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A three-phase wireless power transfer (WPT) system, which has six primary coils and six secondary coils is pro-
posed in this paper. The three-phase WPT system reduces the radiation noise by canceling the noise using pairs of coils
placed opposite to each other. However, a magnetic interference among the multiple coils decreases the transmission
efficiency due to a circulating current among the primary coils, and the secondary coils in WPT systems with multiple
coils. The proposed three-phase WPT system cancels out the effect due to the interference among the six coils on each
side. First, the WPT system with the 12 coils is proposed. Then, a canceling condition of the magnetic interference
among the coils is mathematically introduced from the voltage equation on the coils. Finally, the proposed WPT sys-
tem is experimentally demonstrated with the 3-kW prototype. The experimental result shows that the radiation noise
at the fundamental frequency is suppressed from 12.2 dBuA to 2.1 dBuA.
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1. Introduction

In this decade, wireless power transfer (WPT) systems for
electrical vehicles (EVs) are actively studied """ because
WPT systems will improve the usability of EVs. Standardiza-
tion of the WPT system for EVs is ongoing for interoperabil-
ity "% The international standard, which will be published
by IEC/ISO will classify the WPT system into five classes
by the maximum input power. The maximum input power
of WPT1 is 3.7kW or less. The maximum input power of
WPT 2 is larger than 3.7kW, and 7.7kW or less. The maxi-
mum input power of WPT3 is larger than 7.7kW, and 11 kW
or less. The maximum input power of WPT4 is larger than
11kW, and 22kW or less. The maximum input power of
WPTS5 is larger than 22 kW 2% Currently, the standardiza-
tion of WPT1 and WPT2 is in progress. However, the stan-
dardization of high-power WPT systems such as WPT4 or 5
has not been discussed well despite strong demand for higher
power WPT system for heavy-duty vehicles. One of the dif-
ficulties of the high-power WPT system is heat generation
of transmission coils because copper loss and iron loss in-
crease Y. The second is radiation noise. The radiation noise
from the WPT system must be suppressed to satisfy the reg-
ulations, which are published by CISPR or legislated in each
country or region. However, the satisfaction of regulations
becomes further difficult because the radiation noise caused
by the loop coil is, in principle, increased in proportion to the
current on the loop coil **.

As a previous study, a radiation noise reduction method by
a duplicated 44-kW WPT system for heavy-duty vehicles has
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been proposed @97, In (16), the radiation noise is reduced
by duplicated transmission coils. The two transmission coils
with differential current are placed to reduce the leakage ra-
diation noise. However, the duplicated WPT system limits
freedom of coil positions because the magnetic interference
is caused by the magnetic coupling between the duplicated
coils "?. The magnetic interference decreases power factor of
fundamental wave regarding an inverter output.

Meanwhile, three-phase WPT systems have been proposed
to increase the output power of the WPT system “®*". The
three-phase WPT systems allow the reduction of the current
on each transmission coil. Thus the three-phase WPT is has a
possibility to reduce the copper loss and the iron loss. How-
ever, a magnetic interference among the additional coils on
each side occurs in the conventional three-phase WPT sys-
tem. The magnetic interference does not contribute power
transmission between the primary side and the secondary
side. The magnetic interference causes an interfering induced
voltage on each coils. So, it causes the circulating currents
among the primary coils and the secondary coils.

This paper proposes a three-phase WPT system with 12
solenoid coils. The six pairs of coils placed opposite to each
other contributes reducing the current on the winding without
a byproduct such as a magnetic interference. A contribution
of this paper is offering the new transmission coil structure,
which reduces the radiation noise with a small effect on ef-
ficiency. In the proposed system, the countercurrent in the
opposite coils cancel out the radiation noise. Moreover, the
primary coils and the secondary coils are placed at an angle
of 60 degrees to each other. Consequently, the induced volt-
age caused by magnetic interference among the 12 coils are
canceled out. First, a system configuration of the proposed
WPT system is described. Next, a design procedure of the
proposed three-phase WPT system with a star-star winding
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and a delta-delta winding is explained. Then, the canceling
method of the magnetic interference among the multiple coils
is mathematically introduced. Finally, the proposed WPT
system with star-star winding is tested with a 3-kW proto-
type. Then, the radiation noise is assessed and compared
between the conventional three-phase WPT system and the
proposed three-phase WPT system with 12 coils.

2. Three-phase WPT System with 12 Coils

In this chapter, the three-phase WPT system is proposed.
The proposed WPT system achieves radiation noise reduction
using 12 coils without magnetic interference among multiple
coils.

2.1 System Configuration Figure 1 shows the pro-
posed three-phase WPT system with 12 coils. The three-
phase coils can be connected with not only star-star wind-
ing but also delta-delta, star-delta, and delta-star windings.
In this paper, only star-star and delta-delta windings are ex-
plained due to the page limitation. In the proposed system,
the power is inductively transmitted through the six primary
coils and the six secondary coils. Each phase has two coils
connected in series. These pairs of coils connected in series
cancel out the radiation noise because the magnetic flux di-
rection is opposite owing to the countercurrent flowing on the
coils ",

Besides, the three-phase inverter on the primary side and
the three-phase rectifier in the secondary side are used. The
primary inverter output square-wave voltage in each phase.
The phase differences of each phase are 120 degrees. Fur-
thermore, resonant capacitors are connected to the output of
the primary inverter and the input of the rectifier in series.
The series-series compensation technique *? is applied to the
proposed system in order to cancel out the leakage inductance
due to the weak magnetic coupling. Using three-phase WPT
and the series-series compensation technique, copper loss of
the windings can be reduced because the current is shunted
into six coils. Therefore, the proposed WPT system is effec-
tive to improve the heat dissipation of the transmission coils.

Figure 2 illustrates the placement of the transmission coils.
In the proposed WPT system, six solenoid coils are used in
each of the primary side and the secondary side. Figure 3
shows the mechanism of the reduction in radiation noise us-
ing the pairs of coils. Two transmission coils connected in
series (e.g., Lyyia and Ly, p) are differentially connected and
are placed in an opposite place. These opposite coils cancel
out radiation noise at a measurement point, which is typically
10 m from the WPT system . Other pairs of coils are placed
in an angle of 120 degrees to the coils on phase-u each other.
As a drawback of the reduction in radiation noise using op-
posite coils, magnetic interference occur among the six coils
on each the primary side and the secondary side. The posi-
tion relationship and figure of the coils have to be adjusted
in order to cancel out the magnetic interference. The design
method of the coils will be explained in section 2.3.

2.2 Mathematical Model of Three-phase Coils

Equations (1) and (2) represents the induced voltage
of 12 coils on the star-star winding system and the delta-
delta winding system, respectively where Ly, is the self-
inductance of the primary coil on the star-star winding, Lja
is the self-inductance of the primary coil on the delta-delta
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Fig.3. Mechanism of reduction in radiation noise using
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winding.

The symbol M represents the mutual inductances between
the primary coils and the secondary coils, which contributes
to the power transmission, e.g., the mutual inductance be-
tween L,14 and L,p4. The suffix “1” indicates coils on the
primary side, and ‘“2” means coils on the secondary side.
The symbol M, represents the mutual inductance between
the adjacent coils, e.g., the mutual inductance between L, 4
and L, p. The mutual inductance M, represents the mutual
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Vil Ly, Mg My My My My M
VulB M. Liys Ma My My My O
Vyla My, My Liys Moy My My 0
Vy1B My My Mo Ly, My My O
Vila My My My My Liys Mg O
vwig| _ [Ma My Mo My My Liys O
ViRA M 0 0 0 0 0 Lzys
V2B 0 M 0 0 0 0 Mcz
Vi2A 0 0 M 0 0 0 sz
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ViwlA My My Lias Mo My My O
ViwlB My My My Lias Ma My O
Viuld My, My My My Lias Mg O
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Viv2B 0 M 0 0 0 0 Mc2
Vw24 0 0 M 0 0 0 sz
Vow2B 0 0 0 M 0 0 Maz
Vwu2A 0 0 0 0 M 0 sz
Vwu2B 0 0 0 0 0 M Maz

inductance between the coils, which are placed apart from
120 degrees, e.g., the mutual inductance between L4 and
L,14. The mutual inductance M, represents the mutual induc-
tance between the opposite coils, e.g., the mutual inductance
between L,;4 and L,; 3. Note that other unwanted mutual in-
ductances, e.g., the mutual inductance between L, 14 and L,op
are ignored in Eq. (1).

It is clear from Eq. (1) that the unwanted mutual induc-
tances cause an unwanted induce voltage on each of the trans-
mission coils. This induced voltage decreases efficiency due
to a circulating current. The canceling method of these inter-
fering induced voltages will be explained in the next section.

2.3 Cancellation of Magnetic Interference Coupling

In this section, the canceling method of unwanted induced
voltage caused by magnetic interference is explained. The
cancellation method of the magnetic interference coupling is
explained with the star-star winding. However, the cancella-
tion technique can be used for the delta-delta winding.

The induced voltage on L,; is derived from the first column
of Eq. (1) as

L diul +Mdiu2 diul
Vu = s — M
1 s dt Var
di,, diy di,y, diy
- M, == + My [ == + =2 ).
l(dt d:) bl(dt dt

The first term of the right side in Eq. (3) is the induced
voltage by the self-inductance, the second term is the mutual
inductance caused by the coil on the secondary side. The
second term contributes to power transmission. The third to
fifth terms are the induced voltage caused by the interference
coupling. If the sum of the third to fifth terms of Eq. (3) is

0 0 0 0 0 Il
M 0 0 0 0 —iy1
0 M 0 0 0 i
0 0 M 0 0 —in
0 0 0 M 0 Il
0 0 0 0 Moy d =i | (1)
Mo My Mp My Mpa|de| e
Lys, Mp My Mp My —Iy
My Lys Mo My Mp )
My, Mo Ly, Mp My —iy
Mp My Mp Ly, Mo w2
My, My My Mo Ly )
0 0 0 0 0 Tl
M 0 0 0 0 —lul
0 M 0 0 0 Lol
0 0 M 0 0 —Tpwl
0 0 0 M 0 Lol
0 0 0 0 M i bt | )
Mo My Mo My Ma|de| ive
Lons Mp My Mp My )
My Ly Mo My Mg Lyw2
My Mo Ly Mo My —lw2
My My My Ly Mo )
My My My Mo L )
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zero, the relationship between the primary coil Ly, and the
secondary coil Ly, is seen as the same as a transmission with
one-by-one.
Assuming the three-phase equilibrium, Eq.(3) is trans-
formed as
di,

VulA = LIYSW

2
- wl, {Mcl cos wt+ (M, —Mp;) cos (wt— 5”)

diuZ
dt

+M

4
(M, — Mp;) cos (wt - 5”)}’

where I, is the maximum value of the primary current i,
which flows in each of the primary coils.

From Eq. (4), it is found that the unwanted induced voltage
does not occur when Eq. (5) is satisfied.

My = My + M

Since the self-inductance of the primary coils Ly, is equal
to each other, the canceling condition of the interfering in-
duced voltage is

ka1 = kpy + ke1.

Therefore, designing the magnetic coupling among the pri-
mary coils according to Eq. (6) cancel out the effect of un-
wanted coupling on the primary side.

Similarly, the unwanted coupling on the secondary side can
be canceled out by designing the magnetic coupling accord-
ing to Eq. (7).

kay = kpo + kea

IEEJ Journal IA, Vol.8, No.4, 2019



Three-Phase Wireless Power Transfer with Reduced Radiation Noise (Keisuke Kusaka et al.)

Power factor (k, = 0)

cos 0=
0.95-1

0.9-0.95

0.85-0.9

0.8-0.85
0.75-0.8

Coupling coefficient &,

0.7-0.75
0.1 0.2 0.3
Coupling coefficient k.
@k, =0

Power factor (k, = 0.1)

cos 0=
0.95-1

0.9-0.95
0.85-0.9
0.8-0.85
0.75-0.8

Coupling coefficient &,

0.7-0.75

0 0.1 0.2 0.3 0.4
Coupling coefficient &,
(b) ky = 0.1

Power factor (k, = 0.2)

0.9-0.95

0.85-0.9
0.8-0.85
0.75-0.8

0.7-0.75

Coupling coefficient &,

0 0.1 0.2 0.3 0.4
Coupling coefficient &,
() ky =0.2

Fig.4. Effect of magnetic interference coupling on
power factor

Figure 4 shows the simulated relationship between the in-
verter output power factor and the magnetic interference cou-
plings k,, kp, and k.. The dotted line on the graph represents
Eq. (6). Figures 4(a), (b), and (c) show the relation when the
magnetic interference coupling k; is zero, 0.1 and 0.2, re-
spectively. When the magnetic interference coupling is small
enough to be negligible, the power factor closes to unity. The
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power factor of the fundamental wave will degrade when the
sum of the interference coupling k;, and k. does not equal to
k,. However, the power factor of fundamental wave remains
at high even when the interference couplings increase as long
as Eq. (6) is satisfied. In other words, these results show that
the magnetic interferences among the transmission coils do
not affect the power factor of the fundamental wave when the
relation of the interference coupling fits on Eq. (6).

3. Design of Three-phase WPT System

In this chapter, the design method of the proposed three-
phase WPT system with the star-tar winding and the delta-
delta winding is described. In this design procedure, the in-
duced voltage generated by the magnetic interference among
the multiple coils can be ignored with assuming Egs. (6), (7).

3.1 Star-star Winding The design method of the
proposed three-phase WPT system with the star-star winding
shown in Fig. 1(a) in this section.

1) Equivalent AC resistance

The equivalent AC resistance is expressed using the rated
output voltage Vpc2, and rated output power P. The Eq. (8)
can be introduced by expanding a derivation of an equivalent
AC resistance of a single-phase rectifier to the three-phase
rectifier ®. The equivalent AC resistance for a phase is ex-
pressed by

& = 8 (Vbca/2? 6 Vi
“T g2 P/3 a2 P

2) Secondary inductance

Maximizing a transmission efficiency, it has been proposed
that an impedance of the secondary inductance is equal to the
impedance of the equivalent AC resistance ®. The secondary
self-inductance for a certain phase should be (9) by ignoring
a winding resistance and assuming the following resonance
condition where w is the transmission angular frequency, k is
the coupling coefficient.

6 Vbeo
nlkw P

The secondary inductances have to be half because two
transmission coils are connected in each phase in the pro-
posed WPT system. Thus, inductance for a certain coil is
Loy = Lyy/2.

3) Primary inductance

From the voltage ratio between the input DC voltage V p¢
and the output DC voltage Vpc» under the resonance condi-
tion, a primary self-inductance for obtaining the desired rated
voltage is expressed by

Lyy=Lp=Lp=Ly=———"25 0o, 9)

2 2
Vpci 6 Vi
L =L, = = =L = s
1y = L = Ly = Ly ZY(VDCZ) ko P
................... (10)

where the primary inverter is operated with a square-wave op-
eration. In the proposed WPT system, the transmission coils
are divided and connected in series. The inductances repre-
sented by Eq. (10) have to be half. Thus, the inductance of
the primary coil is Ly; = L1y / 2.

4) Resonance capacitors

The resonance capacitors are connected to the output of
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the primary inverter and the input of the rectifier in series.
The resonance capacitors are designed to be resonated with
the self-inductance at the transmission angular frequency w.
Thus, the resonant capacitors can be designed as

1
Cay=Cuiy =Cyi1y = ERE RPN 11
1y 1y =y (1)
1
Cu = CV = CW = R 12
2y 2y = (12)

Note that, the operating frequency is slightly adjusted to
achieve a zero-voltage switching of the MOSFETs in the in-
verter.

3.2 Delta-delta Winding This section describes the
design method of the proposed three-phase WPT system with
the delta-delta winding shown in Fig. 1(b).

The equivalent resistance for the star connection is as same
as the star-star winding.

1) Secondary inductance

The secondary inductance L,p should be equal to the
impedance of the equivalent AC resistance. Thus the sec-
ondary inductance with a star winding is expressed by

Reg 6 VLZ)C2
Loy =40 = 7ka P
w ko

....................... (13)

with assuming small winding resistance under the resonance
condition.

The secondary inductance expressed by Eq. (13) have to be
transformed into the inductance for the delta-delta winding.
The secondary inductance is expressed by

18 Vier
=Ly =Ly = w2 = 3Ly = - -
Loa 2 2= Ly 2= T

The inductance expressed in Eq. (14) have to be half in the
proposed WPT system because the transmission coils are di-
vided and connected in series.

2) Primary inductance

The primary inductance is calculated by Eq. (15) from the
voltage ratio between the primary DC voltage and the sec-
ondary DC voltage when the primary inverter is operated in
square-wave operation mode.

2 2
Vpci 18 Vpeu
1A uvl vwl wul 2A ( VDC2 ) ﬂ'zk(j) P
................... (15)

The primary inductances also have to be half.

3) Resonance capacitors

The resonance capacitors are connected in series to the out-
put of the inverter and the input of the rectifier. The resonance
capacitors are designed to resonate with the primary and the
secondary inductance at the transmission angular frequency
w.

3
Cotn = Cotp = Copfp = —m e e 16
1A 1A 1A T (16)

3
Cu2A = CVZA = CWZA = w2L2A .................. (17)
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4. Experimental Verification

Figure 5 and Table 1 show the prototype and its specifi-
cations. In this paper, the proposed WPT system with the
star-star winding is experimentally demonstrated. The mag-
netic interference couplings are k, = 0.048, k, = 0.011, and
k. = 0.003. Each transmission coils have ferrite plates of
245 x 215 x 10mm. The ferrite plates are put into boxes
made from acrylic. As windings for the transmission coils, a
litz-wire is used.

Figure 6 shows the operation waveforms with the 3-kW
prototype. Figure 6(a) shows the inverter output voltage
Vuyl, OUtput current i,;, rectifier input current 7,5, and output

(b) Transmission coils

Fig.5. 3-kW prototype

Table 1. Specifications of the prototype

Item Symbol Value
Primary DC voltage Ve 400 VvV
Secondary DC voltage Vbcz 400 V
Rated power P 3 kW
Transmission frequency I 85.6 kHz
Transmission distance d 73  mm
Distance between opposite coils X 655 mm
Coupling coefficient 0.26

ka 0.048
Interference coupling ) 0.011

ke 0.003
Primary inductance Liys 106 uH
Secondary inductance Lovs 106 uH
Primary capacitance Cuty, Coy, Cuiy 16.5 nF
Secondary capacitance Cuy, Cay, Cuzy 16.5 nF
MOSFETs SCT3030AL (ROHM)
Diodes VS-20ETF06-M3 (Vishay)

IEEJ Journal IA, Vol.8, No.4, 2019
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voltage Vpco. Note that the line voltage v,,; as the inverter
output voltage is observed. Thus, the inverter output cur-
rent lags 30 degrees with respect to the inverter output line-
volage. It means that the power factor of fundamental wave
can be corrected when the relationship among the magnetic
interference couplings k,, kp, and k. satisfy Egs.(6), (7).
Thus, the effect of the magnetic interference coupling on the
power factor is canceled out. Moreover, it is confirmed that
power is transmitted from the primary side to the secondary
side.

Figure 7 shows the measured efficiency characteristic from
the primary DC voltage to the secondary DC voltage. In fact,
the efficiency takes into account the power loss in the inverter
and the rectifier. The maximum efficiency reaches 91%. The
reason why the efficiency is not so high because the transmis-
sion coils of the prototype are a scaled-down model. Thus,
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efficiency is expected to be improved in an actual application.

Figure 8 shows the measuring point of the radiation noise.
The radiation noise is measured at 2 m from the coil edge.
The radiation noise is measured in a shielded room. As
the conventional system, the three-phase WPT system with
three coils is tested for the comparison on the radiation noise.
When the conventional method is tested, the six coils (coil B
in Fig. 2) are removed. The transmission coils of phase-v and
phase-w are placed in an angle of 120 degrees to the coils on
phase-u.

Moreover, the radiation noise is compared under the same
current condition because in principle the radiation noise
from the loop coil is proportional to the current on the coils.
By adjusting the current on the coils, the fair comparison can
be achieved except the coil change. In order to remove the
effect of the radiation noise from the inverter, the inverter is
placed out of the shield room.

Figure 9 shows the radiation noise. Figure 9(a) is the radi-
ation noise generated by the conventional three-phase WPT
system with six coils where the coils B in Fig. 2 are removed.
Figure 9(b) is the radiation noise generated by the proposed
WPT system with 12 coils. The measurement distance and
conditions are same as those in Fig. 9(a). In both the exper-
iments, the common transmission coils are used. In order to
have a fair comparison, the conduction currents on each coil
are adjusted to be 6.0 A by adjusting the input DC voltage.
The input DC voltage for the proposed 12 coils system is
393 V. On the other hand, the input DC voltage is reduced
to 202V for the conventional WPT system with six coils.
Note that the inverter and the rectifier are put outside of the
shielded room in order to evaluate only the radiation noise
from the transmission coils.

The radiation noise at the fundamental frequency is sup-
pressed from 12.2 dBuA to 2.1 dBuA by the proposed WPT
system. It is confirmed that the proposed three-phase WPT

IEEJ Journal IA, Vol.8, No.4, 2019
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Fig.9. Radiation noise at 2 m from the coil edge’

system is effective to reduce the fundamental radiation noise.
However, the radiation noise on the third-order harmonics of
the proposed system slightly increases.

5. Conclusion

This paper proposed three-phase wireless power transfer
system. The proposed system has six primary coils and six
secondary coils. The two coils on a phase are connected in
series and these coils are differentially connected. The two
coils reduce the radiation noise because the magnetic flux
direction is opposite. Moreover, the six coils on each side
allow to cancel out the magnetic interference among the mul-
tiple coils. Due to the cancel of the magnetic interference,
the WPT system can be operated with an unity power factor
of fundamental wave regarding the inverter output.

In this paper, the effect of the magnetic interference and its
cancellation method is mathematically introduced. Then, the
proposed scaled-mode was experimentally tested with the 3-
kW prototype. The experimental results shows that the max-
imum DC-to-DC efficiency is 91%. Finally, the radiation
noise is evaluated and compared to the conventional three-
phase WPT system with six coils. The proposed method sup-
presses the radiation noise, which is measured at 2 m from the
coil edge, from 12.2dByuA to 2.1 dBuA on the fundamental
frequency.

It should be noted that the measurement method in this paper does not
comply with the regulations published by CISPR.
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