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Wireless Power Transfer System With an
Asymmetric Four-Coil Resonator for
Electric Vehicle Battery Chargers
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Abstract—This paper proposes a high-efficiency wireless power
transfer system with an asymmetric four-coil resonator. It presents
a theoretical analysis, an optimal design method, and experimen-
tal results. Multicoil systems which have more than three coils
between the primary and secondary side provide the benefits of a
good coupling coefficient, a long transfer distance, and a wide op-
erating frequency range. The conventional four-coil system has a
symmetric coil configuration. In the primary side, there are source
and transmitter coils, and the secondary side contains receiver and
load coils. On the other hand, in the proposed asymmetric four-coil
system, the primary side consists of a source coil and two transmit-
ter coils which are called intermediate coils, and in the secondary
side, a load coil serves as a receiver coil. In the primary side, two in-
termediate coils boost the apparent coupling coefficient at around
the operating frequency. Because of this double boosting effect, the
system with an asymmetric four-coil resonator has a higher effi-
ciency than that of the conventional symmetric four-coil system.
A prototype of the proposed system with the asymmetric four-coil
resonator is implemented and experimented on to verify the valid-
ity of the proposed system. The prototype operates at 90 kHz of
switching frequency and has 200 mm of the power transmission
distance between the primary side and the secondary side. An ac—
dc overall system efficiency of 96.56 % has been achieved at 3.3 kW
of output power.

Index Terms—Battery charger, electric vehicle (EV), multicoil
resonator, wireless power transfer (WPT).

I. INTRODUCTION

OWADAYS, global warming caused by greenhouse gas

has become a significant problem in the world. So, the
United States (US), the European Union (EU), China, Japan,
South Korea, and other countries have proposed and estab-
lished new fuel economy and car CO2 emission standard which
are very challenging when compared with the former regula-
tions.According to the US Environmental Protection Agency,
the US is expected to have 58% reduction in CO2 emission by
2025. However, only 5% of vehicles including hybrid electric
vehicles (HEV), plug-in hybrid electric vehicles (PHEV), and
battery electric vehicles (BEV) made in 2013 could meet CO2
emission target for 2025. Therefore, the automobile industries
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have been working on the development of HEV, PHEV, and
BEYV, and they expect EV sales increases to 5.9 million units by
2020. As EV sales increases, the electric vehicle supply equip-
ment (EVSE) market will also increase.

In the EVSE market, a battery charging method can be classi-
fied into wired charging and wireless charging. Wired charging
uses an ac source on the power outlet by cables and the most
current charging stations utilize this method. On the other hand,
wireless charging uses induction coils to create an alternating
electromagnetic field in the primary side on the floor of the
charging station while a second induction coil in the car re-
ceives power from the electromagnetic field. The convenience
of wireless charging can make EVs more acceptable to drivers
because they do not need to handle the power plug which may
shock the human body due to very high charging voltage. Wire-
less charging stations also require less hardware and can be
installed underground. Therefore, the wireless power transfer
(WPT) technology for EV chargers has been studied and devel-
oped for the last few years, and the wireless charging market is
expected to grow rapidly.

According to Pike Research, the wireless charging market
started slowly by 2013, and it will increase rapidly to 5% of the
total revenue by 2017. However, the power transfer efficiency,
which is lower than that of the wired ac charging, is a major
concern [1]-[6]. Recently, a multicoil resonator which has more
than three coils has been studied. Generally, in a multicoil res-
onator, since the magnetic field is expanded by intermediate
coils or relay coils, the coupling between the primary and the
secondary side is strengthened. In [7] and [8], power analy-
sis has been carried out to identify the adjacent and nonadjacent
power flow components in domino forms. [9] proposed a figure-
of-merit to find out whether a two-, three-, or four-coil link is
appropriate for their particular application. [10] and [11] inves-
tigated a relay or repeater effect to extend the energy transfer
distance. [12] and [13] proposed the multicoil array structure
which has several identical primary coil in parallel. [14] and
[15] analyzed and proposed high efficiency design with an in-
termediate coil.

The conventional four-coil resonator with a symmetric coil
configuration is shown in Fig. 1. In the primary side, there are
source and transmitter coils, and the secondary side contains
receiver and load coils. In the symmetric coil configuration, the
intermediate coils provide an increase of the effective induc-
tances of the source and load coils. However, if the distance be-
tween the primary and secondary side is too far, the intermediate
coil in the secondary side cannot affect the primary side. Thus,
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Fig.3. Equivalent circuit of two-coil resonator system with series-series com-
pensation.

there is only a single boosting effect, which is similar to the
three-coil resonator system [14], in the primary side. However,
in most WPT systems, the main power losses occur in the pri-
mary side because there are many resistive components includ-
ing inverter switches. Therefore, a reduction of the RMS current
in the primary side is an easy way to increase the system effi-
ciency. To achieve a low RMS current in the primary side and a
high system efficiency, this paper proposes a WPT system with
an asymmetric four-coil resonator as shown in Fig. 2.

II. ANALYSIS OF THE PROPOSED ASYMMETRIC FOUR-COIL
RESONATOR WPT SYSTEM

When series—series compensation is applied to a two-coil
resonator system, the equivalent circuit can be depicted by Fig. 3.
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Fig. 4. Transfer efficiency of resonator with various k when, L1 = 186.55
us, Ly = 131.66 ps, C7 = 13.88 nF, Cy = 18.45 nF, Rj, = 24.24 Q.

In this circuit, considering winding resistances R; and Ry, the
power transfer efficiency 7 can be calculated by [18], equation
(1) as shown at the bottom of the page, where Z;,,, Z, and Z; are
the input impedance, reflected impedance, and secondary side
impedance, respectively. k is the coupling coefficient which is
defined as L, /(L + Ly, ) between the primary side and the
secondary side. Ry, is the load resistance. For a high efficiency,
the imaginary part of Z;,, of the system should be removed so
that w is designed by

1 1
w=wy = = . 2)
vV L1 Cl vV L2 CQ
In that case, the transfer efficiency is simplified by
1 R
- 3)

= Ri(R2+RyL)
L+ kzngl L,

"Ry + R’

This equation shows that 7 is directly related to k. Thus,
a higher k is very important factor for higher efficiency WPT
systems. Fig. 4 shows simulation results of the transfer efficiency
of the resonator with various k. The higher k can achieve the
higher efficiency. In case of k = 0.4, the maximum efficiency
is increased by 1.93% point compared to kK = 0.2. But, in case
of k = 0.8, the maximum efficiency is only increased by 0.13%
point compared to k = 0.6. It means the efficiency becomes
saturate with a coupling coefficient when k is higher than a
certain level (e.g., k = 0.6). To achieve the higher coupling
coefficient, the proposed WPT system utilizes an asymmetric
four-coil resonator.

The proposed asymmetric four-coil resonator for WPT sys-
tems consists of a source coil and two intermediate coils in the
primary side and a load coil in the secondary side as shown in
Fig. 5. The source coil and the intermediate coils are placed on

- Re(ZT) RL - 1 RL (1)
" Re(Zw) Re(Z,) N R (Rot RLP |, 2L 1 Ry 1 Ry,
(RQ + RL)]C2L1L2 w? 2 w2y w4022
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Fig. 5. Configuration of the proposed asymmetric four-coil resonator.
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Fig. 6.  Equivalent circuit of the proposed asymmetric four-coil system.

a same plane to maximize the power transfer efficiency. Each
intermediate coil has resonance capacitor which resonates with
the intermediate coil. It is not shown in Fig. 5 for convenience.

In the proposed system, the power transfer efficiency is in-
creased in two ways. First, since each intermediate coil boosts
two times, the effective inductance of the source coil in the pri-
mary side, the number of turns of the source coil can be reduced
so that the equivalent resistance of the coil decreases. Second,
because of this double boosting effect, the apparent coupling
coefficient at around the switching frequency increases enor-
mously. This higher coupling coefficient makes a circulating
current which cannot contribute energy transfer to the load de-
crease in the primary side so that the RMS input current is
reduced.

A. Double Boosting Effect

An equivalent circuit of the proposed asymmetric four-coil
system is shown in Fig. 6. A rectified input voltage source Vj,,
a full-bridge inverter ()1—Q)4 for a square wave generator, a
resonant capacitor C1, a source coil, and two intermediate coils
are located in the primary side. In the secondary side, there are a
load coil, a resonant capacitor C5, a full-wave rectifier D1 — Dy,
and an output load R,,. When the intermediate coils are coupled
with the primary coil, as shown in Fig. 6, the physical parameters
such as self-inductance and coupling coefficient between the
source coil and the load coil are not changed when compared
with the two-coil system. However, they boost both the effective
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Fig. 7. Equivalent circuit of the effective inductance of the source coil.

self-inductance and magnetizing inductance of the source coil at
around the resonance frequencies w; and w, of the intermediate
coils, which are given by

1
wr = T “4)
C3 (Lt + 75)
1
Wy = 5

Cy(Lixq + quf )

where Ly and Ly, are the leakage inductances of the interme-
diate coils, m and ¢ are the turns ratios between the source coil
and intermediate coils, and C5 and C'y are the resonance capaci-
tances of the intermediate coils. These intermediate coils induce
an increase of the apparent coupling coefficient k, between the
source coil and the load coil. As a result, the power transfer
efficiency of the proposed asymmetric four-coil resonator is in-
creased.

When the load coil in Fig. 6 is open-circuited, the equivalent
circuit for Z1; of the source coil can be depicted as Fig. 7. Since
two intermediate coils can be reflected to the primary side, Z1;
of the source coil is represented by total impedance which has
a 90° phase angle as follows:

ZLl = |3lep + Zm|
5Ly +

sL,, (SZL”(tC:;‘Fl)(SZleq C4+1)
(52 (m2 Ly, + Ly, )%4—1)(52L1kq04+1)+(52L1k(C3+1)52Lm CTI

N

(6)

In the case of the single boosting system, when Ly, and C;
are open-circuited, (6) becomes

sL,, (SQlet03 +1

)
(N
(52 (mQlet + Lm )% + 1)

ZLl.single = Slep +

If the operating frequency f is designed as

fo <1/ (27V/LnGs ). ®)

The denominator of (6) is deceased by s?L,, Cy/q>. Thus,
Z11 of the double boosting system becomes higher than that of
the single boosting system.

In the proposed system, the apparent coupling coefficient &,
between the source coil and the load coil can be defined by

- Zm . Zm
! |5L1kp + Z’m| ZLl .

€))
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systems.

Effective inductance graphs in cases of single and double boosting

In the proposed resonator, Zj is measured at the ends of the
source coil when the load coil is open-circuited which means C
is disconnected, and two intermediate coils are closed-circuited
with C3 and C;. The load coil short-circuited inductance Zj g is
also measured at the ends of the source coil when the load coil
is short-circuited, and two intermediate coils are still closed-
circuited with Cs and Cj. Assuming Ly, = n®Liks, Zrg in
given by

Zrs = ‘Slep + ZmHSlep‘ . (10)
Thus, using (6) and (10), Z,, can be expressed by
T =\ 23, — 201 Z1s. (10

Fig. 8 shows effective inductance graphs which have the sin-
gle boosting effect of the conventional system and the double
boosting effect of the proposed system, respectively. In case of
the single boosting system, Z,1 gingle increases very rapidly. On
the other hand, in the double boosting system, Z ; is increased
slowly and it is higher than that of the single boosting system
because 71 is boosted two times by each of the intermedi-
ate coils at around their LC resonance frequencies w; and w.
Therefore, the proposed system has a higher k, than that of the
conventional single boosting system so that the power transfer
efficiency is increased. If a WPT system operates in the right
side having a steep slope in the recommended range, the effec-
tive inductance may vary rapidly with frequency variations of
the control IC. As a result, the systems may be unstable and
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Fig. 9. AC equivalent circuit of two-coil system.

the output voltage may have severe fluctuations. Therefore, the
operating frequency should be determined to have a low slope
as the recommended operating frequency range.

B. Voltage Conversion Ratio

Since most multicoil systems are derived from the conven-
tional two-coil system which has four compensation topologies
[16]-[18], the voltage conversion ratio of the proposed system
can also be derived from the conventional two-coil system. Con-
sidering the conventional two-coil system, which is the same as
Fig. 6 except for the intermediate coils, the ac equivalent circuit
of the two-coil system with ac load resistance R, can be illus-
trated in Fig. 9. To simplify the analysis, only the fundamental
components of the resonator input voltage Vz; and output volt-
ages Vo are considered to derive the voltage conversion ratio.
From the ac equivalent circuit, the input to output voltage con-
version ratio T, is shown in (12), at the bottom of this page.
When the resonance frequency of the load coil is tuned at the
resonance frequency of the source coil as shown in (2) to maxi-
mize the transfer efficiency of the resonator, (12) is rearranged
as (13). The denominator of (13) shows that the two-coil res-
onator system has three resonance frequencies, w;, ws, and ws,
as follows:

w = ! (14)
Ol (2Lm + lep)
wy = (15)
/Ci Ly
1
w3 = (16)

\V Cl (Lm + lep) '

wy and wy have voltage follower characteristics that make the
real part zero, and the other frequency, which is normally se-
lected as an operating frequency, makes the imaginary part zero
of the denominator of (13).

T, - n-V,
Viu
_ Racs®C1 5 Ly,
| Rac 25 - (14 52C1(Lin + Likp)) + 54 C1 S (02 Lis L + 12 Lis Ly + Likp Lin ) + 52C1 (L + Likp) + 52 S5 (n? Liks + Ly ) + 1
(12)
o Ve _ Rues*C15% Ly, 13
Vin lvirer=vizez | Rac - % (14 52C1(Ly + Likp)) + (1 + s2C1 Ligy ) (1 + s2C1 (2L, + Likp))
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Fig. 11.  Comparison of V,, /Vi, and the phase of Z;, between the proposed

four-coil system and the conventional two-coil system, when Ly, = 116.50
pH, Ly, = 69.83 pH, Ly = 76.83 pH, Ly = 20.06 pH, Ly, = 15.80
uH, C1 = 28.2 nF, C9 = 42.73 nF, C3 = 69.71 nF, C4y = 47.21 nF, n =
1.2315, m = 2.4098, ¢ = 2.7157, and R, = 24.24 Q.

In the proposed four-coil system, the reflected impedances
Z7 and Zg of the intermediate coils are added parallel to the
magnetizing inductance of the conventional two-coil system as
shown in Fig. 10. Thus, the voltage conversion ratio T}, 4coi1 1S
easily derived from (13)

Intermediate coils effect

TL'V;) _T ZTHZQ
Vin ! ZTHZQ + ZIHSLm”(ZZ + Rrw) .
(17

Tv.4coil =

Since (17) involves the term T, the proposed four-coil system
shows similar characteristic at around wy, wo, and w3. However,
they are not exactly the same location because of the intermedi-
ate coil effect. Both the voltage conversion ratio and the phase of
Zin of the proposed four-coil system and the conventional two-
coil system are compared in Fig. 11 with practical parameters.
Since the intermediate coil effect in the proposed four-coil sys-
tem increases the apparent coupling coefficient, the bi-furcation
phenomenon [19] which has double peaks at w; and wy occurs.
As a result, the zero phase angle (ZPA) frequency which shows
a high-power transfer efficiency becomes three points at around
w1, wy and ws. Theoretically, the conventional two-coil system
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can have similar three ZPA frequencies. However, in this case,
there is just one ZPA frequency at around ws due to low cou-
pling. In terms of voltage conversion ratio, it may increase or
decrease according to the phase of the intermediate coils effect
when compared to the conventional one.

III. DESIGN CONSIDERATIONS AND MISALIGNMENT
TOLERANCE

A. DESIGN CONSIDERATIONS

When the specifications of a WPT system are given as follows,
the design parameters such as fs, f3, n, Ry, C1, L1, Cs, Lo,
Cs, Ly, Cy, and Ly need to be determine properly:

1) power supply : three phase ac source;

2) nominal V;,, : 550 Vpc (output of the PFC stage);

3) rated output : P, = 6.6 kW, V, =400 Vpc, I, = 16.5 A,

and R, = 24.24 Q;

4) estimated overall system efficiency: 7.s¢ = 90%.

First, the operating frequency f; of the full-bridge inverter is
determined by the recommended range of the switching devices.
When silicon MOSFETs are utilized for the inverter, the range of
50-150 kHz frequency is recommended. Furthermore, in order
to make the system design easy, f is set to be equal to f5 of
(15) which has the voltage follower characteristic. In most WPT
systems, f is designed to be equal to f3 of (16) to maximize
the transfer efficiency. However, the proposed system has a very
high k, due to intermediate coil effect so that the bifurcation
phenomenon occurs. This induces a ZPA frequency at around
f2. Thus, the design which sets f; equal f5 has the advantages
of a high-power transfer efficiency and the voltage follower
characteristic. These provide convenience in terms of the WPT
system design.

Second, since typical WPT systems have a weak coupling
coefficient of about 0.2-0.3, the impedance matching frequency
f3 between the source coil and the load coil is determined to
be 10-20% below f,. By this assumption, the range of f3 is
calculated by

0.83flos < f3 < 0.89f4],_s - (18)

The third step is determining an effective turns ratio n which
is a self-inductance square root ratio of the source and load
coils, and the ac equivalent load resistance R,.. For an ideal
case, nV, /Vi, of (13) is unity at f,. However, considering the
system efficiency 7.5, the turns ratio is given by

T = Test * ‘/in/‘/;)|f:fz (19)

where n may be different from the ratio of the physical number
of turns, when there is diameter difference between the source
and load coils. The ac equivalent load resistance [20] under the
rated load condition can be calculated by

- 8n?

R, = “R,. (20)

2
The next step is the design of the self-inductances L, and L,

which are measured with the other coils open-circuited, and the

resonance capacitances C7 and Cs in Fig. 12. C} is determined



MOON AND MOON: WIRELESS POWER TRANSFER SYSTEM WITH AN ASYMMETRIC FOUR-COIL RESONATOR FOR EV BATTERY CHARGERS

Ci Likp n: Liks Cz
— o—n™ e
L i
[, 0
L4 L2

—
Cs
Intermediate
Coil
Ls

e
Cs

-

Ls

g:1
Intermediate
Coil2

Fig. 12.  Design parameters of a resonator.

by the voltage conversion ratio at ws as follows:

nV, R, - w3Cy ‘ Ry -w3Cy

T, pu—
Y Vi 1 — w3C Ly k

.2

w=w3 ’

Experimentally, 7;, is recommended to be around 1.5 to have
a low RMS current in the primary side. L; and Lo are given
by (16) and Ly = Ly /n?, respectively. Cy is determined by
impedance matching between the source coil and the load coil
as follows:
1 1

W3 = WrLi1c1 = Wr2c2 = \/IT = \/IT
1“1 22

The final step is the design of the intermediate coil resonance
components L3, L4, C5,and C;. When the proposed asymmetric
four-coil system is configured as shown in Fig. 5, L3 and Ly
are designed to make the quality factor of the intermediate coils
Qin1 and Qjy,2 about 500-600 to minimize the conduction losses
of the intermediate coils

(22)

Qinl Tin1

Ly = (23)
Wg

L= Qin2Tin2 24)
Ws

where 75,1 and 7,2 are the ac resistances of intermediate coill
and coil2, respectively. In the design of C'3, the resonance fre-
quency of intermediate coill can be determined by placing it
about 15-20% above f; as follows:

1.18w;,
1
L3(1.18w;)?"
Similarly, C) is designed to have the resonance frequency
fraca thatis 30-40% above fr3c3
B 1
© Ly(1.35wr303)?
If fr4c4 is too close to f1303, the WPT system may operate
in the right side of the recommended range in Fig. 8. Therefore,

it is important to maintain a proper frequency distance between
frscs and fricy in the proposed design method. The design

wr3e3 = (25)

Cs = (26)

C, 27)

6849

fa=fLici=fLzc2 fo=fs fLaca fLaca
I—n l_l b
10~20% | 15~20% . 30~40% ¢ f(Hz)
N . '/T_I :
Fig. 13.  Design guideline of resonance frequencies.
1.4 r -
2_ 12 — - I " N . L
3 fefueefioce || [t ] [t [ fuses
[= § A——
= 10 :
§ : : 1
™ R,=24.240)
X o8 p \‘/_ ,-—‘-.
'NIINP NN
w ]
e A N/
8 04 /l \R-12120 / \ \
-] ] b
E / \\_ / : \_/ \\
2 02 /
0 1 \...ﬂ#
100 T T
R,=12.120 f
< 50 i e N
< V “ /[
M =,
2 .4 /l Ri=24.240
H ) Y,
2 .50 S
T L/
-100
50 60 70 80 a0 100 110 120 130 140 150
Frequency (kHz)
Fig. 14.  Design verification using simulation result.

guideline of the resonance frequencies for all of the coils is
illustrated and summarized in Fig. 13. Finally, in Fig. 14, the
voltage conversion ratio and the phase of Zj, for the overall
system designed by the guideline are simulated. From this result,
it is verified that the system can operate in the ZVS region at f;
with load variations.

B. Misalignment Tolerance

In order to achieve a high-power transfer efficiency, perfect
alignment between the source coil and the load coil is very im-
portant. This is because the flux density tends to be concentrated
at the center of the source coil and the load coil [21]. However,
in practice, the source coil and the load coil are usually mis-
aligned. As a result, lateral, vertical and angular misalignments
have been analyzed and examined in several studies [21]-[25].
In recent studies, [26]—[31] a resonator structure and a control
method which show strong misalignment tolerance have been
proposed.

In this section, the performance of the proposed WPT system
is investigated when the load coil is misaligned from the source
coil as shown in Fig. 15. In EV applications, it is difficult to en-
sure perfect alignment between the source coil and the load coil.
For example, improper parking can induce lateral misalignment
during battery charging. In addition, the height from the floor
where the source coil is located to the EV body which houses the
load coil varies depending on the motor company and vehicle
model. These two kinds of misalignment can make the coupling
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rate weak as shown in Figs. 16 and 17, and lead the full-bridge
inverter in the primary side to nonoptimum switching operation,
which will degrade the power transfer efficiency.

Fig. 16 shows the original coupling coefficient k of the two-
coil resonator without intermediate coil and the apparent cou-
pling coefficient k, of the proposed asymmetric four-coil res-
onator at the operating frequency according to a lateral mis-
alignment Ak from 0O to 35 cm. Through the graph, it can be
easily seen that k and k, decrease with an increase in the lateral
misalignment. In the case of k,, it approaches k with increasing
Ah because the intermediate coil effect disappears as Ak in-
creases. In the lateral misalignment range, k, until 25 cm of Ah
is higher than k at perfect alignment. Since coupling coefficient
is strongly related with the system efficiency, it is estimated that
the system efficiency of the proposed system at 25 cm of A# is
similar with that of the two-coil system at perfect alignment. If
misalignment tolerance is defined that the distance from perfect
alignment of the two-coil system to Ah of the proposed system
which shows similar efficiency, the proposed system has about
25 cm of lateral misalignment tolerance.

3@ line voltage Viin. (line-line) 337.5 Vac
Rated output voltage V, 283 Vdc
Rated output load current 7, 11.66 A
Rated load resistance R, 2424 Q
Rated output power P, 33kW
Switching frequency f 90 kHz

Inverter switches Si MOS.(Q1, Q2. Q3,Q4) FCHO041N60F (Fairchild Semiconductor)
Output rectifier diodes (D1, Do, D3, Dy) RURGS8060 (Fairchild Semiconductor)

Design Parameters Values
Self-inductance L 186.33 uH
Self-inductance Lo 122.87 uH
Self-inductance L3 32.09 nH
Self-inductance L 4 25.27 nH
Resonance Capacitance C' 28.20 nF (EACO)
Resonance Capacitance C'y 42.73 nF (EACO)

Resonance Capacitance C'3
Resonance Capacitance C'y

69.71 nF (EACO)
47.21 nF (EACO)

Original coupling coefficient k 0.284
Apparent coupling coefficient &, @ 90 kHz 0.600
Turns ratio n 1.2315
Turns ratio m 2.4098
Turns ratio ¢ 2.7157

In case of vertical misalignment Av, as shown in Fig. 17, k
and k, also decrease with an increase in Av. However, unlike the
case of the lateral misalignment, since the two intermediate coils
still affect k, regardless of Av, k, becomes almost twice k. In
the vertical misalignment range, it can be seen from Fig. 17 that
the proposed system has about 12.5 cm of vertical misalignment
tolerance. This means the proposed system with 32.5 cm of the
transmission distance between the source coil and the load coil
shows similar efficiency with the two-coil system with 20 cm of
the distance.

IV. EXPERIMENTAL RESULTS

A prototype of a 3.3-kW WPT system which has a distance
between the primary and the secondary side of 200 mm is imple-
mented with the proposed asymmetric four-coil resonator and
the specifications shown in Table I. The prototype operates at
90 kHz of switching frequency and FCH04 1 N60OF MOSFETSs are
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Fig. 18.  Block diagram of the proposed asymmetric four-coil system.

used for the full-bridge inverter. The design parameters, which
are provided in Section III-A, are measured after the construc-
tion of the proposed asymmetric four-coil resonator. In terms of
the coupling coefficient, the original coupling coefficient k was
measured at 0.284 with the intermediate coils open-circuited.
However, after they are turned to closed circuits by connecting
resonator capacitors C5 and C) to the intermediate coils, the
apparent coupling coefficient k, is increased by 0.600 at the op-
erating frequency of 90 kHz. Therefore, the proposed system is
considered to be a strong coupled system which shows a higher
power transfer efficiency than that of a weak coupled system.

Fig. 18 shows a block diagram of the proposed asymmetric
four-coil system. From the three-phase ac source, the power is
transferred through the full-bridge inverter, the resonator, the
output rectifier, and the load. To verify the efficiency of the pro-
posed system only, three-phase power factor correction circuit
is not applied. In the resonator, the ratio of transmission dis-
tance and the radius of the source coil is about 1/2 so that this
system can be considered near-field transmission system. The
intermediate coils are constructed as shown in Fig. 5. Innermost
winding is intermediate coil2, which has an inductance L, of
25.27 pH and is connected to a capacitor C; of 47.21 nF. In-
termediate coill is located between intermediate coil2 and the
source coil. The inductance of intermediate coill is 32.09 uH
and the resonance capacitance C's is 69.71 nF. The resonance
frequencies fr3cs and fr 404 of intermediate coill and coil2 are
106.4 and 145.7 kHz, respectively. Stand-by flyback converters
supply the operating current of the PFM controller and the gate
drivers.

Experimental current waveforms under the 3.3-kW output
load condition are shown in Fig. 19. In these waveforms, the
current of the source coil is yellow color, the current of the

load coil is colored by green, and the currents of intermediate
coill and coil2 are blue and red color, respectively. As shown
in Fig. 19(a), the proposed system shows peak source current of
12.2 A in the primary side. Though 22.1-A peak current flows
through intermediate coill, the conduction loss is only about
6 W due to low winding resistance of 26 mS2. Fig. 19(b) shows
current waveforms of the single boosting system. The source
coil has the same design with that of the proposed four-coil
system. The intermediate coil has an inductance of 49.83 pH
and capacitance of 41.21 nF. The resonant capacitances of the
source coil and load coil are 19.43 and 25.08 nF, respectively.
The operating frequency is designed by 100 kHz and k, is mea-
sured by 0.408. In this case, the peak source current is slightly
increased to 14.2 A. It results in increase of the conduction loss
in the primary side when compared with the proposed system.
Fig. 19(c) shows the conventional two-coil system. The source
coil is also the same with that of the proposed system. The reso-
nant capacitances of the source coil and load coil are 13.88 and
18.45 nF, respectively. Thereby, the resonant frequency of the
primary side and the secondary side are 98.9 and 102.1 kHz,
respectively. Though, perfect matching between the resonant
frequencies of the primary side and the secondary side can in-
crease the system efficiency more, that work is very difficult
due to discrete capacitance and its tolerance. In the configured
two-coil system, the coupling coefficient is 0.191 and the op-
erating frequency is 97 kHz. The peak source current highly
increases to 23 A due to low coupling coefficient. It results in
high conduction loss in the primary side. After all, the interme-
diate coil effect is tradeoff between the source coil current and
the intermediate coils current. If the intermediate coil is utilized,
the current of the source coil decreases and the current of the
intermediate coil increases. Since the source coil current flows
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Fig. 19.  Current waveforms at 3.3-kW output power (a) the proposed asym-
metric four-coil system (b) the single boosting system (c) the conventional
two-coil system.

through the whole primary side components such as full-bridge
inverter, lower source coil current is very effective to increase
the system efficiency.

Fig. 20 shows the overall system efficiency with load varia-
tions for the proposed asymmetric four-coil system, the single
boosting system which has an intermediate coil [14], and the
conventional two-coil system. Since the proposed system has a
higher apparent coupling coefficient caused by double boosting,
the proposed system shows a 96.56% overall system efficiency
from the three phase ac source to the output load. It is about
1.2% point higher than the single boosting system which has a
k, of 0.408 in a wide load range. In the conventional two-coil
system, since there is no boosting effect, the system has very
low k of 0.191 so that the efficiency is about 5% point lower
than that of the proposed system. These efficiency differences
are also verified by the simulation result of the resonator trans-
fer efficiency as shown in Fig. 4. When the coupling coefficient
is increased from 0.2 to 0.4, the transfer efficiency is signifi-
cantly increased. It corresponds to the experimental results of
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Fig. 21.  Loss analysis of the proposed system.

the conventional two-coil system and the single boosting sys-
tem. In case of increase of k from 0.4 to 0.6, the efficiency
improvement is still acceptable. It is similar with the efficiency
improvement of the proposed system. But, in the simulation
result, higher k than 0.6 cannot provide sufficient increase of
the efficiency. This means intermediate coils more than three
cannot provide sufficient benefit in the efficiency point of view.
In the proposed system, there is still a chance to increase the
efficiency in terms of the secondary side rectifiers by replacing
the diode rectifiers with synchronous rectifiers.

Under the 3.3-kW output load, the total losses of the proposed
system and the single boosting system are analyzed in Figs.
21 and 22, respectively. In the secondary side, the proposed
system and the single boosting system show similar losses of
the secondary side rectifiers and the load coil. However, in the
primary side, losses of the MOSFETs conduction and the source
coil have half the losses of the single boosting system because
of the low circulating current caused by a higher k,. These
result in an efficiency improvement when compared to the single
boosting system.

Fig. 23 shows the overall system efficiency with lateral and
vertical misalignments at 1 kW of output power. To regulate
1-kW output power, the input voltage of the full-bridge inverter
was controlled. As mentioned in Section III-B, in terms of lat-
eral misalignment, the proposed system has about 25 cm of
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Fig. 23.  Overall system efficiency with lateral and vertical misalignments.

misalignment tolerance, and the efficiency is higher than 90%
at 25 cm. In the case of vertical misalignment, the efficiency is
around 91.90% at 12.5 cm vertical misalignment which is totally
32.5 cm of power transmission distance. On the other hand, the
conventional two-coil system in Fig. 20 shows about 90% effi-
ciency with perfect alignment condition. Although the proposed
system has no special control method for the misalignment, the
system shows wide misalignment tolerance.

The current waveforms of the proposed system under mis-
alignment conditions are shown in Fig. 24. First, in the per-
fect alignment condition, the current waveforms are shown in
Fig. 24(a). The lateral misalignment of 20 cm and the vertical
misalignment of 10 cm are also shown in Fig. 24(b) and (c),
respectively. Though these misalignments do not lead the in-
verter MOSFETS to hard switching operation, the source currents
increase about 30% point —40% point. In particular, the currents
of the intermediate coils are increased about 100% point. These
current levels are similar with the currents of 3.3-kW condition
with the perfect alignment as shown in Fig. 19(a). The results
mean huge circulating current flows in the primary side under
misalignment. Therefore, thermal problem may occur in these
conditions.
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Fig. 24.  Current waveforms under misalignment conditions (a) the perfect
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of 10 cm.

V. CONCLUSION

In this paper, a WPT system with an asymmetric four-coil res-
onator for electric vehicle battery chargers has been proposed.
In the proposed system, two intermediate coils in the primary
side boost two-times the effective inductance of the source coil
at around their LC resonance frequencies. As a result, the appar-
ent coupling coefficient at the operating frequency is enhanced
much more than that of the single boosting system. Thus, the
proposed system can reduce the number of turns in the source
coil and the RMS input current when compared to the single
boosting system and the conventional two-coil system. As a
result, the proposed system has a higher power transfer effi-
ciency with a relatively long distance between the source coil
and load coil. To verify the proposed asymmetric four-coil res-
onator WPT system, a 3.3-kW prototype was implemented and
experimented on. The results showed that the proposed WPT
system has an very high ac—dc overall efficiency of 96.56% with
a 200 mm of power transmission distance under a 3.3-kW out-
put load condition, and wide lateral and vertical misalignment
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tolerances. Therefore, the proposed system can be a good can-
didate for the electric vehicle wireless charger.
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