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Abstract— Leakage magnetic field is one of the problems of 

wireless power transfer, which is now used in a variety of 

situations. Leakage magnetic fields are feared to have adverse 

effects on the human body and electronic devices and must be for 

reducing leakage magnetic fields. Passive shielding confines 

leakage magnetic fields with metal or magnetic materials. Active 

shielding counteracts leakage magnetic fields by using magnetic 

fields generated by shielding coils. In this paper, it is shown that 

the leakage magnetic field can be reduced by shifting the phase of 

the current flowing in the shielding coil from that of the transfer 

coil. And it is also shown that the optimum phase difference differs 

depending on the resonance method and the location of the 

shielding coil. Phase difference between transfer coil and shieling 

coil causes leakage magnetic field reduction. The influence of the 

phase difference between the transfer coil and the receiver coil, 

and between the shielding coil and the receiver coil is negligible. 

The phase difference is not necessarily the optimum one to be in 

the opposite phase. The case of a 600 V input to the transfer coil 

and a shielding coil installed next to the transfer coil or around the 

receiver coil is considered. In all cases of S-S, Double-LCC, and 

LCC-S, leakage magnetic fields can be reduced to about 1 mA/m 

by adjusting the phase difference between the transfer coil and the 

shielding coil. The reduction of leakage magnetic field by the phase 

difference and its optimum value are shown using the theoretical 

equation and electromagnetic field analysis using the method of 

moments. 

Keywords— Leakage Magnetic Field, Wireless Power Transfer, 

Reduction, EMF 

I. INTRODUCTION 

Wireless power transfer, which transmits power to electronic 
devices without physical connection, is being used in a variety 
of situations. Wireless power transfer has been studied 
extensively in recent years because of its advantages such as 
improved positional freedom and compatibility due to the 
elimination of the need for a cable connection, and the 
possibility of reducing battery capacity. One of the challenges 
of this technology is leakage magnetic field. A leakage magnetic 
field is a magnetic field that does not contribute to power 
transfer and is generated in the surrounding area due to the 
current flowing in the coil during wireless power transfer by the 

magnetic field resonance method. Because of concerns about 
adverse effects on the human body and noise to peripheral 
devices, regulated values for the magnetic field strength are set 
by organizations such as SAE and CISPR[1][2]. In order to put 
wireless power transfer into practical use, leakage magnetic 
fields must be reduced below the regulated value. 

The leakage magnetic field reduction methods proposed 
until now can be roughly classified into two types: passive 
shielding [3]-[8] and active shielding [9]-[10]. Active shielding 
is a method in which a magnetic field reducing coil including a 
power supply is added around the transfer coil and the leakage 
magnetic field is canceled by the magnetic field generated from 
the coil. This method can effectively reduce leakage magnetic 
fields. As shown in previous studies [9][10], the phase of the 
current flowing in the shielding coil is shifted from that of the 
transfer coil when the magnetic field is reduced by active 
shielding. Only the result that the leakage magnetic field is 
reduced by shifting the phase is shown, but the principle and the 
method of finding the optimum input voltage magnitude and 
phase difference are not mentioned. 

In this paper, it is shown that the leakage magnetic field can 
be reduced by setting the input voltage phase to the shielding 
coil to an appropriate value in a situation where a transfer coil, a 
receiver coil, and a shielding coil are installed, using a 
mathematical formula. Phase difference between transfer coil 
and shielding coil causes leakage magnetic field reduction. The 
influence of the phase difference between the transfer coil and 
the receiver coil, and between the shielding coil and the receiver 
coil is negligible. It was also shown that the optimum input 
voltage to the shielding coil differs depending on the S-S, 
Double-LCC, and LCC-S resonance schemes of the circuit. The 
verification is performed by theoretical calculations and 
electromagnetic field analysis using the method of moments. 
Theoretical calculations were performed using only the coil 
design values and input voltages by converting the wireless 
power transfer system into an equivalent circuit. Although the 
electromagnetic field analysis is time-consuming and requires a 
powerful PC, the theoretical calculations can be performed on 
an ordinary notebook PC, which facilitates the system design. 



 

 

Fig.1 WPT system including shielding coil 

II. COIL CONFIGURATION UNDER CONSIDERATION 

The WPT system considered in this paper is shown in Fig. 1. 
The transfer coil is 1300 × 600 mm with 7 turns, the receiver 
coil is 580 × 420 mm with 16 turns, and the shielding coil is 
1460 × 750 mm with 5 turns. The transmission distance is 200 
mm and the load on the receiver coil is 10 Ω. The shielding coils 
are considered in two cases: one is placed next to the transfer 
coils and the other is placed around the receiver coils. Each coil 
is an air-core coil without aluminum or ferrite. The input voltage 
to the transfer coil is set to 600 V, and the input voltage to the 
shielding coil is set to the value that reduces the leakage 
magnetic field the most under each condition. 

 

III. THEORETICAL FORMULA 

A. Current 

Current derivation is performed using the Double-LCC 
circuit as an example. Fig. 2 shows the equivalent circuit 
including the shieling coil. In Fig.2, the shielding coil is drawn 
next to the transfer coil. By changing the values of mutual 
inductances 𝐿𝑚𝑎 , 𝐿𝑚𝑏  and 𝐿𝑚𝑐  between the coils, the same 
equivalent circuit is obtained when the shielding coil is placed 
around the receiver coil. The mutual inductance is obtained from 
the Neumann equation (1). The parameters used are shown in 
Fig. 3. 
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Fig.2 Double-LCC equivalent circuit 

 

Fig.3 Parameters of the Neumann equation 

The size of each capacitor is set as shown in equation (2) to reach 
resonance at 85 kHz. 

𝜔0 =
1
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= √
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(𝑥 = 1,2,3) (2) 

Equation (3) is the circuit equation for each current in Fig. 2 and 
is expressed in matrix form. 

[
 
 
 
 
 
 
 
 
 
 
 
 
 
𝑉1

0

𝑉2

0

0

0 ]
 
 
 
 
 
 
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 
 
 
 𝑅01 𝑗

1

𝜔𝐶1𝑝
0 0 0 0

𝑗
1

𝜔𝐶1𝑝
𝑅1 0 𝑗𝜔𝐿𝑚𝑡  𝑗𝜔𝐿𝑚𝑎 0

0 0 𝑅02 𝑗
1

𝜔𝐶2𝑝
0 0

0 𝑗𝜔𝐿𝑚𝑡 𝑗
1

𝜔𝐶2𝑝
𝑅2 𝑗𝜔𝐿𝑚𝑏 0

0 𝑗𝜔𝐿𝑚𝑎 0 𝑗𝜔𝐿𝑚𝑏 𝑅3 𝑗
1

𝜔𝐶3𝑝

0 0 0 0 𝑗
1

𝜔𝐶3𝑝
𝑅03 +𝑅𝐿

]
 
 
 
 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 
 
 
 
 
 
 
 
𝐼𝑖𝑛1

𝐼1

𝐼𝑖𝑛2

𝐼2

𝐼3

𝐼𝐿 ]
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By obtaining the inverse matrix of equation (3), each current can 
be obtained in complex number form. Therefore, it is possible to 
obtain the magnitude and phase of each current. 

 

B. Magnetic Field 

The leakage magnetic field strength is derived from the vector 
potential. The magnetic fields generated by the transfer coil 𝐿1, 
adjacent transfer coil 𝐿2  and receiver coil 𝐿3  to an arbitrary 
point 𝑃(𝑥, 𝑦, 𝑧) shown in Fig.4 are represented by equations (4), 
(5), and (6) respectively. Here, the distances 𝑟1, 𝑟2 and 𝑟3 to any 
point 𝑃 are sufficiently longer than the lengths 𝑎𝑘, 𝑏𝑘, 𝑐𝑘, 𝑑𝑘, 𝑒𝑘 
and 𝑓𝑘  of each side. 
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Fig.4 Parameters for magnetic field calculation 

 
Since 𝐼1, 𝐼2  and 𝐼3  have magnitude and phase, respectively, 

the equation (7) can be expressed as follows, where 𝐼1, 𝐼2 and 𝐼3 
are the magnitude and phase, respectively, and 𝜃1, 𝜃2 and 𝜃3 are 
the phase. 

𝐼𝑥 = 𝐼𝑥 cos𝜃𝑥 + 𝑗𝐼𝑥 sin 𝜃𝑥     (𝑥 = 1,2,3) (7) 
Note that 𝐼𝑥 and 𝜃𝑥 can be expressed using the magnitude and 
phase of the input voltage and the coil design value from 
equation (3). 

The magnitude of the magnetic field 𝑯 at an arbitrary point 𝑃 
can be derived by composing 𝐻1, 𝐻2 and 𝐻3. From equations (4), 
(5), (6), and (7), the magnitude of the magnetic field H can be 
expressed by equation (8). 
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2

(8) 

C. Validation 

The validity of equation (3)(8) is confirmed by comparison 
with electromagnetic field analysis. In the Double-LCC circuit, 
600 V is applied to the transfer coil and 562 V is applied to the 
shielding coil. The comparison is made when the phase of the 
input voltage to the shielding coil is changed.  The magnetic 
field intensity is measured at (𝑥, 𝑦, 𝑧) = (0,11.9 m,1 m). Fig.5 
and Fig.6 show the comparison results of current and magnetic 
field strength, respectively. Fig.5 and Fig.6 show that the current 
and magnetic field intensity are obtained with sufficient 
accuracy. Similar results were also obtained for other resonance 

methods.. 

 

 

Fig.5 Current 

 

Fig.6 Magnetic field strength 
(Double-LCC , shielding coil next to transfer coil) 

IV. MECHANISM OF LEAKAGE MAGNETIC FIELD REDUCTION 

A. Explanation using theoretical formula 

From ⅢC, it can be confirmed that the magnetic field 
strength can be calculated using equation (8). Equation (8) 
shows that the magnetic field intensity is the sum of the 
magnetic fields generated by the three coils, but it is not clear 
how the magnetic field reduction occurs. Therefore, it is 
necessary to verify how the magnetic field reduction occurs by 
expanding equation (8). Equation (9) is the result of expanding 
equation (8). 
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+2(𝐻2𝑥𝐻3𝑥 + 𝐻2𝑦𝐻3𝑦 + 𝐻2𝑧𝐻3𝑧)cos(𝜃2 − 𝜃3)

(9) 

Equation (9) shows that the current phase difference between 
the transfer coil, the receiver coil, and the shielding coil affects 
the total magnetic field strength.  Equation (3) shows that these 
phase differences change as the input voltage phase to the 
shielding coil is changed. Then, compare the magnitudes of the 
first, second, third, and fourth terms in the root sign of equation 
(9), starting from the top. 

 

B. Result of decomposing each term 

1) Double-LCC circuit 

 In the Double-LCC circuit, the magnitude of each term is 

shown in Fig. 7 when the shielding coil is installed next to the 

transfer coil. The input voltage to the transfer coil is 600 V and 

that to the shielding coil is 562 V. 

 
Fig.7 Comparison of magnitude for each term 

(Double-LCC , Shielding coil next to transfer coil) 



 

 
Fig.8 Comparison of the magnitude of each term 

(Double-LCC, Shielding coil around receiver coil) 

 
Fig.9 Magnetic field strength 

(Double-LCC, Shielding coil around receiver coil) 

From Fig.7, the changes of the first, third, and fourth terms are 

small. The first term doesn’t include the phase difference 

component. The third term includes the current phase 

difference between the transfer coil and the receiver coil. The 

fourth term includes the current phase difference between the 

shielding coil and the receiver coil. On the other hand, the value 

of the second term changes to a large negative value. The 

second term includes the current phase difference between the 

transfer coil and the shielding coil. Since the second term 

changes significantly with the change of the input voltage phase 

to the shielding coil, it is found to be more dominant than the 

other terms. Therefore, it can be said that the second term is 

responsible for the magnetic field reduction effect. The leakage 

magnetic field is reduced the most when the phase of the input 

voltage to the shielding coil is 180 deg, where the second term 

is the smallest, as seen in the total magnetic field intensity from 

Fig.6. Fig.8 shows the magnitude of each term and Fig.9 shows 

the total magnetic field intensity when the shielding coil is 

installed around the receiver coil. The magnitude of the input 

voltage to the shielding coil in this case is 539 V. Similarly for 

different locations of the shielding coils, the total magnetic field 

intensity is found to be reduced the most at 180 deg, which is 

the input voltage phase where the second term is the smallest. 

 
2) S-S circuit 

 Fig. 10 shows the magnitude of each term in the S-S circuit 

when the shielding coil is installed next to the transfer coil. The 

total magnetic field strength is shown in Fig. 11. The input 

voltage to the transfer coil is 600 V and that to the shielding coil 

is 28 V. 

 
Fig.10 Comparison of magnitude for each term 

(S-S, Shielding coil next to transfer coil) 

 
Fig.11 Magnetic field strength 

(S-S, Shielding coil next to transfer coil) 

 

From Fig.10, the magnitudes of the first and second terms 

change significantly when the input voltage phase to the 

shielding coil is changed. The absolute value of the first term is 

larger than that of the second term, indicating that the first term 

is dominant. From the above, Fig.11 shows that the leakage 

magnetic field is at its minimum at 240deg, which is slightly 

closer to the phase where the second term is at its minimum 

than the phase where the first term is at its minimum. Fig.12 

shows the magnitude of each term and Fig.13 shows the total 

magnetic field intensity when the shielding coil is installed 

around the receiver coil. The magnitude of the input voltage to 

the shielding coil in this case is 678 V. When the location of the 

shielding coil is changed, only the second term changes 

significantly with the change of the input voltage phase to the 

shielding coil, and this term becomes dominant. Therefore, as 

shown in Fig.13, the leakage magnetic field is most reduced at 

180 deg, where the second term is at its minimum. 

 

 
Fig.12 Comparison of the magnitude of each term 

(S-S, Shielding coil around receiver coil) 



 

 
Fig.13 Magnetic field strength 

(S-S, Shielding coil around receiver coil) 
3) LCC-S circuit 

 In the LCC-S circuit, the magnitude of each term is shown in 

Fig. 14 when the shielding coil is installed next to the transfer 

coil. The total magnetic field strength is shown in Fig. 15. The 

input voltages to the transfer coil and shielding coil are 600 V 

and 587 V, respectively. Fig.14 shows that the second and 

fourth terms change when the phase of the input voltage to the 

shielding coil is changed. Among them, the change of the 

second term is larger and more dominant. From Fig.15, it is 

considered that the leakage magnetic field is at its minimum at 

155 deg, which is closer to the phase where the fourth term is 

at its minimum than the phase where the second term is at its 

minimum. 

Fig.16 shows the magnitude of each term and Fig.17 shows 

the total magnetic field intensity when the shielding coil is 

installed around the receiver coil. The magnitude of the input 

voltage to the shielding coil in this case is 543 V. 

 
Fig.14 Comparison of magnitude for each term 

(LCC-S, Shielding coil next to transfer coil) 

 
Fig.15 Magnetic field strength 

(LCC-S, Shielding coil next to transfer coil) 

 
Fig.16 Comparison of the magnitude of each term 

(LCC-S, Shielding coil around receiver coil) 

 

 

 
Fig.17 Magnetic field strength 

(LCC-S, Shielding coil around receiver coil) 
 

When the location of the shielding coil is changed, only the 

second term changes significantly with the change of the input 

voltage phase to the shielding coil, and this term becomes 

dominant. Therefore, as shown in Fig.17, the leakage magnetic 

field is most reduced at 180 deg where the second term is 

minimized. From the above, it can be said that for all three 

resonance methods, the leakage magnetic field reduction is 

largely affected by the phase difference between the transfer 

coil and the shielding coil. 

V. CONCLUSION 

 A principle of leakage magnetic field reduction by adjusting 

the input voltage phase to the shielding coil was confirmed for 

an active shielding that uses a shielding coil to reduce the 

leakage magnetic field. When the input voltage phase to the 

shielding coil is changed, the current phase to the shielding coil 

changes, and the second term of equation (9) takes a large 

negative value, resulting in the magnetic field reduction. Phase 

difference between transfer coil and shielding coil causes 

leakage magnetic field reduction. The influence of the phase 

difference between the transfer coil and the receiver coil, and 

between the shielding coil and the receiver coil is negligible. It 

was found that the phase difference at this time was not optimal 

in reverse phase under all conditions, and that there were effects 

of the location of the shielding coil and the resonance method 

of the circuit. Even when other factors are considered, the 

second term of equation (9) is dominant, indicating the 

importance of adjusting the input voltage phase to the shielding 

coil in active shielding. In addition, the leakage magnetic field 



 

strength is expressed in a form that is easy to calculate and can 

be used in the design of the WPT system. 
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