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Figure 5: Relationship between the distance of z-axis and magnetic field using the single-coil

The dimension of culture dish is 6 ¢m in diameter and 1.5 cm in height. It is necessary to generate a
uniform magnetic flux in a volume that is 6 cm in diameter and 1.5 X n cm in height (n: the number
of culture dishes). Based on these parameters, four culture dishes can be inserted inside the single-coil
magnetic-field generator.

Fig. 6 shows the multiple-coil %eperagor. Many more culture dishes can be inserted in the multiple coils
generator than in the single coil since it produces the uniform magnetic flux over the larger volume. The
multiple-coil generator consists of three circular coils, and each coils is 9.1 cm in radius, 7.5 cm in length

and have 25 turns. The coil wire used the litz wire of 3.8 mm in the diameter, 3.8 mm? in cross-sectional
area. The installation interval x of the coils is set to 5 ¢cm, because of the optimal installation interval for
the distribution of the uniform magnetic flux. Fig. 7 shows the distribution of the magnetic flux generated
along the z-axis by the multiple-coil generator. The dashed lines are the analytical results for coils 1, 2,
and 3, and the solid line indicates the total magnetic flux. It shows that the multiple-coil generator can
produce a uniform magnetic flux over a larger volume than the single-coil generator as shown in Fig. 5.
Therefore, the eight culture dishes can be inserted inside the multiple-coil magnetic-field generator.
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Figure 6: Parameters of the three coils
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Figure 7: Relationship between the distance of z-axis and magnetic field using the multiple-coil

Coil Inductance

To design the resonant circuit, it is necessary to calculate the inductance of the single and multiple-coil.
gh? 1tlsl]eoretical equations for the self and mutual inductances (L and M) of the solenoid coils are given
M
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Eq. (8) is the self inductance L of the coil that has the radius of a, the length of / and has N turns. In
Eq. (9), Ky is a constant value that is determined by the values of K(k;) and E(k.). K(k;) and E(k;) are
complete elliptic integrals of the first and second kinds, and they are functions of k in Eq. (10).

In the case of using the multiple-coil magnetic-field generator, it is necessary to calculate the mutual
inductance between the coils. Fig. 8 shows the two single-turn coils, one in coil A and the other in coil
B. The mutual inductance between the coil A and B can be calculated as follows.

1. Calculate the mutual inductance M between the two single-turn coils in Fig. 8 using Eq. (11).

2. Calculate the each mutual inductances between each winding of coil 1 and each winding of coil 2
in Fig. 6 using the process 1.

3. Sum the above results of the process 2.

The series LC resonant circuit is used in the magnetic-field generator, the capacitor and the coil are
impressed the same voltage and current. The total inductance, which is the sum of the self and mutual
inductances, has to be calculated correctly, because it is critical when determining the capacitor of the
resonant circuit.

Fig. 9 shows the relationship between the installation interval x of the coils and the coil inductance. The
solid line represents the calculated inductance of the coil, which was calculated by Egs. (8) and (11),
and the dots indicate the experimental results. The experimental results correspond to the calculated and
experimgntal results in Fig. 9. As the results, the total inductance of the multiple coils with x =5 cm L,
is 480 uH.
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Figure 8: Mutual inductance between coil 1 and coil 2
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Figure 9: Relationship between the installation interval of the coils and coil inductance

Resonant capacitor

The resonant frequency of the series resonant circuit is given by

1
fr: o /———LrCr' ; (13)

The resonant capacitance C, for the single coil is 56.8 nF according to Eq. (13). Fig. 10 shows the
relationship between the installation interval x of the multiple coils and the resonant capacitance. The
resonant capacitance of the multiple-coil magnetic-field generator with x = 5 cm is 132 nF according to
Fig. 10. Metallized polypropylene film capacitors [16] are used for both the resonant capacitors in this
experiment. They are suitable for the resonant circuit because the voltage and current ratings are large

and the frequency and temperature characteristic of capacitance at 20 kHz is better than that of other
kinds of capacitors. ’

%150’

) [orTTTTT I IEE i )

g :

.§100“ §

& :

et :

§ 501 i

= '

] i

2 :

R~ T R R
0 5 10

Installation interval of the coils x [cm]
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Figure 11: Relationship between the distance of z-axis and magnetic field

Experimental Results

The switching frequency of the inverter and the resonant frequency should be set to be the same value,
since this reduces the switching loss of the IGBTs. However, in this experiment, the operating frequency
was set to 20.8 kHz, which is slightly higher than the resonance frequency. Because the alternating
magnetic-field generator has to operate for one week, it is possible that the resonance frequency may
vary as the parameters of the circuit elements change with temperature variations.

Fig. 11 shows the analytical and experimental results for the variation along the z-axis of the magnetic
flux generated by the single-coil magnetic-field generator as shown in Fig. 4. The analytical results
correspond to the experimental results, demonstrating that the magnetic flux can be estimated from the
coil current iy..

Fig. 12 shows experimental waveforms when the single coil generates 8.3 mT at 20 kHz. In this case, the
DC voltage of the inverter was set to 150 V and the apparent power of the inverter at 20 kHz is 2.8 kVA.
Here, viny is the inverter output voltage, ii is the coil current, and B is the magnetic flux. The magnetic
field tester (HIOKI, 3470) used in the experiment is able to measure the magnetic field up to 2 mT at 20
kHz. In Fig. 12, the coil current is 18.3 A and the maximum strength of magnetic flux is a little under
2 mT; it was measured 20 cm along the z-axis, as shown by Fig. 4. Actually, the single coil generates
§:3 mT at the center of the coil by estimating from /i, and the magnetic flux waveform clearly has low
istortion.

Fig. 13 shows the analytical and experimental results for the magnetic flux along the z-axis of the
multiple-coil magnetic-field generator when the coil current if, is set to 5 A, where the dashed lines
show the analytical results for coils 1, 2, and 3. The solid line indicates the total magnetic flux and the
dots are the experimental results. These results confirm the validity of the design of the multiple-coil
magnetic-field generator.

Figs. 14 and 15 show the distribution of the magnetic flux generated inside each the coil in the generator
and the dashed lines mean each coils. The shown distribution is + 10% of the magnetic flux at the
center of the coils. The distribution of the uniform magnetic flux volume of the single-coil magnetic-

field generator is 167 cm®. In Fig. 15, the distribution of the uniform magnetic flux volume of the

multiple-coil magnetic-field generator is 368 cm?, which is 2.2 times larger than that of the single-coil
magnetic-field generator.

Conclusion

This paper has proposed a design procedure of a magnetic-field generator at 20 kHz using a single
phase inverter, and 1its validity is demonstrated by the experiment and analytical results. The single-coil
magnetic-field generator generates 8.3 mT at 20 kHz at the center of the coil, and the magnetic flux
waveform has low distortion. The validity of the multiple-coil design was also confirmed by experi-
mental and analytical results. The distribution of the uniform magnetic flux volume of the multiple-coil
magnetic-field generator is 2.2 times larger than that of the single-coil magnetic-field generator. As a
result, this alternating magnetic-field %enerator accegts the specification for a test equipment and can be
used as a evaluation apparatus for biological research.
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Figure 12: Experimental waveform when the coil generates 8.3 mT
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Figure 13: Relationship between the distance of z-axis and magnetic field using the multiple-coil
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Development of a Magnetic Field Generator at 20 kHz using a Voltage
Source Inverter for a Biological Research
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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 of TH cooking
apparatus. This paper presents an alternating magnetic-field generator at 20 kHz for biological research using a
single phase inverter and a series LC resonant circuit. In order to investigate biological effect, the power supply and
magnetic field generator coil which can generate a wide area and a high magnetic field are required. A conventional
magnetic-field generator can produce less than 1 mT at 20 kHz, a linear amplifier is used as a power supply. Bi-
ological research undertaken by a university and a research center has evaluated the leakage flux from IH cooking
apparatus. The validity of the coil design is confirmed by the experimental results. These results show that the
magnetic-field generator produces 3.4 mT at 20 kHz, and its magnetic flux waveform has low distortion.

Key words induction heating, intermediate frequency (IF) magnetic field, inverter
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Table 1 Circuit parameter of the inverter circuit
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Output frequency 18 kHz~22 kHz
Rated output current 25 A
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Table 2 Calculation and measurement result of coil inductance

coil 1| coil 2 | coil 3 { coil 4 | Mutual | Total
Calculation [uH] 230.8 | 59.2 | 59.2 | 230.8 | 294.4 | 874.4
Measurement [pH] | 239.4 | 62.6 | 61.1 | 237.3 | 296.4 | 896.8
Error [%)] 3.7 5.7 3.2 2.8 0.7 2.6
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Discussion of High AC Magnetic Field Generator for Biological Research

Shintaro Kogure®, Keiji Wada, Yukihisa Suzuki (Tokyo Metropolitan University)

Abstract

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

ing public concern for the biological effect of intermediate frequency magnetic field of IH cooking apparatus. In

a previous paper the authors have developed MF generator for biological research and the optimal utility design

method of Merritt 4 coil is confirmed by the experimental results. This paper proposes a more powerful alternating

magnetic-field (MF) generator at 20 kHz for biological research. In order to increase the magnetic field, the current

density should be set to 8 A/mm?. However, the resonant capacitor voltage and the power supply capacity of inverter

are increased. Consequently, the inverter is connected to each coil, and these problems are solved. In addition, a

magnetic field distribution is controllable by controlling the amplitude and the phase of each coil current. It verifies

that they are possible by using calculation and a circuit simulation.

F—T— 8 FENE, PREBEESR X

(Induction heating, intermediate frequency (IF) magnetic field, inverter )
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INTRODUCTION

Recently, induction-heating (IH) cooking apparatus (hobs) have come to be widely
used in homes and restaurants. An alternating magnetic field with frequency range 20
kHz to 100 kHz is used the fundamental heating frequency for the IH cooking apparatus.
Biological research undertaken by a university and a research center has evaluated the
leakage flux from the IH cooking apparatus(1]~[3] .

This paper proposes an optimal design of alternating magnetic-field generator at 20
kHz for biological research. The generator is used a voltage source inverter and a series
LC resonant circuit.

System Configuration

Fig. 1 shows the circuit configuration of a magnetic-field generator that consists of
an voltage source inverter and a series LC resonant circuit. The inverter rated at 280 V
and 25 A is used as a single-phase full-bridge inverter. The duty ratio of the inverter was
set to 50%, so that iy, was controlled by the DC voltage Vpa. The generator produces
alternating magnetic field with uniform distribution at 20 kHz inside the Merritt coil[4].
The strength of magnetic field depends on the current i1, and turn numbers of the coil.
Here, L, is the inductance of the magnetic field generating (air core) coil and C, is the
capacitance of the resonant capacitor. R is the resistance of the wire.

Fig. 2 shows the Merritt coil which can generate uniform magnetic field. The shape
of the Merritt coils is a square type, and four square coils are connected in series. Here,
¢ means a wire diameter, a is a side length, and z is a distance of adjacent coils. Fig.
3 shows the relationship between the wire diameter of the coil and the side length when
the current density of the wire is set to 4 A/mm?. Here, the red color means the strong
magnetic field and the blue color is the weak magnetic field in the midpoint of the coil.
The white line means construction limitation (zo=0) of the coil which can generate the
strongest magnetic field in this coil structure. However, it is impossible to construct the
coil the region of the under the white-line because of zo < 0.

Experimental Result ,
Fig. 4 shows the experimental waveforms. Here, the turn number of the coil is set
to 74 turns, the inductance L, is 900 nH, and the ritz wire is used. Furthermore the
capacitance C, of the capacitor is 70 nF, and the metalized polypropylene film capacitor
is used. The point B of Fig. 3 is designed and constructed in this paper. The output
voltage viny of the inverter circuit can produce a square voltage waveform, whereas the
current waveform of the coil 7, and magnetic flux waveforms B, are sinusoidal waveforms
without any harmonic distortion. In this case, the inverter rating is 2.8 kVA, and the

coil current is 19 A. Therefore, the magnetic field generator can produce 3.4 mT at the ;

20 kHz.
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Figure 1: System configuration using a voltage Figure 2: Merritt 4 Coil system configuration[4]
source inverter and series LC resonant circuit
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Figure 3: Relationship between Side Length and
Wire Diameter of the Merritt Coil when the current
density of the wire is set to 4 A/mm?2.

Figure 4: Experimental waveforms when the coil
generates 3.4 mT

CONCLUSIONS

This paper shows an optimal design method of the magnetic field generator. It is
confirmed that the effectiveness of the design procedure are shown, and the coil can
generate 3.4 mT, 20 kHz magnetic field by the experimental results.

The research was partially supported by Ministry of Health, Labor and Welfare for
Health Labor Science Research Grant.
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