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I. INTRODUCTION 

The low electromagnetic field (EMF) produced by electric 

vehicle (EV) engines and electric components might pose a 

health risk to the driver and occupant(s) [1–4]. Several studies 

have investigated this possibility, but there is no general consen-

sus as to whether the MF levels generated cause harm to hu-

mans. EV usage and patronage is on the rise due to global con-

cerns regarding greenhouse gas emissions, which are projected 

to double by 2050 if current energy consumption indexes persist 

[5]. Additionally, the governments of some countries have im-

plemented tax waivers and other benefits to entice consumers to 

purchase EVs [6, 7]. This is in line with global climate change 

policies, such as the recent Paris Agreement of 2016 [8]. 

To address the concern of the potential harm of EVs, several 

researchers have measured EMF levels and compared these 

measures to the limits set by regulatory agencies. Predominately, 

the most commonly used regulations are those of the Interna-

tional Commission on Non-Ionizing Radiation Protection 

(ICNIRP) [9, 10] and the Institute of Electrical and Electronics 

Engineers (IEEE) [11], but other agencies [12–15] have differ-

ent limits due to differences in opinion and scientific deduction 

[16, 17]. For example, the BioInitiative Working Group [17] 

argued that the ICNIRP limits were obtained using anatomical 

models and thus may not reflect the real human body. Other 

studies have observed and recorded human physiological reaction 

JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 21, NO. 4, 282~290, SEP. 2021 

https://doi.org/10.26866/jees.2021.4.r.35

ISSN 2671-7263 (Online) ∙ ISSN 2671-7255 (Print)

 

Analyzing DC and AC Magnetic Field Intensity,  

Distribution, and Relationship in a Hyundai IONIQ  

2016 Electric Vehicle 
Nelson A. Enegbuma ∙ Soochan Kim*  

 

 
   

Abstract 
 

This study aimed to evaluate the direct current (DC) and alternating current (AC) electromagnetic field (EMF) intensity and distribution 

of an electric vehicle (EV). The results revealed that the EV generated DC and AC EMFs, which differed depending on the operation 

(resting, idling, and driving at speeds of 40 and 80 km/h). A correlation was established between the AC and DC components of the 

EMF, which was approximately 0.5 when idling and 0.8 at speeds of 40 and 80 km/h. The results obtained were below the harmful limit 

set by regulatory agencies, specifically the International Commission on Non‐Ionizing Radiation Protection (ICNIRP) and the Institute 

of Electrical and Electronics Engineers (IEEE). To further contribute to this field of study, the various measurement equipment used in 

the literature are summarized according to their parameters. 
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to EMF exposure, such as delayed response time [18, 19], visual 

problems [10, 20–22], and aggravated annoyance [23]. 

Tell et al. [24] measured and averaged EMF emissions in 14 

different EVs and hybrid EVs to obtain a mean value. Hareu-

veny et al. [25] assessed 10 vehicles and provided a range of av-

erage EMF values for each vehicle and levels at various points 

within the vehicles. They found notably stronger EMF in EVs 

compared to internal combustion engine vehicles. Halgamuge et 

al. [26] measured and reported the level from a single hybrid 

EV at different points in the vehicle. Vassilev et al. [27] com-

pared the EMF levels of 11 different cars using 11 sample 

points. Vedholm and Hamnerius [28] measured the readings of 

seven cars using 20 sample points. Their study was the first to 

hypothesize that the battery position may have some effect on 

EMF emission production. Stankowski et al. [29] considered 

the driver’s head and feet position as important for EMF EV 

testing. This was based partly on the ICNIRP’s conclusion that 

the head (specifically the eyes) is a target area [9, 10]. 

Monero-Torres et al. [30] initiated EMF deduction using 

simulations. In their experiment, they theoretically deduced the 

EMF for an EV via finite models using the EV’s battery and 

later its inverter [31]. Campi et al. [32] used numerical charac-

terization to assess the EMF of an EV with a wireless power 

transfer system. Lennerz et al. [33] assessed the EMF within 

several cars to investigate its effect on cardiac implants. Ruddle 

et al. [34] assessed EMFs caused by current transients within 

the EV. They hypothesized that human harm is likely. Milham 

et al. [35] assessed EMF considering the steel-belted radial tires 

of the EV. The study established that the tires are sources of 

EMF, but the level dropped when measurements were taken 

within the vehicle, which is in line with the findings of [29]. 

Ruddle et al. [34, 36] employed simulations to test several EV 

models and reported a value of 52.9 μT. Other reports have also 

delt with this subject matter [37–42]. Snyder [43] was awarded 

a government grant to study EMF shielding in EVs. Pittsyna et 

al. [44] reviewed past studies and estimated the EMF of an EV 

to be 129 μT. 

Although numerous studies have revealed the EMF levels 

generated by various EVs, these previous studies have had sever-

al drawbacks: 

1. The experiments conducted were not replicable in some 

situations (e.g. [45]); 

2. Parameters such as amplitude, field type (if DC or AC), 

frequency spectrum, and field distribution complicated the 

task of measurement with relation to biological creatures 

(e.g. [45]) and; 

3. It remains unclear which regulatory agencies’  limits are best 

suited to this area of study. 

The purpose of this paper is to determine the level of DC 

and AC EMFs generated in an EV; reveal their relationships; 

and obtain the EV’s EMF intensity, distribution, and frequency 

for different operating conditions. We reviewed previous studies 

to determine the best measuring equipment and environment 

for data collection, how to interpret the results, and which regu-

latory agencies’ safety limits to compare the results to. 

II. METHODOLOGY 

As already mentioned, previous studies have used different 

protocols, such as spot measurement, continuous measurement, 

or measurement at varying speeds, as well as different equip-

ment. While reviewing previous studies, we noted the EMF 

levels found, measuring equipment used, frequency range, vehi-

cle type, data collection environment, and type of field measured. 

Based on these previous reports, we noted a gap in terms of the 

use of a new technologically advanced meter specifically de-

signed for detecting extremely low-frequency (ELF) fields. The 

various measuring devices available were analyzed based on the 

device specifications. 

Its AC measurement was in the range of approximately 16 to 

2,000 Hz. Additionally, it used either fast Fourier transformation 

for frequency domain measurements or the weighted peak 

method in the time domain mode, which offers great precision. 

The Vector/Magnitude Gauss Meter (Alpha Lab, Salt Lake 

City, UT, USA) was also used and fitted with a Hall probe to 

increase its accuracy in detecting DC magnetic fields. Magnetic 

field data were collected using the Gauss meter for DC magnet-

ic field information and NFA 1000 meter for AC magnetic in-

formation. 

Data collected were logged into a Microsoft Excel sheet (Mi-

crosoft, Redmond, WA, USA) and statistically analyzed using 

the 2016 Excel toolbox feature. The NFAsoft software (Giga-

hertz Solutions, Langenzenn, Germany) was used for the data 

analysis of the obtained EMF data. Table 1 highlights the vehi-

cle specification [46]. A fully EV, the IONIQ 2016 (Hyundai 

Motors, Seoul, Korea) was used. 

A route for the experiment was selected based on the follow-

ing considerations. The route had to have open lanes allowing 

for speeds of up of 40 km/h, 80 km/h, and 100 km/h to be 

achieved. There also had to be comparatively low vehicular traf-

fic and minimal interference from power transmission lines. 

Thus, the Anseong to Chincon expressway within the Gyeong-

gi-do province of South Korea was the route taken as the drive 

path. A map of the route is provided in Figs. 1 and 2, which 

show the locations of the roads travelled for fast- and slow-

speed data collection. 

Data were obtained for the following conditions: at rest and 

at speeds of 40 km/hr and 80 km/hr. These conditions were 

picked based on other papers with similar conditions (e.g. [24, 

25]). Hence, the data can be compared to the results of those 

studies. 
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Fig. 3 provides the sample collection point(s) [47]. The order 

of sample collection went from left to right (rear to front): 

BLMN–IJK–FGH–CDE, with position A collected only dur-

ing rest, startup, or idling. Idling here refers to when the car was 

on, but there was no acceleration or motion. The positions 

CFIL-DGJM-EHKN correspond to the head, chest, and feet 

region, respectively. 

Fig. 4 provides a diagram of the position(s) earmarked in Fig. 

3 and shows how the instruments were used to conduct the EV 

EMF test. 

The equipment was calibrated at the beginning of the exper-

iment according to the manufacturer’s specifications. NFA and 

NFAsoft were used to support the measurement of the working 

environment. In this case, the 6D feature was used to measure 

six positions (H, G, F, N, M, L) and to generate the EMF field 

pattern, as shown in Section III. In addition, the EMF field 

pattern in the horizontal plane was generated using the posi-

tions of nine points (HAE, F, C, between F and C, and LBI; 9D 

feature). The NFA software guides the user through the nine 

points by means of short audio signals (beeps). These nine 

points were processed in the order presented in Fig. 3. This 

method was used to ascertain if the EV emits DC and AC 

EMFs. 

Table 1. EV (IONIQ) specifications 

 Specification 

EV type Powertrain 

Engine Permanent magnet synchronous motor

Class All electric compact 

Electric range 169 km (Korea) 

Power Approximately 136 hp 

Transmission Single speed reduction gear

Battery 28 kWh lithium-ion polymer battery

Source from [46]. 

 

Fig. 1. High-speed road test route (speed at 80 km/hr; map extracted 

using kakaomap application, version 6.0). 

 

Fig. 2. Low-speed road test route (speed at 40 km/hr; map extracted 

using kakaomap application, version 6.0). 

Fig. 3. Measurement points. Adapted from [47]. 

 

Fig. 4. Measurement setup; collection point from Fig. 3.
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III. RESULT 

Table 2 provides specifications for the most used EMF me-

ters from various studies. Based on these results, EMF data in 

our study were collected using the Gauss meter for DC MF and 

the NFA 1000 meter (Gigahertz Solutions) for AC MF due to 

their advantages in terms of accuracy and data logging. Table 3 

displays the data obtained from the road test. The DC and AC 

components of the EMF generated at different operating condi-

tions were obtained and recorded. Additionally, the frequency 

levels at each sample collection point were also recorded. The 

results revealed the difference in frequency for different sample 

point(s). 

As seen in Table 3, the NAF meter recorded AC and AC 

peak data. Fig. 5 graphically represents their relationship. 

The data were analyzed using the statistical tools provided in 

Microsoft Excel to determine the correlation between the AC 

and DC fields detected. Table 4 shows the correlation coeffi-

cient between the DC and AC EMFs analyzed under different 

operating conditions [46, 48-50]. The relationship between the 

DC and AC fields at rest was negligible. While idling, there was 

an increase, but the correlation was low. When changing speeds, 

they were strongly positively correlated. This can be interpreted 

as an increase in speed results in greater EMF generation. 

Next, the field distribution pattern was obtained using NFA-

soft for the car at rest and when idling. Fig. 6 shows the field 

pattern using the data obtained for the EMF and the varying 

frequencies obtained at different points during measurement. 

The image shows an aerial view of the EV similar to a horizontal 

(or flat) plane (9D) and a vertical representation capturing the 

seating position from head to feet (6D).  

As can be seen, a field pattern was found, with the bulk of the 

field at the front section of the EV. The seat positions were ana-

lyzed again when the car was switched on. Fig. 7 shows the field 

distribution. There was a considerable increase in EMF due to 

the change in the operating condition of the EV. A clear indi-

cation of a stronger EMF as the car moved from idling to low 

Table 2. Data obtained at different conditions 

Sample  

points 

Rest (mG) Idling (mG) 40 km/hr (mG) 80 km/hr (mG) 
Dominating  

freq. (Hz)  

2nd dominating 

freq. (Hz) 

DC AC 
AC  

peak 
DC AC 

AC  

peak 
DC AC

AC 

peak
DC AC

AC  

peak

At  

rest 

During 

motion 

At  

rest

During

motion

Motor 2.8 0.79 6.45 2.15 1.8 4 - - - - - - 50/60 - < 2,000 -

Trunk 2.73 0.1 0.7 1.2 0.11 0.33 1.9 0.33 5 1.22 1.19 5.89 50/60 50/60 < 2,000 < 2,000

Left rear head 1.34 0.09 0.42 0.97 0.22 0.58 1.96 0.5 4.2 1.77 1.1 16.13 50/60 < 2,000 < 2,000 50/60

Left rear chest 0.66 0.06 0.45 1.36 0.31 0.6 1.09 0.58 4.2 2.13 1.45 36 50/60 50/60 < 2,000 < 2,000

Left rear floor 6 0.06 0.24 6.76 1.42 2.6 4.99 1.8 8.79 6 6.45 0.145×103 50/60 50/60 < 2,000 < 2,000

Right rear head 1.39 0.07 0.24 1.2 0.14 0.54 0.8 1.5 5 1.61 4.79 30.7 50/60 50/50 150/180 150/180

Right rear chest 1.26 0.05 0.21 1.34 0.14 0.39 1.36 1.46 5.69 1.59 2 16.99 50/60 < 2,000 < 2,000 50/60

Right rear floor 5.8 0.06 0.24 7.33 0.48 0.91 6 2.4 6.75 5.45 6.7 0.142×103 50/60 50/60 < 2,000 < 2,000

Passenger head 1.93 0.07 0.25 0.63 0.17 0.6 1.1 0.26 3 1.9 0.66 30.1 50/60 50/60 < 2,000 150/180

Passenger chest 1.97 0.05 0.22 1.74 0.4 0.96 2.23 0.43 3.27 1.87 0.69 30.93 50/60 < 2,000 < 2,000 >2,000

Passenger floor 4.25 0.04 0.22 3.4 2.21 4.94 4.8 2.35 8.65 4.41 6.6 0.199×103 50/60 < 2,000 150/180 50/60

Driver head 1.96 0.09 0.25 0.99 0.18 0.51 1.27 0.28 2 2.05 0.39 9.3 50/60 < 2,000 < 2,000 50/60

Driver chest 1.39 0.07 0.28 1.4 0.33 0.78 1.45 0.53 5.93 1.84 0.91 40 50/60 < 2,000 < 2,000 150/180

Driver floor 3.98 0.09 0.4 3.6 1.53 3 3.2 2.02 8.82 3.03 8.1 0.111×103 < 2,000 < 2,000 150/180 50/60

The dominating and second dominating frequency represents the highest first and second frequencies for MF detected. 

Frequency detection is an added feature of the NAF meter. We measured MF at the AC band (16 to 2,000 Hz). 

According to the meter manual, the NAF meter frequency-LEDs change their color in proportion to their contribution to the total field 

strength: 50/60 Hz, mains frequency. The bandwidth only covers individual frequencies of 50 Hz and 60 Hz with their respective lock-in 

ranges; 100/120 Hz, this LED indicates the contribution of the second through fourth "even" harmonics; 150/180 Hz, this LED indicates 

the contribution of the third through fourth "uneven" harmonics. The third harmonics will presently be found in many homes and most of-

fices as a significant portion of the total measurement; and < 2 kHz, means remainder of frequencies below 2 kHz. 

Source of the magnetic field are attributed to the motor speed. 

Table 3. Correlations analysis of DC to AC across conditions

DC/AC value

Rest 0.006

Idling 0.475

40 km/hr 0.770

80 km/hr 0.756
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Fig. 6. Horizontal and vertical field distribution for the front and 

rear seat during rest (9D and 6D). Values are in mG. Dark 

green represents field levels similar to the earth natural field 

and brighter colors depict an increase in MF. The brighter 

the color, the stronger the MF intensity. Building biology 

standards are employed by the meter here. 

 
 

Fig. 7. MF pattern at low speed (40 km/hr) for the front and rear 

seat during rest (6D). Values are in mG. Dark green repre-

sents field levels similar to the earth natural field and brighter 

colors depict an increase in MF. The brighter the color, the 

stronger the MF intensity. Building biology standards are 

employed by the meter here. 

 
Fig. 5. AC and AC peak relationship. 

 

Table 4. EMF meter specifications 

 
FW BELL 5170 

[46] 

Combinova  

MFM10 [48] 

EMDEX II 

[49] 

EMDEX Lite

[49] 

Narda EHP-50D

 [50] 

Narda EFA-200 

[50] 

Accuracy 2% ±1% of reading

±0.003 μT 

- - - - 

Frequency 20 kHz (DC) 5–2,000 Hz 40–1,000 Hz 40–1,000 Hz 1–400 kHz 20 mT (at 50 Hz)

Sampling rate (s) 5 - 1.5 4 - - 

Range 200–20 KG 0.01–10,000 μT 3 Gauss 0.7 Gauss 0.3 nT to 10 mT - 

Measurement unit G, T, k/Am μT μT μT nT, mT nT, mT 

Operating temperature (°C) 0 to 50 -20 to 50 - - -20 to 55 -20 to 23 

Data logging - Up to 4,000 result 20 data set 1 data set Yes Yes 

Price $1,482.86 $1,350.00 $3,000.00 $1,135.00 €5,769.20 Approx. €7,500.00
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speeds of 40 km/hr is hereby firmly established. 

Finally, to determine the location with the highest EMF level 

(potential harmful zone), a bar chart was created from the data 

obtained (Fig. 8). The sample points from Fig. 3 (with the ex-

ception of points A and B and peak data) are grouped. 

As seen in Fig. 8, the feet/floor region emitted the highest level 

of EMF. The field levels were almost the same in each section, 

with the exception of the left rear chest and right rear chest re-

gions. A maximum value of about 6.00 mG was obtained during 

the test drive, with an average of 1.41 mG and SD of 1.12 mG. 

IV. DISCUSSION 

In most of the previous research, the EMF obtained from 

EV(s) was compared to a regulatory limit, usually that of the 

ICNIRP. The majority of studies have focused on EMF emis-

sions from EVs alone [28–33, 37–43, 51, 52]. Others studies 

have gone a step further and compared the emissions of EVs 

and other types of vehicles, such as hybrid EVs [24–26, 35, 38, 

44, 53] and conventional gasoline engine vehicles [27, 35]. 

However, certain parameters remain unaccounted for, and mul-

tiple regulatory bodies exist with varying limits. 

Based on our literature review, we narrowed down our 

equipment of choice while keeping in mind the shortcomings in 

the overall research in this field. It was observed that some stud-

ies only recorded the DC EMF field generated. While all me-

ters are certified by a competent authority, more recent meter(s) 

have some technological upgrades, such as data logging capabil-

ity, temperature resistance, and a wider range of measurement. 

The data obtained established that both DC and AC EMFs are 

emitted during operation of the EV. The DC field levels were 

always higher than the AC field levels, as seen in Table 3. This 

might be due to the interaction of the AC field produced by the 

car components (for example, the inverter) and the earth’s natu-

ral DC field. We can infer that some of the AC fields may be 

superimposed, leading to higher DC levels. 

Magnetic field levels increased with speed. Each field level 

showed a significant increase in value across each measurement 

position for the different operating conditions selected. Addi-

tionally, switching operating conditions resulted in a significant 

increase in the fields produced, with the highest values seen at 

the front passenger floor (DC field increased from 0.04 mG at 

rest to 4.8 mG at 40 km/hr). 

A relationship between the DC to AC fields during different 

conditions was determined by means of correlation coefficient 

analysis. The results revealed that the fields are positively corre-

lated when the EV is switched on (approximately 0.5 at idling 

and 0.8 at speeds of 40 km/hr and 80 km/hr). Thus, this implies 

that an increase in the DC magnetic field is accompanied by an 

increase in the AC magnetic field and vice versa. An increase in 

speed resulted in greater EMF generation. 

The frequency spectrum for the fields produced in the EV 

fell within: 16.7 Hz, 50/60 Hz, 100/120 Hz, 150/180 Hz, R < 2 

kHz and > 2 kHz. The greatest concern regarding EMF is the 

dominating frequency of the EV, as the other frequencies are 

usually negligible. The dominating frequency for the car at rest 

was 50/60 Hz, with < 2 kHz as the second dominating frequency. 

The only exception was at the driver’s foot region.  

A frequency of 50 or 60 Hz is found in most household ap-

pliances [54]. However, during operation, the frequency of the 

EV changed from 50 or 60 Hz to < 2 kHz. The change in fre-

quency was more predominant at the front of the EV (the front 

passenger and driver regions). We were unable to determine why 

different frequency distributions occurred at varying points. 

The DC and AC values obtained were below most regulatory 

agencies’ safety limits except for the limit set by the Building 

Biology Standards [14] (2.01 mG). Table 3 shows that the AC 

meter recorded peak values for very strong fields. Although 

 

Fig. 8. MF sample point analysis using a bar chart. 
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these fields were unsteady, they represented the highest values 

obtainable. Based on our sampling, these values were not con-

stant but rather fluctuating, and they could not be obtained on 

repeated trials. It is reasonable to infer that this level is fleeting 

and unstable, thus making it not harmful. 

Occupants sit close to a powerful electric system when riding 

in an EV. The field pattern revealed that the EMF emission 

levels increased when the car was on and in use. Additionally, 

the pattern revealed that the front seats had higher EMF levels 

than the rear seats, even at rest. In this study, the EV’s battery 

was situated beneath the vehicle. 

Braking and acceleration during the road tests caused fluctua-

tions in EMF values. As such, it can be deduced that accelera-

tion and deceleration affect EMF levels. The EMF was ob-

served to increase with increasing speed, which agrees with [25]. 

The peak values for the AC magnetic field were unpredictable 

and changed when the test was repeated; thus, the data cannot 

be interpreted with certainty.  

A shortcoming of this study may be attributable to the lim-

ited sample size. Future studies should experiment with large 

sample sizes and more statistical tests, like analysis of variance, 

for comparison. Additionally, the combination of DC and AC 

fields may affect biological systems, but that is beyond the scope 

of this work. One study did infer that the combination of AC 

and DC fields coupled with their fluctuating levels might be 

harmful [55]. Future works should consider the effects of these 

weak fields on human subjects using physiological tests, such as 

heart rate variability, gaze technology, and galvanic skin response, 

while driving the EV. 

V. CONCLUSION 

Similar to other studies on EV EMF emissions, the values 

obtained in this study were below the ICNIRP and IEEE limits. 

In future studies, these values can be used to replicate the level 

generated by an EV to determine if it is harmful. This study 

established that both AC and DC fields were generated in the 

EV during operation (switching on and in motion) of the vehi-

cle. The driver’s and front passenger’s feet region generated 

stronger EMF levels than any other location, at a frequency of 

50/60 Hz, which is similar to that of home appliances [45, 54]. 

This study provides useful information on EMF intensity, fre-

quency, field distribution, and conditions generated in the EV. 
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