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Development of a Magnetic Field Generator using a Plane Coil for Local Exposure

Shinya Suzuki*, Keiji Wada, and Yukihisa Suzuki(Tokyo Metropolitan University)
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Introduction

Currently, we are planning to assess the biological effect on the development of fetuses of
the rat exposed to the intermediate frequency [1] magnetic field. It is required to develop
the exposure setup with localized magnetic field distribution for this purpose. As a
preliminary investigation, we tried magnetic field generation coils with the spiral shape,
which is usually used in IH (Induction-heating) hobs. The aim of this study is to analyze
current densities and electric fields within fetuses of rat induced by localized magnetic
fields due to the spiral type coil.

Method

The impedance method [2] was employed to calculate the induced current density and the
induced electric field. The pregnant rat model [3] made from the MRI
(magnetic-resonance-imaging) image is used. It consists of over 15 tissues with 0.5mm
cubic voxels. Electric conductivities are decided by 4-Cole-Cole dispersion model [4]. The
number of fetuses included in the mother's body is 11. The spiral type coil is placed under
the abdomen of the mother rat. In this study the spiral type coil is represented by the
concentric circle. The electric current passing the coil is set for ImA at 20 kHz.

Result

Table 1 shows the maximum and average value of the induced current density and the
induced electric field. The average value of the induced current density and the induced
electric field in fetuses are larger than those in the mother’s body. It is found that the spiral
type coil is a candidate for the localized magnetic field source for the in vivo exposure
setup.
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Table 1. The maximum and average value of the induced current density and the induced
electric field.

Whole body: max Whole body: average Fetuses: max | Fetuses: average
Induced current density [u4/n?] 136(muscle) ' 3.86 60.9 10.4
Induced electric field . /m] 854(fat) 36.0 393 62.3
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Experimental Verification of a Cooling System in a Magnetic Field Generator
Shinya Suzuki, Keiji Wada, Yukihisa Suzuki (Tokyo Metropolitan University)
1L BLsic

FREERIEE - T A0 0OTREAREERZES 2V
I, filRERSRE L TERMTbNA O, SHAZRES
BT, SOIEELFERAIZAZ PR EERAEDE, Ly
L, a4 )V EREEEEEE, IV ERONIEROE
Bk O O )VEHEDRAT Z 0 BRESDOEE TIIRER
FUCHIBED H B, 3k (1) Tk, BRESOHEICBLTIA
IVERDEREBED 4 A/mm? & UTHREDITONTZ, FRRT
13, SHREREIELZHIC, TIAINVORAPINZ BH1ELE
LTl Zersz Vg a ORE EFIC DOV TERIC X 5K
73’_)?.—]:") 77:0

2. WEREERIAI

K1 £ ZRAAIVE, o BHEONRE, z 231 )LOH00E,
FREBRAEOERY L2V L/ A RO )VORRBERE R
T, SEHIBICAWZERFEER I/ VIE, ERICY v IR, &
100 %, £=297 mm, a=45.9 mm, 1 VXU X AN 0.248
mH OZELAANTH B, &8, LT AVOREHEG G (1)
EBHEICLTV S,

K2 Vg ¢ LA - UNN—)LOER] X bR T RS
EOBEETT, X2 DETIE, a=45.9 mm, I )VERKT
HER 24 mm?2 & LT, OV EBROERBREFICEERIT-
fro TNED AN HB—EDEIITR D & FEMA NI
U, BHRBEICHH LU TREMANKELL GEZCEMVHERTE
By DED, BHMAERREIERICWEBIAAMINELELDE, ER
BERPELTEHTENRETH S,

3. EERER

X313, BRBER S A/mm?IC LIz EDERTELOBE
CARIZE B DB AD I VICBT AIRE FEERT, Mz
DFEZ, AANVD 2z FEMSERE 20 cm D7 7 YAV TEE
BEBCEY, A4VO-RDICRRRHRBT S, COFR, a
AWVEIEOEE R H L TE, WRIENREINEHETES, &
B, REHLD2HBEOEBIX 4.0 m/s, BIENEVIEEE 3.0
m/s £75%,

X3 DEAREEDOHETIE 30 TIREN60ELR UL, T
Nn&b, BREED 8 A/mm? BOHAREROFETE, I
N EEEEEN TRV LD ERTES, —F, BB
DEBTIZ 0T TREN 20 FELRL, 8Lz, MWiHlEmE
BWa T &T, aVRLTHRERE 7.8 mT ZEREEZEL
THHTELT L RHETER, &, ERICAVWZaOILD
e, HREAOL Z2ICEREEBEE Y5 DI ERBEN
4 A/mm? THHEZERE 3.9 mT &% 5%, LUEXD, o/ VERD
BIREERPELTACLICE> TERAREEREHETE S,

X M
(1) KRB FORER, RIM £ 5 8 B "R 2 N— 2 BTl g
A 20KHz BEFRFESERORFE, BRUARUIS, EMC-09-29,

(2009)

(2) A.Fujita, Y.Kawahara, S.lnoue, H.Omori : “Development of a Higher
Power Intermediate-Frequency Magnetic Field Exposure System for
In Vitro Studies”, Bioelectromagnetics(2009)

FA
\J

1 YL/ Rasiv
Fig.1. Solenoid coil

8-

o 8 A/mm?

o)

i 6 /  =meeees 4 A/mm?

e 2 A/mm?

&

S B

el .

©

=]

?é) 2 ,” ..................................
- | , | | . ]

0 20 80 100

a0 60 .
Coil length £ [cm]
B2 aA)DOREE LHREEDOME
Fig.2. Relationship between coil length and magnetic field

60 ~ A‘
(&) &
S A 4 Natural air cooling
3 -
4 g © Forced air cooling
2 A2
2 3oL
" 30 4
‘5‘ A
4-23 : 55000 eP00000®
() -
g
=)
.

Py . I . ! . I
0 90
i Time [min]

X3 AR

Fig.3. Temperature characteristic of the coil

171~
(5 1 o)
2010/3/17~19 HIX —142— ©2010 IEE Japan



9]

3P
TECHNICAL REPORT OF IEICE.

HNEEA & FIEsEE YR
THE INSTITUTE OF ELECTRONICS,
INFORMATION AND COMMUNICATION ENGINEERS

iR 2 By & Ul d a1 )V EREE

kNI G 1S L 1 = B SRR 7 N O/

T EERE R T2 ER T 192-0397 REHE/N\EFHFEAIN 1-1
E-mail: {{suzuki-shinya,kj-wada,y_suzuki}@tmu.ac.jp

FHEANEA (TH) FRFEAR O K X b PR ERAR ORI ANEIM L, Z ORI ERERA D%
HECHT LB E > TWVW5, EREEEHE - 55T 572011, HRELEYZ 6 I RE TR EE ATl D SE 5 A
Thid, FEOILRICHIIRESE AR RE O L L BIFREEORE - BYEZ1TV, 20 kHz, 3.9 mT OHFRETE
%z&%ﬁLROK%ﬁ?m,é%f@&<5vb@%ﬁ@@k%ﬁ%ﬁ%ﬁ%Eﬁ@%ﬁ%wcmfﬁﬁb,:4
IR E R BRENT 5 72 OBRFRFIEORENEZ R T, TT TR, EREBICHNTRERZTTLEND S /25
%E%E%&%m%ﬁ&mamfﬁﬁ?%o@ﬁbtwﬁ&%%am%%%ﬁ%amaLkmﬁ%$n4wm%ﬁ%
BEORE - BUERIT, 20 kHz, 80 A DEWZIHL, IAINHLT 193 mT HHARETH B T LR FERIC K DIAS
MCT %, Eiz, 3EEREOBREITEZITORARFE 31V ORERIEIC DOV TR ZTT 5,

F—T—F AUN—% [RHFARE, PREERN BEEE

H5FL IF,

Development of a Power Supply for Localized Magnetic Fields
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Abstract Recently, induction-heating(IH) cooking apparatus have come to be widely used in Japan. There has
been growing public concern for the biological effect of intermediate frequency magnetic field. This paper presents
a design procedure of an alternating magnetic-field generator coil and a power supply for a pregnant rat. A plane
shape coil and a power supply using the voltage source inverter and step-down transformer are designed. The mag-
netic field generator rated at 19.3 mT and 20 kHz confirms the validity of the design procedure by the experimental
results. In addition temperature characteristic-of the coil is also discussed.

Key words inverter, localized magnetic fields, intermediate frequency, magnetic field generator
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Table 1 Circuit parameter of the inverter circuit

Input voltage Vpc [V] | DC280
Output frequency [kHz] | 18~22
Output current [A] 25
Dead time [usec] 3.5
Output waveform Square
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Table 2 Specifications of core
Material Ferrite PC40
Core size [mm] 90 x90 x30
Ay, value [nH/N?] 7415
Cross-sectional area A, [mm? 626
Mean path length £e [mm] 221

#* 3 EEROMLE

Table 3 Specifications of transformer

Number of core 2 cores
Turn ration N; ' Ny =18 4
Primary current I; [A] 20
Secondary current Io [A] 80
Switching frequency of inverter f [kHz| 20.8
Excite inductance Lg [mH] 2.71
Leakage inductance [uH] 24.2

, ETE{#& 19.76 kHz &
DEEIT 08% kB,

5. EEBRER

5.1 &ﬁﬁﬁﬁmiﬁ

DL EDREFEOZ YN 2R eI, Keaa iz
WTEBRPT-, K 8ICaAVHOIE 19.3 mT BERICE
B EEOER - EFREREZRT. M8 kD, IIVICIZED
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Fig.7 Frequency characteristics of experimental system
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Table 4 Comparison of resonant capacitor by the position

. Total
Position Connection
C Vo—p I
Primary side | 10 parallel | 0.57 uF | 770 V | 20 A
Secondary side | 21 parallel | 14.2 yF | 122 V | 80 A
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Localized Magnetic Field Generator Using a Two Layer Coil for Biological Research

Shinya Suzuki, Keiji Wada, Yukihisa Suzuki(Tokyo Metropolitan University)

Recently, induction-heating(TH) cooking apparatus have come to be widely used in Japan. There has been

growing public concern for the biological effect of intermediate frequency magnetic field. This paper presents

a design procedure of the alternating magnetic field generator coil and the power supply for pregnant rat.

The magnetic field generator can produce a magnetic field more than basic restrictions for general public

exposure established by ICNIRP Guidelines. The power supply using the voltage source inverter and step-

down transformer drives the coil of five-turns and two-layers with 100 A at 20 kHz. These results show that

the magnetic field genefator coil produce 28.7 mT at 20 kHz. In addition cooling system of the coil is used

a water-cooled system. The validity of the coil cooling system is confirmed by the experimental results.

FeT— R N2, BERE, PR, MR

Keywords: inverter, localized magnetic field, intermediate frequency, magnetic field generator
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Fig.1. Prototype of the magnetic field coil

1578, v MERICADERRET LTS, 2Ok
&, TV rOEEN 200 mm BETHET EEEELT,
IANMWARE aZ 70 mm ATFET %, FCT, R Tl
AL 7 )W 20 kHz, 100 A DEBFHEHT L 2H
e L, BFAOBREEBICE L RARED L VL EE
DFREFZIT 6

¥9, BWSARFEDAIVOHULE (2 ) _EORFD %5
Blckbkdd, T, dAEREELT Blzdlcar v
FERZ|EZR TR EEORZAFELMDOERAL L
TIRET %, FEOERE ¢, PEr D1 Z—2aA))
DO (z 8) ECRETIHEREL, XXTEHEZD
N5, 2T, po BEZEDBEWR, I 132/ IVERT
HB

por?Ie
B = 202 + (z + ¢/2)2332 S

BHEFIC XD FET BN (2 B) _EOREFRRE Z R
B, FNSDORERD ST & TAAINREDIRET BRER
DREIHKRES,

BIRE ¢ ZAEIGRBHEOBBIIRNTRE S, C
T, NiZas ok, SEaqVoBRTHDIED
BHTH 5,

a—b
= sg (2)
HEIDS m BEHD 1 Z—2 A IVD¥E ry, 1,
_b S .

EixB, UEXD, N&EDOAINE S EBRICERHATR
UG (2 8h) B ORISR,

S N 2 I
/J/OTm C (4)

B, = .
imime 2{rd + (2 + (2 = 1))7)3/2

Ex%,
(2:2) EBRRE  AFRXTHRE LTV aHAFEED
AV, BREBICRET 5703 IVDIEEZ 30 CLL

(I - 544]
—151—

Diameter of wire ¢ [mm]

2 100 A BRDERE ¢ LEBIREE J OBR
Fig.2. Relationship between diameter of the wire ¢
and the current density J when the coil current set to
100 A
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Table 1. Circuit parameter of the inverter circuit
Input voltage Vpc DC280 V
Output frequency 18~22 kHz
Output current 25 A
Dead time 3.5 usec
Output waveform Square
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18, 18 &80 1 XBREEX, ZOLITkea1lo
8781 T 2 RPERRE UL TEMLS, ‘

AVE=E VAT F A (HP 4194A) ZFHWTHIE
USSR, BT > 50 2V A Ly i3 4.34 mH, Wi~ >
R & A (N1 /No)? Ly i& 25.22 pH, EEEADA X
TRV A Lyotal 1& 82.83 uH TH 5,

44y HIEBaAV7FrY HEgHAaVTFUTER
(11) &b, 809 nF &7 b, TDHFETOHIRERE f;
$ 1944 kHz &72 %, FC T, EAREER 431 A, EHKE
JE3.15kV, BERE 4T nF ODAXI A XRRY SOk
Ly 74 b LayF g9 & 17 WG E 8 TEEL
foo Tx¥8, AVT Y OEMEN - EBEZEERDO 2 5L
L7z,

(4:5) EBORBEHEE RTAVE—RVATF
A4 (HP 4194A) ZHWWTHRIE U 7z EEREERE D & 5
AR T ., & D, EREENIRERE f,=19.41
kHz TH5 T L DR T &, 515 19.44 kHz K D ERZEL
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Fig.5. Copper pipe wiring
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Fig.6. Picture of magnetic field coil
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Table 2. Specifications of transformer

Material Ferrite PC40
Volume 486 %103 mm?3
Turn ration Ny Ny =18 : 4
Primary current Iy 22.2 A '
Secondary current I 100 A
Switching frequency of inverter f 20.8 kHz
Excite inductance Lg 4.34 mH
Leakage inductance (N1/N2)?L, 25.22 pH

0.15% &7 5%, £z, HIRRICE TS 17 E—X VAl
1.00 Q TH O, TOEMNEFEDIADEHELT (N1/N2)?R
b

5. EERER

(5-1) HAMRHIRRER LILOREFEOZUMNE
BT BT, KEATAINVERVTERET- T, K
IO AINVHLLT 28.7 mT HAET R -HOREDET -
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Fig.7. Frequency characteristics of experimental sys-

tem including step-down transformer
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RIEHR, ic WA IVCHRNAEHRZRL TS, K8 &
D, aAIVITIEESE 100 A, 20 kHz OIEKEERD TR
NTHBO, BELERL HIRADY T Y OREFFEDOR
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X (7) &0, PEWEKOZEEERTHEE Virans ZHAWVT
a7 DR KWEZRE By, ZRDZB L 122 mT &3, 1
VE— K VRTF T4 (HP 4194A) TR 7= E% F
THELUER, Ba=125 mT &40, FF—HL T3
TEWMRTE S, £, AKEASIVTHERHLTWS
81 T KB EEDZERINTH B LARE L THRERHER
D OMEFFEE O 1)L L REEERROBLIRTT (N1 /N2)2R
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(HP 4194A) IV TRDIHE 11T 30T % T & AR

9lcaAIVER i D17 AR JUHLLE (z ) &
BT BREFDHAE RS, FARIR (4) X O RDIZFTER
B, o IEBFERZRL TWV5, HEFHIERS (HIOKI3470)
T, AL 20 kHz 1B\ TRIEEE 2 mT % T Ll
ETERNWz, HIERTRERRE T A )V OREFEE T TRl
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10 IC a1 )VER i & 27 IVHLD (z=21 mm) ICBE
BRESERE DRIRE R T . ERRIEIERE, o THEER
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Fig. 8. Experimental waveforms when the coil gener-
ates 28.7 mT at the center
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Table 3. Experimental results

Switching frequency of inverter f | 20.8 kHz
Output inverter voltage vinv 57.7V
Output inverter current Ip 22.5 A
Transformer inverter vsrans 254 V
Coil current [, 100 A
Power consumption 621 W
Apparent power 1.30 kVA
LC loss | 504 W

57z 15 mm &0, Tv MEEOMEEREIT 11.4 mT
Eixb,

(5.2) A IUEHFERER X1llc, MAREtas
JVIREORIERRERT, CTDLEDEREM X, BRFE
O VIC 100 A DERE 90 HEFEIREI L&D
YP—FE R LY THIELEBERTH S, HEIKOBHIS
13, BEHUKIEBRERE R W TREKE 20 CTHATL %
M5, fiE 460 ml/min THREUKZREIRE S, K11 &
D, aAJVHEADOTOREZIIN 4 CLZEH, 90 75T
OA1)VDRERK 2 CER U, BHKEREBZ AV
TaALIEENT AT L TANIVORREINZ, a1 LE
HEBOIREHBNTEL T L EHRTE S,
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KT, TRy FORRRICH LT ICNIRP D&
BDBEHA RS A O D—RANFOEAHIREE_EOFHE
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Development of the exposure apparatus with the localized magnetic

field at 20kHz for pregnant rats
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INTRODUCTION

Currently, there are opportunities exposing people to intermediate frequency [1] (IF)
magnetic fields (MFs) due to various household appliances. Localized IF-MF exposure
scenarios tend to occur in our daily lives. WHO recommends the studies for magnetic
field exposure in intermediate frequency band [2]. There are several studies about the
biological effect on the development of fetuses exposed to the IF-MF. Therefore, we are
planning in vivo experiment for pregnant rats to assess the biological effect in IF-MF.
The purpose of this study is to develop the exposure apparatus with localized magnetic
field distribution in IF band for pregnant rats by the support of numerical dosimetry.

NUMERICAL DOSIMETRY

Numerical dosimetry is performed to develop the exposure apparatus with
the pregnant rat model. Induced quantities which denote induced current densities
and electric fields are calculated by the impedance method [3]. The pregnant rat model
[4] made from the MRI image is used in this calculation. It consists of over 15 tissues
with 0.5mm cubic voxels. Electric conductivities are decided by 4-Cole-Cole dispersion
model [5]. The number of fetuses included in the mother's body is 11. The electric
current passing the coil is adjusted to ImA at 20 kHz.

CONCEPT OF EXPOSURE APPARATUS

This exposure apparatus is developed under the concept to assess biological effect
caused by IF-MF in general public environment with household appliances. In
designing exposure apparatus, we aim to achieve the general public basic restriction
level exposure for spatially averaged induced quantities within fetuses of the rat. We
consider both induced current densities by ICNIRP(1998) guldehne [6] and electric
field by ICNIRP(2010) guideline [7] as induced quantities.

The exposure apparatus should be designed to satisfy sufficiently localized induced
quantities to fetuses, because the effect of IF-MF on mother rat should be reduced as
small as possible. The original index is introduced to evaluate the ratio of localization as
shown in Eq. (1) and Eq. (2).

L7,

= E f/ E,
Here a; and op are localization index for the current density and electric field,
respectively. Parameters J, and J, indicate spatially averaged value of induced
current density for fetuses and mother’s body, respectively. In the same manner,
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parameters E ; and E, indicate spatially averaged value of induced electric field for
fetuses and mother’s body, respectively. It is desirable to obtain large o; and og to
achieve effective localized exposure.

RESULT

As a result of consideration of various shapes of coil according to the concept
mentioned above, spiral shape is employed for the exposure apparatus as magnetic field
generation coils. It is usually used for Induction-heating (IH) hobs. The appropriate
configuration of coil is to stack two spiral coils with 5 turns as far as this investigation.
Table 1 shows the values of o;and ag obtained by this configuration of coils comparing
with uniform magnetic field condition. It is found that the designed coil achieves
comparably larger values of o, and ag than uniform magnetic field.

Figure 1 shows the schematic view of developed exposure apparatus. The
appropriately designed spiral type coil is placed under the abdomen of the mother rat.
Figure 2 shows distribution of induced current density and electric field calculated by
the impedance method under the condition of Fig. 1.

Values of the electric current passing through the coil are estimated to achieve induced
quantities provided by basic restriction. The required current value is 6.82A to satisfy
induced current density of 40mA/m2 by ICNIRP(1998) guideline and 76.6A to satisfy
induced electric field of 2.7V/m by ICNIRP(2010) guideline.

Consequently, we construct the novel exposure apparatus for the localized IF-MF
exposure to pregnant rats based on the consideration mentioned above.
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Figure.2 (a)Distribution of induced current density under the condition of Fig.|

(b)Distribution of induced electric field under the condition of Fig.|

Table.1 The values of ajand Q. obtained by the configuration of coils comparing with uniform magnetic
field condition.

Magnetic field uniform localized
distribution
0y 0.483 (along x direction) 1.45
Og 0.451 (along y direction) 1.06
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