; however, the correlation between the electric and the magnetic field
could not be confirmed. Moreover, when comparing the EI of the electric and the mag-
netic fields, the EI of the magnetic field was approximately 3-6% higher than that of the
electric field.

As mentioned earlier, the changes in electric and magnetic fields by changes in the
SoC were observed. In the case of a fast charger, the correlation between the change in the
current and magnetic field by changes in the SoC was confirmed. In the case of the standard
charger, changes in the electric and magnetic fields by the SoC were observed. Therefore,
the measurement results of the changes in the SoC when preparing the electromagnetic
field measurement for EV wired chargers and the evaluation method of electromagnetic
field exposure in the future should be observed.
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4. Conclusions

In this study, electromagnetic field exposure assessment results of six EV chargers
were presented. These results show the location where the electromagnetic field is the
highest measured among electric vehicle chargers in the charging situation. They also
show the correlation between changes in the electromagnetic field and changes in the SoC.
The measured value of the electromagnetic field was analyzed by comparing it with do-
mestic and global electromagnetic field intensity standard. The domestic electromagnetic
field intensity standards were in agreement with the ICNIRP guidelines revised in 1998
and were analyzed based on them.

Six EV chargers were selected for measurement. The level of exposure to electromag-
netic fields was confirmed by precisely measuring six types of chargers in RMS mode under
charging conditions. In addition, the electromagnetic field changed as the SoC changed.
Because of RMS precision measurement, a relatively higher electromagnetic field was emit-
ted from a standard charger than from a fast charger. The maximum electric field was
measured at the standard stand-type B handle, and it was 430 V/m, corresponding to an
EI of 10%. The maximum magnetic field was measured on a standard wall-mounted body
and was 46 A/m, corresponding to an EI of 69%. None of the six chargers exceeded the
electromagnetic field protection standard.

Changes in electric and magnetic fields were confirmed by the changes in the SoC
of six chargers. In the case of fast charging facilities, as the charging power and current
gradually decreased, it was confirmed that the level of magnetic field strength decreased
accordingly. In the case of standard charging facilities, the correlation between charging
power, voltage, current, and electric and magnetic field strength could not be confirmed. In
addition, changes in the electromagnetic field were observed with changes in the SoC. Gen-
erally, the maximum value of the electromagnetic field was measured in the measurement
results by the change in the SoC. This result indicates the need to verify electromagnetic
field measurements as the change in the SoC.

Because of these results, the measurement procedure when preparing a method to
evaluate the amount of exposure to electromagnetic fields in EV charging facilities is worth
reviewing in the future. When charging an EV, the measurement location of maximum
electromagnetic field exposure is necessary. Therefore, first, an understanding of the over-
all electromagnetic field strength of the charging facility is necessary. The maximum value
after measurements according to the change from 0% to 100% of the SoC at the location of
maximum exposure is worth recording.

Author Contributions: Data curation, H.B.; validation, H.B.; investigation, H.B.; visualization, H.B.;
writing —original draft preparation, H.B.; writing—review and editing, H.B.; supervision, S.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Daegu University, Research Grant No. 20200184.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Park, G. Dissemination status and technology trend of charging infrastructure for electric vehicles. KIPE Mag. 2019, 24, 28-35.
Available online: https://www.dbpia.co.kr/journal/articleDetail?nodeld=NODE09220146 (accessed on 10 November 2022).

Zhongming, Z.; Linong, L.; Xiaona, Y.; Wangqiang, Z.; Wei, L. Global EV Outlook 2021. IEA 2021. Available online:

https://www .iea.org/reports/global-ev-outlook-2021 (accessed on 10 November 2022).

3. Brown, A.; Schayowitz, A.; White, E. Electric Vehicle Charging Infrastructure Trends from the Alternative Fueling Station Lo-
cator: Fourth Quarter 2021. NREL. 2022. No. NREL/TP-5400-82298. National Renewable Energy Lab.(NREL), Golden, CO
(United States). Available online: https://afdc.energy.gov/files/u/publication/electric_vehicle_charging_infrastructure_trends_
fourth_quarter_2021.pdf (accessed on 30 November 2022).


https://www.dbpia.co.kr/journal/articleDetail?nodeId=NODE09220146
https://www.iea.org/reports/global-ev-outlook-2021
https://afdc.energy.gov/files/u/publication/electric_vehicle_charging_infrastructure_trends_fourth_quarter_2021.pdf
https://afdc.energy.gov/files/u/publication/electric_vehicle_charging_infrastructure_trends_fourth_quarter_2021.pdf

Sensors 2023, 23, 162 11 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Brown, A.; Schayowitz, A.; Klotz, E. Electric Vehicle Charging Infrastructure Trends from the Alternative Fueling Station Lo-
cator: Third Quarter 2021. NREL 2022. No. NREL/TP-5400-81775. National Renewable Energy Lab.(NREL), Golden, CO
(United States). Available online: https://afdc.energy.gov/files/u/publication/electric_vehicle_charging_infrastructure_trends_
third_quarter_2021.pdf (accessed on 30 November 2022).

Chen, T.; Zhang, X.; Wang, J.; Li, J.; Wu, C.; Hu, M,; Bian, H. A review on electric vehicle charging infrastructure development
in the UK. J. Mod. Power Syst. Clean Energy 2020, 8, 193-205. [CrossRef]

Sim, Y. EMC environmental response test for automobiles. RESEAT 2011, 2-3. Available online: https://www.reseat.or.kr/portal/
bbs/B0000261/view.do?nttld=196376&menuNo=200019&optn18=&searchCnd=1&searchWrd=%EC%9E%90%EB%8F %99 %EC%
B0%A8%EC%9D%IS+EMC+%ED %99%98 %EA%B2%BD+%EB%8C%80%EC%9D %91+%EC %8B %9C%ED %97 %98&pagelndex=
1 (accessed on 5 November 2022).

Chung, D.D.L. Materials for Electromagnetic Interference Shielding; Elsevier: Amsterdam, The Netherlands, 2020; Volume 255,
p- 123587. [CrossRef]

Cholachue, C.; Ravelo, B.; Simoens, A.; Fathallah, A.; Veronneau, M.; Maurice, O. Braid Shielding Effectiveness Kron’s Model
Via Coupled Cables Configuration. IEEE Trans. Circuits Syst.—II 2020, 67, 1389-1393. [CrossRef]

Park, S.W. Evaluation of electromagnetic exposure during 85 kHz wireless power transfer for electric vehicles. IEEE Trans. Magn.
2018, 54, 1-8. [CrossRef]

Park, S.W. Investigating human exposure to a practical wireless power transfer system using and the effect about key parameters
of dosimetry. PLoS ONE 2020, 15, e0236929. [CrossRef] [PubMed]

Jeschke, S.; Maarleveld, M.; Baerenfaenger, ].; Schmuelling, B.; Burkert, A. Challenges in EMC testing of EV and EVSE equipment
for inductive charging. In Proceedings of the 2018 International Sympo-sium on Electromagnetic Compatibility (EMC EUROPE),
Amsterdam, The Netherlands, 27-30 August 2018. [CrossRef]

Asa, E.; Mohammad, M.; Onar, O.C,; Pries, ].; Galigekere, V.; Su, G.-J. Review of Safety and Exposure Limits of Electromagnetic
Fields (EMF) in Wireless Electric Vehicle Charging (WEVC) Applicatrions. In Proceedings of the 2020 IEEE Transportation
Electrification Conference & Expo (ITEC), Chicago, IL, USA, 23-26 June 2020; pp. 17-24. [CrossRef]

Pliakostathis, K.; Scholz, H. On the Evaluation of Electromagnetic Compatibility (EMC) of a Prototype Electric Vehicle; Publications
Office of the European Union: Luxembourg, 2018. [CrossRef]

Chudy, A.; Stryczewska, H.D. Electric vehicle charging-Aspects of power quality and electro-magnetic compatibility. J. Autom.
Electron. Electr. Eng. 2019, 1, 17-22. [CrossRef]

IEEE. C95.6-2002; IEEE Standard for Safety Levels with Respect to Human Exposure to Electromagnetic Fields, 0-3 kHz. IEEE:
Piscataway, NJ, USA, 2002. [CrossRef]

IEEE, C95.1-2005; IEEE Standard for Safety Levels with Respect to Human Exposure to Radiofrequency Electromagnetic Fields,
3 kHz to 300 GHz. IEEE: Piscataway, NJ, USA, 2005. [CrossRef]

IEEE, C95.1-2345-2014; IEEE Standard for Military Workplaces —Force Health Protection Regarding Personnel Exposure to Elec-
tric, Magnetic, and Elec-Tromagnetic Fields, 0 Hz to 300 GHz. IEEE: Piscataway, NJ, USA, 2014. [CrossRef]

IEEE, C95.1-2019; IEEE standard for safety levels with respect to human exposure to electric, magnetic, and electromagnetic
fields, 0 Hz to 300 GHz. IEEE: Piscataway, NJ, USA, 2019.

ICNIRP. ICNIRP guidelines for limiting exposure to time-varying electric, magnetic, and electromagnetic fields (up to 300 GHz).
Health Phys. 1998, 74, 494-522. Available online: https://journals.lww.com/health-physics/Citation/1998/04000/GUIDELINES _
FOR_LIMITING_EXPOSURE_TO_TIME_VARYING.13.aspx (accessed on 10 November 2022).

ICNIRP. ICNIRP guidelines for limiting exposure to time-varying electric and magnetic fields (1 Hz to 100 kHz). Health Phys.
2010, 99, 818-836. [CrossRef]

ICNIRP. ICNIRP guidelines for limiting exposure to electromagnetic fields (100 kHz to 300 GHz). Health Phys. 2020, 118, 483-524.
[CrossRef] [PubMed]

Ministry of Science and ICT. Electromagnetic Wave Protection Criteria; 2017; pp. 1-3. Available online: https://www.law.go.kr/
%ED%96%89%EC %A0%95%EA %B7%9C%EC%B9%99/%EC%A0%84 %EC %9E %90%ED %8C%8C%EC%9D %B8%EC%B2%B4
%EB%B3%B4%ED %98%B8%EA%B8%B0%EC%A4%80/(2017-7,20170824) (accessed on 21 October 2022).

International Electrotechnical Commission. IEC 62196-2:2016-02 “Plugs, Socket-Outlets, Vehicle Connectors and Vehi-cle inlets —
Conductive Charging of Electric Vehicles—Part 2: Dimensional Compatibility and Interchangeability Requirements for a.c.
Pin and Contact-Tube Accessories”; International Electrotechnical Commission. 2016. Available online: https://webstore.iec.ch/
publication/24204 (accessed on 13 October 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://afdc.energy.gov/files/u/publication/electric_vehicle_charging_infrastructure_trends_third_quarter_2021.pdf
https://afdc.energy.gov/files/u/publication/electric_vehicle_charging_infrastructure_trends_third_quarter_2021.pdf
http://doi.org/10.35833/MPCE.2018.000374
https://www.reseat.or.kr/portal/bbs/B0000261/view.do?nttId=196376&menuNo=200019&optn18=&searchCnd=1&searchWrd=%EC%9E%90%EB%8F%99%EC%B0%A8%EC%9D%98+EMC+%ED%99%98%EA%B2%BD+%EB%8C%80%EC%9D%91+%EC%8B%9C%ED%97%98&pageIndex=1
https://www.reseat.or.kr/portal/bbs/B0000261/view.do?nttId=196376&menuNo=200019&optn18=&searchCnd=1&searchWrd=%EC%9E%90%EB%8F%99%EC%B0%A8%EC%9D%98+EMC+%ED%99%98%EA%B2%BD+%EB%8C%80%EC%9D%91+%EC%8B%9C%ED%97%98&pageIndex=1
https://www.reseat.or.kr/portal/bbs/B0000261/view.do?nttId=196376&menuNo=200019&optn18=&searchCnd=1&searchWrd=%EC%9E%90%EB%8F%99%EC%B0%A8%EC%9D%98+EMC+%ED%99%98%EA%B2%BD+%EB%8C%80%EC%9D%91+%EC%8B%9C%ED%97%98&pageIndex=1
https://www.reseat.or.kr/portal/bbs/B0000261/view.do?nttId=196376&menuNo=200019&optn18=&searchCnd=1&searchWrd=%EC%9E%90%EB%8F%99%EC%B0%A8%EC%9D%98+EMC+%ED%99%98%EA%B2%BD+%EB%8C%80%EC%9D%91+%EC%8B%9C%ED%97%98&pageIndex=1
http://doi.org/10.1016/j.matchemphys.2020.123587
http://doi.org/10.1109/TCSII.2019.2939846
http://doi.org/10.1109/TMAG.2017.2748498
http://doi.org/10.1371/journal.pone.0236929
http://www.ncbi.nlm.nih.gov/pubmed/32797050
http://doi.org/10.1109/EMCEurope.2018.8484999
http://doi.org/10.1109/ITEC48692.2020.9161597
http://doi.org/10.2760/509536
http://doi.org/10.24136/jaeee.2019.002
http://doi.org/10.1109/IEEESTD.2002.94143
http://doi.org/10.1109/IEEESTD.2006.99501
http://doi.org/10.1109/IEEESTD.2014.6820718
https://journals.lww.com/health-physics/Citation/1998/04000/GUIDELINES_FOR_LIMITING_EXPOSURE_TO_TIME_VARYING.13.aspx
https://journals.lww.com/health-physics/Citation/1998/04000/GUIDELINES_FOR_LIMITING_EXPOSURE_TO_TIME_VARYING.13.aspx
http://doi.org/10.1097/HP.0b013e3181f06c86
http://doi.org/10.1097/HP.0000000000001210
http://www.ncbi.nlm.nih.gov/pubmed/32167495
https://www.law.go.kr/%ED%96%89%EC%A0%95%EA%B7%9C%EC%B9%99/%EC%A0%84%EC%9E%90%ED%8C%8C%EC%9D%B8%EC%B2%B4%EB%B3%B4%ED%98%B8%EA%B8%B0%EC%A4%80/(2017-7,20170824)
https://www.law.go.kr/%ED%96%89%EC%A0%95%EA%B7%9C%EC%B9%99/%EC%A0%84%EC%9E%90%ED%8C%8C%EC%9D%B8%EC%B2%B4%EB%B3%B4%ED%98%B8%EA%B8%B0%EC%A4%80/(2017-7,20170824)
https://www.law.go.kr/%ED%96%89%EC%A0%95%EA%B7%9C%EC%B9%99/%EC%A0%84%EC%9E%90%ED%8C%8C%EC%9D%B8%EC%B2%B4%EB%B3%B4%ED%98%B8%EA%B8%B0%EC%A4%80/(2017-7,20170824)
https://webstore.iec.ch/publication/24204
https://webstore.iec.ch/publication/24204

	Introduction 
	Materials and Methods 
	Safety Guidelines 
	Measured Charger 
	Measuring Equipment 
	Measurement Methods and Procedures 

	Measurement Results 
	Background Noise Level 
	Comparison of Measurement Results by Each Charger 
	Comparison of the Maximum Electromagnetic Rankings of the Six Chargers 
	Comparison of Measurement Results by the Change in the SoC 

	Conclusions 
	References

