Journal of Magnetics 20(4), 450-459 (2015)

ISSN (Print)  1226-1750
ISSN (Online) 2233-6656
http://dx.doi.org/10.4283/IMAG.2015.20.4.450

Analysis of Safety Distance and Maximum Permissible Power of Resonant Wireless
Power Transfer Systems with Regard to Magnetic Field Exposure

Young-Min Park and Jin-Kyu Byun*

Department of Electrical Engineering, Soongsil University, Seoul 06978, Korea

(Received 7 October 2015, Received in final form 11 November June 2015, Accepted 16 November 2015)

In this paper, the safety distances and maximum permissible power (MPP) of resonant wireless power transfer
systems are defined and derived with regard to human exposure to electromagnetic field (EMF). The definition
is based on the calculated induced current density and electric field in the standard human model located
between the transmitting and receiving coil. In order to avoid the adverse health effects such as stimulation of
nerve tissues, the induced current and electric field must not exceed the basic restriction values specified in
EMF safety guidelines. The different combinations of diameters of the coils and the distance between the two
coils are investigated and their effects are analyzed. Two versions of EMF safety guidelines (ICNIRP 1998 and
ICNIRP 2010) are used as bases for safety distance calculation and the difference between the two guidelines

are discussed.
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1. Introduction

Wireless power transfer (WPT) technique utilizes in-
ductive coupling, resonant inductive coupling, capacitive
coupling, far field radiation, or other electromagnetic
coupling to transfer electric power without wires. Resonant
inductive coupling technique or simply, resonant coupling
was first explored in the pioneering experiments of
Nikola Tesla [1]. However, it was not until 2007 when
Soljacic et al. [2] revisited the technology to transmit 60
W power over 2 m distance that the active research work
started again on resonant coupling to increase the trans-
mission distance while maintaining high efficiency. How-
ever, despite considerable amount of work [3-6], there are
still very few commercial products that utilizes resonant
coupling to transfer power over distances greater than a
few centimeters.

One of the main difficulties associated with resonant
WPT over a moderate distance is the electromagnetic
field (EMF) safety. When the human body is located
between receiving and transmitting coils, the time-varying
magnetic field of the WPT system induces electric field
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and current inside the human body. According to the
various EMF safety guidelines [7, 8], these induced current
or electric field can lead to excitation of nerve tissues or
other negative health effects, and they should be kept
lower than exposure limits defined in the guidelines to
avoid these negative effect.

Induced current and electric field inside the human
body are affected by many factors, including the characteri-
stics of the magnetic field source (transmitting coil), the
distance of human body from the source, the magnitude
of input power, and characteristics of the human body
exposed to the magnetic field. Since it is difficult to
measure actual induced current in the human body,
numerical analysis is often used to calculate the induced
current and determine if the limit has been exceeded [8].
In these numerical analyses, anatomical human body
models with heterogeneous tissue composition or simpli-
fied homogeneous human models can be used. The
homogeneous models tend to overestimate the induced
current, but they are still widely used for conservative
approach [9].

For a resonant WPT system, two parameters can be
defined with regards to human EMF safety. Safety distance
can be defined for a system with fixed maximum input
power. It is the minimum distance from the transmitter or
receiver coil of WPT to the human body that will keep
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Fig. 1. Concept of safety distance and maximum permissible
power (MPP) of a WPT system. (a) Safety distance when
maximum input power is fixed. (b) MPP when minimum dis-
tance is fixed.
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the induced current or electric field in the human body
lower than the limit. If human body is closer to the coil
than the safety distance, the induced current may exceed
the limit. Thus, the manufacturer of a WPT system should
take necessary actions, such as making a protective case
around the coil with sufficient inner space, to ensure that
people will not get closer to the coil than the safety
distance.

On the contrary, if a WPT system has a pre-determined
minimum distance human can approach, for example, due
to the dimension of the product or limits on installation
space, its maximum permissible power (MPP) can be
defined as the maximum input power that will keep the
induced current lower than the limit when the human
body is placed at that fixed distance. These concepts are
explained in Fig. 1.

In this paper, safety distance and MPP are derived for
various configurations of resonant WPT systems based on
induced current density and electric field values in the
human body model calculated by numerical analysis. The
WPT systems have double loop coils and are designed to
operate around 150 kHz, with varying coil diameters and
distance between transmitter and receiver coils. For
human body model, homogeneous body model specified
in IEC-62311 standard was used. Two widely used EMF
safety guidelines, ICNIRP (international commission on
non-ionizing radiation protection) 1998 and ICNIRP
2010, are used as bases of the safety distance and MPP
derivation, and differences between the two guidelines are
discussed.
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2. Design of WPT Systems and
Standard Human Model

2.1. Design of resonant WPT systems

The resonant WPT system is designed with double loop
structure shown in Fig. 2 [3]. It is composed of 4 coils,
and the resonant frequency is set to be 150 kHz.

The inductance of the resonant coil L can be calculated
as follows [10],

L=0.01595D(2.30310g108—D—2+yr6j, €]
w

where D is the diameter of the coil loop, w is the diameter
of coil wire, x4, is the relative permeability of the wire
(copper), and J is the skin effect correction factor deter-
mined by resonant frequency f and wire diameter w as
shown in Fig. 3. The resonant capacitor is connected in
series with the resonant coil, and its capacitance C can be
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Fig. 2. (Color online) Schematics of the resonant WPT system
with double loop (D =46 cm, T=92 cm) [3].
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Fig. 3. (Color online) Skin effect correction factor ¢ accord-
ing to wire diameter w and frequency f [10].
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Table 1. Design components of resonant WPT systems.
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Design components System 1 System 2 System 3 System 4

Resonant coil diameter D [cm] 46 46 92 92

Transmission distance 7 [cm] 67 92 67 92

Resonant frequency [kHz] 150 150 150 150

Port impedance [Q] 50 50 50 50

Coil wire material copper copper copper copper

Wire diameter [mm] 8 8 8 8

Skin effect correction factor 0.0256 0.0256 0.0256 0.0256

Resonant coil inductance [uH] 1.20 1.20 2.80 2.80

Capacitance [pF] 0.938 0.938 0.402 0.402
calculated from,

1
C=ror. ()
(2zf) L

Four different WPT systems are designed with different
combinations of coil loop diameter D and transmission
distance 7T (distance between transmitter and receiver
coils), and induced current distribution in the standard
human model is calculated by numerical analysis for each
system. The design components of four WPT systems are
summarized in Table 1.

2.2. Standard human model for induced current cal-
culation

Various human models can be used for numerical model-
ing purposes. 3D anatomical models are often constructed
based on series of 2D computerized tomography (CT) or
magnetic resonance (MR) images separated by short
distance (usually less than 1 mm). These are adequate for
detailed dosimetry and precise analysis of induced current
distribution in different biological tissues. However, they
often require a lot of development time and cost. On the
other hand, for the purpose of determining the compliance
with EMF guidelines, a simplified body shape of uniform
conductivity is often used. The dielectric properties of
such a model are often the whole body average at the
frequencies being investigated, but can be representative
of particular body parts or tissue types instead. These
models tend to overestimate the current density when in
the near field [9].

In this paper, homogeneous body model specified in
IEC-62311 standard was used for induced current and
electric field calculation. Fig. 4 and 5 show the descrip-
tion of the model and details of the head and shoulders
[9]. The model is composed of head and torso part, and
the height of the model is about 150 cm. The dielectric
property of the muscle tissue is used for the whole body.
The electrical conductivity was o=0.37265 S/m and
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Fig. 4. (Color online) Full view of standard homogeneous
human body model [9].
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Fig. 5. (Color online) Detailed view of head and shoulder of
standard body model [9].
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relative permittivity was set as & =7109.1 at 150 kHz
according to the works of Gabriel ef al. [11].

3. Calculation of Induced Current
in Body Model

In this chapter, the resonant WPT system and the
standard human model introduced in Chapter 2 are used
for the calculation of the induced current and electric field
in the body model. For numerical analysis of the WPT
systems, ANSYS HFSS software was used, which is based
on finite element method. The vector wave equation for
electric field E is used for the governing equation of the
finite element method, which can be written as follows,

V x (iv X Ej —kie,E=—jk,Z,J, 3)
M,
where E is the electric field, J is the current density, &.
and g, are the relative permittivity and relative perme-
ability, respectively, ky is the wavenumber in free space,
and Z, is the intrinsic impedance of free space.
Four WPT systems are considered with different coil
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diameter D and transmission distance (distance between
coils) T as shown in Fig. 6 and Table 1. First, the effici-
ency of each system is calculated and compared without
the standard human model. The transmission efficiency 7
can be obtained from S,; parameter. S,; can be calculated
from the following equation,

P
Sy [dB]=]O]0gIOF" > “)

where P; is the input power and P, is the output power.
Table 2 shows the efficiency 7 and frequency of maxi-
mum efficiency (resonant frequency) for 4 WPT systems.

As can be expected, it can be seen from Table 2 that
efficiency 7 is increased as coil diameter D is increased
and transmission distance 7 is decreased. Also, as 7 is
increased and 7 becomes smaller compared to D (system
3), the resonant frequency is slightly moved from the
initial design value of 150 kHz because the mutual
inductance and capacitance are increased, which in turn
affects the resonant frequency. This suggests that for a
practical resonant WPT system, it is necessary to monitor
the system efficiency and adjust the switching frequency
of the input coil as the relative coil locations are changed
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Fig. 6. (Color online) Human body model and resonant WPT system. (a) Change of location of body model between WPT coils.

(b) Definition of distance d from transmitter to body model.

Table 2. Maximum efficiency of WPT systems according to coil diameter D and transmission distance 7.

Svstem 1o System 1 System 2 System 3 System 4
Y ' (D=46cm, T=67cm) (D=46cm, 7792cm) (D=92cm, 7=67cm)  (D=92 cm, 7=92 cm)
Maximum efficiency 77 [%] 35.09 11.47 72.40 66.76
Frequency of maximum efficiency [kHz] 150 150 148 150
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in order to maintain the maximum efficiency.

3.1. Efficiency analysis according to the presence and
location of the body model

According to the previous works by the authors, the
change in efficiency of resonant WPT system due to the
presence of body model was less than 1% [12]. In this
section, efficiency in the presence of human body is
further analyzed according to the distance d of the body
model from the transmitting coil. Fig. 6 shows the
standard human model placed between the coils of WPT
system. The distance d is defined from the center of the
transmitting coil to the edge of human model as shown in
Fig. 6. The minimum value of d was set as 3.5 cm. The
efficiency change is analyzed as the human model is
moved away from the transmitter coil. The distance
increment for each calculation is 5 cm.

Table 3 shows the efficiency analysis for system 4
(D=96 cm and T=96 cm). Although there is slight
decrease in efficiency when the body approaches the
transmitter or receiver, the change in efficiency is less
than 0.18%, and the resonant frequency is also unchanged
at 150 kHz. Other systems (systems 1-3) showed similar
results. Thus, it can be concluded that the effect of
presence and location of human body on the efficiency of
a WPT system is negligible.

3.2. Induced current in human model according to the
distance from transmitter

In this section, induced current density in human body
model is analyzed according to the distance d between
body model and the transmitter. Reference input power of
transmitter is set as 1 W in this section. First, before the
induced current density is calculated, the magnetic field
pattern of a WPT system without the human body is
analyzed by extracting the magnetic field data within a
cuboid shaped air box (92 x 92 x 5 cm’) as shown in Fig.
7. The maximum, averaged, and 99th-percentile value of
magnetic field in cuboid is plotted in Fig. 8 for system 4
(D=92 cm and T=92 cm) as the distance of the cuboid
from the transmitter is changed. The magnetic field
intensity is highest near the transmitter, reaches minimum
value near the midpoint slanted to the receiver, and
increases again near the receiver. The ratio of the highest
field value to the lowest one is about 5.07 for 99th-
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Fig. 7. (Color online) Cuboid shaped air-box for magnetic
field calculation.
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Fig. 8. Magnetic field pattern of WPT system 4 (D =92 cm,
T=92 cm) without human model (each point is calculated in
a cuboid of 92 x 92 x 5 cm?).

percentile values. The inhomogeneous field pattern, in
turn, is expected to cause similar variation in calculated
induced current density as location of the body model is
changed.

It should be noted that the maximum value of magnetic
field or induced current density in certain volume can be
affected by various factors such as size and quality of
meshes and the type of numerical method or software
used. Thus, it is recommended by EMF guidelines that
99th-percentile values should be used instead of maximum
values when numerical analysis is used to determine
compliance with exposure limits [8, 13]. Hence, 99th-
percentile value of induced current density and electric
field inside the human body model is used to derive the
maximum permissible power and safety distance in this

Table 3. Maximum efficiency according to distance d of human model from the transmitter (D=92 cm, 7=92 cm).

Distance from transmitter  [cm] 3.5 8.5 13.5 18.5

235 28.5 335 38.5 435 48.5 53.5

Efficiency 77 [%] 66.53 66.51 66.64  66.62
Resonant frequency [kHz] 150 150 150 150

66.65 66.65 66.70 66.58 66.58 66.55 66.55
150 150 150 150 150 150 150
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Fig. 9. 99th-percentile values of induced current density in human model according to the distance of the body model from the
transmitter. (a) System 1 and 3 (transmission distance 7= 67 cm). (b) System 2 and 4 (transmission distance 7=92 cm).

paper.

Fig. 9 shows the 99th-percentile values of induced
current density in the standard human model as the human
model is moved from near the transmitter to the receiver.
The overall pattern is similar to the magnetic field pattern
shown in Fig. 8, and WPT systems with smaller coil
diameter (D =46 cm) show larger variation of induced
current density as the body location is changed. System 2
(D=46 cm, T=92 cm) shows the largest variation, with
the highest induced current density (1.60 A/m?) at 3.5 cm
from the transmitter and lowest value (0.26 A/m?) at 38.5
cm from the transmitter.

4. Calculation of MPP and Safety Distance

4.1. EMF safety guidelines

In this chapter, the induced current density in human
model calculated in the previous chapter is used to derive
the maximum permissible power (MPP) and safety distance
of the WPT systems based on EMF safety guidelines.
Two kinds of international EMF safety guidelines are
considered in this paper, i.e., ICNIRP 1998 and ICNIRP
2010 guidelines. ICNIRP guidelines are endorsed by
world health organization (WHO). It was first published
in 1998, but the low-frequency (1 Hz to 100 kHz) guide-
line was revised in 2010 taking into account recent
advances in the scientific knowledge [7, 8]. Different
countries have adopted different EMF guidelines depend-
ing on many factors. For example, Germany and Japan
have adopted ICNIRP 2010 guideline, while many other
EU countries still adopt ICNIRP 1998 guideline.

The exposure limits (basic restrictions) of the two
guidelines are summarized in Table 4 and 5 for 150 kHz,
which is the resonant frequency of the WPT system. The

occupationally exposed population consists of adults who
are trained to be aware of potential risk and to take
appropriate precautions. By contrast, the general public
comprises individuals of all ages and of varying health
status. In many cases, members of the general public are
unaware of their exposure to EMF [7]. For both guide-
lines, basic restrictions are defined that are based on
established health effects. These basic restrictions must
not be exceeded in order to avoid adverse health effects.
In the ICNIRP 1998, induced current density J was
adopted as physical quantity of basic restriction, whereas
internal electric field £ was adopted in ICNIRP 2010. J
and FE are related by the following equation,

J=0E, Q)

where o is the conductivity of the tissue. The change of
basic restriction in ICNIRP guideline results in more
lenient exposure limits as will be discussed a later section.

Table 4. Basic restrictions (exposure limits) of the ICNIRP
1998 guideline at 150 kHz [7].

Exposure Current density for head and trunk [A/m?]
characteristic (rms)
Occupational 1.5
General public 0.3

Table 5. Basic restrictions (exposure limits) of the ICNIRP
2010 guideline at 150 kHz [8].

Internal electric field [V/m] (rms)

Exposure characteristic

Occupational 40.5

General public 20.25
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4.2. Calculation of MPP and safety distance based on
basic restrictions

In the previous chapter, the 99th-percentile values of
induced current density (J,.,) and electric field (E,.,) in the
human model were calculated for the reference input
power of P, =1 W. Since the electric conductivity of
human body does not change much with respect to the
varying magnetic field [11], it can be assumed that WPT
systems with the body model are linear, in which case the
changes in induced current density and electric field are
proportional to the square root of change in input power.
These relations are shown in the following equations:

P!
J = |—J (6)
ref
Pref
E'= PLEW, (7)

ref

where J' and E' are the induced current density and
electric field for the specific location of the body model
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when input power is P’, and J,., and E,.r are the calculated
current density and electric field for the same location of
the body model when reference input power is P, From
(6) and (7), we can derive the equations for the input
power required to obtain specific current density J’ or
electric field £’ in the body model as follows,

2
P':(JL] P, ®)

ref

2
P [Lj P, . 9)
Eref

(8) and (9) can be directly used to calculate the MPP of
the WPT systems. MPP based on the ICNIRP 1998 can
be obtained from (8) with J'=0.3 A/m? which is the
basic restriction of that guideline for the general public at
150 kHz. MPP based on the ICNIRP 2010 can be
obtained from (9) with £'=20.25 V/m, which is the basic
restriction of that guideline for the general public.

Fig. 10 shows the MPP for the 4 WPT systems accord-
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Fig. 10. MPP plots according to the distance of body model from the coils. (a) MPP plots based on ICNIRP 2010 guidelines. (b)

MPP plots based on ICNIRP 1998 guidelines.
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ing to the location of the body model from the transmitter.
Fig. 10(a) shows MPP plots based on ICNIRP 2010
whereas Fig. 10(b) shows those based on ICNIRP 1998.
It can be seen that maximum MPP in Fig. 10 appears at
the same distance where minimum J,., was obtained in
Fig. 9 (midpoint slanted to receiver), which can be ex-
plained by (8). Also, MPP is decreased as the body model
approaches transmitter or receiver, and the minimum
MPP is obtained near the transmitter as expected.

Comparing the two guidelines, the MPP of ICNIRP
2010 is about 640 times greater than that of ICNIRP
1998. This is due to the difference of basic restriction
values shown in Table 4 and 5. Using (5) and the con-
ductivity of the homogeneous human body model, the
corresponding current density of ICNIRP 2010 is calculated
as Jyg0 = oF'=0.37265 x 20.25 = 7.546 A/m?, which is
about 25 times greater than J]s, = 0.3 A/m” From (8),
the MPP is proportional to the square of .J', which results
in the great difference shown in Fig. 10(a) and (b).

This does not mean that basic restriction of ICNIRP
2010 guideline is precisely 25 times more lenient than
that of ICNIRP 1998, since actual human body is com-
posed of inhomogeneous tissues with varying conductivity
values. Rather, it is a direct result of dosimetry based on
body model with uniform conductivity value. However, it
is safe to say that magnetic field exposure limits of
ICNIRP 2010 are more lenient than those of ICNIRP
1998 in general. For example, the MPP of system 4 (D =
92 cm, T =92 cm) at 8.5 cm from the transmitter is 192
W for ICNIRP 2010, but only 0.3 W for ICNIRP 1998.
Consequently, only limited low to mid-power applications
are feasible based on ICNIRP 1998, but high power
applications are possible based on ICNIRP 2010.

It should be noted that the calculations made in this
paper is very conservative (high value of calculated
induced current density) because of several factors. First,
homogeneous human model tends to overestimate the
induced current density compared to anatomical human
models [9]. Second, the conductivity of homogeneous
human model was taken as that of muscle (¢ =0.37265 S/
m) for MPP calculations. However, volume averaged
conductivity of all tissues in an anatomical human model
(male adult) is about 0.24 S/m [14]. Thus, the actual
induced current should be a little lower and the actual
MPP should be a little higher. Nevertheless, even when
these factors are taken into consideration, MPP of system
4 at 8.5 cm from the transmitter should still be less than 1
W based on ICNIRP 1998.

In terms of coil diameter D, larger diameter resulted in
higher MPP in general except for a few points near the
receiver when 7=92 cm. This is due to the fact that
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Fig. 11. (Color online) Procedure to obtain safety distance for
given input power from MPP plot.

smaller D results in highly localized induced current
distribution in body model, whereas larger D results in
more uniform distribution and lower 99th-percentile value
of induced current density. The reason smaller D shows
higher MPP at a few points in Fig. 10 is that the magnetic
field near the receiver is very low for system 2 (D =46
cm, 7=92 cm) due to its low efficiency.

The safety distance of the WPT systems can be directly
obtained from Fig. 10. For each curve in Fig 10, horizontal
line with given input power will determine two intersections
with the curve. x-coordinates of those intersections are
safety distance from the transmitter and that from the
receiver, respectively. This procedure is explained in Fig.
11 for given input power of 600 W. Fig. 12 shows the
safety distance plots for the WPT systems. All plots show
monotonous increase as the input power is increased.
Also, the safety distance from the receiver is shorter than
that from the transmitter in all cases, since the magnetic
field is lower near the receiver. Safety distances based on
ICNIRP 2010 are much smaller than those based on
ICNIRP 1998. For example, safety distance from the trans-
mitter of system 2 (D=46 cm, T=92 cm) for input
power of 1 W is obtained as about 0.16 cm for ICNIRP
2010, which means virtually the entire space between the
coils is safe. But it becomes 32 cm for ICNIRP 1998.
This again confirms that recently revised ICNIRP 2010
guideline is much more lenient compared to ICNIRP
1998.

5. Conclusions

In this paper, MPP and safety distance of resonant WPT
systems were derived from the induced current density
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Fig. 12. Safety distance plots according to the varying input power. (a) Safety distance plots based on ICNIRP 2010 guidelines. (b)

Safety distance plots based on ICNIRP 1998 guidelines.

and electric field calculation in a standard homogeneous
body model. The derivations are based on exposure limit
values outlined in ICNIRP 1998 and ICNIRP 2010 EMF
safety guidelines. WPT systems with larger coil diameter

and higher efficiency exhibited higher MPP and lower
safety distance, which means they are generally safer in
terms of human exposure to magnetic field. This is because
larger coil diameter leads to more uniform magnetic field
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and induced current distribution, whereas smaller coil
diameter results in highly localized induced current distri-
bution in body model, leading to higher 99th-percentile
value. Comparing ICNIRP 1998 and ICNIRP 2010, ICNIRP
2010 was shown to have much more lenient and forgiving
exposure limits based on dosimetry using homogeneous
body model. Thus, high power resonant WPT systems are
possible based on ICNIRP 2010, whereas only limited
low to mid-power applications are feasible based on
ICNIRP 1998. Since ICNIRP 2010 claims it is based on
recent advances in the scientific knowledge [8], it may be
reasonable to think that most countries should adopt that
guideline. However, only a few countries have adopted
ICNIRP 2010 in reality, because Governments need to
look at many factors before deciding whether and how to
implement the guidelines. Thus, continuing efforts need
to be made to improve efficiency of WPT systems and
obtain higher MPP and lower safety distance based on
ICNIRP 1998 guidelines. It is expected that the proce-
dures proposed in this paper can be applied to derive MPP
and safety distance of various resonant WPT systems, and
determine their compliance with EMF guidelines.
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